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Preface 
 

Pharmacology appeared as a science around the XIX century, based on an 
experimental approach and evolved over the years. Today it studies the clinical 
efficacy or toxicity of drugs in biological systems, as well as the role of genetic factors 
in the drug responses.  

In this book we have tried to do a very detailed discussion on the receptors, 
pharmacogenetics and various other aspects, such as future applications in 
pharmacology.  

The first section of the book contains chapters which are discussing the role of 
molecular pharmacology of several receptors (e.g. cannabinoid and GABA), while the 
second section describes experimental studies in immunopharmacology. 

Today pharmacogenetics represents a new emerging branch of pharmacology which 
assesses the response to the drug based on genetic characteristics, therefore the third 
section is dedicated to this argument. The fourth section has been dedicated to clinical 
pharmacology and pharmacovigilance, while the fifth section is explaining the 
implication of pharmacology in diagnostic. The chapters whose main topic is related 
to etnopharmacology and toxicology are included in sixth section. Finally, the last 
section is dedicated to future applications. 

 
Luca Gallelli 

Department of Experimental and Clinical Medicine,  
School of Medicine, University of Catanzaro,  

Clinical Pharmacology Unit, Mater Domini Hospital,  
Italy 
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Metabotropic Receptors  
for Glutamate and GABA 

Gregory Stewart, Julie Kniazeff, Laurent Prézeau,  
Philippe Rondard, Jean-Philippe Pin and Cyril Goudet 

Institut de Génomique Fonctionnelle, 
CNRS UMR5203 - INSERM U661 - Universités Montpellier 1&2 

France 

1. Introduction 
G protein-coupled receptors (GPCRs) are the largest superfamily of transmembrane proteins 
and due to their ubiquitous expression and vast array of functions they present attractive 
targets for the treatment of a wide number of diseases and disorders. Accordingly, they 
represent up to 30% of targets of current therapeutics (Overington et al., 2006). Despite the 
capacity of GPCRs to modulate many (patho-)physiological functions there is a high 
attrition rate with regard to new compounds entering clinical trials. There are many reasons 
for the number of failed drug-like compounds such as non-specificity, unfavourable 
pharmacokinetic profile and lack of clinical efficacy. In this regard, molecules targeting 
neurotransmitter receptors in the CNS traditionally have poor side-effect profiles due to the 
high concentrations required to pass the blood-brain barrier. There remain many specific 
challenges in drug discovery such as promiscuous GPCR-effector coupling; differential cell- 
and tissue-specific effects; ligand-induced changes in receptor trafficking; and protein-
protein interactions and receptor oligomerisation (Galandrin et al., 2007; Hanyaloglu and 
von Zastrow, 2008; Kniazeff et al., 2011; Wettschureck and Offermanns, 2005).  

GPCRs are divided into three main classes (A-C) based on structural homology; however all 
GPCRs possess a 7-alpha-helical transmembrane-spanning (7TM) domain, which facilitates 
the transduction of extracellular signals into intracellular responses. GPCRs recognise a 
myriad of different stimuli from photons, amino acids and biogenic amines to large peptides 
and proteins. Class A (rhodopsin-like) GPCRs are among the best characterised and consist 
of a relatively short N-terminal domain, a 7TM domain connected by extracellular and 
intracellular loops, and an intracellular C-terminal domain (Fredriksson et al., 2003). Class B 
(secretin-like) GPCRs have comparatively long N-terminal domains with similar 7TM and 
C-terminal topography as Class A receptors. By far and away, Class C (glutamate-like) 
GPCRs have the most distinct topography compared the other GPCRs; they possess large, 
structured N-terminal domains, which form a venus-fly trap-like structure known as the 
venus-fly trap (VFT) domain. The VFT domain is often (with exceptions) connected to the 
7TM domain via a cysteine-rich domain, and further to this the C-terminal domain is often 
comparatively longer than those of Class A GPCRs. Structurally, all GPCRs are similar in 
their 7TM domains, yet the activation mechanisms, at least by the endogenous ligand varies 
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greatly across the classes. The orthosteric (endogenous ligand) binding site in Class A 
GPCRs lies in the 7TM helical bundle (with exceptions, e.g. CXCR4 chemokine receptor and 
relaxin family receptors (Allen et al., 2007; Sudo et al., 2003)); class B receptor ligands tend to 
bind in the large N-terminal domain and have been postulated to possess a bimodal 
receptor activation mechanism, whereby after the ligand binding event the ligand-N-
terminal complex inserts into the 7TM helical bundle to elicit receptor activation (Hoare, 
2005); class C receptor orthosteric ligands bind in the VFT domain and, through a series of 
conformational changes, are able to induce receptor activation via the 7TM domain (Pin et 
al., 2004)(Figure 1). 

 
Fig. 1. Canonical orthosteric ligand-binding domains of the three classes of GPCRs. 
Highlighted in yellow are the typical binding regions of orthosteric ligands, in addition to 
the general architecture of the three major classes of GPCRs. 

One large hindrance to drug discovery is the high degree of protein sequence and structural 
conservation between orthosteric sites of receptors of the same family, increasing the 
difficulty to specifically and selectively target a single receptor subtype. However, by their 
very nature GPCRs are highly dynamic proteins that are able to adopt a spectrum of 
conformational arrangements and it is this characteristic that allows GPCRs to be modulated 
by, not only a range of orthosteric ligands, but also ligands that bind in a topographically 
distinct region to the orthosteric binding pocket. These ligands are known as allosteric 
ligands and are able to modulate the affinity and/or efficacy of the orthosteric ligand, and 
indeed, possess their own efficacy in the absence of orthosteric ligand (Christopoulos and 
Kenakin, 2002; Conn et al., 2009a). This phenomenon presents a unique opportunity to 
exploit GPCRs as drug targets through offering novel and often less-conserved ligand 
binding sites across receptor subtypes. 

Despite the best-characterised coupling partners of GPCRs being heterotrimeric G 
proteins, they are also well known to couple to a host of other intracellular proteins (e.g. 
arrestins and small G proteins (Burridge and Wennerberg, 2004; Lefkowitz, 1998)), thus 
adding an extra degree of complexity to the pluri-dimensional response of ligand-GPCR 
interactions. Furthermore, promiscuous coupling has been shown, in some cases, to be a 
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concentration- and/or oligomerisation-dependent event (Sato et al., 2007; Scholten et al., 
2011; Urizar et al., 2011). 

Taken together, the ligand-receptor-effector combinations, receptor oligomerisation and 
allosteric modulation of GPCRs furnish a mode of fine-tuning functional outputs and 
potentially, therefore, clinical outcomes.  

This chapter will focus on two major receptor types of Class C GPCRs, the metabotropic 
glutamate and metabotropic -amino-butyric acid (GABA) receptors, which are the GPCRs 
of the major excitatory and inhibitory neurotransmitters in the adult brain, respectively. 
These receptors represent major targets for many CNS disorders such as schizophrenia, 
Parkinson’s disease, Alzheimer’s disease, epilepsy and diseases of addiction (Conn et al., 
2009a; Tyacke et al., 2010). 

2. Metabotropic glutamate receptors 
2.1 Phylogeny and structure/function of mGlu receptors 

Metabotropic glutamate (mGlu) receptors are widely expressed in the CNS and are 
activated by the excitatory neurotransmitter, glutamate. These receptors play a vital role in 
the regulation on neuronal excitability and synaptic transmission (Conn and Pin, 1997). 
Consequently, these receptors are valuable targets for treating neurological disorders such 
as schizophrenia, Parkinson’s disease and neuropathic pain, either by correcting 
neurological imbalances in non-glutamatergic systems or through treating disregulation of 
glutamatergic signalling.  

The members of the mGlu receptor family are obligate dimers and long thought of as 
obligate homodimers, but have recently been demonstrated to selectively form heterodimers 
amongst other mGluR subtypes in HEK cells (Doumazane et al., 2011). This propensity may 
be of utility in texturing the glutamatergic response across diverse brain regions. mGlu 
receptors consist of 8 subtypes that are divided into three subgroups (I-III) based on 
sequence homology, function and pharmacological profile (Pin and Acher, 2002). Group I 
mGluRs (mGlu1 and mGlu1) are Gq/11-coupled thereby signalling through the phospholipase 
C-IP3-Ca2+ axis; whereas Group II (mGlu2 and mGlu3) and Group III (mGlu4, mGlu6, mGlu7 

and mGlu8) signal through inhibitory G proteins (Gi/o), which most likely serve as 
intermediaries between the receptor and ligand-gated ion channels, such as voltage-
operated potassium channels (Kv2 channels) and voltage-operated calcium channels (Cav2 
channels) (Doupnik, 2008; Herlitze et al., 1996; Peleg et al., 2002).  

In drug discovery the understanding of the molecular mechanisms of ligand binding and 
receptor activation are paramount in order to investigate novel and improved methods for 
targeting these receptors therapeutically. In this regard, it is important to determine the 
overall receptor activation event by breaking it down into its fundamental component. 
Furthermore, to gather information about mGlu receptors, we must also use information 
gained from studies of other Class C GPCRs to form a global conformational image. Ligand 
binding in a VFT structure has been described with the periplasmic binding protein, which 
appears to be similar in class C receptors (O'Hara et al., 1993). The VFT remains in a state of 
equilibrium between two main conformations: open (o) and closed (c), known as the resting 
state. The orthosteric ligands bind primarily to the open VFT in lobe 1 and subsequently 
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promote the closed conformation as interactions with lobe 2 stabilises this state. This 
suggests that, if agonists induce the closure of the VFT, orthosteric antagonists act to prevent 
the closure of the VFT, thereby blocking the appropriate mechanisms leading to 7TM 
activation (Bessis et al., 2000; Bessis et al., 2002; Kunishima et al., 2000; Tsuchiya et al., 2002). 
For a number of years, the question on how ligand binding in the VFT results in 7TM 
activation remained to be elucidated. The breakthrough came from the first crystal structures 
of a class C VFT dimer, from the mGlu1 receptor, crystallised in the presence and absence of 
glutamate (Kunishima et al., 2000). These structures confirmed the overall structure of the 
domain and, perhaps more importantly, the agonist binding mode in a single VFT domain. It 
also revealed large, structural rearrangements of the VFT dimer resulting in a change of the 
relative orientation of the two protomers. A general mechanism for VFT dimer conformational 
changes was proposed by the authors: two orientations of the VFT dimer exist and are in 
equilibrium: a resting (R) and an active (A) orientation. In the R orientation, the VFTs interact 
via lobe-I only, leaving the lobes-II separate from each other. In the A orientation, there is a 
reorganization of the VFTs relative orientation such that they also interact via each lobe-II. This 
large reorientation from R to A was proposed to induce the conformational changes required 
for 7TM activation. Resting and active designations were given to the different orientations as 
glutamate was proposed to stabilize the A form. The active and inactive property of the A and 
R orientations are further supported by mGlu1 structures obtained in the presence of an 
antagonist (MCPG) or in the presence of a potentiator (Gd3+) in which the dimer orientation is 
R and A, respectively (Tsuchiya et al., 2002). 

When considering the various conformations for the VFT and the VFT dimer, there are a 
total of six theoretical conformations that are possible: Roo, Rco and Rcc and Aoo, Aco and 
Acc, where A and R are indicative for the VFT dimer orientation and c and o for the VFT 
conformation. It is assumed that agonist binding to at least one of the VFT stabilizes the c 
form, which is the driving force leading to the VFT dimer reorientation from R to A. In 
agreement, only Roo, Rco, Aco and Acc are likely to exist. However, new crystal structures 
of the isolated VFT dimer in the ‘forbidden’ conformation Rcc (Muto et al., 2007) and Aoo 
(PDB accession number, 3KS9) were recently deposited in the protein data bank (PDB). In 
particular, the Aoo conformation appears to be highly unlikely to occur within a dynamic 
equilibrium as many residues of the same polarity from lobe 2 would be in close proximity 
to one another, so much so that this would likely destabilise this conformation through the 
repulsive forces exerted within lobe 2 (Tsuchiya et al., 2002). Whilst explanations for these 
surprising observations have not been provided, the absence of 7TM may have alleviated 
some conformational constraints that may otherwise be exerted on the VFT from the 7TM, 
acting as a structural tether that inhibits certain conformations.  

A question arising upon closer analysis of the crystal structure is the number of agonists 
needed to activate a class C GPCR dimer. When considering the reorientation of the VFT 
from R to A as the sole mechanism responsible for 7TM activation, one may wonder 
whether there is a functional difference between Aco and Acc conformation. In other words, 
what would be the difference in binding one or two agonists? It was shown that in class C 
heterodimers a single subunit was responsible in binding the endogenous ligand (GABAB1 
in GABAB receptor and T1R1 or T1R2 in the taste receptors)(Kniazeff et al., 2002; Nelson et 
al., 2001). This suggests that a single agonist molecule is sufficient to fully activate 
heterodimeric receptors in these cases. 
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As we have described above, an allosteric modulator binding in the 7TM affects both the G 
protein activation and agonist affinity for the VFT. Together with the fact that a 
conformational change in the VFT dimer activates the 7TM, this indicates that VFT and 7TM 
converse in both ways. The question that remains is how the stimulus is transduced through 
the VFT region to the 7TM domain?  

In most of class C GPCRs, VFT and 7TM are connected with the CRD. The CRD is an 80 
residues long domain containing 9 cysteines. This domain is present in mGlu, CaS, GPRC6A 
and T1R receptors, but not in GABAB receptors. The structure of this domain has been 
solved for mGlu3 (Muto et al., 2007), and this domain appears to be a rigid 40Å long 
structure, which is most likely to form a physical gearing system between the VFT and 7TM 
domains. In agreement with these physical findings, both deletion of the CRD in mGlu or 
CaS receptors and mutations of T1R3 CRD abolish the agonist-induced receptor activation 
(Hu et al., 2000; Jiang et al., 2004). Furthermore, we have shown that the VFT and CRD 
domains in mGlu2 are linked by a disulphide bridge between a cysteine at the bottom of the 
VFT and the only cysteine that is not engaged in intradomain disulphide bond within the 
CRD (Rondard et al., 2006). Rondard et al., had shown that the mutation of the residues 
involved in this interaction abolished agonist-mediated activation of the receptor. This 
supports the idea of a central role for the CRD in the transduction of the conformational 
changes from the VFT dimer to the 7TM in these receptors. 

The exact mechanisms of 7TM activation Class C and indeed, mGlu receptors remain to be 
solved. This notwithstanding, there are approaches that can be employed in an attempt to 
determine the molecular mechanisms involved in the conformational changes that the 7TM 
domains undergoes upon activation. One of these approaches is entails the use of both 
positive and negative allosteric modulators. The first allosteric modulators of class C GPCRs 
to be described were found to be non-competitive antagonists or inverse agonists (Carroll et 
al., 2001; Litschig et al., 1999; Pagano et al., 2000). Other compounds have been described that 
potentiated the effect of the agonists (increased affinity and efficacy) (Felts et al., 2010; 
Hammond et al., 2010; Urwyler et al., 2001). These molecules are structurally distinct from the 
orthosteric agonists and antagonists, as reflected in their binding within the 7TM, in a binding 
region that is reminiscent of the orthosteric binding pocket in Class A receptors (Brauner-
Osborne et al., 2007; Goudet et al., 2004). So far, no endogenous PAM or NAM binding in the 
7TM pocket has been described. Selective pressure in the evolution of a site/pocket is often 
indicative of a biological function, but there is no conserved pocket located within the 7TM 
domain of mGluRs, making it less likely that there is an endogenous allosteric ligand that acts 
in that region. The absence of conservation allowed the discovery of molecules specific for a 
single subtype of mGlu receptor, as opposed to a ligand acting at the well conserved 
orthosteric binding site. If both PAM and NAM act at the 7TM, then their opposite effects are 
likely due to differences in the residues that the ligands are in contact with in the 7TM. 
Specifically, several studies indicate that PAM and NAM bind to overlapping but not identical 
sites (Miedlich et al., 2004; Petrel et al., 2004). Some of these interaction networks should 
stabilize the active conformation of the 7TM, whilst some others should lock the receptor in its 
inactive conformation. However, it was shown that structurally different molecules bind 
essentially at the same position in the 7TM, only the precise identity of the residues contacting 
the molecule may differ. It appears that the position of PAM/NAM binding site is largely 
conserved in the whole family and includes residues from TM3, 5, 6 and 7 (Hu et al., 2000; 
Miedlich et al., 2004; Pagano et al., 2000). However, in some cases, two distinct sites have been 
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identified for PAMs, as exemplified at mGlu5 (Chen et al., 2008). See Figure 2 for a schematic 
overview of mGlu receptor architecture and binding domains. 

 
Fig. 2. Architecture, binding domains and dimerisation states of mGlu and GABAB receptors.  
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2.2 Protein-protein interactions of mGlu receptors 

Studying molecular mechanisms and pharmacology of GPCRs in heterologous cells systems 
can be exceptionally useful due to the eradication of confounding factors such as multiple 
receptor subtypes; in addition the capacity to modulate receptor expression and function of 
specific signalling pathways with relative ease. However, these systems are rarely indicative 
of native systems and it needs to be recognised that various GPCR interactions exist in vivo 
that do not exist in heterologous cell systems for a myriad of reasons. One such interaction is 
that of protein-protein interactions, whereby the physical or functional interaction of a 
number of proteins can greatly alter its behaviour. An example of this occurrence is a 
fundamental component of some Class C GPCR pharmacology, such that receptor activity-
modifying proteins (RAMPs) modulate the pharmacology of receptors such as the calcitonin 
and calcitonin receptor-like receptor (Sexton et al., 2006). mGlu receptors are also a family 
that are capable of interacting with non-mGluR proteins to form complexes. 

2.2.1 mGlu1–A1 receptors 

In cortical neurons, the simultaneous activation of adenosine A1 and mGlu1 receptors has been 
shown to synergistically decrease the neuronal toxicity due to application of NMDA (Ciruela 
et al., 2001). In astrocytes or in co-transfected HEK293 cells, activation of A1 receptors elicits an 
increased mGlu1 response via Gi/o proteins (Ciruela et al., 2001; Toms and Roberts, 1999). That 
effect could be indicative of cross-talk and priming of the intracellular Ca2+ response; however, 
Hirono et al. (2001) did not observe any potentiation of the mGlu1 response upon co-activation 
of the A1 receptor in in cerebellar Purkinje cells, supporting the hypothesis of cooperativity 
(physical or otherwise) rather than cross-talk of the signalling pathways. Although both 
receptors are co-localized and coimmunoprecipitated from neurons and transfected HEK293 
cells, the existence and the requirement of a direct physical interaction is yet to be clearly 
established (Ciruela et al., 2001). 

2.2.2 mGlu5–A2A–D2 receptors  

The mGlu5, adenosine A2A and dopamine D2 receptors are highly expressed in the striatum. 
These receptors have been proposed to play vital roles in the dysregulation of the motor 
coordination observed in the Parkinson's disease. Indeed, antagonists of both mGlu5 and 
A2A display anti-parkinsonian effects, while the dopamine D2 receptor is the target of L-
DOPA, which is used to treat parkinsonian symptoms. It has been suggested that these three 
receptors may act in concert in pairs or as a triplet via signalling cross-talk or otherwise, to 
influence the striatal function in motor coordination (Agnati et al., 2003; Cabello et al., 2009). 
Indeed, this cross-regulation was observed in vivo, where mGlu5 antagonist-induced motor 
effects were augmented by A2A receptor antagonists; and conversely these effects were 
diminished in A2A-D2 receptor double knock-out mice (Kachroo et al., 2005). The exact 
molecular mechanisms of the cross-regulation are not well understood, but DARPP-32 
(dopamine- and cAMP-regulated neuronal phosphoprotein) may play a pivotal role. 
Adenosine A2A receptors have been show to increase DARP-32 phosphorylation via the Gs 
signaling axis, whilst D2 receptors counteract this effect via the Gi/o pathway (Agnati et al., 
2003); Furthermore, the co-activation of adenosine A2A and dopamine D2 receptors 
synergistically potentiated DARPP-32 phosphorylation ex vivo studies in striatum tissues. 
Notwithstanding, the regulation of intracellular Ca2+ and cAMP signals underpins other 
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signalling interactions between these receptors (Ferre et al., 2002). Not only may this 
phenomenon be due to signalling cross talk amongst these receptors, but may be a result of 
physical interactions and allosteric regulation across heteromers. It A2A–D2 hetero-oligomers 
are mediated by electrostatic interactions between a basic-rich motif in the third intracellular 
loop of the D2 receptor and an acidic/serine residue-containing motif in the C-terminus of 
the adenosine A2A receptor (Azdad et al., 2009; Ciruela et al., 2004; Ferre et al., 2007). 
Additionally, are postulated to not only be co-expressed, but also to form hetero-oligomers 
in striatal neurons and in heterologous cells systems (Ferre et al., 2002). Recently, Cabello et 
al. (2009) demonstrated that mGlu5, dopamine D2 and adenosines A2A receptors are localised 
within the same dendritic spines in glutamatergic striatal synapses, which led them to 
hypothesise that there may be hetero-oligomeric triplets of A2A, mGlu5 and D2 receptors; this 
association was then investigated through the employment of various fluorescence 
techniques. Their data supported the formation of heterooligomers containing all three 
receptors and thus allosterically interacting with one another to influence either efficacy or 
affinity or both. It is noteworthy that additional cross-regulation between A2A and mGlu5 
receptors has been reported in hippocampal neurons, where the inhibition of A2A receptors 
decreased the mGlu5-mediated potentiation of NMDA receptor responses (Tebano et al., 
2006). However, the molecular mechanisms involved are yet to be elucidated. 

2.2.3 mGlu2–5-HT2A receptors 

One of the best-characterized receptor complex involving a Class C GPCR is the complex 
between mGlu2 and the serotonin 5-HT2A receptor. It is well documented that these 
receptors are both targeted by antipsychotic drugs such as 5-HT2A receptor inverse agonists 
and mGlu2 receptor agonists and PAMs (Benneyworth et al., 2008; Benneyworth et al., 2007). 
Furthermore, 5HT2A receptors are the target of hallucinogenic substances, for example LSD 
and psilocybin, which induce hallucinogenic episodes that are thought to be similar to some 
of the symptoms in schizophrenics (Aghajanian and Marek, 1999). Indeed, non-
hallucinogenic 5HT2A agonists (5-HT included) activate the Gq signalling axis, whilst 
hallucinogenic compounds are proposed to additionally activate Gi/o and Src tyrosine 
kinase pathways, in cortical neurons (Gonzalez-Maeso et al., 2007; Gonzalez-Maeso et al., 
2003). Activation of mGlu2 receptors in the prefrontal cortex by the mGlu2 PAM, biphenyl-
indanone A (BINA), abrogated the hallucinogenic effects of compounds such as (-)2,5-
dimethoxy-4-bromoamphetamine, [(-)DOB] (Benneyworth et al., 2007); suggesting 
functional antagonism between mGlu2 and 5HT2A receptors in prefrontal cortex, an 
interaction that is possibly altered in schizophrenics (Gonzalez-Maeso et al., 2007). In fact, 
co-expression of both receptors revealed that the hallucinogen-induced Gi coupling of 5-
HT2A is ameliorated by mGlu2 in basal conditions, but abolished when mGlu2 is activated. 
The mechanism of this complex cross-talk remains to be fully unraveled, but it has been 
proposed to be the result of mGlu2–5-HT2A receptor oligomerisation. In cortical neurons, 
these receptors co-localise and co-immunoprecipitate (Gonzalez-Maeso et al., 2008). Indeed, 
biophysical approaches have been employed to demonstrate that these GPCRs are in fact in 
close enough proximity to be compatible with a physical association (Gonzalez-Maeso et al., 
2008). Moreover, by adopting a chimeric approach between mGlu2 and mGlu3 (TM4 and 
TM5 substitution), the authors were able to demonstrate that mGlu3 receptors with 
substituted TM domains were able to oligomerise with the 5-HT2A receptor, further to 
exhibiting functional cross-talk (Gonzalez-Maeso et al., 2008). This supports the potential 
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relationship between receptor oligomerisation and functional cross-talk. The study of the 
precise mechanism of this phenomenon is still ongoing, and can perhaps furnish novel 
approaches for targeting these receptors for the treatment of schizophrenia and other 
neuronal disorders. 

2.2.4 mGlu5-NMDA receptors 

Another important interaction that further implicates the role of the glutamatergic system in 
schizophrenia is the interaction of the N-methly-D-aspartate (NMDA) receptor and mGlu5. 
This GPCR-ion channel interaction has been relatively well characterised from a functional 
stand point, but the molecular mechanisms of the interaction are only beginning to be 
unfolded.  

Indeed, in hippocampal neurons, mGlu5a co-localises with NMDA receptors, which 
mediates a slow excitatory postsynaptic current (Collingridge et al., 1983; Oliet et al., 1997). 
The activation of mGlu5 receptors enhances the NMDA-evoked responses in different 
regions of the brain, such as the hippocampus, the striatum, the cortex, or the spinal cord 
(Aniksztejn et al., 1992; Harvey and Collingridge, 1993). Recently, Perroy et al., (2008) have 
shown that both receptors, indeed, interact via the C-terminal domain of mGlu5a. Through 
use of the bioluminescence resonance energy transfer (BRET) approach, they demonstrated 
that a significant and specific BRET signal can be measured between the two receptors, and 
moreover that this signal was transiently increased by activation of either the mGlu5a 
receptor or the NMDA receptor; this suggests an allosteric interaction and ligand-dependent 
conformational rearrangement of the opposite protomer in the hetero-oligomer. 
Interestingly however, when co-expressed, the functional response of the either receptor 
was reduced, compared to the response when either receptor was expressed in isolation. 
Thus suggesting a reciprocal and constitutive suppression of the signalling between NMDA 
and mGlu5a receptors, which was suggested to be independent of the G protein coupling of 
mGlu5a. The inhibitory reciprocal effect was dependent on the physical interaction between 
these receptors, given that the inhibition was abolished upon suppression of the C-terminal 
domain involved in receptor hetero-oligomerisation (Perroy et al., 2008).  

2.3 Localisation and physiological function 

Group I mGlu receptors (mGlu1 and mGlu5) are extensively expressed throughout neurons 
in the CNS and, in addition, mGlu5 is expressed in glial cells. mGlu1 is most abundantly 
expressed in Purkinje cells of the cerebellar cortex and in the olfactory bulb, in addition to 
strong expression in the hippocampus, substantia nigra and globus pallidus (Baude et al., 
1993; Martin et al., 1992); and mGlu5 is greatly expressed in corticolimbic regions, such as 
the striatum, hippocampus and cerebral cortex (Ferraguti and Shigemoto, 2006). For 
example in the hippocampus, mGlu1 has been demonstrated to be involved in synaptic 
transmission and plasticity, in addition to neuronal excitability (Bortolotto et al., 1999), 
whilst in both mGlu1 and mGlu5 are required for the induction of long-term depression 
(LTD) in corticostriatal synapses (Sung et al., 2001). Through the use of knockout (KO) mice 
the putative function of mGluRs can be elucidated and, indeed, mGlu1 and mGlu5 KO mice 
have been studied. In mGlu1 KO animals is a marked deficits in long-term potentiation 
(LTP) in hippocampal slices and in context-dependent fear conditioning task (Aiba et al., 
1994a); suggesting reduced hippocampal-mediated learning and memory. Furthermore, 
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these mice are also cerebellar-LTD deficient, suggesting that mGlu1 receptors are important 
for LTD induction in the cerebellum and subsequently motor learning, as demonstrated by 
the ataxic gait of the mGlu1 KO mice (Aiba et al., 1994b). Recently, mice have been generated 
whereby the mGlu5 gene can be selectively disrupted in the central nucleus of the amygdala; 
these mice exhibited a lack of mechanical hypersensitivity induced by peripheral 
inflammation (Kolber et al., 2010), strongly suggesting a role of mGlu5 in the regulation of 
inflammatory pain transmission. Both mGlu1 and mGlu5 KO mice exhibit deficiencies in 
prepulse inhibition of the startle reflex, which is an indicator of sensorimotor gating that is 
impaired in schizophrenic patients, a trait that can be reversed through treatment with 
antipsychotics (Brody et al., 2003; Brody et al., 2004). 

mGlu2 and mGlu3 (Group II) are widely expressed in the CNS, of which mGlu2 is more 
limited in expression compared to mGlu3. mGlu2 expression has been observed in Golgi 
cells of the cerebellar cortex and in mitral cells of the accessory olfactory bulb (Ohishi et al., 
1998; Ohishi et al., 1994). mGlu3 receptors have been observed in the olfactory tubercle, 
neocortex, limbic cortex, and is also present in Golgi cells of the cerebellar cortex (Tamaru et 
al., 2001). Similar to Group I mGlu receptors, KO mice have also been generated for Group II 
mGluRs, with both mGlu2 and mGlu3 KO mice exhibiting a loss of mGlu2/3 agonist, 
LY354740-induced anxiolytic behaviour in an elevated plus maze test (Linden et al., 2005). 
Further to this, mGlu2, but not mGlu3 KO mice displayed a loss of Group II agonist-
mediated antipsychotic behaviour (Fell et al., 2008; Woolley et al., 2008), highlighting the 
role of mGlu2 in anxiety and psychotic behaviours. Interestingly, in addition to these 
functions, Group II mGlu receptors have also been demonstrated to modulate the release of 
other neurotransmitters, for example, LY354740 reduced KCl-induced [3H]-GABA release in 
rat primary cortical cultures, this effect was then reversed with the mGlu2/3 antagonist, 
LY341495 (Schaffhauser et al., 1998). 

Group III mGluRs (consisting of mGlu4, mGlu6, mGlu7 and mGlu8) are mainly expressed on 
presynaptic neurons throughout the CNS, with the exception of mGlu6, which is expressed 
postsynaptically on retinal ON bipolar cells (Nakajima et al., 1993). mGlu4 is highly 
expressed in the cerebellum and consequently, mGlu4 KO mice experience deficits in spatial 
memory (Gerlai et al., 1998) and learning of complex motor tasks (Pekhletski et al., 1996). 
mGlu6 KO display deficits in ON response to light stimulation, yet the OFF response 
remained unchanged (Masu et al., 1995), highlighting the importance of mGlu6 in synaptic 
neurotransmission in retinal ON bipolar cells. mGlu7 deficient mice display learning and 
memory deficits, in addition to exhibiting an epileptic phenotype (Bushell et al., 2002; Sansig 
et al., 2001). Both mGlu7 and mGlu8 KO animals display increase anxiety (Cryan et al., 2003; 
Duvoisin et al., 2005).   

As previously mentioned, the mGluR family of receptors are expressed widely through the 
CNS and exhibit a wide number of functions; moreover through KO studies, we can deduce 
the key roles played by each mGluR subtype and subsequently tailor our pharmacological 
armamentarium accordingly. 

2.4 Pharmacology and clinical relevance 

2.4.1 Ligands for group I mGlu receptors 

The first selective orthosteric agonist at mGlu1 and mGlu5 receptors is (S)-3,5-
dihydroxyphenylglycine, [(S)-3,5-DHPG], and this remains the case given that ligands such 
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as quisqualate and [(1S,3R)-ACPD] also bind to ionotropic glutamate and other mGluR 
subtypes, respectively (Niswender and Conn, 2010). A range of other orthosteric ligands 
have been generated, but have limited use due to their low affinity and/or potency. As 
previously discussed, mGlu receptor subtype selectivity is difficult to obtain due to the high 
degree of sequence and structural homology between subtypes.  

Therefore, one approach is to target non-canonical ligand-binding sites; from this strategy a 
major breakthrough in Group I mGlu receptor pharmacology was made, with the discovery 
of CPCCOEt, which was the first mGlu1 negative allosteric modulator (NAM)(Annoura et 
al. 1996). CPCCOEt was later discovered to bind to an allosteric domain and this highlighted 
the capacity of ligands to bind in allosteric binding modes, thereby modulating orthosteric 
ligand function (Litschig et al., 1999). Thereafter, structurally distinct NAMs for mGlu1 were 
also discovered such as BAY36-7620 and FTIDC (Carroll et al., 2001; Suzuki et al., 2007). 
mGlu5 selective NAMs were also identified of which the two flagship molecules were MPEP 
and MTEP, both providing good potency and selectivity (Anderson et al., 2002; Gasparini et 
al., 1999). 

In addition to NAMs, a wide variety of PAMs have also been identified and characterised. 
Two of these PAMs, Ro 67-4853 and Ro 01-6128 both potentiated DHPG-mediated VOCC 
inhibition responses in CA3 neurons, but did not exhibit any agonist activity of their own, 
suggesting their main characteristic is the allosteric potentiation of orthosteric ligand 
binding and/or efficacy (Knoflach et al., 2001). Interestingly, these PAMs were found to 
bind to a topographically distinct domain to the NAM binding region, when they failed to 
displace the well-characterised allosteric antagonist, R214127 (Hemstapat et al., 2006). These 
data suggest that mGlu1 possesses multiple allosteric binding sites, in addition to its 
orthosteric ligand-binding site. Similar to mGlu1, mGlu5 PAMs have also been discovered, 
such as DFB, CPPHA, CDPPB, VU29, and ADX47273, with CDPPB also having some PAM 
activity at mGlu1 (Conn et al., 2009b; Hemstapat et al., 2006). 

2.4.2 mGlu1 in anxiety and depression 

Anxiety and depression are two of the most common mental disorders, with a lifetime 
prevalence of approximately 17% and 12%, respectively (Andrade et al., 2003; Depping et 
al., 2010). It has now been well documented that mGlu1 receptors and the glutamatergic 
system represent tractable targets for treating these common disorders (Bittencourt et al., 
2004; Paul and Skolnick, 2003).  

Anxiety results from an imbalance between GABAergic and glutamatergic systems, either 
from overactive glutamatergic neurotransmission or inadequate GABAergic activity in 
hypothalamus, periaqueductal gray, hippocampus and prefrontal cortex (Engin and Treit, 
2008). It is hypothesised that the antagonism of mGlu1 receptors is capable of augmenting 
the GABAergic response, whilst concomitantly decreasing the NMDA receptor-mediated 
glutamatergic response in key brain regions involved in anxiety. It has been demonstrated 
that intraperitoneal administration of the mGlu1 antagonist, 1-aminoindan-1,5-dicarboxylic 
acid (AIDA), rats exhibited anxiolytic-like behaviours in the conflict drinking test and in 
elevated plus maze tests (Klodzinska et al., 2004). This reinforces the results seen by 
Chojnacka-Wojcik et al., (1997) where intrahippocampal injection of the Group I mGlu 
receptor antagonist, (S)-4-carboxy-3-hydroxyphenyl-glycine (S-4C3H-PG), reduced anxiety-
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like behaviours in rats. The anxiolytic actions of mGlu1 blockade were further confirmed 
through the study of the mGlu1-selective antagonist, JNJ16259685 (Steckler et al., 2005). This 
study demonstrated that treatment with JNJ16259685 alleviated the suppression of the 
licking response in a conflict drinking test, which is consistent with other well characterized 
anxiolytic drugs (Petersen and Lassen, 1981). However, JNJ16259685 treatment did not 
induce anxiolytic-type behaviour in elevated plus maze tests, the authors thus postulating 
that the effects of JNJ16259685 be context specific (Steckler et al., 2005). 

Depression is a complex disorder involving the interplay between different neurotransmitters, 
including noradrenaline, serotonin, dopamine and glutamate (Paul and Skolnick, 2003). Drugs 
for the treatment for depression are generally based on increasing the lifetime of biogenic 
amines, such as noradrenaline and serotonin, in the synaptic cleft, for example fluoxetine and 
escitalopram, which are inhibitors of serotonin- and serotonin and noradrenaline-reuptake 
transporters, respectively. Over the past decade, it has become more recognised that the 
glutamatergic system may also play a vital role in the regulation of depression, specifically 
NMDA receptors, where NMDA receptor expression was reduced in post-mortem depressive 
brains (Feyissa et al., 2009). This theory was retrospectively reinforced by evidence that 
NMDA receptor antagonists produce anti-depressant effects, whereby competitive and non-
competitive antagonists of NMDA receptors, 2-amino-7-phosphonoheptanoic acid (AP-7) and 
Dizolcipine (MK-801) emulated anti-depressant effects of gold standard anti-depressants 
(Trullas and Skolnick, 1990). Given the regulatory link between mGlu1 and NMDA receptors it 
was postulated that mGlu1 receptor antagonists or NAMs could mimic the anti-depressant 
effect of NMDA receptor inhibitors. The mGlu1 antagonist, JNJ-16567083 has been shown to be 
efficacious in despair-based animal models of depression, specifically forced swim test and tail 
suspension test (Belozertseva et al., 2007; Molina-Hernandez et al., 2008). 

2.4.3 mGlu5 and schizophrenia 

Schizophrenia is a complex multi-faceted disease that manifests itself as a host of symptoms 
such as paranoia, social withdrawal and delusions, along with a number of cognitive 
deficits. Given that there is no single causative factor, there is some difficulty in finding a 
suitable target. Current first-line treatment involves broad-spectrum biogenic amine (e.g. 
dopamine, serotonin, acetylcholine) receptor antagonists, but these to not satisfactorily treat 
the cognitive symptoms. The underlying rationale of this approach is to decrease 
dopaminergic neurotransmission in thalamocortical and limbic circuits. One potential mode 
of treating schizophrenia lies within targeting GABAergic and glutamateric interneuons in 
pivotal cortical and limbic regions, specifically, the disregulation of the disinhibition of 
glutamatergic neurotransmission (Chavez-Noriega et al., 2002; Coyle, 2006). The blockade of 
N-methly-D-aspartate (NMDA) receptors on these interneurons results in a glutamatergic 
disinhibition, which in turn leads to an overexcitability of thalamocortical neurons, which is 
mostly mediated by DL-a-amino-3-hydroxy-5-methylisoxasole-4-propionate (AMPA) 
receptors in thalamocortical synapses. Within these regions NMDA and mGlu5 receptors 
have been demonstrated to functionally and physically interact, i.e. the activation of mGlu5 
receptors increases the activity of NMDA receptors on GABAergic and glutamatergic 
neurons (Conn et al., 2009b); it is thus postulated that the activation of mGlu5 can be 
employed as a means to decrease neuronal excitability in thalamocortical regions. This 
hypothesis is reinforced through knockout studies, whereby the knockout of mGlu5 resulted 
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in NMDA-dependent cognitive and learning deficits (Lu et al., 1997). Therefore, adopting an 
mGlu5 agonist or PAM could alleviate the cognitive symptoms in schizophrenic patients; 
moreover, the use of a PAM will allow relatively specific mGlu5 in the afflicted region whilst 
maintaining the spatio-temporal regulation of other mGlu5-containing neurons. Indeed, the 
abovementioned mGlu5 PAM, CDPPB, which has a suitable potency and solubility profile 
for in vivo studies, has been demonstrated to decrease amphetamine-induced disruption of 
prepulse inhibition (PPI) startle response and locomotor activity (Kinney et al., 2005); and to 
increase hippocampal synaptic plasticity, an important feature in cognition (Ayala et al., 
2008; Conn et al., 2009b). 

2.4.4 Group II mGlu receptor pharmacology 

Group II mGlu receptors (mGlu2 and mGlu3) are generally localised presynaptically and 
negatively regulate cAMP signalling, and moreover, VOCCs. As with nearly all orthosteric 
mGlu pharmacological agents there is the underlying issue of selectivity. DCG-IV and 
LY379268 are reference Group II mGlu agonists, BINA and LY487379 are highly potent 
PAMs and the recently discovered MNI series of compounds (MNI-135, MNI-136 and MNI-
137) are potent negative allosteric modulators (Galici et al., 2006; Hemstapat et al., 2006; 
Johnson et al., 2003; Linden et al., 2005; Schweitzer et al., 2000). Despite the large array of 
pharmacological tools available for Group II mGlu receptors, there remains a paucity of 
ligands that selectively differentiate between mGlu2 and mGlu3, which is due to the high 
degree of sequence homology between the two. Of lesser therapeutic relevance, there are 
also Group II mGlu receptor antagonists, such as 2S-2-amino-2-(1S,2S-2-
carboxycyclopropan-1-yl)-3-(xanth-9-yl)propionic acid (LY341495) and (1R,2R,3R,5R,6R)-2-
amino-3-(3, 4-dichlorobenzyloxy)-6-fluorobicyclo[3.1.0] hexane-2,6-dicarboxylic acid 
(MGS0039), which have been suggested to have some anti-depressant and anti-obsessive-
compulsive characteristics; however they are mostly used and pharmacological tools 
(Palucha and Pilc, 2005; Shimazaki et al., 2004). Given the lack of selectivity across Group II 
mGlu receptors it is difficult to pharmacologically distinguish the roles of each receptor in 
various animal models of disease states without the use of knockout animals. 

2.4.5 Group II mGlu receptors in addiction 

Addiction is a unique disorder in that it is not only a physiological dependence, but is also a 
psychological dependence on, canonically, drugs of abuse. It is believed that mGlu2/mGlu3 
receptor ligands could be capable of treating addiction to such substances as cocaine and 
nicotine. In fact, not only is it that mGlu2/mGlu3 receptor activation is involved in recovery 
of a dysfunctional system in the corticolimbic system, but it has been shown that the 
function of Group II mGlu receptors is impaired, either by receptor downregulation or 
dampening of the G protein-mediated signalling, after acute and chronic stimulation by 
nicotine, cocaine and ethanol (Bowers et al., 2004; Kenny and Markou, 2004; Neugebauer et 
al., 2000). Indeed, mechanistically, the decrease in function is hypothesised to be due to an 
alteration in expression of the activator of G protein signalling 3 (AGS3), whereby AGS3 is 
overexpressed during withdrawal of repeated dosing of cocaine (Bowers et al., 2004). The 
authors went on to postulate that AGS3 gates expression of cocaine-induced plasticity in 
prefrontal cortex, via the regulation of G protein signalling. Furthermore, the 
downregulation of mGlu2/mGlu3 receptors has been observed during cocaine withdrawal 
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periods, specifically these receptors were downregulated in the shell and core of the nucleus 
accumbens (Ghasemzadeh et al., 2009). These alterations in expression and function in turn 
results in an impairment of long-term depression (LTD) in nucleus accumbens and 
prefrontal cortex in response to chronic morphine and cocaine exposure, respectively 
(Moussawi and Kalivas, 2010); similarly, a reduced activation of mGlu2/mGlu3  receptors 
resulted in a decrease in long-term potentiation (LTP) after self-administered cocaine 
withdrawal (Moussawi et al., 2009). Indeed, it is well documented that mGlu2/mGlu3 
function is altered in the case of substance withdrawal, however the system is regulated in a 
manner of ways. Explicitly, Group II mGlu receptors are involved in the circuitry that leads 
to reward processing and addictive behaviour. The activation of mGlu2/mGlu3 receptors 
with the orthosteric agonist, LY379268 resulted in the attenuation of the reinstatement of 
cocaine-seeking behaviour after exposure, compared to a conventional reinforcer (in this 
case, sweetened condensed milk) (Baptista et al., 2004). The authors proposed that this was a 
cocaine-specific effect and was most likely related to the mechanism of action of cocaine 
itself. Functionally, this regulation may lie in the pre-activation of mGlu2 receptors, whereby 
in mGlu2 knockout mice there was an increased release of glutamate and dopamine in 
response to cocaine, in the nucleus accumbens (Morishima et al., 2005). Whilst this does 
provide some evidence on how glutamate is involved in reward circuitry, one must  
remain circumspect on their conclusions given any compensatory mechanisms are not 
accounted for. 

2.4.6 Group III mGlu receptors and their ligands 

For many years, much of the drug discovery efforts have been directed towards Group I and 
II receptors to exploit their roles in central nervous disorders such as schizophrenia and 
neuropathic pain. However, of late, efforts have been turned to developing selective ligands 
for Group III as novel targets for disorders, for example, Parkinson’s disease. The 
prototypical Group III-selective orthosteric agonist is L-amino-4-phosphonobutyrate (L-
AP4), yet this ligand is only selective for Group III mGlu receptors, not within the group. In 
an attempt to ameliorate the affinity and potency, a series of constrained cyclic forms of 
glutamate were generated and so was created aminocyclopentane-1,3,4-tricarboxylate 
(ACPT-I), which showed mildly enhanced potency at mGlu4 and mGlu8 compared to mGlu5 
and mGlu6 (Acher et al., 1997; Schann et al., 2006). Similar to the agonists, there are only 
selective antagonists for Group III mGlu receptors, but not within the group. For example, 
there are the -methyl analogues of L-AP4 and L-SOP, specifically MAP4 and MSOP, 
respectively, with affinity in the micromolar range (Wright et al., 2000). In addition to these, 
there are the hallmark antagonists of mGlu receptors such as DCG-IV and LY341495, which 
both have reasonable affinity for Group III mGlu receptors, but also have strong affinity at 
Group I and Group II receptors, respectively; notably, DCG-IV is also a Group II mGlu 
receptor agonist (Brabet et al., 1998). Allosteric modulators that act in the 7TM domain 
Group III mGlu receptors have also been characterised, specifically N-Phenyl-7-
(hydroxyimino)cyclopropa[b]chromen-1acarboxamide (PHCCC) and cis-2-([(3,5-
Dichlorophenyl)amino]carbonyl)cyclohexanecarboxylic acid (VU0155041), which are both 
PAMs at mGlu4 (Niswender et al., 2008); 6-(4-Methoxyphenyl)-5-methyl-3-(4-pyridinyl)-
isoxazolo[4,5-c]pyridine-4(5H)-one hydrochloride (MMPIP), a NAM for mGlu7 (Niswender 
et al., 2010); however there remains a relative paucity of allosteric modulators for mGlu6 and 
mGlu8.  
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One pharmacological avenue that is only beginning to be explored at Class C GPCRs is that 
of extracellular domain allosteric modulators. For the umami taste receptors, it has been 
long known that purinergic ribonucleotides, such as inosine- and guanine-monophosphate 
molecules (IMP and GMP) were potent positive allosteric modulators of the L-glutamate 
action at the umami receptor (Yamaguchi and Ninomiya, 2000). Interestingly, mutants that 
altered the effects of glutamate effect were also enhanced by IMP and GMP (Zhang et al., 
2008). By employing a chimeric approach along with mutagenesis and molecular modelling, 
sweet-umami receptors were analysed and the mode of binding and action of IMP was 
postulated; specifically, the residues lining the IMP binding pocket at the sweet-umami taste 
receptor, T1R1, were determined (Zhang et al., 2008). It was demonstrated that IMP binds to 
a novel site that is adjacent to the glutamate binding pocket, the authors thus proposed a 
model for ligand cooperativity for the mechanism of action of IMP in the T1R1 VFT. The 
binding of L-glutamate close to the hinge region of the VFT would stabilize the closed 
conformation of the domain; moreover, binding of 5' ribonucleotides to an adjacent site 
closer to the putative entrance of the VFT would further stabilize the closed conformation, 
thereby potentiating the affinity and/or efficacy of L-glutamate. At mGlu receptors, the 
glutamate-binding pocket is well conserved across the mGlu subtypes, encumbering the 
discovery selective orthosteric agonists and antagonists (Brauner-Osborne et al., 2007). 
However, recently, long alkyl chain containing derivatives of (R)-PCEP, a molecule 
discovered by virtual screening on the VFT of mGlu receptors, revealed a new binding 
pocket in mGlu4 (Selvam et al., 2010). Indeed, these compounds not only bind in the 
glutamate-binding pocket itself, but may also interact with a novel, putative binding pocket 
adjacent to the glutamate-binding site. Given this new interacting region is formed with 
residues that are less conserved across the eight mGlu subtypes, this mode of targeting 
mGlu receptors may furnish compounds with greater selectivity. One such compound may 
already exist in LSP1-2111, with its L-AP4-like moiety and a 4-hydroxy-3-methoxy-5-nitro-
phenyl moiety, it is possible that this molecule bridges across two distinct binding domains, 
in a similar fashion to bitopic ligands at muscarinic receptors (Antony et al., 2009; Valant et 
al., 2008; Valant et al., 2009). Accordingly, this ligand has superior selectivity at mGlu4 and 
mGlu6 over mGlu7 and mGlu8 (Beurrier et al., 2009). 

For an overview of chemical structures of a small range of classical orthosteric mGlu 
receptor ligands, refer to Figure 3 below. 

2.4.7 Group III mGlu receptors and Parkinson’s disease 

Parkinson’s disease is one of the most common of neurological disorders, which is largely 
characterised by its effects on motor function, such as bradykinesia and dyskinesia; further 
to other non-motor symptoms, for example pain and gastrointestinal dysfunction. 
Parkinson’s disease arises mostly due to a progressive degeneration of dopaminergic 
neurons in the substantia nigra, leading to excessive cholinergic neurotransmission in the 
striatum (Pisani et al., 2003). Subsequently, the inhibitory effect that dopamine provides in 
these circuits augments GABAergic firing in the striatopallidal pathway leading to excessive 
inhibition of GABAergic neurons in the subthalamic nucleus, in turn leading to the 
abnormal enhancement of glutamatergic neurons (Hirsch, 2000). Currently, the frontline 
treatment is levo-dopa, which compensates for the diminished dopaminergic function. 
However, the activation of presynaptic mGlu4 specifically, may result in the diminution of 
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Fig. 3. Highlighting the structural diversity of agonist and antagonists of mGlu receptors. 

increased GABAergic firing in striatopallidal projections. Indeed, compounds that have 
relatively good selectivity for mGlu4 have been demonstrated to depress the GABA-
mediated inhibitory synaptic transmission and relive motor symptoms in animal models of 
Parkinson’s disease (Beurrier et al., 2009; Valenti et al., 2003). Given that the dopaminergic 
dysfunction in the substantia nigra and inhibition of GABA signalling by mGlu4 in the 
globus pallidus are not inextricably linked there is potential that prolonged mGlu4 receptor 
activation will result in less compensatory over-activation of the dopaminergic system, 
therefore maintaining the therapeutic activity of mGlu4 targeting ligands (Nicoletti et al., 
2011).  Indeed, it has been shown that the in vivo treatment with the mGlu4 PAM, PHCCC, 
reduced dopaminergic neurodegeneration in substantia nigral projections in an MPTP-
induced Parkinsonism model (Battaglia et al., 2004; Maj et al., 2003). Along with PHCCC, a 
more recent PAM of mGlu4 has been characterised and has demonstrated anti-parkinsonian 
effects (Niswender et al., 2008). VU0155041 is an allosteric agonist and positive allosteric 
modulator with potency nearly 10-fold of that of PHCCC, moreover, VU0155041 
concentration-dependently diminished haloperidol-induced catalepsy and reversed 
reserpine-mediated akinesia in mice, with an effect that persisted longer than that of the 
reference Group III orthosteric agonist, L-AP4 (Niswender et al., 2008).   
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Despite receiving much of the attention within Group III mGlu receptors, mGlu4 is not alone 
in its involvement in Parkinson’s disease. There remains the possibility that post-synaptic 
mGlu7 and mGlu8 have some effect on the neuronal circuitry in question. The mGlu7 
allosteric agonist, N,N'-dibenzhydryl-ethane-1,2-diamine dihydrochloride (AMN082) may 
inhibit the release of [3H]-D-aspartate in substantia nigral slices, suggesting that selective 
targeting of mGlu7 may yield similar results to those at mGlu4 (unpublished data; Duty, 
2010). Despite there being a large amount of doubt surrounding the therapeutic potential of 
mGlu8 for the treatment of Parkinson’s disease, where the semi-selective mGlu8 agonist was 
failed to reverse haloperidol-induced catalepsy (Lopez et al., 2007); administration of the 
mixed AMPA antagonist/mGlu8 agonist, (R,S)-3-4-DCPG, decreased amphetamine- but not 
phencyclidine-induced hyperactivity (Ossowska et al., 2004). Concomitantly, (R,S)-3-4-
DCPG actually enhanced haloperidol-induced catalepsy and induced catalepsy when 
administered alone. Taken together, and despite similar expression and function compared 
to mGlu4, does not appear to be a good candidate target for the treatment of Parkinson’s 
disease. Indeed, this scenario highlights the inherent difficulties that are encountered in the 
search for mGlu receptor subtype-selective therapeutics. 

Taken together, it seems that the most appropriate and effective methods for targeting mGlu 
receptors is via their allosteric ligand-binding site, which increases subtype selectivity and 
does not impede normal neurotransmission. Refer to Figure 4 for the chemical structures of 
some allosteric ligands for mGlu receptors. 

 
Fig. 4. Chemical structures of mGlu receptor allosteric ligands. 

2.4.8 Clinical trials for mGlu receptor ligands 

It is now well established that mGlu receptors are major targets for numerous central 
disorders and even for some in the periphery. Accordingly, there are a large number of 
clinical programs that are running at any one time (Table 1). 

Gastro-(o)esophageal reflux disease (GERD) is a chronic condition, in which the major 
symptom is the abnormal reflux of stomach contents into the oesophagus. The inhibition of 
mGlu5 is predicted to improve the tone of the cardiac sphincter, thus reducing reflux 
(Lehmann, 2008). In a recent phase II clinical study performed by Addex pharmaceuticals, 
reflux and other GERD symptoms are efficiently reduced by a NAM of mGlu5. The same 
molecule has also entered into a different phase II study targeting migraine, which also 
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yielded beneficial results. Since glutamate is the main neurotransmitter of the migraine 
circuit, then inhibition of postsynaptic mGlu5 receptors that are present in this circuit would 
decrease glutamatergic neurotransmission and hence may pose a useful approach in 
migraine therapy. However, due to liver toxicity after long-term treatment with this 
particular molecule, the study was discontinued. Fragile X syndrome is the most common 
form of inherited mental retardation. Preclinical studies indicate that fragile X phenotypes 
are linked to an overactivity of mGlu5 (Dolen et al., 2010), suggesting that antagonism of this 
receptor could be of therapeutic interest. Recently, fenobam, an mGlu5 NAM also known for 
its anxiolytic properties, entered phase II clinical studies, which so far have demonstrated 
potential therapeutic benefits on Fragile X symptoms (Berry-Kravis et al., 2009). 

 
Table 1. mGlu receptor ligands currently undergoing clinical trials. Sources: 
ClinicalTrials.gov and EvaluatePharma.com. * - Trial discontinued. 

mGlu2 and mGlu3 receptors are a major target for the treatment of anxiety and 
schizophrenia (Conn and Jones, 2009; Conn et al., 2009b). As a result, the activation of these 
receptors has been exploited for the treatment of said diseases in several clinical studies. 
Non-selective mGlu2/mGlu3 agonists have reached phase II clinical studies for the treatment 
of generalised anxiety disorders, but the trial was terminated due to risks of seizure 
observed in animals (Dunayevich et al., 2008). Allosteric ligands represent an alternative to 
the use of orthosteric ligands, since they do not interfere with the spatiotemporal profile of 
the endogenous ligand; therefore they are more targeted and usually produce less 
deleterious side effects. Recently, a phase I study on anxiety was started by Ortho-McNeil-
Janssen Pharmaceuticals Inc. and Addex pharmaceuticals using ADX71149, an mGlu2 PAM, 
but the conclusions remain known. Altered glutamatergic neurotransmission is also linked 
in part to schizophrenia and through a phase II study by Eli Lilly, the improvement of 
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symptoms of schizophrenia with an mGlu2/mGlu3 agonist was similar to that demonstrated 
with olanzapine, a common antipsychotic drug; this drug was also tolerated by patients 
(Patil et al., 2007).  

Preclinical studies strongly suggest that Group III mGlu receptors may play a vital role in 
the symptomatic control of Parkinson's disease. In particular, increasing mGlu4 activity 
within the basal ganglia appears to be an interesting approach to reduce akinetic symptoms 
associated with Parkinson's disease (Beurrier et al., 2009; Lopez et al., 2007). However, to our 
knowledge, none of these compounds have reached phase I clinical trials. 

3. Metabotropic GABA receptors 
3.1 Structure/function of GABAB receptors 

The metabotropic GABA (GABAB) receptor is the only known GPCR that is responsive to 
GABA. Architecturally, it is not composed in the same manner as many other Class C 
GPCRs. Specifically, it consists of a ligand binding GB1 subunit and a G protein coupling 
GB2 subunit (Galvez et al., 2001; Kaupmann et al., 1998; Margeta-Mitrovic et al., 2001; White 
et al., 1998); each subunit consisting of a VFT and 7TM domains, but converse to mGlu 
receptors they lack a CRD (refer to Figure 2 for schematic overview). The two subunits are 
not covalently associated, but do interact via a coiled-coil domain in their C-terminal tails, 
which provides a solid hydrophobic interaction to maintain the integrity of the dimer 
(Kammerer et al., 1999). Through the use of circular dichroism spectroscopy the authors 
proposed a region in the C-terminal domains of GB1 and GB2 of approximately 30 amino 
acids, composed of roughly 5-7 heptads.  

Discerning the number of ligands that bind to any one dimer at any one moment is often 
difficult, especially if there is the possibility for receptors to form higher-order oligomers. It 
has been shown that in class C heterodimers a single subunit was responsible for the 
binding of the endogenous ligand, in this case GB1 in the GABAB receptor (Kniazeff et al., 
2002). This suggests that a single agonist molecule is sufficient to fully activate 
heterodimeric receptors, but does not discount multiple binding sites on the same protomer. 
However, nearly nothing is known of the conformational movement of the GB2 subunit, 
making it nearly impossible to distinguish between the conformational rearrangement and 
functional responses of Aco and Acc combinations. The only insights come from the GABAB 
receptor, whereby the introduction of several large residues, such as tryptophan in the 
crevice of GB2 VFT leads to a decrease in G protein-mediated functional responses (Kniazeff 
et al., 2002). 

It has always been questioned whether GPCRs remain in simple monomeric and dimeric 
forms or whether they self-associate into higher-order oligomers and, if so, what are the 
molecular determinants of these interactions. Recently, it has been demonstrated that 
GABAB are indeed capable of forming tetrameric complexes, which interact via their GB1 
subunits (Comps-Agrar et al., 2011; Maurel et al., 2008). By employing the use of a binding-
null GB1 subunit Comps-Agrar et al., (2011) demonstrated that GABAB receptor tetramers 
could be disrupted and that the resultant complexes are capable of binding approximately 
twice as much radioligand compared to the wild-type; in addition to increasing the apparent 
Emax in functional tests. The synthesis of this study was that GABAB receptors that are 
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associated into a tetrameric assembly have reduced binding capacity and functional 
capability compared to GABAB receptors in dimeric form. Comps-Agrar et al., (2011) 
attempted to more precisely examine the structural determinants of the molecular 
construction of the GABAB receptor tetramer. They resolved that an important interaction 
between the VFTs of the GB1 subunits occurs, and then experimentally demonstrated the 
disruption of this interaction through mutation and insertion of an N-glycosylation site 
(G380N) increases the apparent Bmax of fluorescent ligand binding and maximal function 
effect in intracellular calcium mobilisation assays. It is noteworthy that this study 
demonstrated that there is tetramerisation of GB1A subunit-containing GABAB receptors, but 
not GB1B subunit-containing receptors.  

Stimulation of GABAB receptors results in the activation and dissociation of Gi/o family G 
proteins, which in turn inhibit the function adeylyl cyclase thereby decreasing intracellular 
cAMP levels; activate Kir3 channels and inhibit Cav2 channels (Dunlap and Fischbach, 1981; 
Leaney and Tinker, 2000; Nishikawa et al., 1997). One of the major actions of GABAB 
receptor activation is the opening of Kir3 channels, where the increase in K+ permeability 
through these channels hyperpolarises the cell thereby inhibiting the propagation of action 
potentials (Dascal, 1997; Misgeld et al., 1995).  

Many GPCRs undergo rapid receptor phosphorylation and subsequent sequestration from 
the cell surface, commonly in an arrestin-dependent manner, followed by the recruitment of 
scaffolding proteins and by clathrin-mediated endocytosis (Shenoy and Lefkowitz, 2005). 
One interesting feature that is dissimilar to many GPCRs and is the subject of much debate 
is that GABAB receptors do not appear to undergo activation-dependent phosphorylation 
and internalisation. Indeed, it has been reported that these receptors are not phosphorylated 
by the canonical G protein-coupled receptor kinases (GRKs), yet are desensitised by GRK4 
in the absence of any apparent phosphorylation (Perroy et al., 2003). It has been 
demonstrated in chick neurons that upon activation, GABAB receptors form a complex with 
Cav channels and arrestins, then are consequently internalised as a mechanism of rapid 
desensitisation of GABAB receptor signalling (Puckerin et al., 2006). This however, is 
conflicting with evidence provided by Fairfax et al., (2004) whereby GABAB receptors did 
not associate with arrestins and, indeed, the cAMP-dependent kinase- (PKA) mediated 
phosphorylation of the GABAB receptor at position Ser892 on the GB2 subunit increases its 
cell-surface stability; rather than impeding its cellular function. It would appear in these 
cases that the phosphorylation state and the subsequent events may very well be cell type 
specific, which may be yet another degree of complexity for texturing GABAB receptor-
mediated signalling. Interestingly, despite the lack of consistent evidence that GABAB 
receptors are phosphorylated as a consequence of receptor activation, there is an 
accumulating body of evidence that these receptors are phosphorylated mostly by second-
messenger kinases. For example, protein kinase C (PKC) has been described to 
phosphorylate the GB1 subunit GABAB receptors after the dissociation of the chaprone 
protein, N-ethylmaleimide-sensitive fusion (NSF) protein, in Chinese hamster ovary (CHO) 
cells (Pontier et al., 2006). More recently, there have been new developments on how GABAB 
receptors are phosphorylated and dephosphorylated in neurons. Recent evidence suggests 
that NMDA receptors can also act as regulators of GABAB receptor function, such that 
NMDA receptor activation, via calcium/calmodulin-dependent protein kinase, 
phosphorylates the GB1 subunit at position Ser867, resulting in rapid receptor 
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internalisation from dendritic spines and shafts in the hippocampus (Guetg et al., 2010). 
Similarly, prolonged NMDA receptor activation results in the rapid phosphorylation of 
Ser783 on GB2 in an 5' adenosine-monophosphate-dependent protein kinase- (AMPK) 
dependent manner (Terunuma et al., 2010). The rapid phosphorylation by AMPK altered the 
endocytic sorting pathway from receptor recycling to endosomal degradation, Ser783 was 
then slowly dephosphorylated by protein phosphatase 2A, returning the system back to its 
receptor recycling processes. Although the modes of which GABAB receptors are 
phosphorylated and there consequences are not entirely clear, recently there has been a 
great deal of progress made in understanding how GABAB receptor phosphorylation is 
affected by distinct signalling systems and their consequences on receptor function.  

3.2 Localisation and physiology of GABAB receptors 

The GABAB receptor is extensively expressed throughout the central nervous system, 
specifically, hippocampus, cortex, thalamus and cerebellum (Bettler and Tiao, 2006; Billinton 
et al., 1999); and in parts of the peripheral nervous system. They are located both pre- and 
post-synaptically where they mediate activity of Cav and Kir3 channels, respectively (Dutar 
and Nicoll, 1988; Lopez-Bendito et al., 2004; Luscher et al., 1997). Presynaptic GABAB 

receptors can be found at both homo- and hetero-autoreceptors on GABA and, for example, 
glutamate nerve terminals, respectively (Thompson et al., 1993). Activation of these 
receptors leads to a hyperpolarisation of the nerve terminal thereby inhibiting further 
neurotransmitter release. Postsynaptically, GABAB receptors have been demonstrated to 
mediate slow inhibitory postsynaptic potentials (IPSPs) through the operation of Kir3 
channels. It is noteworthy that in the human brain, there are two major isoforms of the 
GABAB receptors, those that contain a GB1A subunits, and those that possess GB1B subunits, 
notwithstanding there is no apparent difference in pharmacology or physiology between the 
two receptors in heterologous cell systems (Ulrich and Bettler, 2007). Despite a lack of 
obvious differences in function and pharmacology, there is indeed a differential expression 
pattern, such that GB1A and GB1B are both expressed on GABAergic nerve terminals, yet 
only GB1A subunits are expressed on glutamatergic synaptic terminals (Kulik et al., 2003). By 
using different sets of complementary approaches, the authors showed that GB1A-containing 
heterodimers mainly control presynaptic release of glutamate, whereas receptors possessing 
GB1B subunits predominantly mediate post-synaptic inhibition.   

3.3 GABAB receptor pharmacology and clinical relevance 

Similar to mGlu receptors, GABAB receptors have two main ligand-binding domains, the 
orthosteric ligand-binding pocket located within the VFT of GB1; and the allosteric ligand-
binding domain, which is within the 7TM region, most likely within the 7TM bundle. There 
are surprisingly few GABAB receptor full agonists aside from GABA itself and the well-
known baclofen (refer to Figure 5). There are some other agonists such as CGP27492, the 
tritiated form of which replaced [3H]-baclofen as the radioligand agonist of choice, but was 
surrounded by controversy when it failed to reproduce the same physiological effects in 
some key assays (Froestl et al., 1995). A number of GABAB receptor partial agonists have 
been identified, the most famous of which is the endogenous metabolite of GABA,-
hydroxybutyric acid (GHB), synthesised from GABA transaminase and semialdehyde 
reductase. Other partial agonists include CGP44532 and CGP35024, the latter is also a 
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GABAC receptor antagonist (Chebib et al., 1997). The number of antagonists is much greater 
than that of agonists, among these ligands there are the baclofen derivatives, saclofen and 2-
OH saclofen; CGP54626, the most common of the antagonists; and CGP71872; the former 
two possessing high micromolar affinity, whilst the latter two exhibit low nanomolar 
affinity (Kaupmann et al., 1997).  

 
Fig. 5. Structural similarities across common GABAB receptor agonists. 

As with many Class C GPCRs, there exist a number of allosteric modulators available for the 
GABAB receptor, yet all known modulators are PAMs, with no known NAMs, to date. Some 
PAMs of the GABAB receptor are CGP7930, GS39783 and the more recent, rac-BHFF 
(Malherbe et al., 2008; Pin and Prezeau, 2007)(Figure 6). These PAMs increase orthosteric 
agonist potency and maximal response in a system-dependent manner, whilst possessing 
partial agonism in their own right. Given that many PAMs will most often on activate their 
target receptor when the endogenous or orthosteric ligand is present, they offer an ideal 
approach for drug discovery given they maintain region-dependent transmission patterns, 
therefore theoretically limiting off-target effects and side effect profile. 

 
Fig. 6. Two of the best characterised positive allosteric modulators at the GABAB receptor. 

3.3.1 Addiction and GABAB receptors 

Today, there are two GABAB receptor ligands on the market, both agonist, but both treat 
largely different disorders. Baclofen, originally developed to treat epilepsy in the 1920s, was 
largely unsuccessful for the treatment of epileptic symptoms, but its potential was realised 
outside of epileptic patients. Among the more common uses for baclofen is the treatment of 
addiction of abusive substances. Specifically, alcohol dependence has received much 
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attention with regard to GABAB receptors, such that baclofen administration in open-label 
trials reduced the number of heavy-drinking days and increased the number of abstinence 
days, in addiction to decreasing biological markers such as alanine aminotranferase and 
gamma glutamyl-transpeptidase, in some patients (Addolorato et al., 2000; Flannery et al., 
2004). Baclofen was not only useful for the management of alcohol addiction, but may also 
be employed as a strategy against withdrawal and relapse (Addolorato et al., 2006). When 
compared with treatment of diazepam, baclofen was only slightly less efficient at reducing 
the symptoms of alcohol withdrawal, such as sweating, anxiety and agitation; however this 
suggests baclofen may be a useful treatment for alcohol withdrawal in patients that abuse 
other substances, for example, benzodiazepines.  

Baclofen has also been investigated for its effects on relieving addiction to cocaine. In one 
study, users of freebase or crack cocaine who self-administered through inhalation of the 
drug (Haney et al., 2006). Users who were either treated with methadone or not were given 
varying doses of baclofen and subsequently were asked to choose to take either the available 
dose of cocaine or five dollar merchandise voucher. The group who were administered 
60mg of baclofen and non-methadone treated demonstrated a decrease in the craving for the 
low dose of cocaine (12mg), whilst there was no change in the methadone-treated group. 
Interestingly, baclofen also decreased the effect of cocaine on heart rate, however the 
personal evaluation of the 'high' remained unchanged. These results suggest that in some 
specific cases that baclofen would have a positive effect on addiction, however these 
situations are also often confounded by psychological dependence and are by and large 
heavily dictated by the patient. 

3.3.2 GHB and current therapeutic indications 

As previously mentioned, GHB is a minor metabolite of GABA; however in the 1960s GHB 
was first developed as a therapeutic as a CNS depressor (Laborit et al., 1960). At the time, it 
was also used as an adjuvant for anesthetics and is still used in some countries as an 
intravenous anesthesia (Kleinschmidt et al., 1997). Nowadays, the therapeutic indications for 
GHB are cataplexy and excessive daytime sleepiness associated with sleep disorder 
narcolepsy. Narcolepsy is the condition characterised by interrupted nighttime sleep and 
excessive daytime sleep, in addition to this, approximately 70% of narcoleptics suffer from 
cataplexy, which is a sudden loss of muscle tone. The evidence of clinical efficacy of GHB is 
largely empirical through a number of studies on narcoleptic patients, daily doses of GHB 
was able to reduce the number of nocturnal sleep/awake transitions, cataplexy episodes and 
the frequency between wakefulness and REM sleep during the daytime (Pardi and Black, 
2006; Scrima et al., 1990). Despite clinical evidence supporting the therapeutic benefits of 
GHB for these conditions, there is still much debate over the molecular mechanism of action 
of GHB. There is known to be at least two GHB-binding sites, a high-affinity site on an 
unidentified protein; and a low-affinity site, which is at the GABAB receptor (Kaupmann et 
al., 2003). However, there is evidence that the effects of GHB on stabilising patterns of 
somnolence are due to the subsequent actions at the GABAB receptor. Recently, Vienne et al., 
(2010) provided evidence that the effects on somnolence and circadian sleep organisation 
are dependent on GABAB receptors, whereby GHB and baclofen stabilised sleep/wake 
regulation in wild-type mice; these effects were lost in both GB1-/- and GB2-/- mice. This 
study suggests that the therapeutic benefits of GHB in narcoleptic patients may be mostly 
due to GHB-mediated activation of GABAB receptors.   
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3.3.3 GABAB receptors in pain 

The importance of GABAB receptors in nociceptive processing was well documented in the 
early 90's in a series of preclinical studies in which the GABAB receptor agonist, baclofen, 
exhibited antinociceptive properties in models of acute (Malcangio et al., 1991) and chronic 
pain (Dirig and Yaksh, 1995; Smith et al., 1994). These effects are likely mediated by spinal 
and supraspinal GABAB receptors; where the supraspinal effects appear to reflect 
depression of ascending adrenergic and dopaminergic input to the brainstem, and 
facilitation of descending noradrenergic input to the spinal cord dorsal horn (Sawynok, 
1984). Baclofen-induced antinociception at spinal cord level is attributed, at least partly, to 
the activation of presynaptic GABAB receptors localised on the nerve terminals of 
peptidergic primary afferents fibers (Price et al., 1984). In the substantia gelatinosa of the 
spinal cord, baclofen exhibits a greater effect on C-fibers than Aδ-fiber-evoked glutamate 
release, suggesting a preferential GABAB expression in C fibers afferent terminals (Ataka et 
al., 2000). Furthermore, baclofen inhibits electrically-evoked release of calcitonin gene-
related peptide (CGRP) (Malcangio and Bowery, 1995) and substance P (Marvizon et al., 
1999) from rat spinal cord slices. The decrease of dorsal horn neurons excitability and the 
regulation of intrinsic neuronal properties suggest additional postsynaptic sites for the 
action of baclofen on pain (Derjean et al., 2003; Kangrga et al., 1991). Taken together, the 
effects of activation of GABAB receptors on the inhibition of pain signalling suggest that it is 
a tractable target for combating neuropathic and potentially other types of pain.  

4. Concluding remarks 
The treatment of neurological disorders is perhaps one of the most difficult tasks in modern 
day medicine; the multi-factorial nature of disease and the availability of appropriate 
therapeutics continually hamper the drug discovery process. The initial step in surmounting 
these obstacles is the validation of a target, which is perpetually being revised and, has now 
furnished two invaluable targets in the mGlu and GABAB receptors. Both receptors, which 
present the major excitatory and inhibitory GPCR conduits, could be targeted for the 
treatment of a myriad of central and peripheral disorders. To better understand the function 
and physiology of these receptors it is paramount that we elucidate molecular mechanisms 
of receptor activation and ligand binding. There exists a large body of work the 
pharmacology of mGlu and GABAB receptors, yet we are only now scratching the surface, as 
recently there has been an influx on novel receptor-selective pharmacophores, especially for 
mGlu receptors. With a better pharmacological armamentarium we will be better equipped 
to delineate (patho)physiological phenomena as we progress development of better 
therapeutics.   
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1. Introduction 
Glutamate (Glu) is a main excitatory neurotransmitter in the central nervous system. 
Concerning the existence of Glu in the small-diameter afferent fibers, their central 
(Westlund et al., 1989; Keast and Stephensen, 2000) and peripheral (Westlund et al., 1992; 
Keast and Stephensen, 2000) processes as well as dorsal root ganglion (DRG) cells 
(Battaglia and Rustioni, 1988; Keast and Stephensen, 2000) contain Glu. Recently, Glu has 
been shown to have a role in transduction of sensory input at the periphery (Carlton, 
2001).  

Electron microscope studies demonstrate that Glu receptors are transported from the DRG 
cell bodies into central and/or peripheral primary afferent terminals (Liu et al., 1994). The 
N-methyl-D-aspartic acid (NMDA), -amino-3-hydroxy-5methyl-4-isoxazole propionic acid 
(AMPA) and kainate receptors (NMDA/AMPA-kainate receptors) are localized on 
unmyelinated axons at the dermal-epidermal junction in the glabrous and hairy skin of the 
rat (Carlton et al., 1995; Coggeshall and Carlton, 1998), and in human hairly skin (Kinkelin et 
al., 2000). Approximately 20% of the fibers were immunostained in one of the receptor 
subtypes. As Sato et al. (1993) reported that virtually all DRG cells as well as their central 
(Laurie et al., 1995; Zou et al., 2002) and peripheral (Carlton et al., 1995) processes are 
positively labeled for the NMDA receptor, it is highly likely that two or more of the 
ionotropic Glu receptors are colocalized.  
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Behavioral evidence supports a role for peripheral Glu receptors in normal nociceptive 
transmission. Intraplantar injection of L-Glu into the hindpaw evokes hyperalgesia in rats 
(Follenfant and Nakamura-Craig, 1992; Carlton et al., 1995). Futhermore, intraplantar 
injection of the specific Glu receptors agonists NMDA, AMPA or kainate results in 
mechanical hyperalgesia and allodynia that can be blocked by appropriate antagonists 
(Zhou et al., 1996). Hyperalgesia is induced by binding the released glutamate to NMDA 
receptor (Leem et al., 2001; Du et al., 2003), group I mGluR (Bhave et al., 2001; Zhou et al., 
2001; Hu et al., 2002; Walker et al., 2001; Lee et al., 2007), but not group II mGluR (Yang and 
Gereau IV, 2003).  

In addition to these behavioral and anatomical data, Omote et al. (1998) showed that 
subcutaneous administration of inflammatory substances such as formalin induced the 
release of peripheral EAAs (Glu and aspartate) on the ipsilateral side. We have already 
reported that local application of capsaicin cream evoked a marked increase in Glu level in 
the s.c. perfusate. In addition, electrical stimulation of the sciatic nerve or noxious heat 
stimulation (50C) also caused increase of Glu level in the s.c. space, and this capsaicin-
evoked Glu release was significantly decreased by daily high-dose pretreatment with 
capsaicin for three consecutive days (Jin et al., 2006). 

The capsaicin receptor, transient receptor potential vanilloid 1 (TRPV1), is located in a 
neurochemically heterogeneous population of small diameter primary afferent neurons 
(Tominaga et al., 1998). This receptor is sensitive to high temperature in the noxious range of 
43°C to 50°C (Hardy, 1953; Beitel and Dubner, 1976; Caterina et al., 1997). Furthermore, 
repeated exposure to high-dose capsaicin selectively produces a prolonged influx of cations 
leading to desensitization of small-diameter sensory neurons to subsequent noxious 
stimulation (Yonehara et al., 1987; Lynn, 1990; Zhou et al., 1998; Caterina and Julius, 2001), 
while myelinated Afibers are insensitive to capsaicin (Jancso et al., 1977; Nagy et al., 1983; 
Michael and Priestly, 1999).  

There is an evidence suggesting possibility that capsaicin-evoked pain responses might be 
regulated by peripheral GluRs. In this connection, Lam et al. (2005) demonstrated that 
peripheral NMDA receptor modulate jaw muscle electromyographic activity induced by 
capsaicin injection into the temporomandibular joint of rats. 

This study, therefore, has been done to elucidate at large in what manner Glu receptors and 
Glu existing in the peripheral endings of small-diameter afferent fibers and their 
extracellular space, respectively, are involved in development and/or maintenance of 
nociception evoked by capsaicin. Additionally, in order to demonstrate a link between the 
increase of Glu levels in the extracellular space following noxious stimulation and pain 
behavior, the changes in thermal withdrawal latency and the expression of c-Fos protein in 
the dorsal horn were determined following subcutaneous (s.c.) injection of drugs associated 
with Glu receptors with/without capsaicin. 

2. Materials and methods 
All surgical and experimental procedures for animals were reviewed and approved by the 
Ohu University Intramural Animal Care and Use Committee and conformed to the 
guidelines of the International Association for the Study of Pain (Zimmermann, 1983). 
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2.1 Experimental procedures 

Adult male Sprague-Dawley rats weighing between 200-300 g (CLEA Japan, INC. Tokyo, 
Japan) were used in all experiments. Rats were on a 12 hrs light/dark cycle and received 
food and water ad libitum. 

2.2 Release of Glu into the subcutaneous space 

Animals were anesthetized with urethane (1 g/kg i.p.). A single loop catheter whose tip was 
covered with a 5000 molecular weight dialysis membrane (MS 0045, PSS® SELECT, Florida) 
was introduced into the s.c. space of the instep using a 2.2 mm outer diameter polyethylene 
tube as a guide. Ringer’s solution was perfused at 15 l/min through this catheter with a 
micro syringe pump (EP-60, Eicom, Kyoto, Japan) and perfusate was collected into the tubes 
placed in an ice bath at intervals of 20 min. The samples were kept at -80°C until analysis.  

2.3 Amino acid analysis 

Amino acids in the dialysate were analyzed by a high-performance liquid chromatography 
(HPLC) system for automated analysis of amino acids using o-phthalaldehyde 
derivatization and fluorescence detection. Amino acids were quantified by reverse-phase 
chromatography using a C18 octadecylsilyl (ODS) silica-gel column (EICOMPAK SC-50DS 
2.1 mm x 150 mm) with pre-column (EICOM PREPAKSET-AC 3 mm x 4 mm). An HPLC 
system (HTEC500, EICOM) attaching this column consists of a pump connected with a 
degasser, a sampling injector with a sample processor and a cool pump, a fluorescence 
HPLC monitor and a personal computer with the data processor (Power Chrom; EPC-500, 
EICOM). The mobile phase used for separation of amino acids was 100 mM, pH 6 phosphate 
buffer containing 30% methanol and 10 M EDTA. The flow rate was 0.23 ml/min. Peak 
areas of unknown substances were compared to those of control compounds for 
quantitation. 

To determine the effect of drugs on the level of Glu, the average amounts of Glu 
concentration in two 20-min fractions collected over periods of 40 min before and after local 
application of capsaicin cream were obtained and expressed as percentages of the control 
value before stimulation.  

2.4 Drug administration 

While the animals were inside the small cage, drugs were administered into the s.c. left 
hindpaw in a volume of 50 l using a 100 l Hamilton syringe (Reno, NV, USA) with a 30-
gauge needle without any anesthesia. The needle was inserted into the plantar skin 
proximal to the midpoint of the hindpaw. Capsazepine (30mg/kg) was injected in the 
volume of 50 l into the s.c. of the neck. 

2.5 Behavioral assessments 

The Plantar Test (model 7370; Ugo Basile, Verese, Italy) was used in accordance with 
previously described methods (Yonehara et al., 1997) to determine whether the rats were 
hyperalgesic. In brief, prior to testing, the animals were placed in a small cage on a glass 
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plate. They were not restrained and could move about and explore freely. Radiant heat was 
beamed onto the plantar surface of the hindpaw. The intensity of the beam was controlled 
and adjusted prior to the experiments, and the cutoff latency was set at 24 sec. The beam 
was applied to the test and control foot in turns and the latency of the withdrawal reflexes 
was recorded. The mean of the four responses was determined (Figs 4-8), and the ratio of 
the test foot latency divided by control foot latency, multiplied by 100, was calculated and 
termed the “percentage withdrawal latency” (Fig.3), at hourly intervals, from 1 hr before 
injection of the drugs to 6 h after the injection, except for 15 min after the injection 

2.6 c-Fos immunohistochemistry 

Two hours after the drug injection, animals were deeply anesthetized with sodium-
pentobarbital and perfused transcardially with 100ml of 0.9% saline followed by 500 ml of 
4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4) and the spinal cord was taken 
out, postfixed in the same fixative overnight at 4°C, and then immersed into 20% sucrose in 
0.1M PB at 4°C until it sank. Serial transverse 60 µm thick sections at L4-6 were cut using a 
freezing microtome and collected in 0.02 M phosphate buffered saline (PBS). Sections were 
washed in PBS for 30 min and blocked with 1% normal goat serum for 30 min and then 
incubated in a rabbit antibody against c-Fos (1:7000 dilution; Santa Cruz Biotech, Santa 
Cruz, CA, USA) for 60 min in room temperature and then for 12 hrs at 4°C. After washing in 
PBS for 30 min, sections were incubated in biotinylated goat anti-rabbit antiserum, and 
washed in PBS for 30 min and then immunohistochemically stained for 60 min using avidin-
biotin-peroxidase complex (Vectastain, Vector Laboratories, Burlingame, CA, USA). To 
visualize peroxidase activity, sections were immersed in 0.05% diaminobenzidine 
tetrahydrochloride, 0.1% ammonium nickel sulfate and 0.01% hydrogen peroxide in 0.05 M 
Tris-HCl buffer (pH 7.2). Sections were washed in PBS for 30 min and then mounted on 
gelatin-coated slides, air-dried and coverslipped. The c-Fos-immunoreactive cells of 10 best-
labeled sections were counted in the L5 spinal dorsal horn. In all these tests a double blind 
procedure was used to prevent the observers from knowing the experimental groups. 

2.7 Drugs 

The list of drugs and chemicals were as follows: as Glu receptors agonist, L-glutamic acid; 
selective NMDA receptor agonist, NMDA; AMPA receptor agonist, -amino-3-hydroxy-4-
isoxazoleproprionic acid (AMPA); selective group 1 mGlu receptor agonist, (S)-3,5- 
dihydroxyphenylglycine ((S)-3,5-DHPG); group II mGlu receptor agonist, (2S,1’S,2’S)-2-
(carboxycyclopropyl) glycine (L-CCG-I); selective group III mGlu receptor agonist,  
L-(+)-2-amino-4-phosphonobutyric acid (L-AP4). The following drugs were used for Glu 
receptors antagonists, selective non-competitive NMDA receptor antagonist, (5S,10R)-(+)-5-
Methyl-10,11-dihydro-5H-dibenzo[a,d] cyclo-hepten-5, 10-imine hydrogen maleate  
((+)-MK-801 hydrogen maleate); competitive kainite/AMPA receptor antagonist,  
6-Cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX) and 2,3-Dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX); group 1 mGlu  
receptor selective non-competitive mGlu1 receptor antagonist, 7-(hydroxyimino) 
cyclopropa[b]chromen-1a-carboxylate ethyl ester (CPCCOEt); group 1 mGlu receptor mGlu5 
subtype-selective antagonist, 2-Methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP); 
group II mGlu receptor antagonist, ((2S,3S,4S)-2-methyl-2-(carboxycyclopropyl)glycine 
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(MCCG); selective group III mGlu receptor antagonist, (RS)-α-methylserine-O-phoephate 
(MSOP). These compounds of Glu receptors were obtained from Tocris (Ballwin, MO, USA). 8-
Methyl-N-vanillyl-6-noneamide (capsaicin) was obtained from Sigma Chemical Co. (USA). All 
other chemicals were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).  

In accordance with the product material safety data sheets, L-glutamate acid, L-CCG-I and 
L-AP4 were diluted in NaOH; and MK801, NMDA, (S)-3, 5,-DHPG, MCCG and MSOP were 
diluted in water. CNQX, CPCCOEt and MPEP were diluted in dimethyl sulphoxide. The 
other drugs except for these were dissolved in saline. Capsaicin was prepared as a 10 
mg/ml solution in saline containing 10% ethanol and 10% Tween 80. The pH of all solutions 
was adjusted to 7.4. Capsazepine was dissolved in dimethyl formamide and then diluted 
with saline. O-phthalaldehyde was dissolved in methanol and adjusted to 4 mM with 0.1 M, 
pH 9.5 carbonate buffer.  

2.8 Statistical analysis 

All data are shown as mean ± S.E.M. In the study of Glu release, statistical analyses were 
performed using posthoc test of Fisher’s protected least significant difference and P<0.05 
was considered to be statistically significant. In the behavioral study, statistical analyses 
were performed with Dunnett’s test for multiple comparison subsequent to analyses of 
variance. In the c-Fos immunohistochemichal study, a Student’s test was used to test 
significant differences of the c-Fos expression between the treatments. 

2.9 Abbreviations 

AMPA-amino-3-hydroxy-4-isoxazole proprionic acid, Cap+MK801; Capsaicin combined 
with MK801, Cap+CNQX; Capsaicin combined with CNQX, Cap+NBQX; Capsaicin combined 
with NBQX, Cap+CPCCOEt; Capsaicin combined with CPCCOEt, Cap+MCCG; Capsaicin 
combined with MCCG, Cap+MSOP; Capsaicin combined with MSOP, CNQX; 6-Cyano-7-
nitroquinoxaline-2,3-dione disodium, CPCCOEt; 7-(hydroxyimino) cyclopropa[b]chromen-1a-
carboxylate ethyl ester, (S)-3,5-DHPG; (S)-3,5- dihydroxyphenylglycine, DRG; dorsal root 
ganglion, Glu, glutamate; L-CCG-I; (2S,1’S,2’S)-2-(carboxycyclopropyl) glycine, L-AP4; L-(+)-2-
amino-4-phosphonobutyric acid, MCCG; (2S,3S,4S)-2-methyl-2-(carboxycyclopropyl) glycine, 
mGluRs; metabotropic glutamate receptors, (+)-MK-801; (5S,10R)-(+)-5-Methyl-10,11-dihydro-
5H-dibenzo[a,d] cyclo-hepten-5, 10-imine hydrogen maleate, MPEP; 2-Methyl-6-
(phenylethynyl) pyridine hydrochloride, MSOP; (RS)-α-methylserine-O-phoephate, NBQX; 
2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt, NMDA; 
N-methyl-D-aspartic acid. 

3. Results 
3.1 Basal Glu release 

The concentration of Glu in the perfusate was initially high, but gradually decreased with 
time reaching a stable level after 2 hrs of perfusion, which was then maintained for at least 
4.5 h. Glu was present at 1.95 ± 0.25 M (n=10, S.E.M.) in the resting state which is defined 
here as the mean of the two 20-min fraction collected from 80 min after starting perfusion to 
120 min (fraction 5~6 in control group in Fig.1). 
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3.2 Effects of capsazepine on capsaicin-evoked Glu release 

The s.c. injection of capsaicin (3 mM) in the vicinity of the perfusion side evoked a 
significant increase in Glu release (Fig.1). The average concentration of the released Glu 
was 4.86 ± 0.48 M/20 min in 2 fractions collected after the injection of capsaicin. This 
augmentation of Glu release was last over 2 h. This effect was remarkably suppressed by 
preadministration of capsazepine (30 mg/kg, s.c.) 30 min before capsaicin injection 
(Fig.1). In the group of pretreatment with capsazepine, the average concentrations of the 
released Glu were 2.25 ± 0.4 M/20 min and 2.36 ± 0.31 M/20 min in 2 fractions collected 
after the injection of vehicle or capsaicin, respectively. S.c. injections of vehicle or 
capsazepine  alone did not produce any significant changes in the levels of Glu in the 
perfusates. 

 
Fig. 1. Effect of capsazepine on the capsaicin-induced glutamate release. Capsazepine (s.c.) 
was injected subcutaneously into the neck 30 min before capsaicin treatment. Capsazepine 
(30 mg/kg) or vehicle for capsazepine, and capsaicin (3 mM) or vehicle for capsaicin were 
subcutaneously injected at the time indicated by the arrows, (   ) and (   ), respectively. All 
data are presented as the mean ± S.E.M. obtained from 10 animals. #P<0.05 compare with 
the value prior to s.c. administration of capsaicin+vehicle. *P<0.05 compared with 
capsaicin+vehicle (for capsazepine) group at each time measured. 

3.3 Effects of iGluRs antagonists injection on capsaicin-evoked Glu release 

The combined injection of capsaicin with MK801(1 mM) (Cap + MK-801) or NBQX (5 mM) 
(Cap + NBQX) into the perfusion region showed far less Glu release than injection of 
capsaicin alone (Fig 2-A). The average concentration of the released Glu was 1.20 ± 0.1 M/ 
20 min or 1.70 ± 0.1 M/ 20min in 2 fractions collected after the co-injection of MK-801 or 
NBQX with capsaicin, respectively. These inhibitory effects of iGluRs antagonists sustained 
over 2.5 h. 
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Fig. 2. Effect of the ionotropic (A) and metabotropic (B) glutamate receptor antagonists on 
the capsaicin-induced glutamate release. The glutamate receptor antagonists were 
subcutaneously injected together with capsaicin at the time indicated by the arrow. All data 
are presented as the mean ± S.E.M. obtained from 10 animals. #P<0.05 compare with the 
value prior to s.c. administration of capsaicin+vehicle. *P<0.05 compared with 
capsaicin+vehicle group at each time measured. MK801, selective non-competitive NMDA 
receptor antagonist; NBQX, competitive kainate/AMPA receptor antagonist; CPCOOEt, 
group 1 mGlu receptor selective non-competitive mGlu1 receptor antagonist; MCCG, group 
II mGlu receptor antagonist; MSOP, selective group III mGlu receptor antagonist. 

3.4 Effects of mGluRs antagonists injection on capsaicin-induced Glu release 

At the doses employed, CPCCOEt (5 mM) (Cap + CPCCOEt) showed remarkable inhibition 
in capsaicin-evoked Glu release. The average concentration of the released Glu was 1.46 ± 
0.1 M/ 20 min after the co-injection of CPCCOEt with capsaicin. S.c. combined injection of 
MCCG (5 mM) (Cap + MCCG) or MSOP (5 mM) (Cap + MSOP) with capsaicin did not show 
significant decrease in Glu release compared to capsaicin injection alone. The average 
concentration of the released Glu was 3.68 ± 0.38 M / 20 min or 4.31 ± 0.60 M/ 20min in 2 
fractions collected after the co-injection of MCCG or MSOP with capsaicin, respectively. 
(Fig. 2-B) 

3.5 Effects of capsazepine on capsaicin-induced thermal hypersensitivity 

The mean withdrawal latencies to stimulation with radiant heat at pre-injection were 11.2 ± 
0.3 s and 11.2 ± 0.3 s (n=40) on the left and right side, respectively (Fig.3-A). The withdrawal 
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latency did not significantly change after injection of vehicle or low dose of capsaicin (0.6 
mM). A quarter and one h after injection of capsaicin (3 mM and 6 mM), withdrawal latency 
to irradiation decreased to much shorter than that of vehicle injection, which was recorded 
at the same interval (P<0.05), and then recovered gradually to the level of vehicle injection 
by 4 h after injection of capsaicin. Pretreatment of capsazepine (30 mg/kg, s.c.) produced a 
marked inhibition against capsaicin-induced thermal hyperalgesia (Fig.3-B). We did not 
observed any signs of motor deficiency or other side effects for any of the doses of any 
drugs in all paradigms described here and below. 

 

 
Fig. 3. Time course of withdrawal latencies in response to noxious heat stimulation after s.c. 
injection of capsaicin, and co-injection of capsazepine with capsaicin. The data for each 
group (10 animals) are presented as the means ± S.E.M. The withdrawal latency per animal 
at respective time points was calculated as the average of the latencies obtained from 3 
consecutive stimuli applied at intervals of 5 min. The value at time zero (pre) was obtained 1 
h prior to s.c. injection of capsaicin. * and # P<0.05 significantly different from vehicle-
treated group and capsaicin-treated group (3 mM), respectively.  

3.6 Thermal sensitivity after injection of iGluRs agonists 

S.c. injections of Glu, NMDA or AMPA produced dose-dependent decreases in 
withdrawal latency on the ipsilateral side 15 min after s.c. injection, and lasted for a few 
hours (Fig. 4). S.c. injection of vehicle did not produced any changes in thermal-
withdrawal latency. 

3.7 Thermal sensitivity after injection of mGluRs agonists 

S.c. injection of (s)-DHPG caused a dose-dependent decrease in withdrawal latencies on the 
ipsilateral side from 15 min to 6 h, but L-CCG-I and L-AP4 did not show any significant 
changes (Fig. 5).  
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Fig. 4. Time course of withdrawal latencies in response to noxious heat stimulation after s.c. 
injection of various concentration of the ionotropic glutamate receptor agonists; glutamate, 
NMDA and AMPA. The data for each group (at least 10 animals) are presented as the means 
± S.E.M. *P <0.05 significantly different from vehicle-treated group.  

 
Fig. 5. Time course of withdrawal latencies in response to noxious heat stimulation after s.c. 
injection of various concentration of the metabotropic glutamate receptor agonists;  (s)-
DHPG, L-CCG-I and L-AP4. The data for each group (at least 10 animals) are presented as 
the means ± S.E.M. *P <0.05 significantly different from vehicle-treated group.  
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3.8 Effect of iGluRs antagonists injection on capsaicin-induced thermal 
hypersensitivity  

When MK801 or CNQX were injected together with capsaicin (Cap+MK801 or Cap+CNQX), 
a dose-dependent increase in withdrawal latency was observed. These analgesic effects of 
MK801 or CNQX on capsaicin-induced thermal hyperalgesia lasted for more than 6 h (Fig. 
6). The single injection of MK801 or CNQX into the hindpaw did not show changes in 
withdrawal latencies compared to vehicle injection. 

 
Fig. 6. Time course of withdrawal latencies in response to noxious heat stimulation after s.c. 
injection of capsaicin in combination with the ionotropic glutamate receptor antagonists; 
MK801 and CNQX. The data for each group (at least 10 animals) are presented as the means 
± S.E.M. *P <0.05 significantly different from capsaicin (3 mM)-treated group. 

3.9 Effect of mGluRs antagonists injection on capsaicin-induced thermal 
hypersensitivity 

Following s.c. injection of CPCCOEt (5 mM), MPEP (30 mM), MCCG (5 mM), and MSOP (5 
mM) into hindpaw, there was no changes in withdrawal latencies compared to vehicle 
injection (Figs. 7 and 8). When CPCCOEt or MPEP were injected together with capsaicin 
(Cap+CPCCOEt or Cap+MPEP), withdrawal latencies showed a dose-dependent increase 
from 15 min to 2~3 h after the injection compared with when capsaicin was injected alone 
(P<0.05) (Fig. 7). The heat insensitivity evoked in ipsilateral side following Cap+CPCCOEt 
and Cap+MPEP injection continued for 5 h or more. S.c. injection of MCCG or MSOP 
combined with capsaicin did not show any significant changes in withdrawal latencies 
compared to capsaicin injection alone (Fig. 8). 
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Fig. 7. Time course of withdrawal latencies in response to noxious heat stimulation after s.c. 
injection of capsaicin in combination with the metabotropic glutamate receptor antagonists; 
CPCCOEt and MPEP. The data for each group (at least 10 animals) are presented as the 
means ± S.E.M. *P <0.05 significantly different from capsaicin (3 mM)-treated group. 

 
Fig. 8. Time course of withdrawal latencies in response to noxious heat stimulation after s.c. 
injection of capsaicin in combination with the metabotropic glutamate receptor antagonists; 
MCCG and MSOP. The data for each group (at least 10 animals) are presented as the means 
± S.E.M 
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3.10 Basal c-Fos expression in dorsal horn after injection of vehicle, capsaicin and 
Glu into hindpaw 

Immunoreactivity for c-Fos appeared gray-to-black and homogeneously labeled the oval or 
roundish nucleus of cells in spinal dorsal horn at L5 (Figs. 9-11). In all the experimental tests 
with injection of Glu, the maximum number of labeled cells occurred consistently in laminae 
I and II (I/II) of the spinal dorsal horn on the ipsilateral side (mean number ± S.E.M.=268 ± 
21) (Figs. 9-11 and Table 1). Much smaller number of c-Fos immunopositive cells occurred in 
lamine III and IV (III/IV, 30 ± 7). The capsaicin-induced c-Fos expression in laminae I/II 
(489 ± 34) and laminae III/IV (63 ± 18) on the ipsilateral side was greater than that with Glu 
(Figs. 9, 10 and Table 1). The numbers of c-Fos-immunopositive cells on the contralateral 
side was modest either with glutamate (I/II, 16 ± 7; III/IV, 12 ± 6) or capsaicin (I/II, 44 ± 13; 
III/IV, 20 ± 9). In animals administered with vehicle, c-Fos-immunopositive cells were rarely 
distributed either in laminae I/II (60 ± 5) or in laminae III/IV (22 ± 8) on the ipsilateral side 
or on the contralateral side (I/II, 12 ± 4; III/IV, 7 ± 2) (Table 1).  

 

 
Fig. 9. Photomicrographs showing c-Fos-positive neurons in the dorsal horn of L5 2 h after 
hindpaw injection of vehicle and glutamate. A and C: ipisilateral side. B and D: contralateral 
side. Solid line indicates 100 μm. 

3.11 Effects of ionotropic Glu receptors antagonists injection on the capsaicin-
induced c-Fos expression 

Few c-Fos-immunopositive cells were found in laminae I/II and laminae III/IV of the 
ipsilateral dorsal horn after each single injection of ionotropic Glu receptors antagonists 
MK-801 (I/II, 79 ± 3; III/IV, 11 ± 7) and CNQX (I/II, 70 ± 8; III/IV, 7 ± 3) similar to vehicle 
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injection (I/II, 60 ± 5; III/IV, 22 ± 8). The numbers of capsaicin-induced c-Fos-
immunopositive cells in laminae I/II (489 ± 34), but not in laminae III/IV (63 ± 18), were 
significantly decreased (P<0,005), when MK801 and CNQX were injected with capsaicin 
(Cap+MK801, I/II, 227 ± 32, III/IV, 14 ± 4; Cap+CNQX, I/II, 205 ± 40, III/IV, 11 ± 7) (Fig. 10 
and Table 1). The numbers of capsaicin-induced c-Fos-immunopositive cells on the 
contralateral sides did not significantly change by any of drugs with/without capsaicin.  
 

 
 

Fig. 10. Photomicrographs showing c-Fos-positive neurons in the dorsal horn of L5 2 h after 
hindpaw injection of capsaicin alone (A, B), combined with MK801 (C), and combined with 
MK801 CNQX (D). A, C and D: ipisilateral side. B: contralateral side. Solid line indicates  
100 μm. 

3.12 Effects of metabotropic glu antagonists injeection on the capsaicin-induced c-
Fos expression 

Few c-Fos-immunopositive cells in the ipsilateral laminae I/II and III/IV, and fewer cells in 
the contralateral sides, were observed with single injection of CPCCOEt (I/II, 59 ± 8, III/IV, 
1 ± 1), MCCG (I/II, 63 ± 10, III/IV, 3 ± 2) and MSOP (I/II, 66 ± 16, III/IV, 5 ± 3). Co-injection 
of CPCCOEt with capsaicin (Cap+CPCCOEt) significantly decreased the number of 
capsaicin-induced c-Fos-immunopositive cells in the ipsilateral laminae I/II (236 ± 58), but 
not in laminae III/IV (6 ± 4) and contralateral laminae I/II and III/IV. There was no 
significant change in the number of c-Fos-immunopositive cells in the ipsilateral laminae 
I/II, and III/IV by administration of MCCG combined with capsaicin (Cap+MCCG) or by 
administration of MSOP combined with capsaicin (Cap+MSOP; I/II, 383 ± 21, III/IV, 22 ± 3) 
compared to single injection of capsaicin, respectively (Fig. 11 and Table 1).  
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Fig. 11. Photomicrographs showing c-Fos-positive neurons in the dorsal horn of L5 2 h after 
hindpaw injection of capsaicin alone (A), combined with CPCCOEt (B), with MCCG (C), 
with MSOP (D). A, B, C and D: ipisilateral side. Solid line indicates 100 μm . 

 
Table 1. Mean value of c-Fos-positive neurons in the dorsal horn of L5 2 h after s.c. injection 
of Glu receptors agonists and antagonists. The value in each group was represented mean ± 
S.E.M. obtained from at least 10 animals, and the difference of the means was analyzed with 
the Student’s t-test. * Significant difference at P< 0.05 between vehicle and capsaicin, or 
glutamate-treated group. # Significant difference at P< 0.05 between capsaicin and 
capsaicin+MK801, or capsaicin+CNQX, or capsaicin+CPCCOEt-treated group 
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4. Discussion 
We confirmed a large release of Glu immediately after the introduction of the catheter, 
followed by a rapid decrease, like in our previous study (Yonehara et al., 1987; Yonehara et 
al., 1992; Yonehara et al., 1995). Insertion of the polyethylene tube into the s.c. space of the 
rat instep did not evoke any inflammatory responses such as extravasation (Yonehara et al., 
1995). All these data suggest that the basal levels of Glu in the s.c. perfusate were caused by 
neither acute noxious stimulation nor inflammation.  

Topical application of capsaicin cream to the instep evoked a marked increase in Glu level in 
the s.c. perfusate, similar to the results in our previous study (Jin et al., 2006). In addition, 
electrical stimulation of the sciatic nerve or noxious heat stimulation (50C) also caused an 
increase of Glu level in the s.c. space, and this capsaicin-evoked Glu release was 
significantly decreased by daily high-dose pretreatment with capsaicin for three consecutive 
days (Jin et al., 2006).  

The TRPV1 is located in a neurochemically heterogeneous population of small diameter 
primary afferent neurons (Tominaga et al., 1998). Furthermore, repeated exposure to high-
dose capsaicin selectively produces a prolonged influx of cations leading to desensitization 
of small-diameter sensory neurons to subsequent noxious stimulation (Yonehara et al., 1987; 
Lynn, 1990; Zhou et al., 1998; Caterina and Julius, 2001), while myelinated Afibers are 
insensitive to capsaicin (Jancso et al., 1977; Nagy et al., 1983; Michael and Priestly, 1999). 
These findings and the present results suggest that the activation of capsaicin-sensitive 
afferent fibers by capsaicin causes release of Glu from the peripheral endings via activation 
of peripheral TRPV1, particularly from those of small-diameter fibers possibly through a 
mechanism such as the axon-reflex pathway, or autocrine and/or paracrine. It is reasonable 
to speculate that axon-reflex mechanism is involved in capsaicin-induced Glu release 
observed in Figs. 1 and 2, as only nociceptive afferent fibers have the axon-reflex mechanism 
which is localized on superficial tissues exposed to noxious influences (Celander and 
Folkow, 1953).  

Amount of capsaicin-induced Glu release was remarkably decreased by concomitant 
administration of ionotropic Glu receptors antagonists; MK801 and NBQX, and mGluR I 
antagonist; CPCCOEt in the hindpaw, but not by administration of group II and III mGluR 
antagonist; MCCG and MSOP. These results suggest that peripheral ionotropic Glu 
receptors and group I mGluR appear to play a role in mediating capsaicin-evoked increases 
in Glu release. The Glu release through the activation of TRPV1 could then further activate 
ionotoropic Glu receptors and group I mGluR on the same neuronal terminal or adjacent 
neighboring peripheral terminals. In this connection, there were evidences supporting the 
co-localization of peripheral NMDA and TRPV1 receptors on the same primary afferent 
terminal (Lam et al., 2003; Lam et al., 2004). 

Activation of peripheral Glu receptors could lead to enhance the Glu release in the 
peripheral tissues and might alter TRPV1 receptor responsiveness to reinforce nociceptive 
responses. As it is necessary to investigate the interaction between TRPV1 and glutamate 
receptors by using specific receptor antagonists of TRPV1 in detail, the mechanism to 
account for the antagonism of peripheral Glu receptors contributes to inhibit capsaicin-
induced Glu release remains unanswered. However, it may be possible that glutamate 
receptors play a pivotal role for the activation of TRPV1 in the peripheral terminals. This 
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idea is supported by the results that the intraplantar injection of ionotoropic Glu receptors 
and group I mGluR agonists evoked dose-dependent thermal hyperalgesia. Moreover, it is 
very interesting to note that injection of Glu receptors antagonists alone did not produce any 
changes on withdrawal latency, and intraplantar co-injection of ionotropic Glu receptors 
and group I mGluR antagonists with capsaicin not only antagonized capsaicin-induced 
hyperalgesia, but also resulted in remarkable longer withdrawal latency to heat irradiation.  

Concerning the mechanism that ionotoropic Glu receptors and mGluR antagonists 
produced remarkable analgesic action in the presence of capsaicin, there is evidence that 
capsaicin injected into the rat temporomandibular joint evoked a dose-dependent increase in 
jaw muscle electromyographic activity. This capsaicin-evoked increase in electromyographic 
activity was attenuated by ipsilateral injection of NMDA receptor antagonists into the 
temporomandibular joint (Lam et al. 2005). This finding and our present results indicate that 
the activation of peripheral Glu receptors, especially ionotropic Glu receptors and group I 
mGluR could be indispensable in the mechanisms whereby capsaicin evokes nociceptive 
responses.  

The ionotropic, and metabotropic subunits of Glu receptors are present in DRG cell bodies 
and on unmyelinated fibers in the glabrous skin of the mammalian foot (Carlton et al., 1995; 
Bhave et al., 2001; Carlton et al., 2001; Sato et al., 1993; Carlton et al., 2007). It is well 
established that the excitatory amino acids in the peripheral endings of small-diameter 
afferent fibers contribute to development and/or maintenance of pain in humans (Nordlind 
et al., 1993; Warncke et al., 1997) and in laboratory animals (Davidson et al., 1997; Cairns et 
al., 1998; Davidson et al., 1998). For example, peripherally applied NMDA and non-NMDA 
receptor antagonists attenuate or block nociceptive behaviors in several animal models of 
inflammation (Jackson et al., 1995; Lawand et al., 1997; Carlton et al., 1998).  

In the present study, we examined the c-Fos expression in spinal cord dorsal horn following 
injection of drugs associated with glutamate receptors with/without capsaicin into the 
hindpaw. c-Fos is rapidly and transiently induced in cells of the spinal dorsal horn after 
noxious stimulation (Hunt et al., 1987, Strassman and Vos, 1993, Takemura et al., 2000), c-
Fos has been widely used as a marker for analyzing nociceptive processing.  

Our present data support the view that Glu receptors, in particular, ionotropic Glu receptors 
and group I mGluR existing in peripheral ending of capsaicin-sensitive afferent fibers play 
an important role on development and/or maintenance of pain following excitation of 
TRPV1. In addition, the formulation of the peripheral ionotoropic Glu receptors and group I 
mGluR antagonists that do not cross the blood brain barrier may be of potential benefit by 
reducing peripheral nociceptive excitability, and therefore they could provide a new 
therapeutic target to pain control in the periphery.  
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1. Introduction 
In 1985, 3’-azido-thymidine (AZT, zidovudine) was identified as the first nucleoside analog 
with activity against human immunodeficiency virus type 1 (HIV-1) (Mitsuya et al., 1985, 1987; 
Mitsuya & Broder, 1986), the etiologic agent of acquired immunodeficiency syndrome (Barre-
Sinoussi et al., 1983; Gallo et al., 1984). This seminal discovery showed that HIV-1 replication 
could be suppressed by small molecule chemotherapeutic agents, and provided the basis for 
the field of antiviral drug discovery. Zidovudine was approved by the United States of 
America Food and Drug Administration for the treatment of HIV-1 infection in 1987. In the 26 
years since, an additional seven nucleoside or nucleotide analogs have been approved, while 
several others are in clinical development. This chapter will provide a summary of the 
molecular pharmacology of these compounds. 

2. Mechanism of action 
Retroviruses such as HIV-1 carry their genomic information in the form of (+)strand RNA, 
but are distinguished from other RNA viruses by the fact that they replicate through a 
double-stranded DNA that is integrated into the host cell’s genomic DNA (Temin & 
Mizutani, 1970; Baltimore, 1970; DeStefano et al., 1993). While the conversion of viral RNA 
into double-stranded DNA intermediate is a complex process, all chemical steps are 
catalyzed by the multi-functional viral enzyme reverse transcriptase (RT). HIV-1 RT exhibits 
two types of DNA polymerase activity, an RNA-dependent DNA polymerase activity that 
synthesizes a (-)strand DNA copy of the viral RNA, and a DNA-dependent DNA 
polymerase activity that generates the (+)strand DNA (Peliska & Benkovic, 1992; Cirno et 
al., 1995). RT also has ribonuclease H activity that degrades the RNA in the intermediate 
(+)RNA/(-)DNA duplex (Ghosh et al., 1997).  

Once metabolized by host cell enzymes to their triphosphate forms (described in more detail 
below), nucleoside analogs inhibit HIV-1 reverse transcription. As such, they are typically 
referred to as nucleoside RT inhibitors (NRTI).  NRTI-triphosphates (NRTI-TP) inhibit RT-
catalyzed proviral DNA synthesis by two mechanisms (Goody et al., 1991). First, they are 
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competitive inhibitors for binding and/or catalytic incorporation with respect to the 
analogous natural dNTP substrate. Second, they terminate further viral DNA synthesis due 
to the lack of a 3’-OH group. Chain termination is the principal mechanism of NRTI 
antiviral action (Goody et al., 1991). In theory, NRTI-TPs should be ideal antivirals. Each 
HIV virion carries only two copies of genomic RNA. There are about 20,000 nucleotide 
incorporation events catalyzed by RT during the synthesis of complete viral DNA, thus 
providing about 5000 chances for chain-termination by any given NRTI. Since HIV-1 RT 
lacks a formal proof-reading activity, a single NRTI incorporation event should effectively 
terminate reverse transcription. In reality, however, NRTIs are less potent than might be 
expected. The two primary reasons responsible for this are: (i) HIV-1 RT can effectively 
discriminate between the natural dNTP and NRTI-TP, and the extent of this discrimination 
is dramatically modulated by nucleic acid sequence (Isel et al., 2001); and (ii) HIV-1 RT can 
excise the chain-terminating NRTI-monophosphate (NRTI-MP) by using either 
pyrophosphate (pyrophophorolysis) or ATP as a substrate (Meyer et al., 1998; Goldschmidt 
& Marquet, 2004).   

3. NRTI approved for clinical use 
3.1 Zidovudine 
Zidovudine was first synthesized in 1964 as a potential anticancer drug, but was not further 
developed for human use because of toxicity concerns. However, as described in the 
Introduction, it was found to have potent anti-HIV activity and, in 1987, was the first 
antiviral drug to be approved for clinical use. Zidovudine is a thymidine analog in which 
the 3’-OH group has been replaced with an azido (-N3) group (Figure 1). Zidovudine 
permeates the cell membrane by passive transport and not via a nucleoside carrier 
transporter (Zimmerman et al., 1987). It has good oral bioavailability and shows efficient 
penetration into the central nervous system. Zidovudine is efficiently metabolized to its 5’-
MP form by cytosolic thymidine kinase (Ho & Hitchcock, 1989). The phosphorylation of 
zidovudine-MP to zidovudine-DP is catalyzed by thymidinylate monophosphate kinase 
(dTMP kinase; Furman et al., 1986). Interestingly, the apparent Michaelis constant (Km) of 
zidovudine-MP for dTMP kinase is almost equivalent to that of dTMP, however its 
maximum kinetic rate (Vmax) is only 0.3 % that of dTMP (Furman et al., 1986). Therefore, 
zidovudine-MP acts as a substrate inhibitor of dTMP kinase and limits its own conversion to 
the 5'-DP form. In this regard, there is a marked accumulation of zidovudine-MP and only 
low levels of the 5'-DP- and 5'-TP derivatives are detected in human T-lymphocytes 
(Balzarini et al., 1989). Cellular nucleoside diphosphate kinase (NDP kinase) is likely 
responsible for the further conversion of zidovudine-DP to zidovudine-TP. Zidovudine is 
metabolized to its 5’-O-glucuronide in the liver, kidney, and intestinal mucosa (Barbier et al., 
2000). Because of the extensive glucuronidation of ZDV, other drugs that are also 
glucuronidated or that inhibit this process cause an increase in zidovudine plasma levels. 
Fourteen percent of the parent compound and 74% of the glucuronide have been recovered 
from the urine after oral administration in normal subjects (Ruane et al., 2004). Renal 
excretion of zidovudine is by both glomerular filtration and active tubular secretion. In 
some cells zidovudine can be metabolized to the highly toxic reduction product 3’-amino-
thymidine (Weidner & Sommadossi, 1990). 
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3.2 Stavudine 

Like zidovudine, stavudine (2’,3’-didehydro-3’-deoxythymidine, d4T) is a thymidine analog 
that undergoes metabolic activation by the sequential action of thymidine kinase and dTMP 
kinase (Figure 1). However, stavudine is inefficiently phosphorylated to its 5’-MP form by 
thymidine kinase (August et al., 1988; Zhu et al., 1990). As such, this first phosphorylation 
step is rate-limiting and most intracellular stavudine is not phophorylated (Balzarini et al., 
1989). Maximal plasma concentrations of stavudine are achieved within 2 hours of oral 
administration and increase linearly as the dose increases, with an absolute bioavailability 
approaching 100 % (Rana & Dudley, 1997)). The drug distributes into total body water and 
appears to enter cells by non-facilitated diffusion (passive transport). Penetration into the 
central nervous system, however, is far less than zidovudine. Stavudine is cleared quickly 
with a terminal plasma half-life of 1-1.6 hours by both renal and nonrenal processes (Dudley 
et al., 1992). 

 
Fig. 1. Metabolic pathways of zidovudine and stavudine 

3.3 Didanosine 

Initially, 2’,3’-dideoxyadenosine (ddA) was evaluated as a clinical candidate but was 
ultimately discovered to cause nephrotoxicity. ddA is acid labile and oral administration leads 
to exposure to the acidic pH of the stomach and degradation to adenine (Masood et al., 1990). 
Adenine is further metabolized to 2,8-dihydroxyadenine which causes nephrotoxicity by 
crystallization in the kidney. Interestingly, ddA was shown to be metabolized to 2’,3’-
dideoxyinosine (ddI, didanosine) by adenosine deaminase (Figure 2), and that much of the 
antiviral activity of ddA resides in didanosine (Cooney et al., 1987). Furthermore, the 
administration of didanosine avoids the production of adenine and the resulting 
nephrotoxicity. Didanosine is phosphorylated to didanosine-MP by cytosolic 5'-nucleotidase, 
which uses either inosine monophosphate (IMP) or guanosine monophosphate (GMP) as 
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phosphate donors (Johnson & Fridland, 1989). Didanosine-MP is then converted to ddAMP by 
adenylosuccinate synthetase and 5' adenosine monophosphate-activated protein (AMP) kinase 
(Ahluwalia et al., 1987). The enzymes involved in phosphorylation of ddAMP to ddADP and 
ddATP have not been identified, although AMP kinase and NDP kinase have been proposed 
to play a role. ddATP is the active metabolite that is recognized by HIV-1 RT and incorporated 
into the nascent viral DNA chain causing chain-termination. No evidence has been provided 
for the formation of didanosine-DP or didanosine-TP. Didanosine is hydrolyzed to 
hypoxanthine by purine nucleoside phosphorylase (PNP) and further anabolized by 
hypoxanthine-guanine phosphoribosyl transferase to IMP (Ahluwalia et al., 1987). ATP and 
GTP are formed from IMP through the classical purine nucleotide biosynthetic pathways.  

 
Fig. 2. Metabolic pathways of ddA and didanosine 

3.4 Lamivudine and emtricitabine  

The structurally related cytidine analogs lamivudine ((-)-3’-thia-2’,3’-dideoxycytidine;  3TC) 
and ematricitabine ((-)-3’-thia-5-flouro-2’,3’-dideoxycytidine;  FTC)  both contain the 
unnatural L-enantiomer ribose with a sulfur atom replacing the C3’ position (Figure 3). 
Emtricitabine has an additional 5-flouro moiety on the cytosine ring. Lamivudine and 
emtricitabine are both metabolized to their respective 5'-mono- and di- and triphosphate 
derivatives by deoxycytidine kinase, deoxycytidine monophosphate kinase, and 5’-
nucleoside diphosphate kinase, respectively (Chang et al., 1992; Cammack et al., 1992; Stein 
& Moore 2001; Darque et al., 1999; Bang & Scott, 2003). There is no evidence that lamivudine 
or emtricitabine are deaminated to their uridine analogs by cellular cytidine or 
deoxycytidine deaminases (Starnes & Cheng, 1987). Formation of the free base by cellular 
pyrimidine phosphorylases has also not been observed. Lamivudine-DP and emtricitabine-
TP accumulate to higher levels in peripheral blood mononuclear cells than their 
monophosphate forms. It has been suggested that conversion of lamivudine-DP to 
lamivudine-TP is rate limiting. Lamivudine and emtricitabine are rapidly absorbed through 
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the GI tract with peek plasma levels of 85-93% achieved within 2 hours post oral 
administration. Lamivudine has a plasma half-life of 5-7 hours and is eliminated 
unmetabolized by active organic cationic excretion (Johnson et al., 1999). Emtricitabine 
persists in plasma with a half-life of 10 hours and is eliminated primarily in urine by 
glomerular filtration and active tubular secretion but approximately 14% is eliminated in 
feces. Oxidation of the 3’-thiol by unidentified enzymes yields 3’-sulfoxide diasteriomers 
and 2’-O-glucuronidation also occurs. 

 
Fig. 3. Metabolic pathways of lamivudine and emtricitabine 

3.5 Abacavir 

Abacavir (1S,4R)-4-[2-amino-6-(cyclopropylamino)-9H-purin-9-yl]cyclopent-2-en-1-yl]methanol) 
is a prodrug of carbovir (2-Amino-1,9-dihydro-9-[(1R,4S)-4-(hydroxymethyl)-2-cyclopenten-
1-yl]-6H-purin-6-one), a deoxyguanosine analog (Figure 4; Daluge et al., 1997). Abacavir 
permeates T lymophoblastoid cell lines by passive diffusion. Abacavir is phosphorylated to 
abacavir-MP by adenosine phosphotransferase (Faletto et al., 1997). A yet unidentified 
cytosolic deaminase then converts abacavir-MP to carbovir-MP. Phosphorylation to the 
diphosphate derivative occurs via guanidinylate monophosphate kinase. The final 
phosphorylation step can be catalyzed by a number of cellular enzymes including 5’-
nucleotide diphosphate kinase, pyruvate kinase, and creatine kinase (Faletto et al., 1997). A 
linear dose relationship with carbovir-mono-, di-, and tri- phosphate derivatives over a 
1000-fold dose range in vitro suggests there are no rate limiting steps in abacavir anabolism. 
The active metabolite carbovir-TP has been shown to persist with an elimination half-life of 
greater than 20 hours (McDowell et al., 2000). Abacavir bioavailability is ~83 % and is 
rapidly absorbed after oral dosing reaching peak plasma levels within 1 hour (Chittick et al., 
1999). However, abacavir is extensively catabolized in the liver and only 1.2% is excreted as 
unchanged abacavir in urine. Abacavir oxidation by alcohol dehyrogenases to form the 5’-
carboxylic acid derivative represents 36% of metabolites recovered from urine, while the 5’-
O-glucuronide corresponds to 30% of metabolites from urine (Chittick et al., 1999). Fecal 
excretion also accounts for approximately 16 % of the given dose. Abacavir is not 
metabolized by cytochrome P450 enzymes and does not inhibit these enzymes.  
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Fig. 4. Metabolic pathways for abacavir 

3.6 Tenofovir and tenofovir disoproxil fumerate 

The acyclic nucleoside phosphonate tenofovir (R-9-(2-phosphonylmethoxypropyl)-adenine) 
has no sugar ring structure but contains an acyclic methoxypropyl linker between the base 
N9 atom and a non-hydrolyzable C-P phosphonate bond. Thus tenofovir represents the only 
currently approved nucleotide HIV inhibitor. Tenofovir is poorly absorbed by the oral route 
and is therefore administered as a lipophilic orally bioavailable prodrug tenofovir disoproxil 
fumerate (TDF), a fumaric acid salt of the bis-isopropoxycarbonyloxymethyl ester of 
tenofovir (Figure 5). TDF is readily absorbed by the gastrointestinal epithelial cells with an 
oral bioavailability of 25% (Barditch-Crovo et al., 2001). Administration with a high fat meal 
increases absorption to 40%. Degradation of TDF to its monoester and subsequently to 
tenofovir occurs readily in the intestinal mucosa by the action of carboxylesterases and 
phosphodiesterases, respectively. The mono- or bis-ester forms of tenofovir are not observed 
in plasma suggesting efficient release of tenofovir following oral administration of TDF 
(Naesens et al., 1998). Following oral administration tenofovir has a long terminal half-life of 
17 hours. The phosphonic acid linkage is chemically and metabolically stable and 
phosphorolysis back to the nucleoside does not occur (Naesens et al., 1998). Tenofovir is 
rapidly converted intracellularly to tenofovir-monophosphate and the active tenofovir-
diphosphate forms by adenylate monophosphate kinase and 5’-nucleoside diphosphate 
kinase, respectively (Robbins et al., 1998). Tenofovir is not subject to intracellular 
deamination or deglycosylation. This stability results in a very long intracellular half-life for 
tenofovir-diphosphate of 15 hours in activated lymphocytes and 50 hours in resting 
lymphocytes (Robbins et al., 1998). Tenofovir is eliminated by glomerular filtration and 
active tubular secretion by organic anion transporter mediated uptake and MRP4 mediated 
efflux (Ray et al., 2006). At 72 hours post oral administration 70 - 80 % is recovered from 
urine as unchanged tenofovir. Tenofovir does not inhibit cytochrome P450 enzymes. 

glucuronosyltransferase 
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However, the mono- and di-phosphate forms both inhibit purine nucleoside phosphorylase 
which is responsible for base removal of didanosine to form hypoxanthine. 

 
Fig. 5. Metabolic pathways of tenofovir and TDF 

4. NRTI in the pipeline 
Despite the widespread clinical success of NRTI-containing therapy, the currently FDA 
approved NRTIs display important limitations including the selection of drug resistance 
mutations that display cross-resistance to other NRTI, toxicity-related adverse events, and 
drug-drug interactions (for review see Cihlar & Ray, 2010). Thus, there is a need for novel 
NRTI that overcome these limitations. Here we will discuss the pharmacology of several 
novel drug candidates. 

4.1 Apricitabine  

Apricitabine (ATC) is the (-)-enantiomer of 2’-deoxy-3’-oxa-4’-thiocytidine, a deoxycytidine 
analog that is currently in phase II/III clinical trials (Figure 6). Both the (+) and (-)-
enantiomers of apricitabine demonstrate potent inhibition of HIV-1 replication, however the 
(+)-enantiomer demonstrated significant mitochondrial and cellular toxicity in pre-clinical 
studies that was not observed with the (-) enantiomer (de Muys et al., 1999; Taylor et al., 
2000). Racemic conversion of (-)-apricitabine to (+)-apricitabine is not observed in vivo 
(Holdich et al., 2006). Orally administered ATC is absorbed quickly, reaching maximal 
plasma levels within 2 hours with a plasma half-life of 3 hours. Maximal peripheral blood 
mononuclear cell (PBMC) intracellular concentrations of apricitabine -TP are achieved 3.5 – 
4 hours after oral administration in healthy and HIV-infected patients. The intracellular half-
life is  6 – 7 hours (Sawyer & Struthers-Semple, 2006; Cahn et al., 2008; Holdich et al., 2007). 
Apricitabine is not metabolized by hepatocytes in vitro, however a deaminated metabolite 
was observed likely due to gastrointestinal metabolism (Nakatani-Freshwater et al., 2006). 
This metabolite is excreted renally and does not demonstrate antiviral or pharmacologic 
effects. Apricitabine had no effect on cytochrome P450 or glucouronidase but was a weak 
inhibitor of P-glycoprotein (Sawyer & Cox, 2006). The first phosphorylation of apricitabine is 
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mediated by deoxycytidine kinase, the enzyme also responsible for the initial 
phosphorylation of lamivudine and emtricitabine (de Muys et al., 1999). The possibility of 
competition for deoxycytidine kinase was examined in PBMC. Co-administration of 
apricitabine with lamivudine or emtricitabine leads to a dose-dependent decrease in 
apricitabine phosphorylation, whereas lamivudine and emtricitabine phosphorylation was 
not affected by apricitabine (Bethell et al., 2007). In healthy volunteers given apricitabine 
and lamivudine, the intracellular PBMC levels of apricitabine-TP were decreased 75% 
compared to apricitabine alone (Holdich et al., 2006). Consequently, administration of 
apricitabine in combination with lamivudine or emtricitabine is not recommended. 
Similarly, lamivudine and emtricitabine co-administration is also contraindicated. 
Apricitabine-MP is sequentially phosphorylated to the di- and tri-phosphate forms by 
cytidine or deoxycytidine monophosphate kinase and 5’-nucleotide diphosphate kinase, 
respectively. 

 
Fig. 6. Metabolic pathway of apricitabine 

4.2 Festinavir  

Festinavir (2’,3’-didehydro-3’-deoxy-4’-ethynylthymidine; 4’-Ed4T) is a 4’-ethynyl analog of 
stavudine that is 5-10 fold more potent (Figure 7) (Haraguchi et al., 2003; Nitanda et al., 
2005). Festinavir shows decreased cellular toxicity compared to stavudine, with little or no 
inhibition of host polymerases (Yang et al., 2007; Dutschman et al., 2004). Stepwise 
phosphorylation of festinavir occurs via the same enzymes as stavudine. Thymidine kinase 
1 phosphorylates festinavir to festinavir-MP with 4-fold greater efficiency than stavudine 
(Hsu et al., 2007). The efficiency of festinavir-MP phosphorylation by thymidinylate 
monophosphate kinase is approximately 10 % of that seen for stavudine-MP or zidovudine-
MP. Conversion from festinavir-DP to festinavir-TP appears to be catalyzed by multiple 
enzymes including nucleoside diphosphate kinase, pyruvate kinase, creatine kinase, and 3-
phosphoglycerate kinase (Hsu et al., 2007). In contrast to other thymidine analogs which are 
readily catabolized by thymidine phosphorylase, festinavir catabolism cannot be detected. 
Furthermore, festinavir efflux from the cell is much less efficient than that of zidovudine. 
The festinavir nucleoside form alone is effluxed by a yet to be identified cellular transporter, 
while zidovudine and zidovudine-MP are effluxed from the cell. A Phase 1a study 
investigated the pharmacokinetic profile of a single oral dose between 10 and 900 mg and 
found a linear dose response in plasma with no apparent effects from food (Paintsil et al., 
2009). A Phase 1b/2a study of festinavir oral  monotherapy in 32 patients was recently 
completed. The results indicated that festinavir was safe (few festinavir related adverse 
events), well tolerated, and demonstrated dose dependent decreases in viral load between 
0.87 and 1.36 logs (Cotte et al., 2010). 
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Fig. 7. Metabolic pathway of festinavir 

4.3 Amdoxovir 

The purine nucleoside analog 1-β-D-dioxolane guanosine (DXG) has potent activity against 
HIV and hepatitis B virus (Kim et al., 1993). However, it demonstrates poor solubility and 
limited oral bioavailability in monkeys (Chen et al., 1996). The analog 1-β-D-2,6-
diaminopurine dioxolane (amdoxovir; Figure 8) also exhibits antiviral activity and is more 
water soluble and orally bioavailable (Chen et al., 1999; Kim et al., 1993)). Amdoxovir serves 
as a prodrug for DXG by deamination at the 6-position by adenosine deaminase (Gu et al., 
1999). In vitro, amdoxovir bound adenosine deaminase as efficiently as adenosine, however 
amdoxovir was deaminated 540-fold slower than adenosine (Furman et al., 2001). Only 
DXG-triphosphate was detected in PBMC and CEM cells following exposure to DXG or 
amdoxovir (Rajagopalan et al., 1994; Rajagopalan et al., 1996). DXG is phosphorylated to 
DXG-MP by 5’-nucleotidase using IMP as a phosphate donor (Feng et al., 2004). DXG-
diphosphate is then generated by guanosine monophosphate kinase (GMP kinase). DXG-DP 
acts as substrate for phosphorylation to the active DXG-TP for several enzymes including 
nucleotide diphosphate kinase (NDP kinase), 3-phosphoglycerate kinase (3-PG kinase, 
creatine kinase, and pyruvate kinase. Amdoxovir is rapidly converted to DXG in monkeys, 

 
Fig. 8. Metabolic pathway of amdoxovir 

woodchucks, and rats with approximately 61 % of the dose converted to DXG (Chen et al., 
1996; Chen et al., 1999; Rajagopalan et al., 1996). The oral bioavailability of amdoxovir is 
estimated to be 30% (Chen et al., 1999). Following oral administration of amdoxovir to HIV-
infected patients, peak plasma levels of amdoxivir and DXG were reached within 2 hours 
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(Thompson et al., 2005). Amdoxovir was eliminated from plasma with half-life of 1 - 2 hours 
by conversion to DXG, whereas DXG demonstrated a longer half-life of 4 - 7 hours. In 
animal studies amdoxovir toxicities included obstructive nephropathy, uremia, islet cell 
atrophy, hyperglycemia, and lens opacities (Rajagopalan et al., 1996). In a phase I/II clinical 
study 4 of 18 patients developed nongradeable lens opacities (Thompson et al., 2005). In 
other studies most adverse events were minor and included nausea, headache, and diarrhea 
(Gripshover et al., 2006; Murphy et al., 2008). 

4.4 GS-7340  

GS-7340 (9-[(R)-2-[[(S)-[[(S)-1-(isopropoxycarbonyl)ethyl]amino]phenoxyphosphinyl]-
methoxy]propyl]adenine) is a novel isopropylalaninyl phenyl ester prodrug of tenofovir 
designed to increase intracellular delivery of the active tenofovir-DP metabolite by masking 
the charged phosphonate (Figure 9; Eisenberg et al 2001). Preclinical studies demonstrated 
200-fold improved plasma stability and 400-fold increased accumulation of tenofovir and 
active tenofovir-DP in lymphatic tissues and peripheral blood mononuclear cells (PBMC) 
compared to tenofovir (Lee et al., 2005; Eisenberg et al., 2001). GS-7340 has 1000-fold 
improved potency in vitro over tenofovir. Following rapid target cell uptake, GS-7340 is 
hydrolyzed at the carboxy ester bond in lysozomes by the serine protease cathepsin A and 
other serine and cysteine proteases (Birkus et al., 2007; 2008). The resulting partially stable 
product spontaneously releases phenol by intramolecular cyclization and hydrolysis to a 
negatively charged, cell impermeable tenofovir-alanine intermediate (Balzarini et al., 1996). 
Formation of tenofovir-alanine is faster in resting PBMC compared to activated PBMC, 
while metabolism to parent tenofovir by a phosphoamidase and downstream 
phosphorylation to tenofovir-MP and tenofovir-DP is much faster in activated PBMC. A 
recent clinical study comparing 50 mg and 150 mg doses of GS-7340 with 300 mg TDF was 
conducted to determine the efficacy, safety and pharmacokinetics over 14 days (Markowitz 
et al., 2011). Viral loads were reduced -1.71-log and -1.57-log for 150 mg and 50 mg doses, 
respectively, compared to 0.94-log for TDF. PBMC levels of tenofovir were 4 – 33- times 
greater with GS-7340 than those for TDF at day 14 while plasma levels of tenofovir were 
decreased up to 88% at 24 hours with administration of GS-7340 compared to TDF. No 
serious adverse events were reported while the most frequent complaint was mild to 
moderate headache and nausea.  

4.5 CMX-157 

Like GS-7340, CMX-157 is an alternative prodrug of tenofovir designed to increase cell 
penetration by the natural lipid uptake pathways (Figure 9; Hostetler et al., 1997; Painter et 
al., 2004). CMX-157 contains a hexadecyloxypropyl (HDP) lipid conjugation which mimics 
lysophosphatidylcholine. CMX-157, unlike TDF is not cleaved to free tenofovir in the 
intestinal mucosa and thus circulates in plasma as the tenofovir-HDP lipid conjugate 
(Painter et al., 2007). Tenofovir-HDP is not a substrate for human organic anion transporters 
and therefore is subject to decreased renal excretion and increased intracellular drug 
exposure compared to TDF (Tippin et al., 2010). Free tenofovir is liberated intracellularly by 
hydrolytic removal of the HDP lipid by phospholipases. Intracellular activation to the active 
tenofovir-DP form is achieved in the same manner as TDF. CMX-157 delivers > 30-fold 
increased active metabolite tenofovir-DP in PBMC than tenofovir. Higher intracellular 



 
Molecular Pharmacology of Nucleoside and Nucleotide HIV-1 Reverse Transcriptase Inhibitors 73 

concentrations of CMX-157 provide >300-fold greater activity against clinical isolates than 
tenofovir with EC50 values < 1 nM (Lanier et al., 2010). It has additionally been proposed 
that CMX-157 may bind cell free virions by direct lipid insertion into the viral envelope 
resulting in facilitated delivery to target cells (Painter et al., 2007). CMX-157 recently 
completed a Phase I clinical trial to evaluate safety, tolerability and pharmacokinetics. CMX-
157 was well tolerated with no drug-related adverse events. Plasma levels increased linearly 
with dose and active TFV-DP was detected up to six days post administration of a 400 mg 
dose suggesting the possibility of a once weekly dosing regimen.  

 
Fig. 9. Intracellular metabolism of GS-7340 and CMX-157  

5. Conclusions 
Nucleoside and nucleotide reverse transcriptase inhibitors have remained the backbone of 
antiretroviral therapy. The absolute dependence of NRTI on host cellular enzymes for 
activation is a unique property of this drug class.  The eight approved NRTI and numerous 
experimental NRTI display great diversity for all of these factors, thus presenting 
pharmacological advantages and challenges that are unique to the NRTI class. The complex 
relationships between NRTIs and host cell enzymes have necessitated detailed studies of the 
in vitro and in vivo pharmacologic properties of novel NRTIs in pre-clinical development. 
Current drug discovery efforts increasingly utilize NRTI prodrugs in order to accelerate 
NRTI phosphorylation or otherwise improve pharmacologic properties. Further 
understanding of the cellular pharmacology of NRTI is crucial for the development of novel 
drugs for increased potency, improved safety and tolerability, and decreased resistance. 
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1. Introduction 
TRK-820 (nalfurafine hydrochloride) is a selective opioid  receptor agonist (Fig. 1) that was 
launched as an antipruritic for hemodialysis patients in Japan in 2009. In general, clinically 
used opioids, such as morphine, exhibit potent antinociceptive effects and simultaneous 
severe adverse effects, including drug dependence, derived from the opioid  receptor. To 
develop analgesics without drug dependence,  receptor agonists are investigated. 
However, conventional  agonists, arylacetamide derivatives, showed aversive effects like 
psychotomimetic effects, and have not yet been used clinically. On the other hand, the novel 
 agonist TRK-820 has no dependent or aversive properties. TRK-820, which has a structure 
different from arylacetamides, was first developed as an analgesic for postoperative pain, 
but the indication was changed to pruritus (Nakao & Mochizuki, 2009; Nagase & Fujii, 
2011). The rational drug design and synthesis of the compound have been reported (Kawai 
et al., 2008; Nagase et al., 1998; Nagase & Fujii, 2011); therefore, in this chapter, we will focus 
on its pharmacological properties. 

 
Fig. 1. Structure of nalfurafine hydrochloride (TRK-820) 

2. Opioid receptor type selectivity (In vitro) 
The binding affinities of TRK-820 were evaluated using various tritiated ligands and opioid 
receptors derived from various species (Table 1). The  selectivity over the  receptor (Ki 
ratio /) tended to be higher than over the  receptor (Ki ratio /). Binding affinities for 
the L-type Ca2+ channel and 45 receptors, except the opioid receptors, were examined 
(Nakao & Mochizuki, 2009). Among the tested receptors, TRK-820 showed the strongest 
affinity for the muscarine M1 receptor, but its Ki value was 1,700 nmol/L and approximately 
7,000 times higher than that of the  receptor. A comparison of the binding properties of 
TRK-820 and a conventional  agonist, U-69,593, was noteworthy. In a competitive binding 
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Ki (nM) Ki ratio
References 

    
53 1200 3.5 15 343 Seki et al., 1999 
5.2 161 0.075 69 2147 Wang, Y et al., 2005 

0.71 49.9 0.36 2.0 139 Vanderah et al., 2008 
2.21 484 0.244 9.1 1984 Nakao & Mochizuki, 2009 
0.582 96.5 0.225 2.6 429 Nagase et al., 2010 

Table 1. Binding affinities (Ki values) and selectivities (Ki ratios) of TRK-820 for the opioid 
receptors. Seki et al. used [3H]bremazocine and the recombinant rat opioid receptors. Wang, Y 
et al. used [3H]diprenorphine and recombinant rat , recombinant mouse, and recombinant 
human receptors. Vanderah et al. used [3H]DAMDO, [3H]pCl-DPDPE, and [3H]U-69,593 for 
the recombinant human , , and  receptors, respectively. Nakao et al. used 
[3H]diprenorphine and the recombinant human receptors. Nagase et al. used [3H]DAMDO, 
[3H]NTI, and [3H]U-69,593 for the μ, δ, and κ receptors, respectively. Guinea pig forebrain or 
guinea pig cerebellum was used to assay the  and  receptor or  receptor, respectively. 
 

Assay 
Selectivity 

References 
 

MVD 980 NC Kawai et al., 2008 
GPI 78.6 – Kawai et al., 2008 

cAMP (Sato et al.) 55 >6,667 Seki et al., 1999 
cAMP (Nakao et al.) 203 2,610 Nakao & Mochizuki, 2009 

[35S]GTPS 128 11,560 Wang, Y et al., 2005 

Table 2. Selectivities of TRK-820 in various functional assays. Selectivity in MVD and GPI 
assays was obtained by Ke ratios. The selectivity for the  receptor over the  receptor in the 
MVD assay was not calculated (NC) due to a lack of agonist activity for the  receptor. The 
selectivity for the  receptor over the  receptor in the GPI assay was not obtained because GPI 
preparation contained only the  and  receptors. Seki et al. and Nakao et al. used the 
recombinant rat and human receptors in their assays, respectively. In the [35S]GTPS binding 
assay, recombinant rat , recombinant mouse, or recombinant human  receptors were used. 

assay using [3H]TRK-820, TRK-820 completely replaced [3H]TRK-820 binding, whereas U-
69,593 did not replace it completely, with roughly 20% of [3H]TRK-820 binding remaining. 
Moreover, Scatchard analysis of [3H]TRK-820 and [3H]U-69,593 binding using guinea pig 
cerebellum showed that TRK-820 had stronger binding affinity than U-69,593 (Kd values: 
0.46±0.03 nM for [3H]TRK-820, 1.17±0.14 nM for [3H]U-69,593) and that the Bmax value for 
[3H]TRK-820 (284±43.3 fmol/mg protein) was significantly higher than the value for [3H]U-
69,593 (83.7±7.86 fmol/mg protein). Even in the presence of  agonist DAMDO (100 nM) 
and  agonist DPDPE (200 nM), the Kd and Bmax values for [3H]TRK-820 did not change (Kd = 
0.51±0.03 nM, Bmax = 265±27.2 fmol/mg protein) (Endoh et al., 2000). These results suggest 
that TRK-820 was selective ligand for the  receptor and that its binding property for the  
receptor was different from that of the conventional  agonist U-69,593. Many binding 
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assays are carried out using [3H]U-69,593 because it is commercially available. However, the 
binding property of TRK-820 is difficult to be definitively evaluated because [3H]TRK-820 is 
not available now. 

TRK-820 was selective for the  receptor, but the selectivity over the  receptor was 
apparently not as high in the binding assays. Contrarily TRK-820 showed more selectivities 
for the  receptor in functional assays: MVD (mouse vas deference) and GPI (guinea pig 
ileum) assay (Nagase et al., 1998), cAPM assay (Nakao & Mochizuki, 2009; Seki et al., 1999), 
and [35S]GTPS binding assay (Wang, Y et al., 2005) (Table 2). The results of the cAMP assay 
(IC50 () = 8.3±1.4 nM, Imax () = 69±3%, IC50 () > 1,000 nM, Imax () not determined, IC50 () 
= 0.15±0.07 nM, Imax () = 81±3% by Seki et al.; IC50 () = 1.66±0.09 nM, Imax () = 53.2±1.3%, 
IC50 () = 21.3±1.0 nM, Imax () = 77.9±1.6%, IC50 () = 0.00816±0.00138 nM, Imax () = 
91.3±0.5% by Nakao et al.) indicated that TRK-820 was a selective and potent full agonist for 
the  receptor and partial agonist for the  and  receptors. The potency for the  receptor 
was very low (Nakao & Mochizuki, 2009; Seki et al., 1999). The [35S]GTPS binding assay 
provided similar results (EC50 () = 3.2±1.3 nM, Emax () = 54±7%, EC50 () = 289±60 nM, Emax 
() = 51±6%, EC50 () = 0.025±0.003 nM, Emax () = 93±5%) (Wang, Y et al., 2005). Mizoguchi 
et al. exhibited partial agonist activity of TRK-820 for the  receptor in both in vitro and in 
vivo assays (Mizoguchi et al., 2003). TRK-820 concentration- or dose-dependently attenuated 
[35S]GTPS binding by DAMGO or antinociception induced by intracerebroventricular 
(i.c.v.) administration of DAMGO. On the other hand, the effects of morphine alone or a 
mixture with TRK-820 were investigated using a mouse acetic acid-induced writhing test or 
warm water (50 ºC) tail-withdrawal assay in rhesus monkeys (Ko & Husbands, 2009; 
Nagase, 2010). Isobologram analysis of the results showed that additive or synergetic effects 
for TRK-820 in combination with morphine in the antinociceptive effect were observed, 
indicating that TRK-820 had no  antagonist activity, at least no antagonism against 
analgesic activity induced by morphine. Why the effects of TRK-820 against DAMGO 
differed from those against morphine is not clear. 

 
Fig. 2. Isobologram for the mixture of TRK-820- and morphine-induced antinociception in 
the mouse acetic acid-induced writhing test. Reprinted with permission from Nagase, 2010. 
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3. Analgesic effects 
TRK-820 showed potent analgesic effects in some species (rodents and primates) with 
various stimuli: chemical, thermal, or mechanical stimuli and inflammatory, diabetic, 
herpetic, and postherpetic pain models. The antinociceptive effects of TRK-820 are 
summarized in Tables 3-7. Subcutaneous (s.c.) administration of TRK-820 produced dose-
dependent and profound antinociceptive effects in the low temperature hot plate, tail flick, 
tail pressure, and tail pinch tests. However, TRK-820 was not as effective in high 
temperature hot plate tests (Table 3) (Endoh et al., 1999). 

In a rat paw pressure test, TRK-820 given s.c. or intramuscularly (i.m.) induced dose-
dependent and sufficient analgesic effects, which were suppressed by pre-treatment with 
selective  antagonist nor-BNI (Table 3). The antinociceptive effect by TRK-820 (ED50 = 0.064 
mg/kg, s.c.) was 170, 2, 20, and 78-fold more potent than U-50,488H, CI-977, morphine, and 
pentazocine, respectively (ED50 values : 11.0, 0.15, 1.3, and 5.0 mg/kg) (Endoh et al., 2000). 
 

Compound 
High 

temperture hot 
plate (55 ºC) 

Low 
temperature hot 

plate (51 ºC) 
Tail flick Tail 

pressure 
Tail 

pinch 

TRK-820 32.0 % at 0.2 0.129 0.062 0.009 0.035 
U-50,488H 63.8 % at 20 8.71 5.18 1.0 11.5 
ICI-199,441 n.t. 0.065 0.042 0.024 0.051 

U-69,593 n.t. 1.33 n.t. 0.48 2.8 
CI-977 n.t. n.t. n.t. n.t. n.t. 

PD-117302 n.t. n.t. n.t. n.t. n.t. 
Pentazocine 44.6 % at 40 52.2 n.t. n.t. n.t. 
Morphine 3.65 5.30 5.26 1.5 12.2 

 

Compound Paw pressure Formalin test Acetic acid-induced 
writhing test 

TRK-820 0.064 0.0096 0.0033 
U-50,488H 11.0 n.t. 1.16 
ICI-199,441 0.074 0.0095 0.0071 

CI-977 0.15 n.t. 0.0069 
PD-117302 n.t. n.t. 1.22 

Pentazocine 5.0 n.t. n.t. 
Morphine 1.3 0.975 0.58 

Table 3. ED50 values (mg/kg, s.c.) of the antinociceptive effects of some opioid agonists in 
various tests. U-50,488H, U-69,593, ICI-199,441, CI-977, and PD-117302 are conventional  
agonists. n.t. : not tested. Hot plate, tail flick, tail pressure, tail pinch, and acetic acid-induced 
writhing tests were performed in mice (Endoh et al., 1999). Paw pressure and formalin tests 
were performed in rats (Endoh et al., 2000). 
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In the formalin test, s.c. TRK-820 given 15 min prior to the formalin injection markedly 
inhibited the second phase of the nociceptive response induced by formalin in a dose-
dependent manner. However, the analgesic effect of TRK-820 was low for the first phase of the 
formalin response. Similarly, a conventional  agonist, ICI-199,441, also markedly inhibited the 
second phase. On the other hand, a  agonist, morphine inhibited both phases in a dose-
dependent manner. The antinociceptive potencies of TRK-820 and ICI-199,441 were almost 
equivalent (Table 3) (Endoh et al., 2000). A potent and dose-dependent antinociceptive effect of 
TRK-820 (i.m.) was also observed in cynomolgus monkeys. The analgesic effect of TRK-820 
was 295 and 492-fold more potent than that of morphine in the 50 ºC and 55 ºC hot water tests, 
respectively, and 40 and 1000-fold more potent than that of U-50,488H and pentazocine in the 
50 ºC hot water test, respectively (Table 4) (Endoh et al., 2001). 

Furthermore, the antinociceptive effects of TRK-820 administered s.c. and perorally (p.o.) 
were compared. The dose-dependent antinociception of TRK-820 (ED50 = 0.0033 mg/kg, s.c. 
and 0.032 mg/kg, p.o.) in the acetic acid-induced writhing test were inhibited by pre-
treatment with nor-BNI. The antinociceptive effects induced by s.c. or p.o. administration of 
TRK-820 were 351 and 796-fold more potent than those induced by U-50,488H, respectively, 
and 175 and 187-fold more potent than those induced by morphine, respectively. Because 
the ED50 p.o./s.c. ratio for TRK-820 was the least among the tested compounds, TRK-820 
was expected to be the most effective agent when administered p.o. (Table 5) (Endoh et al., 
1999). Intravenous administration of TRK-820 was also reported to be effective in the same 
test (Vanderh et al., 2008). 

The effect of repeated administration of some  agonists and morphine on antinociceptive 
tolerance was examined by the acetic acid-induced writhing test in mice. After five 
 

Compound 50 ºC hot water 55 ºC hot water 
TRK-820 0.0078 0.012 

Morphine 2.3 5.9 
U-50,488H 0.31 n.t. 

Pentazocine > 10 n.t. 

Table 4. ED50 values (mg/kg, i.m.) of antinociceptive effects induced by some opioid 
agonists in the hot water tail withdrawal test in cynomolgus monkeys. n.t. : not tested. 
 

Compound s.c. p.o. ED50 p.o./s.c. ratio 
TRK-820 0.0033 0.032 9.7 

U-50,488H 1.16 25.5 22.0 
CI-977 0.0069 > 1.0 > 145 

ICI-199441 0.0071 0.3 42.3 
PD-117302 1.22 33.0 27.0 
Morphine 0.58 6.01 10.4 

Table 5. ED50 values (mg/kg, s.c. or p.o.) for antinociceptive effects induced by some opioid 
agonists in the acetic acid-induced writhing test in mice. 
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administrations of TRK-820 (0.1-0.8 mg/kg, s.c.), U-50,488H (10-80 mg/kg, s.c.), ICI-199,441 
(0.025-0.2 mg/kg, s.c.), or morphine (1.25-10 mg/kg, s.c.) over three days, the development 
of tolerance to the antinociception induced by each compound at a fixed dose was assessed 
and tolerance ED50 was calculated. Comparing the ratio of tolerance ED50 to acute 
antinociceptive ED50 of each compound, TRK-820 was found to develop the least tolerance 
to antinociception (Table 6) (Suzuki et al., 2004).  

An analgesic effect of TRK-820 (i.m.) was also examined using rats with arthritis induced by 
adjuvant. TRK-820 dose-dependently produced potent and equivalent antinociceptive 
activity in both arthritic and normal rats in the paw pressure test. Similar results were 
obtained when morphine was injected i.m. However, the analgesic effect of a conventional  
agonist, ICI-199,441, in the arthritic rats was less potent than in normal rats (Table 7) (Endoh 
et al., 2000). 
 

Compound Tolerance ED50 
Acute 

antinociceptive ED50 

Ratio of tolerance 
ED50/acute 

antinociceptive ED50 
TRK-820 0.54 0.0033 163.6 

U-50,488H 30.7 1.16 26.5 
ICI-199,441 0.078 0.0071 11.0 
Morphine 5.72 0.58 9.9 

Table 6. ED50 values (mg/kg, s.c.) for tolerance and antinociceptive effects induced by some 
opioid agonists in the acetic acid-induced writhing test. 
 

Compound Normal rat Arthritic rat ED50 ratio of arthritic 
rat/ normal rat 

TRK-820 0.055 0.095 1.7 
ICI-199,441 0.047 0.24 5.1 
Morphine 1.1 1.1 1.0 

Table 7. ED50 values (mg/kg, i.m.) for antinociceptive effects induced by some opioid 
agonists in the paw pressure test in normal and arthritic rats. 

In streptozotocin-induced diabetic mice, the antinociceptive effects induced by several  
agonists, including TRK-820, were compared in the tail flick test. Intrathecal (i.t.) and i.c.v. 
administration of TRK-820 produced dose-dependent antinociceptive effects in both diabetic 
and non-diabetic mice. However, antinociception induced by TRK-820 administered i.t. or 
i.c.v. in diabetic mice were less potent than antinociception in non-diabetic mice. However, 
the antinociceptive effects of CI-977 administered i.t., but not i.c.v., in diabetic mice were 
less potent than those in non-diabetic mice. On the other hand, the antinociceptive effects of 
ICI-199,441 and R-84760 injected i.c.v., but not i.t., in diabetic mice were less potent than 
those in non-diabetic mice. These results indicate that the antinociceptive effects of  
agonists in diabetic mice are altered in a region-specific manner in the central nervous 
system and by chemotypes of  agonists (Ohsawa et al., 2005). 
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In acute herpetic and postherpetic pain models induced by herpes simplex virus type-1 
infection in mice, TRK-820 dose-dependently and remarkably inhibited the allodynia and 
hyperalgesia stimulated by von Frey filaments (Takasaki et al., 2004, 2006). The effects of 
TRK-820, but not morphine, were not significantly different between herpetic and 
postherpetic pain (Takasaki et al., 2006). TRK-820 (0.1 mg/kg, s.c.) almost completely 
relieved both allodynia and hyperalgesia in herpetic pain, whereas a high dose of morphine 
(20 mg/kg, s.c.) did not produce complete inhibition. However, TRK-820 (0.01-0.1 mg/kg, 
s.c.) did not affect the spontaneous locomotor activity of normal mice (Takasaki et al., 2004). 
Moreover, repeated administration of TRK-820 (0.1 mg/kg, p.o., twice daily) produced 
constant inhibition of allodynia and hyperalgesia in herpetic pain. The effects of the fourth 
administration with TRK-820 were not significantly different from those of the first 
administration. On the other hand, the effects of morphine rapidly decreased after repeated 
administration (20 mg/kg, p.o., twice daily). The effects of the third and fourth 
administration of morphine were significantly weaker than those of the first administration. 
Pre-treatment with morphine (20 mg/kg, p.o., three times) did not affect the antinociceptive 
effect of TRK-820 (0.1 mg/kg, p.o.), whereas the effect of morphine (20 mg/kg, p.o.) was 
significantly reduced (Takasaki et al., 2006). These results indicate that TRK-820 is effective 
on both herpetic and postherpetic pain in mice. In addition, the analgesic dose of TRK-820 
did not develop acute tolerance and induced cross-tolerance to morphine in herpetic pain. 

4. Antipruritic effects 
4.1 Preclinical studies 

The p.o. administration of TRK-820 dose-dependently inhibited scratching behavior induced 
by histamine in mice, which is one of the representative pruritogenic substances, without 
obvious suppression of spontaneous locomotor activity. The antiscratching activity of TRK-
820 with ED50 7.3 g/kg was antagonized by nor-BNI (Togashi et al., 2002). TRK-820 was 
effective in scratching induced by the other pruritogenic substances: substance P (Togashi et 
al., 2002; Umeuchi et al., 2003; Utsumi et al., 2004), chloroquine (Inan & Cowan, 2004), 
compound 48/80 (Wang, Y et al., 2005), agmatin (Inan & Cowan, 2006a), and 5'-GNTI (Inan 
et al., 2009a, 2011) (Table 8). 5'-GNTI-induced scratching was suppressed by both pre-
treatment and post-treatment with TRK-820. Tolerance did not develop to the antiscratching 
effect of TRK-820 in the subchronic study (Inan et al., 2009a). 
 

Pruritogenic 
substance Antipruritic effect References 

Histamine ED50 = 7.3 g/kg, p.o. Togashi et al., 2002 
Substance P ED50 = 19.6 g/kg, p.o. Togashi et al., 2002 

Chloroquine TRK-820 (120 g/kg, p.o.) suppressed the 
scratching almost completely Inan & Cowan, 2004 

Compound 48/80 ED50 = 6.64 g/kg, s.c. Wang, Y et al., 2005 
Agmatin TRK-820 (0.02 mg/kg, s.c.) was effective Inan & Cowan, 2006a 

5'-GNTI TRK-820 (20 g/kg, s.c.) suppressed the 
scratching almost completely Inan et al., 2009a 

Table 8. The antipruritic effects of TRK-820 against itching behaviors induced by various 
pruritogenic substances. 
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Fig. 3. Effects of TRK-820 on scratching induced by i.t. administration of morphine in rhesus 
monkeys. TRK-820 (0 (□), 0.1 (▲), 0.3 (●), and 1 (▼) g/kg, i.m.) was given 45 min after the 
administration of morphine (0.03 mg, i.t.). * p < 0.05 between vehicle and time points 1 and 
2.5 h. Reprinted with permission from Ko & Husbands, 2009. 

 
Fig. 4. Effects of TRK-820 on scratching behaviors observed in NC/Nag mice maintained in 
a conventional environment. ##p < 0.01, Welch test. **p < 0.01 compared to NC/Nag mice not 
treated with TRK-820, parametric Dunnett multiple comparison test. Reprinted with 
permission from Nakao et al., 2008. 

Although epidural or i.t. administration of a  agonist like morphine is an important 
method for pain management, an itching sensation is the most common side effect 
(Ballantyne et al., 1988; Cousins & Mather, 1984). The effect of TRK-820 on morphine-
induced scratching in mice or primates was also evaluated (Ko & Husbands, 2009; Utsumi et 
al., 2004; Wakasa et al., 2004). Intramuscular administration of TRK-820 (0.3–1 g/kg) dose-
dependently attenuated scratching induced by morphine (i.t.) in rhesus monkeys without 
affecting antinociception by morphine (Fig. 3) (Ko & Husbands, 2009). 

TRK-820 reportedly exhibited antipruritic effects on spontaneous scratching behavior in 
aged MRL/lpr mice (a possible model for pruritus in autoimmune disease) (Umeuchi et al., 
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2005) or NC/Nag mice maintained in a conventional environment (an animal model for 
atopic dermatitis) (Nakao et al., 2008), and scratching behavior secondary to cholestasis 
induced chronic ethynylestradiol injections in rats (Inan & Cowan, 2006b). Interestingly, 
TRK-820 was effective in scratching behaviors observed in conventional NC/Nag mice, 
which were considered a model of atopic dermatitis (Fig. 4). 

4.2 Clinical studies 

Wikström et al. (2005) and Kumagai et al. (2010) reported the results of randomized, double-
blind, placebo-controlled clinical studies in which TRK-820 was administered to patients 
undergoing hemodialysis intravenously or orally (Fig. 5). In these studies, TRK-820 
exhibited significant antipruritic effects without severe adverse drug reactions. These 
outcomes suggest that TRK-820 can be considered a safe agent. 

TRK-820 is prescribed in Japan as an antipruritic for hemodialysis. Very recently, Kumagai 
et al. reported that TRK-820 has been prescribed for approximately 18,000 hemodialysis 
patients and effective in 70 to 80% (Kumagai et al., 2011). 

 
Fig. 5. Changes in VAS (visual analogue scale) values from the pre-observation period. All 
symbols show the mean values of VAS changes. *p < 0.025 compared to placebo, one-sided 
ANCOVA. Reprinted from Nagase & Fujii, 2011 with permission from Springer 
Science+Business Media. The VAS test consisted of a 100-mm horizontal line without scale 
markings. The patients were asked to mark the intensity of itching on the scale, with the 
right end of the line (100 mm) indicating the strongest possible itching and the left end (0 
mm) indicating no itching. 

5. Effects of TRK-820 on drug dependence 
5.1 Effects of TRK-820 in the conditioned place preference (CPP) test 

The agonists have a rewarding effect, which accounts for the abuse of morphine by humans. 
In animal models, the rewarding effects of  agonists have been evaluated by the conditioned 
place preference (CPP) and self-administration paradigms (Di Chiara & North, 1992). In 
contrast to μ agonists, conventional κ agonists such as U-50,488H and U-69,593 generally lack 
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a rewarding effect (Dykstra et al., 1997). However in the CPP test, animals avoid an 
environment associated with the administration of the  agonists, indicating that these drugs 
have aversive effects (Barr et al., 1994; Funada et al., 1993). In contrast to conventional  
agonists, such as U-50,488H, TRK-820 (3.0-30 g/kg, s.c.) did not induce significant place 
aversion in mice at doses producing significant antinociception (Fig. 6) (Nagase, 2010). 
Notably, TRK-820 exhibited neither preferential nor aversive properties. Recently, the peroral 
administration of TRK-820 (5.0 g/day) was reported to show no signs of psychological or 
physical dependence in an open-labeled clinical trial for one year (Nagase & Fujii, 2011). 

 
Fig. 6. The effect of TRK-820 in the CPP test. Reprinted with permission from Nagase, 2010. 

5.2 The effects of TRK-820 on morphine and cocaine-induced rewarding effects 

The mechanism of  agonist-induced rewarding effects is outlined below. The activation of 
the  receptor on -aminobutyric acid-containing interneurons is likely to disinhibit 
ventrotegmental area dopaminergic neurons, thereby increasing dopamine release in their 
terminal areas, including the nucleus accumbens (N.Acc). On the other hand, the activation of 
the receptor decreases dopamine release in the N.Acc (Di Chiara & Imperato, 1988; Spanagel 
et al., 1992). Therefore,  agonists may be useful for treating morphine dependence. Indeed, 
the pretreatment with U-50,488H attenuated the morphine-induced place preference in mice 
(Funada et al., 1993). TRK-820 also significantly suppressed the place preference produced by 
morphine, and the effect of TRK-820 was antagonized by pre-treatment with nor-BNI (3.0 
mg/kg, s.c.) in mice (Tsuji et al., 2001). In addition, TRK-820 was effective in reducing the 
rewarding effect produced by cocaine. TRK-820 (20 and 40 g/kg, i.p.), at doses producing no 
aversive or sedative effects, suppressed the rewarding effect of cocaine (4.0 mg/kg, i.p.) in rats 
(Mori et al., 2002). U-50,488H and U-69,593 exhibited similar effects as TRK-820 (Shippenberg 
et al., 1996; Suzuki et al., 1992). Drug discrimination procedures provide relevant information 
about neuropharmacological mechanisms underlying the subjective effects of abused drugs, 
including cocaine, methamphetamine, and opioids, in animals. Therefore, the procedures are 
potentially useful for identifying candidate therapeutics for the management of drug abuse 
(Schuster & Johanson, 1988). Pre-treatment with TRK-820 (10 and 20 g/kg, s.c.) significantly 
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shifted the dose-response curve for cocaine (10 mg/kg, i.p.) to the right without changing the 
response rate. This attenuating effect of TRK-820 was completely reversed by pre-treatment 
with nor-BNI (10 mg/kg, s.c.) (Mori et al., 2002). 

5.3 Effects of TRK-820 on the morphine withdrawal response 

In humans, withdrawal from the chronic administration of opioids such as morphine results 
in characteristic behaviors, including anxiety, nausea, insomnia, hot and cold flashes, muscle 
aches, perspiration, and diarrhea. Such symptoms would pose clinical problems in patients 
receiving long-term treatment with opioids for pain relief. Rodents that are physically 
dependent on morphine elicit characteristic signs (jumping, wet dog shakes, rearing, 
diarrhea, ptosis, and forepaw tremor) when administrated naloxone. The withdrawal signs 
precipitated by naloxone are used as an index of the physical dependence on morphine. The 
effects of  agonists TRK-820 and U-50,488H on the development of physical dependence on 
morphine were reported. Co-injection of TRK-820 (0.003-0.03 mg/kg, s.c.) during chronic 
morphine treatment dose-dependently suppressed naloxone-precipitated body weight loss, 
and the other withdrawal signs in morphine-dependent mice treated with TRK-820 (0.03 
mg/kg, s.c.) were significantly fewer than those in untreated mice. In contrast to TRK-820, 
co-injection of U-50,488H (1.0-10 mg/kg, s.c.) did not inhibit naloxone-precipitated body 
weight loss and other withdrawal signs (Tsuji et al., 2000). 

5.4 The effect of TRK-820 on the nicotine-withdrawal response 

Nicotine withdrawal produces characteristic syndromes, including irritability, anxiety, 
depression, and craving for nicotine. Pre-treatment with TRK-820 (10 and 30 μg/kg, s.c.) or 
U-50,488H (0.01-1.0 mg/kg, s.c.) has been reported to decrease dose-dependently 
mecamylamine-precipitated nicotine-withdrawal aversion in nicotine-dependent rats (Ise et 
al., 2002). 

6. Comparison of pharmacological properties between TRK-820 and 
conventional  agonists 
We described in the previous sections some pharmacological properties of TRK-820 that are 
different from conventional  agonists, arylacetamides such as U-50,488H and U-69,593: 
binding properties (section 2) and exhibition of no preferential and no aversive effect in the 
CPP paradigm (section 5). As described below, drug discrimination procedures indicate 
conclusive difference between TRK-820 and arylacetamides. 

6.1 Discriminative tests 

Drug discrimination procedures have shown that the properties of TRK-820 differ from 
those of conventional  agonists, such as U-50,488H. In the cross-substitution tests using 
rats, U-50,488H (1.0-3.0 mg/kg) substituted for the discriminative stimulus effects of TRK-
820 (40 g/kg, i.p.), whereas TRK-820 (10-76 g/kg) did not completely substitute for those 
of U-50,488H (3.0 mg/kg, i.p.). E-2078 (0.3-3.0 mg/kg), but not R-84760 (0.01-0.3 mg/kg), 
substituted for the discriminative stimulus effects of both TRK-820 and U-50,488H. KT-90 
(0.03-3.0 mg/kg), CI-977 (1-30 mg/kg), or ICI-199441 (3.0-56 mg/kg) substituted for the 
discriminative stimulus effects of U-50,488H, but not for those of TRK-820 (Mori et al., 2004). 
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In this study, cross-substitution between the discriminative effects of U-50,488H and TRK-
820 was not observed. The  agonists tested in this study, except E-2078, tended to substitute 
for the discriminative stimulus effects of U-50,488H rather than those of TRK-820. These 
results suggest that U-50,488H and TRK-820 have differential properties. Furthermore, non-
competitive NMDA antagonists phencyclidine (PCP, 0.5-2.0 mg/kg) and MK-801 (10-80 
g/kg) dose-dependently generalized to the discriminative stimulus effects of U-50,488H 
(3.0 mg/kg, i.p.) in the cross-substitution tests. On the other hand, PCP and MK-801 at doses 
that generalized to the discriminative stimulus effects of U-50,488H did not generalize to 
those of TRK-820 (40 g/kg, i.p.) (Mori et al., 2006). The outcomes clearly indicate different 
properties between TRK-820 and U-50,488H. 

7. Other pharmacological effects 
7.1 The effect of TRK-820 on a rat model of schizophrenia 

The effects of TRK-820 on hyperlocomotion and stereotyped behaviors (head-weaving, 
sniffing, and turning) induced by PCP were evaluated. These behaviors are thought to 
resemble the schizophrenia-like effects in humans. TRK-820 (10–100 g/kg, s.c.) dose-
dependently inhibited PCP (10 mg/kg, i.p.)-induced hyperlocomotion, and this effect was 
antagonized with nor-BNI (20 mg/kg, s.c.). PCP-induced stereotyped behaviors were also 
inhibited by treatment with TRK-820 in a dose-dependent manner. These findings that TRK-
820 potentially ameliorates abnormal behaviors induced by PCP suggest its therapeutic 
potential against the symptoms of schizophrenia (Yoshikawa et al., 2009). 

7.2 The effect of TRK-820 on dyskinesia symptoms in a parkinsonian rat model 

The effects of TRK-820 on rotational behavior were investigated in unilateral 6-
hydroxydopamine (6-OHDA)-treated rats (hemi-parkinsonian rats), and on dyskinesia 
produced by administering L-DOPA to hemi-parkinsonian rats for 3 weeks (dyskinesia 
rats). TRK-820 significantly ameliorated abnormal behavior in hemi-parkinsonian rats at 30 
g/kg (s.c.), and L-DOPA induced dyskinesia at 10 and 30 g/kg (s.c.). This effect was 
antagonized by pretreatment with nor-BNI (20 mg/kg, s.c.). Additionally, co-administration 
of TRK-820 (3 and 10 μg/kg, s.c.) with L-DOPA for 3 weeks suppressed the development of 
L-DOPA-induced dyskinesia. TRK-820 may be a suitable drug for the treatment of 
parkinsonian patients with dyskinesia symptoms (Ikeda et al., 2009). 

7.3 The diuretic effect of TRK-820 in rats 

Diuresis is a well-recognized effect of conventional  agonists in animals and humans. A 
diuretic effect of TRK-820 in rats has also been reported. TRK-820 (0.005-0.02 mg/kg, s.c.) 
dose-dependently induced a diuretic effect without developing tolerance, and this effect 
was inhibited by selective  antagonist 5’-GNTI (Inan et al., 2009b). 

7.4 The effects of TRK-820 on endothelial cell differentiation and development of 
vasculature 

The roles of the opioid  system in vascular development were investigated (Yamamizu et 
al., 2011). U-50,488H and TRK-820 significantly inhibited endothelial cell differentiation and 
vascular formation through the inhibition of cAMP/PKA signaling. 
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8. Conclusion 
TRK-820 was a selective  agonist. However, its pharmacological properties were different 
from those of conventional arylacetamide  agonists, including U-50,488H. A noteworthy 
feature of TRK-820 was that it showed no preferential or aversive properties, whereas U-
50,488H produced aversion. This disparity of properties between TRK-820 and 
arylacetamide  agonists was reported to stem from the difference in  receptor subtypes 
each compound interacted with: arylacetamide  agonists would interact with 1 receptor 
subtype, whereas TRK-820 may interact with another  receptor subtype (perhaps 3) 
(Endoh et al., 1999; 2000; 2001; Tsuji et al., 2000a; 2000b). Although opioid receptors have 
been classified historically into three types (, , and  types) and further divided into 
several subtypes from the pharmacological viewpoint (Dhawan et al., 1996), only the three 
major types have been cloned (Satoh & Minami, 1995). Much evidence has been compiled 
indicating that various receptors, including opioid receptors, exist as homo- or hetero 
dimers of the receptors (George et al., 2000, 2002; Gomes et al., 2000, 2004; Devi, 2001; Levac 
et al., 2002; Wang, D et al., 2005), and receptor dimerization has been invoked to explain the 
discrepancy between widely varied pharmacologies and the identification of only three 
opioid receptor types. Therefore, the disparity of properties between TRK-820 and 
arylacetamide  agonists may stem from the difference in receptor dimers each compound 
interacts with. Both TRK-820 and arylacetamide  agonists are expected to be useful tools 
for the investigation of receptor dimerization and/or  receptor subtype. As mentioned in 
section 2, a binding assay using [3H]TRK-820 and [3H]U-69,593 is thought to be a facile and 
useful method for achieving that purpose. However, [3H]TRK-820 is not currently available. 

In addition to antipruritic and antinociceptive effects, TRK-820 exhibited various 
pharmacological effects, such as the treatment of the symptoms of schizophrenia or 
dyskinesia symptoms of parkisonian patients, or remedy for drug addiction. Moreover, 
TRK-820 has been already launched in Japan. TRK-820 is expected not only to be developed 
with the other indication, such as symptoms of schizophrenia or parkinson's disease, but 
also to be utilized to investigate pharmacology via the  receptor. 
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1. Introduction 
The aims of this chapter are to: (1) examine the key developments leading up to the 
discovery the cannabinoid 1 receptor (CB1R) and (2) assess the potential therapeutic benefits 
of cannabinoid drugs with respect to neurogenesis in the adult brain and spinal cord. As one 
of the most abundant G-protein coupled receptors found in the central nervous system, 
localization of CB1R and its role in the mature and in the developing brain will be discussed. 
Pharmacological studies with cannabinergic drugs, and studies utilizing knock-out mice of 
various endocannabinoid system components will be reviewed in the context of adult brain 
neurogenesis. The apparent conflicting data reveal the complexity of endocannabinoid 
signaling in this process. Though many studies have focused on CB1R and neurogenesis in 
the brain, none have evaluated the potential ability for CB1R to modulate the fate, and 
specifically neuronal differentiation, of adult spinal cord progenitors. The implications for 
CB1R modulation of adult neurogenesis are pivotal for understanding the behavioral and 
cognitive effects of chronic marijuana use, but also for assessing the potential consequences 
of pharmacotherapeutics with CB1R agonists or antagonists 

2. Discovery of an endogenous cannabinoid system 
The history leading up to the discovery of the “endocannabinoid (eCB) system” is an 
interesting one, sprouting from a decades- long quest for the active constituents of the 
marijuana plant, Cannabis sativa. Though the cannabis plant has long been used for a variety 
of purposes dating back more than 4000 years (O'Shaughnessy 1842; Mechoulam and Hanus 
2000), only recently was it found that delta 9- tetrahydrocannabinol (Δ9-THC) was the 
ingredient responsible for the psychotropic effects associated and exploited with its use 
(Mechoulam and Gaoni 1965).  

One of the original and most ancient uses of the Cannabis sativa plant was to induce a trance-
like state, often an essential component to the elaborate religious rites in ancient cultures 
ranging from the Chinese, to the Ayurvedic Indians, to the Persians and Greeks 
(O'Shaughnessy 1842; Aldrich 2006). Herodotus referred to the use of the hemp plant by the 
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Scythians as incense in funeral rites, and also described the use of the hemp plant by the 
Phoenicians to make ‘cordage’ for building bridges (Herodotus 1824). The plant was 
extensively cultivated for its fiber which was used to make fabric for ship sails and clothing, 
but was also used for food, cooking oil, as a lubricant, and as an analgesic (Grinspoon 1993).  

The earliest work to find the active ingredient began in the late 19th century after reports from 
Dr. O’Shaugnessy during his travels in India. In the true spirit of a responsible clinical 
researcher, before testing on humans, Dr. O’Shaugnessy described the use of hemp on various 
animals, a practice not standard for physicians at his time. Based on his findings, he believed 
that certain patients could benefit from the use of cannabis extracts (O'Shaughnessy 1842). His 
case studies described the use of the drug in humans for rheumatism, hydrophobia, cholera, 
tetanus, and infantile convulsions. He cautioned, however, of the “delirium occasioned by 
continued Hemp inebriation,” which continues to be a great -but not insurmountable- obstacle 
for modern pharmacologists synthesizing drugs targeting the endocannabinoid system. He 
detailed the effects of cannabis preparations for a variety of ailments in a lecture given to the 
Medical College of Calcutta in 1839. Based on his work, a renewed interest in active cannabis 
extracts led to scientific inquiry in Europe and the United States, but an active component was 
not isolated mostly due to lack of effective techniques available at the time. It was not until 
1965 that the major psychoactive constituent Δ9-THC by Mechoulam’s group (Mechoulam and 
Gaoni 1965). By the 1970s, many phytocannabinoids were characterized, and it was 
determined that they were lipid derivatives. Because of the lipophilic nature of these 
compounds, their  mechanism of action was thought to be mediated by their ability to adhere 
to cellular membranes, much like the proposed mechanism of anesthetic action (Paton 1975). 
The isolation of Δ9-THC  was a key breakthrough in the discovery of an endogenous 
cannabinoid system because it allowed  for the unexpected identification of a highly specific 
binding site in the body (Devane, Dysarz et al. 1988). This binding site was isolated and cloned 
in 1990, from both rat and human tissues (Matsuda, Lolait et al. 1990; Gerard, Mollereau et al. 
1991) and was named the cannabinoid 1 receptor (CB1R).  

Since it did not seem logical that the body would invest energy in the synthesis of receptors 
that specifically bind the constituents of this one plant, scientists began looking for 
compounds produced by the body that could also bind to CB1R. Binding studies with 
known neurotransmitters and hormones proved to be unfruitful, indicating that a unique 
ligand was utilizing this newly discovered CB1R. By using a highly specific probe for CB1R 
labeled with tritium (Devane, Breuer et al. 1992), competitive binding studies in pig brain 
fractions indicated the presence of endogenous compounds with cannabimimetic activity. 
Chromatography, nuclear magnetic resonance and mass spectrometry were used to identify 
arachidonoylethanolamide (Devane, Hanus et al. 1992). An amide group in this newly 
discovered compound and the historically acknowledged effect of cannabis use, led to the 
witty alternate name for the very first endocannabinoid ‘anandamide’, deriving from the 
Sanskrit word for ‘bliss’ (Devane, Hanus et al. 1992; Mechoulam 2000). Not only did 
anandamide work like Δ9-THC in binding assays, it also mimicked its effects on motor 
functions, sedation and pain relief (Mechoulam 2000).  

In 1993, shortly after the discovery of anandamide, another cannabinoid receptor was found 
and cloned from the periphery (rat spleen), and identified mostly on immune cells (Munro, 
Thomas et al. 1993). It was referred to as the CB2 receptor (CB2R). Two groups, made the 
separate discovery of another endocannabinoid, 2-arachidonoyl glycerol (2-AG), that was 
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capable of binding to both the original CB1R, and to this novel CB2R receptor [(Mechoulam, 
Ben-Shabat et al. 1995; Sugiura, Kondo et al. 1995) and see Figure 1 for a timeline]. 

 
Fig. 1. A Historical timeline of the eCB system. Illustrated above are the major developments 
leading up to the discovery of an endogenous cannabinoid system, with the pivotal 
discoveries of the cannabinoid receptors, CB1R and CB2R, and the ligands AEA & 2-AG. 
Partly summarized from (Mechoulam and Hanus 2000). Receptors made with motifolio.com©.  
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By the end of the 20th century, the basic components of the endocannabinoid system- the 
receptors, endogenous ligands, and the enzymes responsible for their synthesis and 
degradation- were identified, paving the way for the groundbreaking discoveries that 
continually emerge, bringing forth the often surprising and unexpected ways in which this 
system works in the body.  

3. CB1R localization in the central nervous system  
With the discovery of the endocannabinoid system came the natural question as to what 
exactly these ligands and receptors are doing in the body. The location and density of CB1R 
could not only help explain some of the effects of cannabis use, but also has suggested the 
potential role of the endocannabinoids in learning, memory, motor function, emesis, reward 
behaviors and pain. 

CB1R is a G-protein coupled receptor encoded by a single gene located on chromosome 4 in 
the mouse, 5 in the rat and 6 in humans. The mouse and rat display 95% nucleic acid 
homology, and 99.5% amino acid homology, while the mouse and human display 90% 
nucleic acid homology, and 97% amino acid homology (Onaivi, Leonard et al. 2002).  

This receptor has been identified in both cortical and subcortical areas, the olfactory bulb, the 
retina, periaqueductal gray area, the cerebellum and the spinal cord (Mackie 2005). Original 
autoradiography studies revealed that the substantia nigra contains the highest density of 
CB1R in the central nervous system (CNS) (Herkenham, Lynn et al. 1991). The substantia nigra 
is a structure in the midbrain that plays an important role in movement, reward and addiction. 
CB1R is localized to the GABAergic (GABA = Gamma-aminobutyric acid) axons that project to 
the substantia nigra from the putamen. CB1R is also found in the caudate putamen, and on 
axons of medium spiny neurons projecting into the globus pallidus, on excitatory 
glutamatergic axons projecting from the sub-thalamic nucleus into the substantia nigra 
(Mailleux, Verslijpe et al. 1992; Sanudo-Pena, Tsou et al. 1997; Mackie 2005).  

Much attention has been paid to the hippocampus and CB1R expression mainly because of the 
striking effects of marijuana on cognitive processes like memory. CB1R is widely distributed in 
the hippocampal structures. For example, high amounts of the receptor are found in the 
molecular and granule cell layer of the dentate gyrus (Mackie 2005), in the perisomatic region 
of CA1 indicative of expression that is post-synpaptic to basket cells, and may also be found on 
glutamatergic terminals of the perforant path (Kirby, Hampson et al. 1995). In the frontal 
cortex, double-immunocytochemical labeling experiments revealed GABAergic 
cholecystokinin (CCK) positive interneurons have somatic immunoreactivity for CB1R 
(Katona, Sperlagh et al. 1999; Tsou, Mackie et al. 1999). In terms of the laminar distribution 
within the neocortex high expression is found in layer II, upper III, layer IV and VI. Also it was 
found that the majority of cells in the neocortex which express the CB1R also express GAD65 
(glutamic acid decarboxylase), the enzyme which converts L-glutamate to GABA, thus 
identifying inhibitory neurons in the CNS. In the cerebellum, there is a very high expression of 
CB1R in the molecular layer where the Purkinje neuron- parallel fiber synapse is found. Also, 
electrophysiological experiments infer that there are somatic CB1Rs on basket cells within the 
cerebellum. Therefore, there is strong evidence to suggest the presence of CB1R on GABAergic 
and glutamatergic neurons within the cerebellum (Mackie 2005).  
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Since it is believed that cannabis can be habit forming, evidence suggests that the brain area 
that processes addictive and reinforcing behaviors, the ventral tegmental area (VTA), 
contain GABAergic and glutamatergic terminals that express CB1R (Melis, Pistis et al. 2004). 
A potential, but yet unsubstantiated, role of CB1R in this area may be to facilitate other 
addictive behaviors such as alcoholism or illicit drug use (Mackie 2005). Cannabis and 
cannabinoid compounds have also been used as anti-emetics (Darmani 2001). Studies have 
illustrated that indeed the brain area responsible for emesis, the medullary nuclei of the 
brainstem (i.e. area postrema) contain high levels of the CB1R predominantly located on 
axon terminals. It is strongly believed that this anti-emesis may be attributed to CB1R 
activation in this area (Van Sickle, Oland et al. 2001; Van Sickle, Oland et al. 2003; Martin 
and Wiley 2004; Mackie 2005). 

In the spinal cord, several studies have been published demonstrating that CB1R is found 
throughout the gray matter, but at higher densities in the dorsal areas relative to the ventral 
areas (Herkenham, Lynn et al. 1991; Tsou, Brown et al. 1998; Ong and Mackie 1999; 
Farquhar-Smith, Egertova et al. 2000; Mackie 2005; Hegyi, Kis et al. 2009). Many of our 
essential functions depend on an intact and healthy spinal cord, such as sensation 
(modulated primarily by the dorsal spinal cord) and locomotion (modulated primarily by 
the ventral spinal cord). This is evident particularly is diseases of the spinal cord or after 
traumatic injury, in which the most severe cases render the individual incapable of feeling 
or moving, or even death. At the spinal cord level, endocannabinoid tone and receptor 
expression appear to play a role in modulating movement (El Manira, Kyriakatos et al. 2008; 
El Manira and Kyriakatos 2010), but also nociception (Pernia-Andrade, Kato et al. 2009). 
Therefore, understanding the role of the eCB system in the adult spinal cord is clinically 
relevant, and deserves as much attention as other areas of the CNS.  

Though strong evidence exists for neuronal CB1R expression, evidence also exists for its 
expression on astrocytes in the rat striatum (Rodriguez, Mackie et al. 2001), hippocampus 
(Navarrete and Araque 2008), and  spinal cord (Salio, Doly et al. 2002). In addition, 
microglia derived from neonatal rat brains, were also found to be immunoreactive for CB1R 
(Waksman, Olson et al. 1999). RIP-positive or APC-positive oligodendrocytes in healthy 
adult rat brains and spinal cords, respectively, constitutively express CB1R (Molina-
Holgado, Vela et al. 2002).  

4. Role of CB1R activation in adult neurons  
CB1R is included among the most abundant receptors in the brain, with picomolar ranges 
per milligram of tissue (as determined from rat brain (Herkenham, Lynn et al. 1991; Pazos, 
Nunez et al. 2005). Interestingly, compared to the abundance of CB1R, under physiological 
conditions, the amounts of eCBs (AEA and 2-AG) reach only into the low femtomolar range 
(Bisogno, Berrendero et al. 1999; Pazos, Nunez et al. 2005). This discrepancy - higher 
amounts of receptor and lower amounts of endogenous ligands- can be reconciled by 
understanding the function of the endocannabinoid system as an elegant and efficient 
negative feedback mechanism to control the levels of neurotransmitters released into the 
synaptic cleft. 

Neurotransmitters are synthesized in the pre-synaptic neuron, and stored in vesicles ready 
to be released into the synaptic cleft after depolarization leads to an influx of calcium 
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through voltage-dependent calcium channels. In contrast, eCBs are synthesized on demand 
in the post-synaptic neuron using lipid precursors from cell membranes (Di Marzo, Bifulco 
et al. 2004) - Figure 2.  

 
Fig. 2. The enzymes responsible for the synthesis and degradation of the two major eCBs, AEA 
and 2-AG. They are made on-demand from membrane lipid precursors in the post-synaptic 
neuron. The endocannabinoid membrane transporter (EMT) facilitates their re-uptake into 
either the post-synaptic (2-AG) or pre-synaptic (AEA) neuron for degradation by MAGL, or 
FAAH, respectively (Di Marzo, Bifulco et al. 2004; El Manira and Kyriakatos 2010) 

Endocannabinoids readily pass through the post-synaptic membrane, travel retrogradely 
into the synaptic cleft, and bind to pre-synaptically located CB1Rs (Wilson and Nicoll 2002). 
As a G-protein coupled receptor, activation of CB1R by the endocannabinoids results in 
various cellular consequences, two of which are the ability to inhibit voltage-dependent 
calcium channels, or activate inwardly rectifying potassium channels. These processes affect 
the pre-synaptic neuron by ultimately decreasing the probability of neurotransmitter release 
(Figure 3).  

The magnitude and duration of CB1R activation affects the machinery responsible for the  
release of several neurotransmitters such as glutamate, GABA, glycine, acetylcholine, 
noradrenaline and serotonin (Szabo and Schlicker 2005). Therefore, within a neuronal 
circuit, cells are able to regulate the strength of their synaptic inputs by on-demand release 
of eCBs which can then bind to CB1R (Freund, Katona et al. 2003). The high abundance of 
CB1Rs coupled with the relatively low-levels of detectable eCBs can be attributed to the fact 
that released ligand does not accumulate, but rather acts rapidly and transiently to mediate 
synaptic plasticity (Pazos, Nunez et al. 2005). In order to achieve such a highly efficient 
modulation of activity without accumulation of ligand, there must be a high density of 
receptors. This is precisely the state of the endocannabinoid system under physiological 
conditions. 
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Fig. 3. Endocannabinoids act as retrograde messengers in the CNS. (A) Neurotransmitters 
bind to their postsynaptic receptors causing the synthesis of AEA or 2-AG via their synthetic 
enzymes, NAT/NAPE-PLD and PLC DAGL, respectively, before traveling  retrogradely to 
bind to CB1Rs. (B) Inhibition of voltage-dependent calcium channels is one way by which 
neurotransmitter release probability is decreased. Binding of ligand to CB1R can result in 
the inactivation of N and P/Q- type, but not L-type calcium (Ca2+) channels (Caulfield and 
Brown 1992; Mackie and Hille 1992; Mackie, Devane et al. 1993; Pertwee 1997). The 
particular channel involved is related to the brain region:  in rat striatum, CB1Rs modulate 
N-type Ca2+ channels (Huang, Lo et al. 2001; Schlicker and Kathmann 2001) and not L, P or 
Q-type Ca2+ channels. In cultured rat hippocampal neurons, the CB1R modulates N- and Q-, 
but not P-type calcium channels (Sullivan 1999; Schlicker and Kathmann 2001). However, 
CB1R does not modulate any of the voltage- dependent Ca2+  channels found in the nucleus 
accumbens (Robbe, Alonso et al. 2001; Schlicker and Kathmann 2001). In contrast, newer 
evidence suggests that CB1R activation modulates all of the voltage-dependent Ca2+  
channels found at the granule cell-Purkinje cell synapse of the cerebellum: the N-, P/Q- and 
R-type Ca2+ channels (Brown, Safo et al. 2004). 

A) 

B) 
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Furthermore, CB1R activation causes cAMP levels to drop because CB1R is negatively 
coupled to adenylate cyclase (AC) through heterotrimeric Gi/o proteins, (Matsuda, Lolait et 
al. 1990; Munro, Thomas et al. 1993; Guzman, Sanchez et al. 2002). CB1R activation is also 
associated with activation of extracellular signal-related kinase (ERK) (Bouaboula, Poinot-
Chazel et al. 1995; Wartmann, Campbell et al. 1995) c-Jun N-terminal kinase (Jnk) p38 
mitogen activated-protein kinase (p38)  (Rueda, Navarro et al. 2002), protein kinase B 
(Gomez del Pulgar, Velasco et al. 2000), and increased levels of the second messenger 
ceramide (Sanchez, Galve-Roperh et al. 1998; Guzman, Sanchez et al. 2002) (Figure 4). These 
pathways have been shown to modulate various cellular functions including cell fate, 
apoptosis and survival in different cell types (Guzman, Sanchez et al. 2001).  

 
Fig. 4. The effects of pre-synaptic CB1 receptor activation. CB1R activation on pre-synaptic 
neurons inhibits voltage dependent calcium channels, and adenylate cyclase, but can also 
activate inwardly rectifying potassium channels, and the MAPK pathway. (Image adapted 
from DiMarzo et al. 2004, and Guzman et al. 2002. and created with motifolio.com©) 

5. Role of cannabinoid receptors during pathological states 
Because of the ubiquitous expression of the receptor throughout the CNS, several pre-
clinical and clinical studies have addressed the potential therapeutic value in modulating 
the endocannabinoid system for analgesia, weight loss, appetite stimulation, 
neuroprotection after ischemic injuries, and for anti-emetic, anti-epileptic and anti-
spasmodic purposes (Nogueiras, Diaz-Arteaga et al. 2009; Bisogno and Di Marzo 2010; 
Karst, Wippermann et al. 2010; Scotter, Abood et al. 2010). The premise of many of these 
therapeutic approaches lies in the neuromodulatory function of CB1R, or in the anti-
inflammatory effects on CB2R activation.  

During disease or following injury, cannabinoid receptor expression and levels of eCBs are 
altered. For example, after rat spinal cord injury, cannabinoid receptor expression is altered 
at the spinal level, but also in brain areas:  in the spinal cord, CB1R becomes expressed in 
reactive astrocytes, and CB2R becomes strongly upregulated in microglia, astrocytes and 
macrophages. In the brain, CB1R is upregulated in thalamic and hippocampal areas, while 
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downregulated in the amygdala and Periaqueductal Gray Area (Garcia-Ovejero, Arevalo-
Martin et al. 2009; Knerlich-Lukoschus, Noack et al. 2011). In healthy spinal cords, several 
studies indicate that there are very low levels of CB2R, but peripheral nerve injury, for 
example, leads to significant upregulation of this receptor, corresponding to significant 
microglial activation in the spinal cord (Zhang, Hoffert et al. 2003; Romero-Sandoval, 
Nutile-McMenemy et al. 2008). Microglial cells contribute to the inflammatory response by 
producing and secreting the pro-inflammatory cytokines that contribute to excitotoxic 
damage in the CNS, but also to the  differentiation of pathogenic lymphocytes entering the 
CNS (Arevalo-Martin, Garcia-Ovejero et al. 2008). Activation of CB2R in cultured microglial 
cells inhibits these inflammatory cytokines, making CB2R activation an anti-inflammatory 
target. However, the potential role of CB2R in microglial cells following injury is not clear. 
Cultured rat microglial cells can produce the eCBs 2-AG and AEA, which in turn auto-
stimulate their CB2Rs to induce proliferation (Carrier, Kearn et al. 2004).  

Whether these changes reflect an adaptive defense mechanism or contribute to pathology is 
still a matter of debate. These studies implicate CB1R and CB2R as double edged swords for 
CNS insult, and whether their activation promotes protection or contributes to damage 
likely depends on the etiology and progression of the disease or injury, but also in the 
localization of each receptor on specific cell types.  

6. Adult CNS progenitor cells and CB1R 
Progenitor cells in the adult CNS are promising targets as endogenous repair mechanisms 
following insult, and their proliferation and differentiation may provide an avenue to do so. 
The functional significance of constitutive or pathologically-induced neurogenesis in the 
adult brain has been associated with wide ranging processes such as memory formation and 
consolidation, depression, anxiety, and seizure- like activity (Ming and Song 2011). 
Endocannabinoid system elements have recently been discovered in adult brain progenitor 
cells (Aguado, Monory et al. 2005; Aguado, Palazuelos et al. 2006; Palazuelos, Aguado et al. 
2006). There is an emerging and critical role for the eCB system and specifically, CB1R in 
adult brain progenitor cells, revealing  a novel strategy to help the brain repair itself (Galve-
Roperh, Aguado et al. 2007). 

In the adult brain, the subgranular zone (SGZ) of the hippocampus, and the subventricular 
zone (SVZ) contain two different populations of progenitor cells. The first population is 
referred to as the type 1 or type B cells (SGZ and SVZ, respectively). These cells resemble 
their developmental counterparts; the radial glia. They are characterized by their slow 
proliferation kinetics, their morphological hallmarks (tiny processes extending from their 
somata in the SVZ), and these cells express both Nestin and Glial Fibrillary Acidic Protein 
(GFAP). The type 2 or C cells (SGZ and SVZ, respectively) are actively dividing, non-radial 
cells that maintain their Nestin expression, but do not express GFAP. They are occasionally 
positive for the immature neuronal marker Doublecortin (DCX). Ablation studies indicate 
that these two different populations are distinct in their characteristics, but they are 
developmentally connected to one another. The type 1, B cells give rise to the type 2, C cells, 
and if the latter are destroyed, they can eventually be replenished by the former (Suh, Deng 
et al. 2009). These progenitor cells give birth to new neurons continually throughout 
adulthood, in a process known as adult neurogenesis. 
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It is imperative to distinguish these progenitor populations when assessing the role of the 
various eCB components in the neurogenic process. This distinction is rarely made in the 
literature, and yet it is very plausible that the various eCB system components affect these 
progenitor populations differently. The results from the following studies indicate that the 
distinct processes involved in adult brain neurogenesis cannot be grouped together with 
regards to endocannabinoid modulation. 

The role of the eCB system, and in particular CB1R, on adult brain neurogenesis is not clear, 
partly because the separation between effects on progenitor proliferation and neuronal 
differentiation have not always been made. A study published in 2004 concluded that that 
there is defective neurogenesis in the CB1R knockout (KO) mouse (Jin, Xie et al. 2004). A 
major limitation to this study is that the authors equated changes in BrdU (thymidine 
analog) incorporation with changes in neurogenesis. Their data strongly support the view 
that CB1R is critical in progenitor proliferation in the hippocampus, but nothing more can 
be deduced with regards to which progenitor population is affected, nor about neuronal 
differentiation and maturation of the remaining progenitor cells. 

Pharmacological studies in wild-type mice support the conclusions from CB1R KO mice. 
Treatment with CB1R agonists (either with the endocannabinoid anandamide, the 
synthetic agonists WIN 55, 212-2 or HU-210) increased the number of BrdU 
positive(+)/NeuN negative(-) hippocampal cells, but decreased the number of co-labeled, 
newly generated BrdU(+)/NeuN(+) neurons in vivo (Rueda, Navarro et al. 2002; Aguado, 
Palazuelos et al. 2006; Galve-Roperh, Aguado et al. 2006). Furthermore, these studies 
showed that a CB1R antagonist, SR141716, reversed the agonist actions- the number of co-
labeled cells increased, while BrdU(+)/NeuN(-) cells decreased. Similarly, in a study by 
Jiang et al, 2005, CB1R activation resulted in increased BrdU(+) cells, which was 
interpreted as enhanced neurogenesis by cannabinoids; however, the authors themselves 
never show increases in co-labeled cells, and also point out that relative to no treatment, 
CB1R agonists do not change the percentage of cells expressing immature neuronal 
markers (Jiang, Zhang et al. 2005). 

Adult hippocampal progenitor cells from mouse brains express CB1R in vitro and in vivo 
(Aguado, Monory et al. 2005; Aguado, Palazuelos et al. 2006). CB1R activation induced 
proliferation of these progenitors assessed by quantifying the amount of cells expressing 
Nestin and incorporating the thymidine analog BrdU. Interestingly, these studies showed 
CB1R and FAAH are selectively enriched in type 1 (Nestin(+)/GFAP(+)) progenitors in 
vivo compared to type 2 (Nestin(+)/ GFAP(-)) (Aguado, Palazuelos et al. 2006). Utilizing 
various markers for immature neurons and glia, CB1R activation appears to promote 
astroglial differentiation, while inhibition of the receptor appears to promote neuronal 
differentiation (Aguado, Palazuelos et al. 2006). In contrast, a recent study indicated that 
CB1R was preferentially expressed on type 2b/3 cells that are also expressing DCX, 
suggesting that CB1Rs have a role in later stages of neuronal differentiation, and 
migration of the nascent neuron (Wolf, Bick-Sander et al. 2010). This study examined the 
levels of DCX expressing cells in the hippocampi of CB1R KO mice, and also in Nestin-
GFP reporter mice treated with the CB1R antagonist AM251. According to the authors, 
genetic deletion of CB1R resulted in increased proliferation but decreased net 
neurogenesis relative to wild-type mice. But, administration of the CB1R specific 
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antagonist AM251 to wild-type mice promoted proliferation of type 2b/3 DCX(+) cells 7 
days after BrdU administration (Figure 5). 

 

 

 

 

 

Fig. 5. CB1R is expressed throughout neuronal development (Harkany, Guzman et al. 
2007; Harkany, Keimpema et al. 2008), and also at all stages of adult hippocampal 
neurogenesis. It is not clear whether CB1R is enriched in certain progenitor populations, 
and if so, how endogenous cannabinoids differentially affect these populations. Equally 
compelling is how exogenous CB1R agonists or antagonists may affect these different 
populations, and what the functional outcomes of such interventions may be. Image 
created with motifolio.com©. 

Clarification through additional studies must be made to reconcile these seemingly 
disparate results. Species, sex and strain of the animals used, chronic versus acute treatment 
with cannabinergic drugs, specificity, dose/concentration of cannabinergic drugs, BrdU 
injection protocol and immunohistochemical markers must all be considered when 
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interpreting the many studies published on CB1R’s role on adult hippocampal 
neurogenesis. Table 1 summarizes several knock-out mice that have been developed that 
target endocannabinoid system components, and the consequences on progenitor 
proliferation, neuronal differentiation and glial differentiation. 

 
 

 
 

Table 1. eCB Knock-out mice and adult CNS progenitor cells. a (Aguado, Palazuelos et al. 
2006); b(Jin, Xie et al. 2004); c(Palazuelos, Aguado et al. 2006); d(Gao, Vasilyev et al. 2010);  
KO= Knockout; SVZ = subventricular zone. The apparent conflicting results in the adult 
CB1 -/- brains may be attributed to the interpretation of ‘neurogenesis’( see Section 6). 

7. Neurogenesis in the adult spinal cord 
Compared to the brain, even though progenitor cells also exist in the adult spinal cord, the 
spinal cord environment does not seem to support robust constitutive neurogenesis, nor 
does it seem to support neurogenesis following region specific injury or disease. Though 
injury results in different functional consequences for the brain and spinal cord, it is not 
clear why one region of the CNS is capable of generating new neurons, while another area is 
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not. There are several clinical examples where new neuron formation in the adult spinal 
cord could potentially ameliorate disease symptoms or progression, or replace damaged 
neurons following trauma. Replacement of dead or damaged neurons in the compromised 
spinal cord may be able to promote functional motor recovery, but also reduce pain 
(Hofstetter, Holmstrom et al. 2005; Scholz, Broom et al. 2005; Ohori, Yamamoto et al. 2006; 
Meisner, Marsh et al. 2010). Manipulating the spinal cord environment to coerce 
neurogenesis from endogenous progenitors is a promising therapeutic intervention, which 
may bypass the many obstacles inherent to transplantation of exogenous stem/progenitor 
cells (Obermair, Schroter et al. 2008). 

Several models propose distinct locations for the endogenous spinal cord progenitors, and 
how they respond to physiological and pathological stimuli (Namiki and Tator 1999; 
Horner, Power et al. 2000; Horky, Galimi et al. 2006; Meletis, Barnabe-Heider et al. 2008; 
Hamilton, Truong et al. 2009; Barnabe-Heider, Goritz et al. 2010; Hugnot and Franzen 2011). 
The overwhelming majority of progenitor cells do not differentiate into neurons in vivo. 
Nevertheless, these progenitors have neurogenic potential revealed from in vitro studies, but 
also from in vivo transplantation studies. Progenitors isolated from all levels and areas of the 
adult spinal cord can give rise to neurons in culture (Weiss, Dunne et al. 1996; Yamamoto, 
Yamamoto et al. 2001). When spinal cord progenitors were transplanted into the 
hippocampus- a pro-neurogenic environment, they readily formed neurons (Shihabuddin, 
Horner et al. 2000). These studies imply that the spinal cord environment is restricting the 
neurogenic potential of the endogenous progenitors, and astrocytes may be one of the 
culprits (Song, Stevens et al. 2002). 

New evidence is emerging to challenge the idea that new neurons cannot be generated in 
the adult spinal cord. Direct injury to the spinal cord results in massive progenitor 
proliferation leading to astrocyte differentiation, and a massive inflammatory response 
which contributes to glial scar formation (Barnabe-Heider, Goritz et al. 2010; Wang, 
Cheng et al. 2011). This injured environment has been demonstrated as non-neurogenic 
(Yamamoto, Nagao et al. 2001; Hannila, Siddiq et al. 2007); however, there are instances in 
which an environment filled with inflammatory cytokines can still elicit neurogenesis in 
the adult spinal cord. For example, in an experimental rat model of multiple sclerosis 
(experimental autoimmune encephalomyelitis), newly generated neurons migrated 
towards the neuroinflammatory lesion (Danilov, Covacu et al. 2006). Also there are 
instances of indirect injury to the adult spinal cord, such as dorsal rhizotomy (cutting of 
the dorsal root at the cervical spinal level) in which neurogenesis is observed in the dorsal 
horn at the corresponding spinal level (Vessal, Aycock et al. 2007). Recent papers showed 
that in non-injured, intact adult spinal cords, immature neurons can be found in the area 
surrounding the central canal (Shechter, Ziv et al. 2007; Marichal, Garcia et al. 2009), but 
also throughout the spinal cord, with a preferential dorsal gray matter localization and 
exclusive GABAergic phenotype (Shechter, Ziv et al. 2007; Shechter, Baruch et al. 2011). 
The exact roles of these immature neurons in the healthy spinal cord have not been 
determined, but may indicate physiological roles for new GABAergic neurons in 
nociception (Shechter, Baruch et al. 2011), and also for movement. The existence of these 
cells is exciting, as it sets the tone for more intensive studies to characterize their function 
and promote their differentiation. 
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Fig. 6. Transverse section of an adult mouse spinal cord, depicting a model for progenitor 
cell and immature neuron location. Based on the work by Shechter et al, 2007, 2011, the 
majority of the GABAergic, BrdU(+)/ DCX(+) immature neurons reside in the gray matter 
of the dorsal horn. Under physiological conditions, the levels of these cells depend on the 
type of and exposure to sensory environmental enrichment. Image generated with 
motifolio.com©. 

8. CB1R and adult spinal cord neurogenesis 
Taking the adult brain as an example of endocannabinoid system involvement in progenitor 
cell proliferation and differentiation, there is a possibility that the spinal cord progenitors 
may also be modulated by this system. There is an overwhelming lack of published studies 
addressing the presence and roles of the endocannabinoid system in adult spinal cord 
progenitor cells. Of particular importance is that CB1R is widely distributed on cells 
throughout the spinal cord, but also in lamina X, which includes the putative progenitor cell 
niche. We have identified CB1R on adult spinal cord-derived Nestin(+) progenitor cells in 
primary cultures (Figure 7). 
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Fig. 7. Primary adult spinal cord  cultures  from rats contain Nestin(+) progenitor cells (red), 
which also express CB1R (green). The role of CB1R on these progenitors has not been 
examined, and further studies are needed to determine how the receptor is involved in 
progenitor cell quiescence, proliferation or differentiation. Image obtained after 6 days in 
vitro with 63X objective.  

In response to injury, not only do progenitor cells proliferate in the spinal cord (Frisen, 
Johansson et al. 1995; Johansson, Momma et al. 1999; Namiki and Tator 1999; Shibuya, 
Miyamoto et al. 2002), but levels of endocannabinoids, receptors and enzymes are also 
altered as described earlier (in Section 4). Rigorous studies are needed to address if and how 
adult spinal cord progenitor cells respond to endogenous cannabinoid tone or to 
exogenously administered cannabinoids. Does endocannabinoid tone contribute to the non-
neurogenic spinal cord environment? Are endo/exo-cannabinoids capable of promoting 
spinal cord neurogenesis or gliogenesis? These are just a few critical and novel avenues for 
potentially promoting neurogenesis in the adult spinal cord. 

9. The effect of chronic cannabinergic drug use on the CNS- implications for 
the treatment of chronic pain 
Cannabis is used both acutely and chronically for recreational or medicinal purposes. There 
is controversy regarding medical marijuana because of the documented cognitive side 
effects of chronic recreational use (Jager and Ramsey 2008; Hester, Nestor et al. 2009; Battisti, 
Roodenrys et al. 2010). However, all drugs come with a risk-benefit consideration, and a 
plethora of historical and emerging evidence indicates that the medicinal value of cannabis 
cannot be ignored. Many studies have demonstrated that endocannabinoids and application 
of exogenous cannabinoids (usually mixed CB1R/CB2R agonists) reduce pain sensation 
(Guindon and Hohmann 2009). Presently, such an approach is becoming more clinically 
accepted for treating chronic pain states (Aggarwal, Carter et al. 2009; Karst, Wippermann et 
al. 2010; Lynch and Campbell 2011). While CB2R activation attenuates nociception mostly 
by modulating the inflammatory response (Guindon and Hohmann 2008), the role of CB1R 
is more complex because its location on various cells along the pain pathways appears to 
contribute differently to nociception. Moreover, many cannabinergic drugs are not only 
mixed agonists, but may bind non-specifically to other receptors, including TRP-channels 
(Patwardhan, Jeske et al. 2006; Patil, Patwardhan et al. 2011).  

The use of several CB1R knock-outs (global and conditional) has helped to clarify the role of 
these receptors in nociception. Recent worked demonstrated that cannabinoids mediate 
analgesia by activating CB1Rs located on peripheral nociceptors (dorsal root ganglia sensory 
neurons) (Agarwal, Pacher et al. 2007). Interestingly, by using in vitro spinal cord slices and 
in vivo recordings of  dorsal horn neurons,  activation of  CB1Rs on spinal cord dorsal horn 
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neurons actually enhances (not reduces) nociceptive responses (Pernia-Andrade, Kato et al. 
2009; Zhang, Chen et al. 2010). Stimulation of spinal cord CB1Rs inhibits the release of 
GABA, glycine (Pernia-Andrade 2009), and opioids, while enhancing the release of 
substance P (Zhang, Chen et al. 2010). Therefore, CB1R activation may contribute to 
nociception by increasing excitability at the spinal cord level. Consequently, CB1R 
antagonists have shown anti-nociceptive efficacy in several experimental pain models 
(Costa, Trovato et al. 2005; Croci and Zarini 2007; Pernia-Andrade, Kato et al. 2009). On the 
contrary, another recent study also using in vivo recordings demonstrated that blocking 
spinal CB1Rs enhanced the evoked response of the spinal cord dorsal horn neurons in 
neuropathic rats, indicative of a pro-nociceptive role of the receptor (Sagar, Jhaveri et al. 
2010). One explanation for these different results could be attributed to the anesthetic used. 
Pernia-Andrade et al 2009 used a mixture of pentobarbital with pancuronium (a muscle 
relaxant), while Sagar et al.’s study only used isoflurane. The use of a muscle relaxant would 
allow the use of lower levels of the anesthetic to achieve immobility (required for the in vivo 
recordings). It is possible that the level of anesthesia used in Sagar et al’s 2010 recordings 
may have depressed the neuronal activity relevant to pain sensation. Consistent with this 
possibility is that there was no difference in the firing rate of dorsal horn neurons in 
anesthetized neuropathic and sham operated animals at various levels of stimulation.  

The chronic use of mixed cannabinoid drugs should be further investigated in light of the 
fact that the majority readily cross the blood-brain barrier. These compounds may be 
capable of providing pain relief, but they may also be affecting other important cellular 
functions, such as neurogenesis in the brain and spinal cord. Neurogenesis from 
endogenous progenitor cells is associated with a wide range of functions, and perturbations 
of this process are correlated with disease symptoms. Interference of physiological 
neurogenesis may be a highly undesirable side-effect of chronic endocannabinoid system 
manipulation by the use of CB1R/CB2R agonists or antagonists. For example, following 
peripheral nerve injury or direct spinal cord injury, a specific loss of inhibitory GABAergic 
interneurons in the spinal cord dorsal horn is postulated to be a major contributor to chronic 
pain (Moore, Kohno et al. 2002; Scholz, Broom et al. 2005; Meisner, Marsh et al. 2010). 
Replacement of these neurons through neurogenesis is an attractive therapeutic strategy 
because it attempts to go beyond the management of symptoms; it targets an underlying 
biological phenomenon of neuronal death following injury. Given the controversy regarding 
how cannabinoids modulate neurogenesis, it is possible that while treatment with mixed 
cannabinoids can ameliorate pain, long term usage may prevent the replacement of 
damaged inhibitory neurons by blocking neurogenesis, and thus contribute to an 
underlying etiology of chronic pain. Hence understading the role of the individual CBRs in 
adult neurogenesis, but also during pain states, could help discern how to more susccesfully 
use these agents clinically.  

10. Conclusions 
CB1R expression on adult CNS-derived progenitor cells is not only indicative of 
endogenous cannabinoid modulation, but also points to potential consequences of 
cannabinoid pharmacotherapy on progenitor proliferation and differentiation- whether 
beneficial or deleterious. The complex results published about adult brain progenitors and 
the lack of data on adult spinal cord progenitors demonstrate that extensive basic research is 
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still needed to understand how the endocannabinoid system affects these cells normally and 
in response to injury and disease.  
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1. Introduction 
1.1 Definitions and considerations 

Cognitive decline related to advancing age includes many sub-categories of diseases, some 
more or less well defined and understood. First, there is “normal” cognitive decline, which 
is gradual and progressive during aging and seems inevitable. When cognitive decline is 
large enough to disrupt the activities of daily life, a state of dementia is diagnosed. There are 
several types of dementia according to the etiology of cognitive decline: vascular dementia, 
which results from a circulatory disorder causing an obstruction of cerebral blood vessels 
which leads to the progressive degeneration of brain cells due to a lack of oxygen. Vascular 
dementia represents 20% of all cases of dementia. Lewis body dementia is an accumulation 
of α-synuclein protein within the cell and it represents 5 to 15% of neurodegenerative 
diseases. Frontotemporal dementia as the name suggests, is a degeneration of the region of 
the frontal and temporal anterior cortex. The reasons for this degeneration are not fully 
understood. Alzheimer's disease (AD) represents the majority of cases of dementia (65%) 
although its etiology is not known exactly, or rather multi-factorial.  

The most accepted theory in the medical community to explain the origin of AD is currently 
the accumulation of β-amyloid protein in the form of plaques accompanied by 
neurofibrillary tangles of tau protein that cause neuronal death and loss of brain matter. 
However, this theory is challenged for many reasons. The high profile failures of anti-
amyloid interventions and lack of agreement on which form the β-amyloid is toxic and the 
mechanism by which this occurs force the scientific community to consider amyloid only as 
one part of a multi-factorial disease process including a variety of aggravating factors. A 
recent paper entitled “Changing perspectives on Alzheimer’s Disease: Thinking outside the 
amyloid Box” resume this thinking (D’Alton & George, 2011). 

1.2 Alzheimer’s disease diagnosis 

The clinical diagnosis of AD is based on clinical examination and confirmed by 
neuropsychological tests and is diagnosed through exclusion. That means if the person 
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presents a certain profile of cognitive decline and does not match certain criteria (Table 1) 
the patient is put into the broad category of “probable” AD (Whitehouse, 2008). Within this 
category there are "typical" Alzheimer and those who are called "atypical" which means that 
their profile may include some features of vascular dementia or components of Lewis Body 
dementia. In 2011, the use of brain imaging (Positrons Emission Tomography (PET) and 
Magnetic Resonance Imaging (MRI)) can optimize the basic clinical diagnosis (clinical and 
neuropsychological data) of atypical profile, if this kind of technological platform is 
available. However, it is only at death that the diagnosis can be confirmed by 
neuropathological brain examination of the abundance of β-amyloid plaques and 
neurofibrillary tangle, even if the amyloid theory is increasingly questioned. Not 
surprisingly, neuropathological diagnosis of post-mortem brain does not always correlate 
with the clinical diagnosis. One classic example is the “Nun Study” from Chicago (Snowdon 
et al., 1997), in this study, several participants showed abundant neurofibrillary tangles and 
β-amyloid plaques at the post-mortem analysis, but had not received a clinical diagnosis of 
AD and were mentally intact during their life. The opposite was also seen i.e. that a person 
with a clinical AD diagnostic presented an intact brain (no neuropathology) at death. 

 
Table 1. Alzheimer’s Disease: diagnosis of exclusion (Adapted from Whitehouse, 2008) 

The mismatch between clinical diagnosis and aβ and tau neuropathology at death shakes 
the causation link and suggests the importance of other aspects in the etiology of the 
cognitive decline associated with aging. 
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1.3 Physiopathology: Focus on brain metabolism  

In addition to the abnormal protein (aβ, tau, α-synuclein) present in the demented brains, 
there is also a decrease in brain glucose metabolism in the majority of dementia. The brain is 
one of the most metabolically active organs. Despite representing about 2% of adult body 
weight, the brain uses about 23 % of the body’s total energy needs. The brain gets its energy 
from glucose to 97% making it the main energy substrate. Every day, an average human 
brain consumes approximately 16% of the total oxygen consumption and metabolizes 
approximately 110 to 145 g of glucose. Over 90% of used glucose is oxidized to ensure the 
supply of ATP which is vital for the cells and maintenance of synaptic transmission 
(Henderson, 2008). The determination of the brain glucose metabolism pattern is used in the 
differential diagnosis of dementia using Position Emission Tomography (PET) imaging with 
an analog of glucose; 18fluorodeoxyglucose (18FDG). The cerebral glucose hypometabolism 
in cases of AD has been known since the 1980s with the beginning of PET imaging and 
represents about 20% reduction but varies between 8 and 49% (reviewed in Cunnane et al., 
2011). 

In the case of AD, several evidences shows that brain glucose hypometabolism is present in 
certain regions well before the first clinical signs of cognitive decline, so it is not simply the 
result of neuronal loss but rather would be responsible for this loss. For example, in a 
clinical study containing 20 AD patients and 20 young adults (20-39 years old) at risk of 
developing AD (carrier of the Apolipoprotein E4 allele; ApoE4), small areas of cortical 
glucose hypometabolism were present in the young participants, especially in the posterior 
cingulate, parietal, temporal and prefrontonal cortex. These hypometabolic regions were the 
same in the AD patients but in a more extensive way. This reduction in brain glucose 
metabolism may be the earliest brain abnormalities yet found in living persons at risk for 
AD (Reiman et al., 2004).  

It is still unclear as to whether or not healthy aging (no cognitive impairment) is associated 
with reduction in brain glucose metabolism. Cunnane and collegues reviewed the literature 
on this specific question and they found out that eight studies showed that cerebral glucose 
metabolism does not decline with healthy aging and nine studies have demonstrated that it 
does in a proportion of about 18% (Cunnane et al., 2011.)  

The reason for this alteration in brain glucose metabolism is not clearly elucidated. It could be 
a problem in the glucose transport, glucose availability, or a dysfunction in the production of 
energy derived from glucose. Mitochondria play a central role in producing ATP as the central 
source of cellular energy, so a dysfunction at the mitochondria level is conceivable.  

The brain uses glucose as main energy source but can also use ketones as an alternative 
energy source in situations of glucose deprivation (fasting, intense physical activity). 
Ketones refer to 3 molecules: acetoacetate, β-hydroxybutyrate (β-OHB) and acetone. In 
starvation conditions, up to 60% of the human brain energy requirements can be met by 
ketones (Owen, 1967). Whether ketone brain metabolism is also decreasing in healthy aging 
or in AD is not yet known, but Cunnane’s team developed a ketone radiotracer (11C-
acetoacetate) especially to be able to study brain ketone metabolism in the elderly; studies 
are ongoing.  Based on the fact that ketones are energetic molecules and used by the brain as 
an alternative to glucose, some studies have demonstrated the ability of ketones to improve 
some cognitive dysfunction in diabetic hypoglycemia (Page et al., 2009) and even in case  
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AD (Henderson et al., 2009). Although brain ketone metabolism is less known in the elderly 
population, fundamental and clinical studies suggests that they could represents an 
interesting therapeutic potential for cognitive decline (reviewed in Veech et al., 2001) 

1.4 Risk factors: Importance of the metabolic condition  

In addition to understanding the physiopathology underlying the cognitive decline it is 
important to know the factors that increase the risk of being affected by a decline in 
cognitive function to help prevent them. Aging is the main factor and it often say that it is 
inevitable. It is true that the passage of time cannot be slowing down, but individuals can 
play a role in modifying their "biological" age or their metabolic condition. Effectively, aging 
naturally tends to reduce the cognitive functioning but also worsen the metabolic condition. 
At advanced age, the prevalence of hypertension, dyslipidemia, inflammation, 
atherosclerosis and diabetes increase. To prevent these metabolic problems, it is highly 
documented that the adoption of a healthy lifestyle (physical activities and equilibrate diet) 
through the lifespan is an efficient way (Colcombe et al., 2003, Peters, 2009.) It turns out that 
having a bad metabolic condition raises up the risk to develop a cognitive disorder (Frisardi 
et al., 2010) Peripheral problems and brain disorders are often dissociated but a close 
relationship exist between these two entities. 

Having type II diabetes is associated with the increased risk of developing a cognitive 
disorder. More than 80% of AD patients have type II diabetes or present an abnormal glucose 
level. Insulin resistance and hyperinsulinemia, two characteristics of type II diabetes, have 
been shown to have a high correlation with memory impairment and risk for AD. The rising 
insulin level that occurs with aging is also a strong predicator of cognitive impairments, in 
non-diabetics. (Landreth  et al., 2008). The Italian Longitudinal study on aging shows that 
patients with mild cognitive impairment who were also afflict by metabolic syndrome had a 
higher risk of progression to dementia compared with those without metabolic syndrome. 
Hypertriglyceridemia was the major component of metabolic syndrome related to dementia 
(Solfrizzi et al., 2009). Genetic studies and epidemiological observations strongly suggest a 
relationship between dyslipidemia and AD. Elevated serum cholesterol levels have been 
reported to correlate with an increased incidence of AD (Landreth et al., 2008). Longitudinal 
studies have reported that obesity and chronic hypertension are also associated with higher 
risk of cognitive decline (reviewed in Frisardi et al., 2010). 

Then, improvement in those metabolic parameters could modify the individual risk for 
dementia. Preventive activities during the lifespan are primordial but changing individual 
behaviour is a long term challenge for the public health. The use of metabolic regulator as a 
secondary prevention may become essential in individuals at middle age who presents a poor 
metabolic condition (high blood glucose, deteriorated lipids profile, hypertension, etc.) not 
only to prevent heart diseases but precisely to delay the first signs of cognitive decline. Given 
that tertiary prevention of AD dementia which refers to anticholinesterase drugs is known to 
modestly delay progression of dementia because its probaby too late to correct the existing 
damage, primary and secondary prevention are essentials (Haan & Wallace 2004) (figure 1). 

It is well known that if you want to avoid a pulmonary cancer you should not smoke 
cigarettes, but the population feels armed less in front of neurodegenerative disorders and 
should not: progression to dementia can be prevented or modified (Haan et Wallace 2004). 
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2. PPAR  
2.1 Mecanisms, pathways, activators 

Peroxisome Proliferator Activated Receptor alpha (PPARα) is a nuclear receptor present in 
tissues where fatty acids catabolism is at elevated rate, especially in liver but also in heart, 
kidney, skeletal muscles, enterocytes and astrocytes. This receptor is activated by fatty acids 
and their derivates and among the synthetic ligands; by compounds of the fibrate family. 
PPARα regulates gene expression by associating with his ligand in the cytoplasm of cells; 
the complex then migrates into the nucleus and binds with the 9-cis retinoic acid receptor 
(RXR). The heterodimer (PPARα/RXR) recognizes specific response elements (peroxisome 
proliferator response element; PPRE) presents in the promoter regions of genes and binds to 
activate or repress (figure 2). 

 

 
Fig. 1. Schematic cognitive capacity during life. Primordial and secondary preventions, by 
regulating metabolic condition, may maintain cognitive capacity above the clinical threshold 
of cognitive decline. Tertiary prevention can modestly help to delays progression of 
dementia once it is installed. Progression of cognitive capacity in Alzheimer’s disease (___) 
and in cognitively healthy elderly (_ _). 
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Fig. 2. Following activation with the ligand, PPARα binds a specific DNA sequence (PPRE) 
in the promoter region of target genes.  

PPARα regulates gene associated with lipids, glucose and energy metabolism and exert an 
anti-inflammatory activity (table 2). Fibrates are first-line drugs used for over 40 years to 
treat hypertriglyceridemia and their mode of action is entirely via the activation of PPARα. 
Effectively, fibrates reduces plasma level of triglycerides by 30-50%, slightly increase HDL-
cholesterol by up to 5-15 % and usually reduces LDL-cholesterol by 15 to 20% (Chapman et 
al., 2006). By the activation of PPARα, fibrates are effective to stimulate lipolysis, to increase 
cellular and mitochondrial fatty acid uptake, to promote fatty acid oxidation, to reduce TG 
production by the liver, to increase the VLDL clearance and to increase the HDL-cholesterol 
synthesis.  
 

Genes Expression Functions
Apolipoprotein CIII  VLDL clearance inhibition
Lipoprotein Lipase  Lipolysis
Apolipoprotein AI AII  HDL cholesterol synthesis
SR-BI/CLA-1 receptor  Cholesterol efflux
Fatty Acid Binding Protein  Fatty acids entry into the cell
AcylCoA Synthase  Fatty acids entry into the mitochondria 
AcetylCoA carboxylase  Fatty acids synthesis
Fibrinogen  Blood clotting
C reactive protein  Inflammation
Interleukin 6  Inflammation
Cyclooxygenase-2  Arachidonic acid metabolism 
VCAM-1  Adhesion molecules

Table 2. Target genes regulated by PPARα (Goldenberg et al., 2008). Abbreviations: VLDL: 
very low density lipoprotein.  SR-BI/CLA1: class B scavenger receptor. VCAM-1: vascular 
cell adhesion molecule 1. 
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Clofibrate is a first generation fibrate and was used for numerous years before the arrival of 
the second generation comprising bezafibrate and fenofibrate which are more selective and 
causes fewer side effects (figure 3). Clofibric acid and fenobibric acid (active metabolites of 
clofibrate and fenofibrate) activate PPARα and PPARγ but they are 10 times more selective 
to PPARα. Bezafibrate activates PPARα but can also be linked to PPARγ and PPARδ.  

 
Fig. 3. Structures of clofibrate, fenofibrate and bezafibrate. 

2.2 How can PPARα stimulation help cognitive functioning? 

The impact of PPARα agonists on cognition was not deeply investigated at a large scale 
level but some observational studies are interesting. In a large Europeean study (8582 
subjects) fibrate use tended (p=0.07) to be associated with a reduction in the prevalence of 
dementia. Dementia included AD (65%), vascular dementia (12%), mixed dementia (11%) 
and other form of dementia (11.7%). Prevalence of dementia was 1.5% among fibrates user 
and 2.3% among non-user (Dufouil et al., 2005). In another observational study Rodriguez et 
al, showed that in a population of 845 individuals, 20.1% of the cohort were demented 
(based on Clinical dementia Rating) and the proportion of lipid lowering drugs user within 
the demented population was lower compared to the non-demented (3.5% versus 10.8%) 
which suggest that lipid lowering drugs may be protective (Rodriguez et al., 2002). In an 
older study, reducing triglycerides with gemfibrozil (a fibrate) appeared to improve cerebral 
perfusion and cognitive performance compared to untreated group (Rogers RL et al., 1989). 
Next sections will focused on how fibrates intake can be protective for the aging brain. 

2.3 Insulin resistance 

Insulin is produce by the pancreas and control blood glucose level by allowing the transport 
of glucose molecules from the circulation into cells. Insulin resistance occur when the cells 
(insulin receptors) are progressively unable to have a proper insulin response resulting in an 
inadequate entry of glucose in the cells. By a compensatory mechanism, pancreas will 
secretes more insulin. If the higher amount of insulin is still inefficient to control blood 
glucose, the person with high insulin and high glucose level will present a situation of pre-
diabetes and insulin resistance. Eventually, pancreas will decrease the insulin secretion, 
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consequence of a pancreatic cell stress and damage, and insulin level will gradually drop 
and glucose will stay high: type II diabetes is then diagnose. If not treated well, diabetic 
patient will present high circulating glucose level that can causes deleterious effects 
including cardiovascular disease, kidney disease, nerve damage, retinopathy, etc. This 
condition will also lead to deficits in cellular energy production, increased oxidative stress 
and reduced neuronal survival.  

For a long period of time, brain glucose metabolism was known to be independent of insulin 
action since brain glucose transporters (GLUT-1 and GLUT-3) are insensitive to insulin. 
Recent literature shows that GLUT-4 responds to insulin and that insulin is produce within 
the brain in various regions especially in the hippocampus which is associated with learning 
and memory. Insulin receptors are also presents in the brain (de la Monte et al., 2006).  
Given that brain cells are dependent on a high glucose supply, brain and peripheral insulin 
may then play an essential role in brain glucose homeostasis. 

Evidences showed a physiological link between insulin and cognition. Reports have 
documented that brain insulin receptor signaling is reduced in AD brain (reviewed in 
Rupinder K et al., 2011). Production as well as neuronal insulin receptors was also greatly 
lower in AD brain compared to age-matched controls (Zhu et al., 2005). Interestingly, in AD 
patients, peripheral administration of insulin improved memory and cognition, reduced 
brain atrophy and dementia severity (Burns et al., 2007). In an experimental animal model, 
intracerebral streptozotocine injection was used to deplete brain insulin, but not pancreatic 
insulin. This brain specific depletion was associated with progressive neurodegeneration 
with similar features of AD. This same experiment demonstrates that early treatment with 
PPARα agonist can effectively prevent this experimentally induced neurodegeneration and 
the related deficits in learning and memory. This same research team also showed that AD 
is associated with major impairements in insulin gene expression and that abnormality 
increase with the severity of dementia. They suggest that AD brain may represent a brain 
specific form of diabetes; type 3 diabetes (de la Monte et al, 2006). 

Hyperlipidemia and fatty acids overload (lipotoxicity) contribute to insulin resistance 
phenomenon (Reviewed in Carpentier, 2008). By their reducing action on triglycerides and 
their role in enhancement of fatty acids β-oxidation, PPARα activators should improve 
insulin sensibility. At human level, findings from a study deriving from Bezafibrate 
Infarction Prevention trial (BIP) suggest that treatment with fibrate reduce the incidence by 
30% and delay the onset of type II diabetes. However, there is not a clear consensus 
regarding the direct impact of fibrate on insulin sensibility, but from studies reviewed, 10 
showed an improvement (Tenenbaum et al., 2007, Cree et al., 2007, Kim et al., 2003, Damci et 
al., 2003, Jonkers et al., 2001, Idzio-Wallus, 2001, Yong et al., 1999, Kobayashi et al., 1988, 
Murakami et al. 1984, Ferrari et al., 1977) and 6 a reduction in sensibility or no change 
(Anderlova et al., 2007, Rizos et al., 2002, Whitelaw et al., 2002, Asplund-Carlson, 1996, Sane 
et al., 1995, Skrha et al., 1994) . In a recent study (2010) bezafibrate treatment for 12 weeks in 
a mild hypertriglyceridemic population showed a postprandial insulin response 26% lower 
after bezafibrate, suggesting the beneficial impact of fibrate on insulin sensitivity (figure 4; 
Tremblay-Mercier et al., 2010). Further clinical studies measuring insulin sensibility are 
warranted to confirm the real insulin-sensitizing potential of fibrates and the subsequent 
impact on brain glucose metabolism and further impact on cognition.  
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2.4 Ketone production 

Ketones are the alternative fuel for the brain when glucose availability is low to insure an 
optimal brain functioning. They are the product of triglycerides lipolysis, β-oxidation of fatty 
acids and ketogenesis (figure 5). The majoritary of ketones are synthesised in the liver. Studies 
have shown that astocytes have the capacity to produce ketones from fatty acids and the 
ketogenic system (Auestad et al. 1991; Guzman & Blazquez, 2001). Acetyl CoA resulting from 
the β-oxidation of fatty acids, undergo the Krebs cycle but if the metabolic context is favorable 
for the ketone body formation, acetyl CoA will be redirected in the ketogenesis pathway. 

  
A     B 

Fig. 4. A) Insulin concentration (mIU/L) during 6 hours. Breakfast was taken between time 0 
and time 1 with no further meal. Before (-□- ) and after (-■-), 12 weeks on bezafibrate. B) 
Area under the curve of the insulin curves were lower after bezafibrate treatment. Data are 
expressed by mean ± SEM. n=12,  * p≤0.05. (Adapted from Tremblay-Mercier, 2010) 

Under normal conditions (regular meals) ketogenesis is at a low rate (ketone bodies 
concentration <0.1 mmol/L), because a slight rise in blood glucose and the following increase 
in insulin concentration inhibits lipolysis and ketogenesis. After their production, β-OHB and 
acetoacetate will reach skeletal muscles, brain and heart by the systemic circulation to provide 
energy. Ketones will then be retransformed into acetyl CoA by the reaction called ketolysis 
(figure 6). Liver cannot use ketones as energetic molecules because the enzyme β-ketoacyl-
CoA transferase is not present in the liver, so ketolysis can not occur (figure 6). Ketones pass 
through the blood brain barrier (BBB) by facilitated transport following the concentration 
gradient by the monocarboxylate transporter 1 (MCT-1), as well as pyruvate and lactate. The 
rate of cerebral ketone metabolism depends primarily on the concentration in blood. Cerebral 
ketone metabolism is also regulated by the permeability of the BBB, which depends on the 
abundance of MCT-1. An increase in ketone body concentration up regulates the expression of 
MCT-1 transporter (Leino et al. 2001; Pifferi et al., 2011).  

In vitro experiments show that β-OHB protects hippocampal neurons in culture against the 
toxicity of the protein β-amyloid 1-42, found in the senile plaques in AD patients. This 
protective effect may be partly due to the fact that the ketone metabolism does not require 
the action of the enzyme pyruvate dehydrogenase (PDH) which is affected by the toxic 
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effect of β-amyloid protein and essential for the conversion of glucose into energy 
(Kashiwaya et al., 2000). Rats and human studies also showed that ketones decreased 
damages associated with free radical (Sullivan et al., 2004) 

Ketone production can be stimulated by fasting but also by the administration of a ketogenic 
diet. This classic ketogenic diet contains a 4:1 ratio by weight of lipids to combined glucose 
and protein; this high fat intake forces the body to burn fatty acids rather than glucose. The 
therapeutic ketogenic diet was developed for treatment of pediatric epilepsy refractory to 
anticonvulsant in the 1920s. This diet is very effective to treat epilepsy in 30-50% of cases but 
is very hard to apply in a daily basis and causes significant side effects (Cross et al., 2007). 
Another dietary way to stimulate ketogenesis is by the ingestion of medium chain 
triglycerides (MCTs), which provokes an acute elevation in ketone body concentration. 
Those triglycerides are composed of saturated fatty acids from 6 to 12 carbons and are 
absorbed across the intestinal barrier and directly enter the portal vein. This allows for much 
quicker absorption and utilization of MCTs compared to long chain triglycerides. MCTs are 
transported into the mitochondria independent of the carnitine palmitoyltransferase (CPT), 
which is necessary for the mitochondrial absorption of long chain fatty acids. After a single 
dose of MCTs, a significant raise (176%) in ketone bodies concentration occur within one 
hour but rapidly drops to baseline values (within 2 hours) so the effect is transient 
(Courchesne-Loyer et al., in preparation).  

 
Fig. 5. Ketogenesis pathway. CPT-1: Carnitine palmitoyltransferase 1. 
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Fig. 6. Ketolysis pathway. β-OHB: β-hydroxybutyrate 

Several human studies show that a slight raise in ketones concentration can maintain 
normal brain function even when plasma glucose would normally be low enough to result 
in acute cognitive and functional deficits. For example, Page and colleagues in 2009, 
administered MCTs to type 1 diabetics patient in hypoglycemic crisis and they observed an 
acute improvement in cognitive functions. Levels of ketones after the ingestion of MCTs 
were about 0.3-0.4 mM and were sufficient to have an impact on cognitive functioning (Page 
et al. 2009). Another team showed that a daily supplementation with MCTs for 90 days 
increased the ketogenic response to 400% and showed a score improvement at different 
cognitive tests in AD patients (Henderson et al, 2009). In 2004, Reger and colleagues 
conducted a study with 20 AD patients and showed that high β-OHB concentrations 
obtained after MCTs administration are positively correlated with ameliorations in the 
paragraph recall test which is involving memory cognitive function (figure 7).   

Ketogenic diet and MCT ingestion, provides low glucose, low insulin environment and/or 
susbtrates for ketogenesis and are effective in raising ketones concentrations but need a 
change in eating habits. Another way to increase ketone bodies production without 
modifying eating habits is to up regulate the enzymes implicated in the pathway. As 
mentioned earlier fibrate drugs, via PPARα, stimulates the transcription of genes encoding 
for triglyceride lipolysis and fatty acid β-oxidation. As well, fibrate increase the 
transcription for the key enzyme in the ketogenesis which is the HMG CoA synthase. This 
enzyme catalyses the reaction between acetoacetyl CoA and acetyl CoA to form HMG-CoA 
(figure 4). Few studies on rats have demonstrated an increase in the production of ketone 
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Fig. 7. Relationship between β-hydroxybutyrate (β-OHB) levels at the time of cognitive 
testing and the change in paragraph recall; r = 0.50, P = 0.02 (Reger et al., 2004). 

bodies by the liver following a fibrate treatment which concord with studies on hepatocytes. 
In rats treated with clofibrate, PPARα stimulation leads to an upregulation of MCT-1 (König 
et al., 2008). At the human level the first study to investigate ketone metabolism following a 
fibrate therapy was done at the Research Center on Aging in Sherbrooke, Quebec, Canada. 
This study suggests that treatment with bezafibrate has a mild ketogenic potential; 
postprandial β-OHB response was 58% higher after bezafibrate treatment for 12 weeks. 
With bezafibrate treatment, the level of ketones (β-OHB) was low during fasting (early in 
the morning) but was rising during the experimental day to reach 0.3-0.4 mM β-OHB at the 
end of the day (Tremblay-Mercier et al., 2010). Perhaps in conjunction with a fibrate, joint 
administration of a dose of MCT, would maintain a moderate level of circulating ketones to 
insure the delivery to the brain to maintain the energetic homeostasis (Tremblay-Mercier et 
al., 2010). Preliminary results concerning cerebral ketone metabolism with the tracer 11C-
acetoacetate shows that brain ketones uptake is proportional to physiologic plasma ketones 
concentration as expected by anterior studies (Cunnane et al,. 2011). Further studies with 
this tracer will help to better understand the impact of fibrate on ketogenesis and the 
repercussion on brain metabolism in elderly and in cognitively impaired patients.  

2.5 Mitochondrial function 

Mitochondria are the central organelle in the generation of cellular energy via the Krebs 
cycle and the electron transport chain. They may be a key players in the cerebral low glucose 
metabolism observed in AD. Effectively, in the diseased brain, the numbers of neuronal 
mitochondria are greatly reduced. Several studies have demonstrated aberrations in the 
electron transport complexes and Krebs cycle in AD (Atamna & Frey, 2007). Mitochondrial 
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perturbations are also seen in normal aging. Those perturbations decrease activities of 
complex I and IV of the electron transport chain which lead to an elevated reactive oxygen 
species production. Increased free radicals and peroxidative damage is also seen in AD 
(Cunnane et al., 2011).  Mitchondria dysfunction seems to contribute to the early stage and 
to the development of various neurodegenerative diseases (Gibson et al., 2010). Numerous 
studies have suggested that the activation of PPAR may improve mitochondrial functions. 
PPARγ stimulation is likely to be more effective than PPARα in inducing mitochondrial 
biogenesis and seems to be effective to potentiate glucose utilization leading to improved 
cellular and cognitive function (Rupinder et al., 2011). Fibrates are more selective to PPARα 
but they also have an action on PPARγ. PPARα play a role in the oxidative stress observed 
in aging. Effectively, level of PPARα correlated negatively with lipid peroxide levels which 
are actually reduced following a bezafibrate administration (Pineda Torra et al., 1999).  
Therapeutic strategies targeted at preventing, delaying or treating mitochondrial 
dysfunction should contribute to the prevention or treatment of age related 
neurodegeneratives diseases (Atamna & Frey, 2007), and fibrates may be an interesting 
target to consider.  

2.6 Cardiovascular condition /inflammation 

There is a close link between cardiovascular condition and cognitive status. High blood 
pressure, obesity, hyperlipidemia and diabetes are among the principal risk factors for 
cardiovascular disease. Having those conditions also increase the risk of developing 
cognitive decline. Vascular risk factors may impair cognitive functions and are related to the 
occurrence of AD, hypertension and type II diabetes present the strongest association, 
especially when these factors are assessed in middle age. Atherosclerosis is also believed to 
be involved in development of dementia, particularly, vascular dementia. Some 
investigations have shown the importance of inflammation in the pathogenesis of AD, 
(Akiyama et al., 2000). Hypercholesterolemia, oxidative stress and inflammation have 
emerged as the dominant mechanism in the development of both atherosclerosis and AD 
(Steinberg, 2002).Genetic studies and epidemiological observations strongly suggest a 
relationship between dyslipidemia and AD. Elevated serum cholesterol levels have been 
reported to correlate with an increased incidence of AD.  

Based on its efficiency to reduce plasma triglycerides and to increase HDL cholesterol and it 
lowering action on LDL-cholesterol, major randomized intervention trials involving fibrate 
therapy were done to evaluate the drug efficiency to prevent cardiac events. These studies 
showed that a treatment with a fibrate has beneficial effects by reducing myocardial 
infarction and coronary event (Goldenberg et al., 2008). The Bezafibrate Infarction 
Prevention (BIP) trial in 2000 showed that bezafibrate also prevent atherosclerosis and 
significantly attenuates the risk of long term major cadiovascular events (Tennenbaum et al., 
2005). PPARα is also involved in the anti-inflammatory response by his inhibition of NFкB 
transcription and by decreasing the production of pro-inflammatory IL-6, prostaglandins 
and C- reactive protein. Fibrates are known to be efficient molecules to prevent 
cardiovascular disease, knowing that cardiovascular disease and cognitive decline share the 
same risk factors, preventing cardiovascular disease with fibrate therapy should help 
preserving cognitive functioning during aging. 
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3. Conclusions  
Fibrates act as synthetic ligands for PPARα and are commonly used to treat 
hypertriglyceridemia and to prevent coronary heart disease. PPARα is also involved in the 
anti-inflammatory response and in improvement of mitochondrial function. Fibrate therapy 
reduces the incidence and delays the onset of type II diabetes and seems to improve insulin 
sensibility in humans (Goldenberg et al., 2008). A recent clinical study suggests that in 
hypertriglyceridemic individuals, bezafibrate increase the production of ketone bodies, the 
alternative energy source for the brain (Tremblay-Mercier et al., 2010). Thus, by reducing 
triglycerides, enhancing glucose availability, providing alternative brain fuel and improving 
cardiovascular profile, PPARα agonist could have relevant impact on the maintenance of a 
good cognitive health later in life (figure 8). Fibrate therapy may have potential as 
pharmacological agents aiming to reduce the risk of AD and future research are needed to 
determine if secondary prevention with fibrate therapy is able to delay the apparition of 
cognitive decline. 

 
Fig. 8. Summary diagram on the PPARα agonist’s action on modifiable risk factors for 
cognitive decline. 
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1. Introduction 
1.1 The structure of cyclophosphamide (CY) and its active metabolites acrolein (ACR) 
and phosphoramide mustard (PM)  

Cyclophosphamide (CY), an alkylating compound is commonly used as a cytoreductive 
agent in the treatment of cancer ( blood, breast, ovary) because of its ability to interfere with 
DNA synthesis and its pharmacological action on dividing cells (Ben Efraim 2001). Its action 
is however more complex since it exerts a strong influence on the immune system. Studies 
on cyclophosphamide are conducted for a long time, but its effect on macrophages (Mf) was 
not yet definite, therefore this study was attempted. 

CY is in vitro inactive by itself, and is converted in vivo into two ultimately biologically 
active alkylating metabolites: phosphoramide mustard (PM) and acrolein (ACR).The first 
step of that complicated pathway of CY metabolism occurs in the liver and results in the 
formation of derivative hydroperoxycyclophosphamide and then it is followed by several 
enzymatic reactions that format carbonamide, aldehyde and carboxylacide inactive 
structures or lead to non-enzymatic formation of phosphoramide mustard and acrolein,  
active metabolites of cyclophosphamide which were tested in our immune research. Instead 
of highly unstable phosphoramide mustard (PM), we used nitrogen mustard (NM, 
mechlorethamine) (see Fig 1.) which is structurally and functionally related to PM, 
previously shown in vitro and in vivo to have the same activity as CY (Bryniarski et al. 1996).  

  
Fig. 1. The chemical structure of cyclophosphamide and nitrogen mustard 
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2. Differences of CY dose treatment used in the treatment of malignant 
diseases and autoimmune diseases in comparison to immune regulation  
Immunoregulatory function of CY is observed in doses 20-100 mg/kg in mice, which can be 
calculated in human treatment as below 2mg/kg (less than 100 mg/m2). The higher doses of 
cyclophosphamide above 100mg/m2 (2-3mg/kg) in humans mainly used in several pulses 
or as prolonged treatments are used in anticancer therapy of peripheral blood cancers and 
lymphoma (Audia et al. 2007; Vitolo et al. 2008) as well as in metastases of breast, ovarian 
and bronchial cancers (Snowden et al. 1997; Audia et al. 2007; Burger 2007) trophoblastic 
tumors (Cole et al. 2008), leiomyosarcoma (Durhan et al. 2009), pheochromocytoma (Adjalle 
et al. 2009), rhabdomyosarcoma (Breitfeld & Mayer 2005). 

Much higher doses of CY (50mg/kg per 3 days) are proposed to be used in treatment of 
Graft Versus Host Disease (GVHD) after allogenic hematopoetic stem cells transplantation 
(alloHSCT) for treatment of hematologic malignancies (Luznik & Fuchs 2010). Post-
transplantation  CY promotes tolerance in alloreactive host and donor T cells leading to 
suppression of both graft rejection and GVHD after alloHSCT. 

In autoimmune diseases like sclerosis multiplex (MS),  lupus nephritis or immune mediated 
neuropathies,  CY is the medicament used for pulsed first treatment as well for the 
retreatment in  several doses mainly higher than 100 up to 1600 mg/m2. It is proved that CY 
treatment seems to give better therapeutic effect in patients in earlier stages of MS where 
inflammation predominates over degenerative processes in the central nervous system 
(CNS). There is no evidence of efficacy in primary progressive MS or later stages of 
secondary progressive MS. In  these high doses of CY therapy, patients show low pro-
inflammatory cytokine secretion which activates anti-inflammatory cytokine secretion, what 
is suggested in an elegant review by Weiner and Cohen as one of curative effects in MS 
neurodegenerative disease (Weiner & Cohen 2002). That high dose treatment can express 
quite a different suppressor effect on the immune system mediated by B and T lymphocytes 
that mediate two branches of humoral and cellular immune responses. High doses of CY 
used for the treatment of malignant or autoimmune diseases express more toxic effects on 
the immune system by elimination of different currently activated subpopulations of 
immune cells and lead to inhibition of inflammatory reactions which diminish the formation 
of degenerative lesions. 

Cyclophosphamide is commonly used in multiagent chemotherapy rather than intravenous 
(i.v.) monotherapy for treatment of malignancies,  therefore its dose  can be relatively lesser 
than in case of single use (because of the effect of summarizing or multiplying of drug 
activity and toxicity). It also must be taken into consideration what kind of regulatory 
therapeutic effect is desired – the activating effect based on elimination of natural 
suppression in case of low doses treatment, or suppressor effect on the immune cells, 
maintained mainly by cytotoxic effect which appears in case of treatment with high doses of 
CY. It is estimated that the therapeutic dose of endoxan equals about 25-50% of toxic dose. 
The control of unwanted and unexpected toxic effects must be also taken into  consideration 
in case of establishing  any kind of CY therapy. Between the most frequent unwanted toxic 
effects observed in case of CY treatment is gonadal disfunction observed in man in a lower 
cumulative dose in man (60 g/m2) less expressed in female (Vitolo et al. 2008). Moreover, 
apart from alopecia and nausea, the other toxic effects are infections and hemorrhagic 
cystitis. There is also an increased risk of cancer and bladder toxicity which appears in the 
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cumulative life-time dose exceeding  80-100 g (which is about 50 doses of 1000 mg/m2 
during life-time) (Weinar & Cohen 2002) . 

3. Immunoregulatory activities of cyclophosphamide treatment – The 
evidence performed in mice by the low dose cyclophosphamide treated 
macrophages  
Macrophages (Mf) carry out the fundamental protective function of phagocyting and killing 
invading organisms and release a vast number of factors involved in host defense and 
inflammation. Moreover they play a critical role in the induction, regulation and expression 
of both cellular and humoral responses. These highly diversified functions are accompanied 
by heterogeneous morphology and biochemical and phenotypical characteristics.  

3.1 Methods for estimation of macrophage activity in innate and in adaptive humoral 
and cellular immune responses 

My experimental studies were aimed at the establishing the influence of low dose of CY 
treatment (20-50 mg/kg) on the macrophages (Mf) – the important cells involved in an 
innate and humoral or cellular adaptive immune responses in mice. The innate immune 
response was measured by both the capacity of reactive oxygen intermediates production 
and secretion by phagocytic activating macrophages and by the ability of production of 
proinflammatory cytokines (IL-1, IL-6 and TNF-) (Marcinkiewicz  et al. 1994). The ability 
of cyclophosphamide treated Mf (MfCY) to secrete regulatory cytokine (proinflammatory 
IL-12 and inhibitory TGF- and IL-10) was  also tested in their supernatant over the Mf 
culture and was  estimated  by ELISA (total concentration) (Bryniarski 2004 & 2009), or in 
bioassays which utilize proliferation effect of particular cytokine by cytokine-dependent cell 
lines and measures exclusively bioactive form of particular cytokine (Marcinkiewicz et al. 
1994 & Bryniarski et al. 1996). The cell surface markers of tested Mf were estimated 
cytofluorimetrically in FACS (Szczepanik et al. 1993 & Bryniarski et al. 2009), but the 
phenotypical differences between functionally differentiated macrophages were estimated 
by measuring  the pattern of esterase activity (Czajkowska et al. 1995).  

The induction of cellular response was tested in contact hypersensitivity against TNP/PCL 
hapten (Szczepanik et al. 1993, Bryniarski et al. 2004) which activates CD4 Th1 
subpopulation of lymphocytes and macrophages and is classified by Pichler as a classical 
type IVa delayed type hypersensitivity (Lerch & Pichler 2004; Posadas & Pichler 2007). 
Humoral activity against corpuscular antigen was  tested in plaque forming assay (PFA) 
from Mf pulsed with sheep red blood cells and cultured 4 days in the presence of naïve B 
cells. The antigen presenting activity was estimated as a number of plaque forming cells 
PFC/106 splenocytes (Bryniarski et al. 2004).  

3.2 Treatment of donors of macrophages with low dose of CY uncovers the 
subpopulation of peritoneal macrophages that induce CHS response in mice  

Application of hapten on the skin is a classical way to immunize for contact sensitivity 
reaction, but animals can also be sensitized by subcutaneous injection of hapten substituted 
peritoneal macrophages. However, if haptenated macrophages are injected i.v. a long-lasting 
unresponsiveness ensues, in which the activity of Th1 immune effector lymphocytes is 
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obliterated by simultaneously recruited CD8+suppressor cells. When subsequently skin 
sensitized, such animals have significantly diminished CHS reactions. Moreover this state of 
unresponsiveness can be adoptively transferred to naïve syngeneic animals by lymphoid cells.  

The CHS reaction to trinitrophenyl (TNP/PCL) hapten is activated by CD4 Th1 
lymphocytes which recognize TNP/PCL hapten on the surface of MHC class II expressed by 
hapten-labeled macrophages. After 5 days the sensitized recipients of TNP-Mf are able to 
reduce the CHS reaction when challenged by applying a very low dose of the same hapten 
(TNP/PCL) on the ear skin. The CHS reaction develops 24 h after challenge (with hapten) as 
ear swelling CHS response and is measured with the engineering micrometer and expressed 
in units of ear swelling (Szczepanik et al. 1993). When the donors of macrophages are 
injected intravenously (i.v.) with low dose of cyclophosphamide (20-100mg/kg) a day 
before cell harvesting, then the cells are labeled with hapten and injected i.v. into naïve 
recipients instead of unresponsiveness strong contact hypersensitivity develops 24 h after 
the challenge with the same hapten. Moreover it was shown that in vivo CY treatment 
activates strong functional diversification of macrophage subpopulations in mice. Thus 
result of in vivo CY treatment, hapten-conjugated Mf (TNP-MfCY) when injected i.v. into 
naïve recipients TNP-MfCY activate strong contact hypersensitivity (CHS) reaction against 
hapten, instead of unresponsiveness induced by TNP-Mf mediated by CD8+ T suppressor 
lymphocytes, which inhibit hapten specific CHS response (Fig. 2).  

 
CBA/J mice were injected i.v. with 1 x 106 TNP-Mf from donors treated (group C) or untreated (group 
B) with CY. Seven days later these animals  and a group of naïve mice (group A) were skin sensitized 
with PCL and tested for contact hypersensitivity (CHS) after additional 4 days. Statistical significance 
group B ve groups A & C p<0.002 

Fig. 2. Peritoneal macrophages from cyclophosphamide-treated mice do not induce 
suppressor cells. 

It was shown by us that CY sensitive subpopulation of peritoneal macrophages responsible for 
induction of suppressor cells has higher density when separated in discontinuous gradient of 
Ficoll than population activating CHS response. Moreover it has also strong adherent and 
higher phagocyting properties and has high expression of FcRI and FcRII  (33-44%) in 
comparison to the low density cell fraction, which is CY resistant. The latest fraction of cells is 
weakly phagocytic and adherent, has less FcR (22-26%). It is widely known that antigen 
presenting cells (APC) are macrophages, dendritic cells and B lymphocytes. First two 
populations can phagocyte, but last is inactive in this activity. For two reasons it seems 
unlikely that previously described light fraction of cells are contaminated with dendritic cells. 
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First almost all of them labeled with macrophage specific F4/80 antibody, second, as shown 
previously by Steinman and Cohn peritoneal exudate cells induced by thioglycolate, although 
contaminated by several cell types do not contain dendritic cells (Szczepanik et al. 1993). Both 
subpopulations of tested macrophages express no significant differences in Mac-1 (30-50%) 
and Mac-3 (33-46%) markers and no differences were found between CY-treated and 
untreated mice in a surface expression of I-A (7-14%) and I-E (3-6%) antigens. We were not 
able to associate the differences in surface markers expression in both populations of 
macrophages with variety of their bioactivity and immune function (Szczepanik et al. 1993). 
We also found that Mf CY express slightly higher percentage of molecules important in the 
stimulation of  phagocytosis (CD14 and CD23) and molecules basic for activation of antigen-
presenting immune response (CD80/CD86 and MHC class II) in comparison to control oil-
induced peritoneal macrophages. Results are shown in Table 1.  
 

Macrophages CD23/Mac3 CD80/Mac3 CD86/Mac3 CD14/Mac3 DR/Mac3 
Mf 62.0 50.0 51.6 59.3 45.4 

Mf CY 
[50mg/kg] 73.7 68.4 71.6 71.7 59.0 

Oil-induced macrophages were labeled for direct immunofluorescence with monoclonal antibodies 
specific against specific macrophage antigen (Mac3-FITC)  and  cell surface markers (CD23-PE, CD80-
PE, CD86-PE, CD14-PE, MHCII DR-PE). Results are expressed as a percent of double positive cells. The 
measurement was performed on the FASC Cytoron-Absolute.  

Table 1. Expression of selected surface markers on macrophages isolated from oil-induced 
peritoneal cavity from donors treated or not treated with cyclophosphamide in dose 50 
mg/kg.  

In following experiment we have shown (Bryniarski et al. 2009) that cyclophosphamide in vivo 
as well as its both tested metabolic products in vitro - acrolein (ACR) and mechloretamine  
(NM) (nitrogen mustard – an analogue of phosphoramide mustard) make TNP-substituted Mf 
(TNP-Mf)  immunogenic for the induction of CHS response. The results are shown in Table 2. 
  

Group Mice injected with CHS response [U x 10-2 mm] ± SD 
A TNP-Mf 0.2 ± 0.84
B TNP-Mf CY 4.8 ± 0.68
C TNP-Mf ACR 5.3 ± 1.12
D TNP-Mf NM 5.2 ± 0.66
E TNP-Mf ACR & NM 5.5 ± 0.90

The following abbreviations are used: TNP-Mf - TNP substituted Mf from control mice; TNP-Mf CY - 
Mf from mice treated with CY (50 mg/kg); TNP-Mf ACR – normal Mf treated in vitro with 10-7 M ACR; 
TNP-Mf NM -  normal Mf treated in vitro with 10-7 M ACR; TNP-Mf ACR & NM - Mf treated with both 
metabolites. 
CBA/J mice were injected i.v. with 1x106 TNP-substituted Mf . Seven days after TNP-Mf injection the mice 
were tested for CHS reaction which is expressed in units x 10-2 mm ± SD. The negative values (ear swelling 
in control, unimmunized  mice) were substracted from experimental values. The statistical significance (a 
posteriori Bonferroni test): Group A vs. Groups B, C, D, E p<0.001. Each group consisted of five mice. 

Table 2. Immunognecity of oil-induced peritoneal macrophages untreated or treated in vivo 
with 50 mg/kg CY or in vitro with acrolein (ACR) or mechloretamine (NM). 
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3.3 The phenotypical differences between functionally differentiated macrophages 
estimation of activity IL-6 and a heterogeneity of - and - naphtyl acetate esterase 
isoenzymes 

Some differences were shown when a population of  different immune functions  were 
tested by unspecific esterase activity, which is  regarded to play a role in intracellular 
processing and trafficking of antigen (Czajkowska et al. 1995). In these experimental 
works we tested two different, but phenotypically indistinguishable macrophage clones 
59 and 63 obtained from Martin Dorf and coworkers from Harvard University, Boston, 
MA. Both are adherent and phagocytic,  produce IL-1 and IL-6 and constitutively express 
a number of identical cell surface markers, including Ia. However they differ functionally 
and while clone 59 presents antigen to Th1 lymphocytes, clone 63 induces suppressor T 
lymphocytes. These obvious functional differences in antigen presenting capacities 
between the seemingly phenotypically identical cell lines were  identified by us in testing 
them for activity of nonspecific - and - naphtyl acetate esterase isoenzymes and 
secretion of IL-6 in case of cell lines stimulated with mechloretamine (NM)– the alkylating 
agent relating to cyclophosphamide. The isoenzymatic patterns of -esterase express 
strong differences in line 59 treated with MN in comparison to background non-activated 
cells. In line 59, NM treatment increases the heterogeneity and activity of esterase in both 
pH 7.5 and pH 5.8. In contrast to line 59 no differences in the isoenzymatic pattern of 
esterase in NM-treated and untreated 63 line cells were found. The -esterase activity 
was also tested but no significant differences were found between untreated and MN-
treated cell lines. 

The results in Table 3 show that CHS inducing clone 59 produces little IL-6 and NM does 
not activate its production in comparison to basal activity. In contrary clone 63 is a high 
producer of IL-6 and stimulated by NM.  
 

Groups Clone 59 
IL-6 [ng/mL] X ± SD 

Clone 63 
IL-6 [ng/mL]  X ± SD 

Mf 62 ± 9.6 111 ± 9.3 
Mf & NM 10-6 M 27 ± 4.3 358 ± 3.1 
Mf & NM 10-8 M 35 ± 4.7 226 ± 1.5 
Mf & NM 10-10 M 21 ± 5.5 209 ± 2.1 

2x107 Mf were treated with NM at concentrations from 10-10 to 10-6 M for 40 min at 00C then thoroughly 
washed out from NM with phosphate buffered saline (PBS). Cells cultured in RPMI 1640 medium 
supplemented with 5% fetal calf serum (FCS) at concentration 106 Mf per mL in 24 wells flat bottom 
plates at 370C at 5% CO2. The concentration of IL-6 was estimated in bioassay with B9 cell line with 
(data not shown, but all results were estimated less than 2ng/mL) or without mAb anti-IL-6 and 
expressed in ng/mL. 

Table 3. The production of IL-6 by Mf cell line 59 and 63 treated with different concentration 
of nitrogen mustard  

Our experiments show that two macrophage lines differ in isoenzyme patterns such that  
and esterases of line 59 which induces immunity, are more heterogeneous than esterase of 
line 63, which induces suppression. Both cell lines, when non activated with NM however 
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produce comparable amounts of IL-6 (Czajkowska et al. 1995). We have shown previously 
the peritoneal macrophages (Bryniarski et al. 1996), like line 63 cells, when tagged with the 
antigen, induce T suppressor cells, however, when treated with NM, a pharmacological 
derivative of cyclophosphamide, produce high amounts of IL-6, also change their functional 
(suppressive) properties to activation the hapten specific CHS immune response (Bryniarski 
et al. 2009).  

It was also shown that NM, changed the isoenzyme pattern in line 59, which was 
accompanied by somewhat decreased production of IL-6, while esterases of line 63 were not 
affected by NM, which however activated the production of IL-6. NM, like other alkylating 
factors, binds covalently and non-selectively to variety of molecules including amino acids, 
proteins and DNA. Since the Mf were incubated with NM at 00C the possibility of its 
intracellular penetration was negligible and we presume that under such condition NM 
binds mainly to cell surface proteins. We suggested that the translation of intracellular 
membrane signal acts in a different way, which can result in a different production of IL-6 
by line 59 and 63 cells and their isoenzyme patterns after NM stimulation (Czajkowska  
et al. 1995).  

3.4 Proinflammatory cytokine secretion by functionally different subpopulation of Mf 
treated with CY or its derivatives ACR or NM   

CY influence on the cytokine releasing activity by the functionally different 
subpopulation of macrophages was examined by Marcinkiewicz and Bryniarski 
(Marcinkiewicz et al. 1994 and Bryniarski et al. 1996 & 2009). They have shown that low 
dose of CY treatment activates Mf to production and secretion of mainly IL-6 while 
simultaneously diminish TNF- and IL-1 production (Marcinkiewicz et al. 1994). The 
strong activation of IL-6 production was observed in case of peritoneal macrophage 
stimulation with mechloretamine (NM) the analogue of nitrogen mustard (Bryniarski et 
al. 1996). This is a common phenomenon which is observed in NM-treated oil-induced 
and thioglycolate peritoneal macrophages obtained from different mouse strains (CBA/J, 
Balb c, C57/BL6 and SWISS) and tested in bioassay with IL-6 dependent B9 cells as well 
as in IL-6 ELISA assay (Bryniarski et al. 1996 & 2009).  

3.4.1 Production of cytokines by control Mf or Mf from animals treated in vivo with CY 
or Mf treated in vitro by its metabolites 

Control Mf or Mf from CY-treated animals (50 mg/kg) or Mf incubated in vitro with ACR 
(10–7 M) or NM (10–6 M) were cultured for 24 or 48 h in RPMI 1640 medium and the 
production of five different cytokines was measured in the resultant supernatants by ELISA. 
These results are shown in Table 4. Mf from CY treated animals (Group B) and Mf treated in 
vitro with NM (Group D) showed an increased production of  pro-inflammatory IL-6 and IL-
12, and a decreased production of anti-inflammatory IL-10 and TGF- cytokines compared 
to the control group (Group A). Mf treated with ACR (Group C) manufactured more IL-6 
and less TGF- than control cells (Group A), but the production of IL-12 remained 
unchanged. Treatment with CY or its derivatives did not influence TNF- production 
although in Group B, there it was somewhat lower than in the control group. 
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Cell cultured Cytokine production [pg/ml]
TNF-α IL-6 IL-10 IL-12 TGF-β 

A Mf 250  5 283  7 61  3 213  3 109  2 
B Mf CY [50 mg/kg] 182  4 467  4 22  4 455  14 50  4 
C Mf ACR [10-6 M] 287  21 982  25 33  2 167  10 33  3 
D Mf NM [10-7 M] 245  30 1500  100 47  4 460  28 59  17 

Five x105  control Mf or cells from cyclophosphamide-treated animals (Mf CY) or Mf treated with 
acrolein (Mf ACR) or nitrogen mustard (Mf NM) in vitro (for details see legend to Table 3) were cultured 
in 1 ml of RPMI 1640 medium supplemented with 5% FCS for 24h (TNF-α and IL-6) or 48h (other 
cytokines) and concentrations of cytokines were measured by ELISA assays. Table 2 shows the results 
of one representative experiment out of three as the mean of three estimations ± SD. 

Table 4. Cytokine production by macrophages (Mf) from naïve mice, or animals treated with 
cyclophosphamide (CY) in vivo or acrolein (Mf ACR) or nitrogen mustard (Mf NM) in vitro.  

3.4.2 High tolerogenicity of TNP-Mf in vivo can be reversed by administration into 
recipients of anti-IL-10 and/or anti-TGF- mAbs 

Since inefficient immunogenicity of administered intravenously control TNP-Mf as 
compared with CY-treated cells may be due to the different cytokine sets that they produce, 
we injected these cells into recipients that simultaneously received an i.v. injection of 500 μg 
of anti-IL-10, anti-TGF- or a mixture of both antibodies. The CHS reaction was measured 7 
days later. Figure 3  shows that TNP-Mf 

 
CBA/J mice were injected i.v. with 1x106 TNP substituted Mf (groups A, C, D and F) or TNP-Mf CY 
(groups B, E, G). In the groups C and E the mice simultaneously received i.v. 500 g of anti-IL-10 mAb 
and in group D, 500 g anti-TGF mAb, and in groups F & G both mAbs were given. Seven days later 
the CHS response was measured (see legend to Table 2). Statistiacally significant (a posteriori 
Bonferroni test) Group A ve groups B, C and F p<0.002; group A ve groups E and G p<0.001; Group B 
ve groups C, F and G NS; group B ve D p<0.02 

Fig. 3. Tolerance induced by intravenous injection of TNP-Mf can be reversed by 
simultaneous administration of anti-IL-10 and/or anti-TGF- mAbs. Comparison with in 
vivo CY treatment (50 mg/kg) of TNP-Mf (TNP-Mf CY) combined with administration with 
mAbs anti-IL10 or/and anti-TGF-. 
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obtained from naïve donors were non-immunogenic (Group A) but from CY-treated donors 
(Group B) induced CHS response, while animals treated with anti-IL-10 alone (Group C & E) 
or together with anti-TGF- (Group F & G) from both donors produced a significant CHS 
reaction. Anti-TGF- alone (Group D) had no influence on the level of the CS reaction.  

3.5 Production of the reactive oxygen intermediates by Mf CY or macrophages treated 
with low doses of ACR or NM  

The testing of innate immune response mediated by macrophages can be estimated by 
reactive oxygen intermediates (ROI’s) production. We use the luminol-dependent 
chemiluminescence as a measure of activity in Mf stimulated by opsonized zymosan 
particles. Figure 4 shows that Mf from animals treated with 20 or 50 mg/kg of CY produce a 
significantly increased level of ROI’s while the dose of 100 mg/kg remains without effect 
and 200 mg/kg diminished the production of ROI’s below the control level. A marked 
increase of ROI’s level was induced by in vitro incubation Mf in a low concentration of NM 
(10-7 or 10-6 M) while 10-5 M had a slightly inhibitory effect. ACR at concentration  10-7 M and 
10-6 M had no effect when compared with control Mf, whereas 10-5 M was inhibitory.  
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Production of reactive oxygen intermediates (ROI’s) by macrophages is dependent upon the dose of 
cyclophosphamide (CY) used to treat donors. The highest activity is observed with doses 20-50 mg/kg. 
The higher dose of CY (200 mg/kg) decreases ROI’s production by Mf in comparison with control cells 
(Mf). The low concentration of nitrogen mustard (NM) used to treat Mf increases the production of ROI’s 
to a similar level as in vivo treatment of Mf–donors with CY (50 mg/kg). Treatment by 10-5M NM was 
slightly inhibitory (results not shown). Treatment of Mf with acrolein (ACR) (10-5-10-7 M) reduces the 
secretion of ROI’s in a dose dependent manner in comparison to the control group (Mf). Zym – zymosan 

Fig. 4. Influence of in vivo treatment with cyclophosphamide (CY) and in vitro treatment 
with nitrogen mustard or acrolein on the production of reactive oxygen intermediates 
(ROI’s)by murine peritoneal Mf. 

3.6 Testicular macrophages (TMf) and their immune response in the reaction with CY  

Residual testicular macrophages (TMf) that are present in interstitial tissue of male gonads 
are regarded as  essential cells for male reproductive function involved in the regulation of 
hormonal balance in the testis. TMf by released products and also directly by cell-to-cell 
contacts participate in the process of steroidogenesis by Leydig cells. They also influence the 
behavior of Sertoli cells by releasing mediators  and regulate spermatogenesis in testis. 
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Apart from that function TMf play an important role in their functional contribution of 
anatomical blood-testis barrier formed by Sertoli cells (Bryniarski et al 2004).  

3.6.1 Induction of contact hypersensitivity by TMf and effect of CY-treatment 

Similarly to peritoneal macrophages testicular macrophages can be purified by glass 
adherence or fractionation on discontinuous gradient (Bryniarski 2004). Results in Table 5 
show that TNP substituted TMf  (TNP-TMf) when injected i.v. into naïve recipient induce 
unresponsiveness since the following PCL skin sensitization fail to induce CHS reaction 
(group B), but TNP-TMf obtained from donors treated with low dose of CY under the seen 
conditions express strong CHS reaction comparable with control mice actively immunized 
with PCL (group C ve group A).  
 

Groups Cells injected i.v. before 
PCL sensitization 

PCL 
sensitization 

CHS reaction in TMf 
recipients in units of swelling 

x 10-2 mm 
A No cells injected + 8.2  1.25 
B TNP-TMf + 2.5  0.80 
C TNP-TMf (50 mg CY) + 7.5  1.54 

Purified TMf obtained from CY-untreated (group B) or CY-treated donors (group B) when substituted 
with TNP hapten (TNP-TMf) were injected i.v. into mice. Seven days later all TMf recipients and naïve 
mice (group A) were skin sensitized with 5% PCL and 4 days later challenged on ear skin with 0.4% PCL. 
24 h later CHS ear swelling response was measured with engineers micrometer and results expressed in 
units of swelling x 10-2mm. Statistics: group A ve group B p<0.001, group B ve group C p<0.01. 

Table 5. Testicular macrophages (TMf) from cyclophosphamide-treated mice do not induce 
suppressor cells in contrast to non-CY treated donors. 

Our further experiments show that the tolerogenic activity of TNP-TMf is mediated by the 
high cytokine secretory activity mainly TGF-. This cytokine is a very basic tool for 
functional strategy of TMf within testis and generates the state of organ as immune 
privileged site.  

The methods used by us for obtaining enriched populations of TMf form mixture of 
testicular interstitial cells lead to separation of TMf into two functionally different cellular 
fractions – low density (fractions between interfaces of Percoll gradient  21/27 – 33/39) and 
high density (over 39/45). Low density fraction produces significantly more TGFthan 
heavier cells and are CY-sensitive, while high density cells are not (Bryniarski et al. 2004). 
Our later experiments show that elimination of TGF- activity by injection of anti-TGF- 
mAb, but not anti-IL-10 mAb completely removed unresponsiveness obtained in TNP-TMf 
recipients after i.v. injection. The other adequate results implementing experiments with 
anti-TGF- mAbs are shown in our paper (Bryniarski 2004).  

Our experiment with TMf shows that injected intravenously induced CHS response in 
recipients pre-treated with CY. We found them also actively presenting corpuscular antigen 
(SRBC) in humoral response (Bryniarski et al. 2004). Again the low density subpopulation of 
TMf  failed to induce CHS when injected i.v. into recipients, but in fact induced the state of 
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tolerance in which subsequent skin application of hapten did not lead to development of 
contact sensitization. More interestingly, pretreatment of TMf donors with CY made the 
whole TMf population immunogenic. The mechanisms of action of CY are not cleared, but it 
has been argued that CY metabolites bind to sulfhydryl groups on antigen presenting cells 
(APC) changing their function (Bryniarski et al. 2004).  

4. Discussion  
Our results show that cyclophosphamide in vivo and both its metabolic highly reactive 
alkylating products --unsaturated aldehyde acrolein (ACR) and nitrogen mustard a 
derivative of phosphoramide mustard second metabolic agent formed in CY metabolism, 
activate TNP substituted Mf that leads to activation of CHS reaction mediated by Mf and 
hapten specific Th1 lymphocytes. We are tempted to suggest that this activity is mediated by 
the net of different proinflammatory (TNF-, IL-1 IL-6) and suppressory (IL-10 and TGF- 
cytokines secreted by Mf which can uncovering TNP-specific immunization activated by TNP 
substituted Mf and change their potential from inhibition of unresponsiveness (untreated Mf) 
into Mf immunogenicity (treated with CY or with CY metabolites).  

4.1 CY and its action on CHS  

Low dose of CY activates mainly of subpopulation of oil- or thioglycolate- induced 
peritoneal macrophages which are able to present hapten and subsequently activate trigger 
of Th1 mediated immune CHS response and diminishes the bioactivity of high density 
subpopulation of macrophages. That subpopulation induces specific immunologic 
unresponsiveness as a result of activating a network excess of efferent suppressor cells and 
mainly cooperates with T suppressor CD8+ hapten specific cells (Treg) and mediates the 
hapten specific tolerance. (Szczepanik et al. 1993; Marcinkiewicz et al. 1994, Bryniarski et al. 
2004 & 2009). The question arises as to how treatment with ACR or NM converts tolerogenic 
Mf into immunogenic Mf. One possibility is that these CY metabolites disrupt the function 
of the Mf subpopulation that induces Treg cells. Alternatively they can enhance the activity 
of Mf subpopulation responsible for the induction of Th1 cells that mediates CHS reaction. 
Finally these two possibilities are not mutually exclusive and the increased production of IL-
12 and IL-6, and the simultaneously decreased production of anti-inflammatory IL-10 and 
TGF- cytokines, make  these later assumptions most likely.  

4.2 CY regulates cytokine network released by Mf  

One of the most strongly expressed of CY and their derivatives treatment of macrophages is 
the activation of IL-6 production (Bryniarski 1996, 2009) . Our results do not address directly 
the questions by which mechanisms NM modifies the macrophages to produce more IL-6. 
IL-6 gene expression can be induced by a variety of physiological (cytokines, growth factor, 
bacterial products) and non-physiological stimuli (certain toxins, medicaments, 
prostaglandin E1), by at least three different signals pathways (diacyloglycerol, cAMP- and 
Ca2+- activated pathways). At the DNA level three functional promoter domains were 
described in conserved region of IL-6 promoter (MRE, NF-IL6 and NFB). Exactly how 
transduction pathways are assigned seems unknown with the possible exception of protein 
kinase C signal which seems to focus on MRE region (Bryniarski et al. 1996). Since NM 
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binds to both DNA and proteins, it could stimulate IL-6 production directly by alkylating 
any domain of promoter region, or indirectly, by the alkylation of cell surfaces or by both 
mechanisms simultaneously.  

IL-6 is one of the major mediators of the immune response, with pleotropic and sometimes 
opposed effects on many different targets. It has been shown for instance that IL-6 enhances 
the cytotoxic activity of NK cells, thus may potentially augment the host defenses and 
contribute to anti-tumor effects of alkylating agents. Nonetheless, in case of the IL-6 
dependent tumours like myelomas or plasma cell leukemias increased IL-6 level could be 
deleterious. The increased production of IL-6 may be responsible for observed paradoxical 
effects of CY which under certain conditions enhances, rather than suppresses both the 
humoral and cell mediated immune responses (Bryniarski et al.1996). 

Apart from the influence of CY and its metabolites on the IL-6 production the inhibition of 
IL-10 and TGF- production by macrophages was also observed. The results presented 
above in Table 4 and Fig.3 clearly suggest that the state of tolerance or unresponsiveness 
observed after TNP-Mf i.v. injection seems to be mediated by the network of pro- and anti-
inflammatory cytokines secreted from macrophages and also tentatively delivered by 
natural regulatory cells. It is highly unlikely that low concentration of cytokine metabolites 
(10-7 and 10-6M) have a direct cytotoxic effect on the Treg-inducing Mf since the cell viability 
remains unchanged during 24 h culture. Our interpretation is also supported by finding that 
shifting the balance between pro- and anti-inflammatory cytokines allows for deliberate 
manipulation of the outgoing response. IL-10 and TGF-, which are anti-inflammatory 
cytokines, inhibit the activity of Th1 cells and Mf and down-regulate their function. As 
shown in Figure 3, administration of anti-IL-10 and/or anti-TGF- mAbs into animals which 
received non-immunogenic TNP-Mf restores their immune potential although to different 
degrees. It indicates that the key suppressive cytokine is IL-10, a finding that is supported by 
other groups (Bryniarski et al. 2009). In a symmetrical situation, as we have shown 
previously, administration of anti-IL-12 antibodies inhibits the function of immunogenic 
TNP-Mf in vivo (Bryniarski et al. 2009). The increased production of IL-12 and IL-6 by 
macrophages indicates that the cell surface signal delivered by ACR or NM activates the 
transcription factor NF-B required for the release of inflammatory cytokines (Bryniarski et 
al. 2009). As reported by other groups, ACR, when allowed free access to the interior of the 
cell, can either block or enhance the activity of NF-B in alveolar macrophages depending 
on the design of cell treatment (Bryniarski et al. 2009). 

4.3 CY modulates oxygen radicals formation by macrophages  

Our results indicate that CY upregulates not only the specific immune response, by 
converting non-immunogenic (tolerogenic) Mf into antigen-presenting cells but also 
positively influences a typical parameter of innate immunity – production of oxygen 
radicals. In up-regulating the immune function of Mf, ACR and NM had much the same 
effect. This was however not the case with regard to the production of ROI’s by these cells. 
Using the low concentrations of metabolites, NM was highly stimulatory while ACR did not 
influence the formation of oxygen radicals above the level observed in control Mf (high 
concentration of both metabolites were inhibitory). One possibility is that the ACR and NM 
bind to different targets on the cell surface. NADPH oxidase catalyzing the generation of 
ROI is composed of several cytosolic and membrane-bound proteins which, after the cell 
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receives a proper signal (e.g. phagocytosis), translocate to form an active enzyme. We 
propose a possible explanation that under our experimental conditions, ACR, in contrast to 
NM, does not bind efficiently to important docking proteins to trigger the increased 
production of ROI. Conflicting results regarding ROI production were also published by 
other groups. Some reports describe the inhibitory activity of ACR, and others indicate an 
increased production of radicals. In effect, one can conclude that experimental conditions 
were the key (Bryniarski at al. 2009). 

Our experimental data showed that untreated and in vivo CY treated populations of 
peritoneal macrophages produce the similar level of nitrogen oxide (Marcinkiewicz et al. 
1994) which does not allow to speculate on its function in the immune regulatory system 
mediated by macrophage stimulated with CY.  

4.4 Immunomodulation in chemotherapy with low doses of CY 

Our data show that chemotherapy by CY or its products may activate the immune system 
by modulating cytokine networks and activation of Mf. This may lead to an enhancement of 
antigen-specific cell mediated immunity but also to activation of mechanisms of innate 
immunity mediated by Mf, like the production of ROI. Additionally, in animal models 
derivatives of different mustards led to decreased secretion of IL-10 and TGF- by tumor 
cells and to their elimination. These and other similar experiments in humans support the 
notion that, at a correct dosage, CY and its metabolites can be a promising accessory tool in 
anti-tumor therapy. 

The mechanism of CY influences macrophage immune function in as was shown previously 
in case of peritoneal Mf and TMf and seems to be the effect of network of different related 
factors. The analysis shows as  the most important the influence of CY on the secretory 
activity of Mf which is the inhibition of IL-10 (in case of peritoneal Mf) and TGF- (mainly in 
case of TMf) with parallel activation of proinflammatory cytokines secretion mainly IL-6, 
and to a lesser degree IL-12. Both cytokine signals lead to activation of antigen presentation 
in Mf. The other important factor mediated by CY treatment is an influence on the activation 
of a cell surface markers expression responsible for uptaking antigen into APC (FcR I, 
FcRII, CD23 – FcRII/III) and their following presentation to T lymphocytes 
subpopulations (CD80/CD86, MHC class II, CD14-LPS receptor).  

4.5 Influence of CY on testicular macrophages  

Although our experiments indicate that in the testis – immune privileged organ – some 
subpopulations of Mf are potentially able to present antigen if they would sneak through 
the blood-testis barrier, they also suggest how this potential activity is under control of other 
Mf and Sertoli cells. Our previous observations have shown that TMf are poor producers of 
oxygen radicals and nitric oxide both involved in the mechanisms of natural immunity 
which may be an evolutionary adaptation to diminish the risk of DNA mutations during 
spermatogenesis. Additionally we showed that specific immune responses controlled by the 
male gonads minimize the risk of development of autoimmune reactions and are potentially 
deleterious to testicular functions (Bryniarski 2004). Testicular Mf are good producers of 
TGF-, which allows them to play an important  functional population of testicular 
interstitial tissue  cells that preserves state of tolerance in testes an immune privilege organs. 
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That state of tolerance eliminates the cellular immune response from the testis and in 
consequence makes an extremely dangerous the viral infection as well as in malignances 
taking place in testis. CY treatment often change TMf activity from unresponsiveness into 
actively antigen presenting cells which in consequence help to undertake anticancer 
response but also often can leads to activation an  autoimmune response and immunological 
infertility as a consequences of chemotherapy.  

5. Conclusions  
The influence of CY on Mf can be summarized as a sum of several different mechanisms 
mediated by macrophages such as secretion of a specific pattern of cytokines and enhances 
expression of cell surface markers that can stimulate antigen presenting function by 
macrophages and last not least production of ROI’s. On the other side there are several 
observations that low dose CY treatment has a direct influence of the different regulatory 
cells in immune system. One of them is a negative activation of CD8+ T lymphocytes leading 
to elimination of their effector mediators - suppressor cytokines secretion mainly TGF- and 
IL-10, which negatively regulate the cellular immune response, but do not express any 
negative effect of humoral response. That state of abrogation of unresponsiveness is also 
observed experimentally when the TNP-substituted Mf obtained from oil-induced donors 
are injected into CY treated recipients of cells (see Figure 5) group C. In that case instead of 
unresponsiveness expressed by control group (group A) strong CHS response appears 24 h 
after challenge. This phenomenon clearly shows the influence of CY on the suppressor 
network of T reg cells. This also clearly shows that CY-manipulation leads to manifold 
effects in which manifold can be described as wiped out or misdirected. In the literature 
there are two papers suggesting depletion activity of CY on Treg CD4 CD25 T lymphocytes 
and Treg CD4 CD25 FoxP3+ lymphocytes (Ghiringhelli et al. 2004 & Zhao et al. 2010)  

 
1x106 TNP substituted Mf (groups A and C) or TNP-Mf CY (groups B and D) were injected i.v. into 
naive (groups A and B) or treated with low dose of  CY  CBA/J mice. Seven days later the CHS 
response was measured (see legend to Table 2). Statistical significance (a posteriori Bonferroni test) 
Group A ve groups B, C and D p<0.001. 

Fig. 5. Alleviation of suppression of contact sensitivity response induced by low dose 
treatment with cyclophosphamide applied either to macrophage donors or recipients. 
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A single administration of low dose of CY (50 mg/kg) into either donors or recipients 
restores the ability of Mf to induce significant CS reaction as a result of: i.) elimination of 
suppressive properties of Mf; ii.) and/or depletion of population of regulatory T cells in 
recipients or iii.) elimination of their suppressive activities. In vitro studies with metabolites 
of CY in contrast to studies in vivo allow identifying the factors which express direct action 
on selected populations of cells in contrary to experimental research in vivo which is able to 
identify parallel with direct also indirect effects of cyclophosphamide action on other than 
macrophages cell populations ( T reg cells) that may change and modulate the activity of 
macrophages and their influence on the immune response. We propose the schemes  
which summarize the influence of low doses of CY on the immune response in mice 
(Figures 6a-6c).  

Figure 6 a-c. The network of the CY influence on the macrophage and regulatory T cells in 
mice. 

 

 

 

 

 
* Induction of T suppressor factor (see the reference by Bryniarski et al. 2-nd European Congress of 
Immunology Berlin 2009) 

 

Fig. 6.a. Activation of unresponsiveness in recipients after i.v. injection of TNP substituted 
Mf – lack of CHS reaction. 



 
Pharmacology 

 

158 

 
 

Fig. 6.b. The network of the CY influence on the macrophage and regulatory cells in mice. 
The i.v. injection into naïve recipient of TNP substituted Mf harvested from CY treated 
donors results in a state of  high CHS reaction  24 h after challenge. 

 
Fig. 6.c. The network  of the CY influence on the macrophage and regulatory cells in mice. 
The i.v. injection of TNP substituted Mf harvested from naïve donors into recipients 
previously treated with low dose of CY results in expression of high CHS reaction  24 h after 
challenge with PCL hapten. The activation of CHS is the effect of blocking of natural reg T 
cells or antigen specific Ts cells. 
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1. Introduction  
Cytokines and other biological compounds are considered as future drugs and they are of 
particular interest for the treatment of chronic diseases. These endogenous compounds, that 
normally mediate local cellular communications, are very promising candidates to generate 
new drugs because of their high potency (pM-nM concentrations) and their fundamental 
roles in pathological processes. However, the therapeutic application of cytokines is limited, 
because several problems are encountered with their application in vivo (Schooltink and 
Rose-John 2002; Standiford 2000; Vilcek and Feldmann 2004). For instance, some cytokines 
are efficiently degraded in plasma by various enzymes and cytokines are rapidly excreted 
by the kidneys. Consequently their residence time in the body and thus the exposure to the 
diseased cells is short (plasma half life is often minutes), which does not favour an optimal 
biological efficacy. Another major problem is the occurrence of side effects. Because cytokine 
receptors are ubiquitously expressed in all organs, unusual high plasma concentrations of 
the cytokine can lead to (unwanted) effects in various organs.  

To overcome these problems, we use drug targeting techniques to selectively deliver the 
cytokine to a specific (diseased) cell (Allen and Cullis 2004; Beljaars, Meijer, Poelstra 2002). 
The challenge is to improve its distribution within the body and direct the cytokine to a cell 
of interest, while maintaining the biological activity of that particular cytokine after 
chemical modification. A conventional way to modify proteins is conjugation with poly-
ethylene glycol (PEG) (Jevsevar, Kunstelj, Porekar 2010). The attachment of PEG moieties 
improves the pharmacokinetics. That is, PEG substitution prevents rapid renal elimination 
which results in compounds with prolonged plasma concentrations, thereby making a 
reduced number of doses possible. For instance, PEGasys (PEGylated interferon 2a), an 
example of a PEGylated cytokine that is now commonly used to treat patients infected with 
viral hepatitis, is dosed once a week while the unmodified interferon is dosed daily. This 
leads to an improvement in the compliance and quality of life in patients with chronic 
diseases. The side effects, however, are not diminished after PEGylation.  
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Our strategy of active drug targeting, in contrast to the abovementioned PEGylation 
approach, aims to improve pharmacokinetics and efficacy while simultaneously avoiding 
side-effects by cell-specific delivery of the cytokine to the diseased cell via receptor-
mediated interaction. To that end, the cytokine is modified with homing devices that 
recognize receptors present on the diseased (target) cells. In the past, we designed sugars 
and receptor-recognizing peptides that interact with hepatic stellate cells (HSC) (Beljaars 
and others 1999; Beljaars and others 2000; Beljaars and others 2003). These cells play the 
central role in liver cirrhosis (Bataller and Brenner 2005; Friedman 2010; Schuppan and 
Afdhal 2008). Our newly designed homing devices displayed affinity for the mannose 6-
phosphate/insulin-like growth factor (M6P/IGF) II receptor, platelet derived growth factor 
(PDGF)- or collagen type VI receptors, which are all essential during stellate cell 
functioning in fibrogenesis, and upregulate in the diseased liver. 

Currently, it is accepted that liver cirrhosis is a fibrotic disease that is reversible (Iredale 
2007).  However, to date, no drug is marketed that is able to reverse the fibrotic process in 
patients (Pinzani, Rombouts, Colagrande 2005). The only treatment that is applied to these 
patients deals with the treatment of complications and with eradication of the cause (for 
instance removal of the hepatitis virus in case of HCV-induced cirrhosis). However, fibrosis 
often progresses to end-stage liver failure leaving a liver transplantation as the only 
available option. Therefore, worldwide research focuses on the identification of compounds 
that are able to reverse the disease, but unfortunately many potential interventions fail in 
clinical trials (Pinzani, Rombouts, Colagrande 2005). We hypothesize that this failure may be 
due to an inadequate pharmacokinetic profile of the potential drugs or due to the occurrence 
of side-effects of these drugs preventing the administration of effective doses, which may be 
solved by applying drug targeting techniques.  

The selective delivery of cytokines to the cells that control pathological processes is quite 
relevant. PEGylation of cytokines like interferon α, TNFα, and IL-2 has provided substantial 
benefits, but in that approach cytokines are not actively delivered to the site of action. In the 
present study, we will show an example of this second approach using the cytokine 
interleukin-10 (IL10). IL10 has potent immunosuppressive and anti-inflammatory effects  
(Di Marco and others 1999; Khan and others 2002; Kitching and others 2000; Oberholzer, 
Oberholzer, Moldawer 2002) and also direct antifibrotic properties in HSC (Cuzzocrea and 
others 2001; Demols and others 2002; Gloor and others 1998; Louis and others 1998; Louis 
and others 2003; Thompson and others 1998; Wang and others 1998). Several of these studies 
showed beneficial effects of IL10 therapies in animal models and clinical trials during 
various diseases. However, other studies demonstrated only a limited effect of IL10 or even 
showed disappointing results (Chadban and others 1997; Colombel and others 2001; 
Herfarth and Scholmerich 2002). This variable efficacy might be due to the low 
concentration of IL10 at the target sites. Recombinant IL10 is a low molecular weight protein 
that is rapidly cleared from the circulation through glomerular filtration. The plasma half-
life of IL10 is only 2 min (Rachmawati and others 2004). The ultimate concentrations at the 
site of action therefore could be too low to result in clear effects. Dose escalation of 
systemically administered IL10 leads to adverse effects due to its inherent biological actions 
(Fedorak and others 2000; Schreiber and others 2000). In accordance with this, clinical 
studies reported beneficial effects of long-term IL10 therapy to treat HCV-associated liver 
fibrosis but this was accompanied by an immunosuppressive action, as noted in a flare-up 
of the viral burden, and low therapeutic efficacy (Nelson and others 2000)(Meijer and others 
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2001). Liver-selective delivery of this cytokine may prevent these clinical problems and 
create biological effects within relevant cells.  

Upregulation of mannose-6-phosphate/IGF-II receptors during liver injury on HSC (de Bleser 
and others 1995) offers an excellent target for receptor-mediated antifibrotic drug delivery as 
shown with albumin substituted with mannose-6-phosphate groups (Beljaars and others 1999). 
We therefore modified IL10 with the sugar mannose-6-phosphate (M6P) to selectively deliver 
this cytokine to HSC in fibrotic livers (Rachmawati and others 2007). We showed that after 
modification of IL10 with mannose 6-phosphate (M6P) a compound was generated that binds 
to the M6P/IGF-II receptor which is highly present on activated HSC. Our chemically 
engineered cytokine, M6P-IL10, displayed good pharmacological activity in vitro in freshly 
isolated HSC. We now performed biodistribution studies of radiolabeled-M6P-modified IL10 
using gamma-camera techniques to examine the active delivery of this compound to the 
diseased tissue. Furthermore, we studied the pharmacological activities of this conjugate in 
rats at an early stage of liver fibrosis and compared this to the effects of unmodified IL10. 

2. Results 
2.1 Synthesis of M6P-IL10 

Mannose-6-phosphate-residues were coupled to the amino acid lysine in recombinant 
human IL10 as described (Rachmawati and others 2007). The product was first characterized 
by Western Blotting techniques using a rabbit polyclonal anti-IL10 antibody (Santa Cruz 
Biotechnology, USA). Western Blot analysis of unmodified IL10 yielded two bands 
corresponding to a molecular weight (MW) of 18.5 and 37 kD (fig.1) representing the 
monomeric and the homodimeric form of IL10 (Reineke and others 1998). The prepared 
conjugate M6P-IL10 revealed a shift in these bands: both bands had a higher MW (resp. 
approximately 20 and 40 kD) than unmodified IL10 indicating covalent binding of M6P to 
the cytokine.  

 
Fig. 1. Western blot analysis of M6P-IL10 and IL10. Note the increase in molecular weight of 
the monomeric (± 20 kD) and the homodimeric (± 40 kD) forms of M6P-IL10 compared with 
the monomeric and homodimeric forms of native IL10 (respectively, 18.5 kD and 37 kD). 

Mw marker IL-10 M6PIL-10 

20 kD 

40 kD
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2.2 Body distribution of IL10 and M6P-IL10 

To visualize the body distribution of IL10 and M6P-IL10 with a gamma camera, both 
proteins were labeled with Iodine-123 (123I). Fibrotic rats were monitored during the course 
of their disease by subjecting them to gamma camera analysis, just prior to BDL and one, 
two and three weeks after BDL (respectively, normal, BDL-1, BDL-2, and BDL-3, n=3). 
Anaesthetized rats were placed on a low-energy all-purpose collimator of a gamma-camera 
and received an intravenous tracer dose. The results are shown in figure 2. Already two min 
after iv injection of [123I]M6P-IL10, the gamma-camera detected high levels of radioactivity 
within the livers (white intensity) and low levels in the kidneys (yellow-red intensity). 
Hepatic levels of [123I]M6P-IL10 remained high for at least 30 min. The results of the 
distribution studies were similar in various stages of liver fibrosis (BDL-1, BDL- 2 and BDL-
3). In contrast, native [123I]IL10 rapidly accumulated in the kidneys (white intensity) with 
low uptake in livers (fig.2a),  which is in agreement with previous studies (Andersen and 
others 1999; Rachmawati and others 2004). 

Subsequently, we quantitatively measured the distribution of [125I]IL10 and [125I]M6P-IL10 ten 
minutes after intravenous injection in rats with end-stage liver fibrosis (BDL-3 weeks).  Native 
[125I]-IL10 accumulated in the kidneys in these rats (Fig 2b). Only, 15% and 30% of the dose 
was found in livers of normal and BDL-3 rats respectively. The rest was dispersed throughout 
the body or present in the blood. In contrast, [125I]M6P-IL10 accumulated for nearly 60% of the 
dose within the livers in BDL-3 rats. Uptake in kidneys was only 20%. Differences in blood- , 
liver- and kidney-concentrations between IL10 and M6P-IL10 were significant (p<0.05).  

 
Fig. 2. Organ Distribution of M6P-IL10 and IL10. A: Gamma-camera images of [123I]IL10 and 
[123I]M6P-IL10 distribution in BDL-1 rats. Pictures show an overlay of recordings from t=20 
to t=30 minutes after i.v. injection of radiolabeled proteins. The images show a high 
accumulation of M6P-IL10 in the liver (L) in contrast to IL10, which is mostly distributed to 
the kidneys (K). B: Quantitative measurement of organ uptake of [125I]-labeled IL10 (white 
bars) and M6P-IL10 (black bars) in BDL-3 rats 10 minutes after i.v. administration of the 
radiolabeled proteins. N = 3 per group (* p<0.05 compared with IL-10 distribution) 

2.3 Identification of target receptors 

(Modified) IL10 could not be detected within livers by immunohistochemistry, most likely 
due to the very low dose administered (2-2.5 μg). Therefore, several receptor antagonists 
were applied to identify the target receptors responsible for the uptake of the proteins in 
different organs in order to obtain information about the hepatocellular distribution. Rats 
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were pre-treated with either succinylated human serum albumin (sucHSA) to block the 
scavenger receptor, or with mannose-6-phosphate-HSA, to block the M6P/IGFII receptor. 
These receptor antagonists (i.v. dose of 5 mg/kg) were administered 5 min. prior to the i.v. 
injection of a tracer amount of radiolabeled IL10 or M6P-IL10. Control animals received pre-
treatment with unmodified HSA (5 mg/kg).  

Kidney accumulation of [125I]IL10 or [125I]M6P-IL10 was not influenced by administration of 
any of the proteins (fig. 3). Uptake of [125I]IL10 in the livers was also not influenced by any of 
the proteins, but remained  approximately 20% of the dose in all groups. However, liver 
uptake of M6P-IL10 was reduced from 54 ± 6% in rats receiving only M6P-IL10, to 29± 4% by 
sucHSA (p<0. 05) and to 24 ± 8% by M6P-HSA pre-administration (p<0.05). Co-administration 
of both sucHSA and M6P-HSA did not have an additive effect (24 ± 5% liver uptake). 
Unmodified HSA did not affect liver uptake of M6P-IL10 at all (57 ± 13% liver uptake). 

 
Fig. 3. Organ distribution of [125I]IL10 (fig. A) and [125I]M6P-IL10 (fig. B) in BDL-3 rats 10 
min. after i.v. administration of the radiolabeled proteins. Five min. before administration of 
these proteins, HSA, sucHSA, M6PHSA or the combination of two proteins was 
administered to test receptor specificity. Note that sucHSA and M6PHSA influenced liver 
uptake and blood concentrations of M6P-IL10, whereas IL10 distribution was not affected by 
any of the proteins. N=4-6 per group. * =p<0.05 compared with HSA pre-administration. 
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2.4 Effects of IL10 and M6P-IL10 in vitro 

The in vitro activities of IL10 and M6P-IL10 were studied in culture-activated primary HSC. 
The presence of IL10 receptors and M6P/IGFII-receptors on these cells was verified by 
immunohistochemical methods. No effect of IL10 or M6P-IL10 was found on HSC 
proliferation as assessed by Alamar blue assays (data not shown).  

We also examined type I collagen deposition in cultures of HSC treated with IL10 or M6P-
IL10 using immunostaining methods. Deposition of type I collagen was clearly detectable in 
HSC cultures at day-7 (fig 4A) and this staining was reduced in cultures treated for 24 hr 
with IL10 (Fig 4B) and in cultures treated with M6P-IL10 (fig 4C). 

 
Fig. 4. Type I collagen deposition in cultures of primary isolated rat HSC’s as detected with 
immunostaining methods. Collagen staining (using a goat polyclonal anti-collagen I antibody) 
is present on HSC’s after 7 days in culture (A, arrows). Deposition of collagen is attenuated by 
24 hr incubation with 12.5 ng/ml IL10 (B) or M6P-IL10 (C). Original magnification 200x.  

2.5 Effects of IL10 and M6P-IL10 in vivo 

2.5.1 Experimental design 

Bile duct ligated rats were randomly divided into three groups: BDL rats received either 
vehicle (PBS, N = 5), or IL10 (N = 5) or M6P-IL10 (N = 5). Untreated normal rats (N = 3) 
served as reference group. Animals received a bolus iv dose (8 μg/kg/day) of (modified-) 
IL10 at day 4, 5 and 6 after BDL. At day 7, animals were sacrificed and samples of blood and 
various organs were harvested. 

2.5.2 Effect of IL10 and M6P-IL10 on liver function 

Plasma levels of markers reflecting liver injury and cholestasis in BDL-1 rats receiving IL-10 
or M6PIL-10 were not significantly different from untreated BDL rats (table 1).  

2.5.3 Effect of IL10 and M6P-IL10 on inflammatory parameters 

To study the effects of IL10 and M6P-IL10 on inflammation, staining for reactive oxygen 
species (ROS)-production and IL10 receptor expression was performed. The number of 3,3'-
diaminobenzidine (DAB)-positive cells in the liver was high around necrotic areas and in 
portal areas. DAB staining reflects ROS production (Poelstra and others 1990) by activated 
neutrophils, eosinophils and macrophages.  

A B C 
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Parameters PBS-treated rats IL10-treated rats M6PIL-10-treated rats 
Alkaline Phosphatase 
(U/L) 

493.8 ± 71.2 476.2 ± 53.8 450.6 ± 16.13 

AST (U/L) 350.0 ± 166.6 354.0 ± 118.8 301.0 ± 109.64 

ALT (U/L) 92.2 ± 27.44 90.2 ± 24.9 84.0 ± 17.0 

Total bilirubin (mol/L) 191.2 ± 43.13 231.6 ± 21.9 194.8 ± 68.6 

GGT (U/L) 65.0 ± 56.0 74.0 ± 75.95 34.8 ± 23.34 

Table 1. Plasma levels of markers reflecting liver injury and cholestasis in BDL-1 rats treated 
with PBS, IL10 or M6P-IL10. Values represent the mean ± SD of 5 rats per group. 
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Fig. 5. Effect of IL-10- and M6PIL-10-treatment on the number of DAB-positive cells in livers 
of BDL-1 rats. Both treatments significantly reduced the number of DAB-positive cells in the 
portal areas compared with PBS-treated rats. *= p<0.05; **=p<0.01 

IL10 and M6P-IL10 strongly attenuated the staining for DAB (Fig. 5). Quantitative 
evaluation of this staining by counting the number of positive cells/area showed that DAB 
staining was reduced by 35% in rats receiving IL10 (p<0.05 compared with untreated BDL-1 
rats, Fig 5b), whereas the number of DAB-positive cells per area in M6P-IL10-treated rats 
was reduced by 74% compared with untreated rats (p<0.05). Thus, both IL10 and M6P-IL10 
exerted anti-inflammatory effects within the liver and M6P-IL10 was superior in this respect. 

Staining for IL10 receptors (with anti-IL-10 receptor IgG (Santa Cruz Biotech)) on liver 
sections of BDL-1 rats revealed occasional positive cells: some cells around the proliferating 
bile ducts and around hepatic arteries were positive. Based on the localization and the 
positivity for α-smooth muscle actin or HIS-48, these cells were identified as fibroblasts, 
HSC and neutrophils. In BDL-1 rats that received IL10, hepatic IL10 receptor expression was 



 
Pharmacology 

 

168 

strongly reduced, in particular around the portal areas (fig.6). In contrast, in BDL-1 rats 
receiving M6P-IL10, IL10 receptor expression was still present. 

 
Fig. 6. Intrahepatic staining for IL10 receptor expression in fibrotic livers. In PBS-treated 
BDL-1 rats, positive cells were found around bile ducts (fig. A, arrows). In rats treated with 
IL10, only occasional IL10 receptor-positive cells were found (fig. B) whereas the portal 
areas contained many IL10 receptor positive cells in BDL-1 rats treated with M6P-IL10 (fig. 
C). Original magnification 100x.  

2.5.4 Antifibrotic effects of IL10 and M6P-IL10 

Characteristic for fibrosis is deposition of extracellular matrix in tissues. Collagen type I and 
III are the most important extracellular matrix proteins present in a fibrotic liver. Therefore, 
we assessed the effect of M6P-IL10 and IL10 administration on the deposition of collagen. 
First, we evaluated the deposition of fibrous tissue by histochemical staining with Sirius Red 
(figure 7A). This staining was strongly enhanced in BDL-1 rats compared with normal rats. 
The portal-to-portal bridging was already apparent in the untreated group at this time 
point. However, in IL10-treated rats, the portal-portal fibrous bridges were observed in only 
one out of five rats and bridging was not seen in any of the M6P-IL10-treated rats. The 
matrix deposition around portal areas was clearly reduced by the treatments compared to 
untreated group. This reduction was confirmed by immunostaining for collagen type III 
using goat anti-collagen III IgG (SouternBiotech, USA) antibodies. The strong staining seen 
in BDL-1 rats was reduced by IL10 and M6P-IL10 (fig. 7B). 

With ImageJ software, the effects of IL10 and M6PIL10 on the deposition of fibrous tissue 
were quantified. In normal livers, 1.0 ± 0.45 % of the total liver area was positive for Sirius 
Red. This positive area increased to 4.6 ± 1.0% of the livers of BDL-1 rats (p<0.001 compared 
with normal rats, Fig. 7C).  In IL10-treated BDL-1 rats the Sirius Red-positive area per liver 
changed to 3.6 % ± 1.6 (not significant compared with untreated BDL-1 rats). In M6P-IL10-
treated BDL-1 rats, Sirius Red-staining changed to 3.4 ± 1.1 % of liver area (p< 0.05 
compared with untreated BDL-1 rats, Fig. 7C). The effect of IL10 and M6P-IL10 on the 
fibrotic process was also assessed by staging the lesions via a semiquantitative scoring 
system; the Histologic Activity Index-Knodell (Ishak and others 1995). Grading of the 
fibrotic lesions in these livers by the HAI-Knodell’s index revealed a reduction of the fibrotic 
index from 3.2 ± 0.8 in untreated BDL-1 rats to 2.6 ± 0.9 and 2.2 ± 0.45 (p<0.05) in rats 
receiving IL10 and M6P-IL10, respectively (fig. 7D). 

A B C



Modification of Interleukin-10 with Mannose-6-Phosphate  
Groups Yields a Liver-Specific Cytokine with Antifibrotic Activity in Rats 

 

169 

 
 

0
1
2
3

4
5
6
7

0 1 2 3 4Si
riu

s 
R

ed
-p

os
iti

ve
 a

re
a 

pe
r s

ec
tio

n 
(%

)

BDL
+ 
PBS

BDL
+ 
IL-10

BDL
+
M6PIL-10

Normal

*

A

B

C
0

1

2

3

4

5

BDL-1 
+ 
PBS

BDL
+
IL-10

BDL
+
M6PIL-10

H
A

I-
K

no
de

ll’
si

nd
ex *

BDL-1 + PBS BDL-1 + IL-10 BDL-1 + M6PIL-10

D

Si
riu

s 
re

d
C

ol
la

ge
n 

III

0
1
2
3

4
5
6
7

0 1 2 3 4Si
riu

s 
R

ed
-p

os
iti

ve
 a

re
a 

pe
r s

ec
tio

n 
(%

)

BDL
+ 
PBS

BDL
+ 
IL-10

BDL
+
M6PIL-10

Normal

*

0
1
2
3

4
5
6
7

0 1 2 3 4Si
riu

s 
R

ed
-p

os
iti

ve
 a

re
a 

pe
r s

ec
tio

n 
(%

)

BDL
+ 
PBS

BDL
+ 
IL-10

BDL
+
M6PIL-10

Normal

*

A

B

C
0

1

2

3

4

5

BDL-1 
+ 
PBS

BDL
+
IL-10

BDL
+
M6PIL-10

H
A

I-
K

no
de

ll’
si

nd
ex *

0

1

2

3

4

5

BDL-1 
+ 
PBS

BDL
+
IL-10

BDL
+
M6PIL-10

H
A

I-
K

no
de

ll’
si

nd
ex *

0

1

2

3

4

5

BDL-1 
+ 
PBS

BDL
+
IL-10

BDL
+
M6PIL-10

H
A

I-
K

no
de

ll’
si

nd
ex *

BDL-1 + PBS BDL-1 + IL-10 BDL-1 + M6PIL-10

D

Si
riu

s 
re

d
C

ol
la

ge
n 

III

 
 

Fig. 7. Collagen deposition in BDL rats after treatment with M6P-IL-10 or IL-10.  A. 
Representative photomicrographs of Sirius Red (fig. A) and collagen type III staining (fig. B) 
in livers of BDL-1 rats treated with PBS, IL-10 or M6PIL-10 (magnification 10x4). Figure C 
depicts the quantitative analysis of the Sirius Red stainings in the livers of the different 
groups as measured by Image J software. The individual values of each rat are shown in the 
graph. Figure D shows the semiquantitative grading of the fibrotic process in BDL-1 rats 
with the Histological Activity Index-Knodell method.  N=5 per group, * = p<0.05 compared 
with PBS-treated BDL rats. 
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Fig. 8. Representative photomicrographs of immunohistochemical staining for α-smooth 
muscle actin (αSMA) in livers of BDL-1 rats treated with PBS (fig. A) or IL10 (fig. B) or M6P-
IL10 (fig. C). Figure D depicts the quantitative analysis of the intrahepatic αSMA staining 
with Image J software (n=5 animals per group). *=p<0.05, Original magnification 100x. 

Subsequently, we evaluated the in vivo effects of M6P-IL10 and IL10 on -smooth muscle 
staining (-SMA), that reflects the proportion of activated HSC and myofibroblasts. These 
cells are responsible for the production of collagen. One week after BDL, staining for -SMA 
was highly increased around portal ducts and in fibrotic septa compared with normal rats. 
IL10 and M6P-IL10 clearly diminished this -SMA staining (fig.8). Quantitative evaluation 
of this staining using ImageJ software (fig.8B), demonstrated a significant reduction by 54% 
± 17% and 33% ± 19% after treatment with IL10 or M6P-IL10, respectively compared to PBS-
treated BDL rats (p<0.05).  

3. Conclusion/discussion  
This study demonstrates that chemical modification of a cytokine, in our study IL10 modified 
with M6P groups, leads to a compound with improved biodistribution and pharmacological 
activity in vivo in a rat model of liver fibrosis. M6P is a homing device with high affinity for the 
M6P/IGF-II receptor which is upregulated on the cell membrane of HSCs during liver diseases 
(de Bleser and others 1995). Upregulation of this receptor on HSC during liver fibrosis yields 
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an excellent target for receptor-mediated drug delivery. The delivery of antifibrotic 
compounds to the major pathogenic cells in the liver by modification with M6P groups is a 
rational and new approach to treat this chronic disease (Schuppan and Popov 2009).  

Chemical modification of a cytokine can influence the biological activity, in particular when 
essential amino acids necessary for interaction of the cytokine with its receptor are 
conjugated with homing devices or when the conformation of the protein is changed too 
much. Therefore, it is essential to test whether the prepared conjugate is pharmacologically 
active. In our study, we coupled several M6P groups to the lysine amino acids within the 
protein and some of these lysine-groups are present at the receptor-binding site of IL10 
(Reineke and others 1998). Attachment of M6P-residues to these groups might therefore 
affect the biological activities of IL10. Studies on culture-activated primary HSC in vitro 
showed that M6P-IL10 reduced collagen deposition by these cells (fig 4) indicating that 
IL10-related activities are still intact in the modified cytokine. There was no effect of M6P-
IL10 on HSC proliferation but native IL10 also did not affect growth of HSC. Previously, we 
demonstrated that M6P-IL10 was able to increase collagen degradation (by increasing the 
MMP13/TIMP ratio) in primary cultures of HSC (Rachmawati and others 2007). Based on its 
effects on collagen deposition, we conclude that M6P-IL10 is pharmacologically active 
within the target cell in vitro.  

The key concept in active drug targeting is that the distribution within the body is confined 
to the diseased organ/cell-types. This will lead to more optimal effects and less side effects 
because uptake in other organs is avoided. In pharmacokinetic terms, this means that the 
Volume of Distribution (Vd) is decreased. The presented results of gamma-camera imaging 
studies and the biodistribution studies with radiolabeled IL10 and M6P-IL10 indicate a 
preferential homing of the modified cytokine to the fibrotic liver. The shift in biodistribution 
of IL10 from the kidney to the liver after coupling of M6P is in accordance with the high 
liver uptake of M6P modified proteins found in previous studies with HSA as the core 
protein (Beljaars and others 1999; van Beuge and others 2011). These studies showed uptake 
of M6PHSA within HSC. The cells responsible for the uptake of M6P-IL10 within the liver 
could not be directly identified due to the low amount of cytokines administered. Both 
proteins are only available in the microgram scale and immunohistochemical detection of 
proteins requires injection of milligrams per rat. Therefore, receptor antagonists were 
applied to identify the target receptors. These studies indicated that liver uptake of M6P-
IL10 was receptor-mediated since the uptake was not attenuated by the control protein HSA 
whereas sucHSA and M6P-HSA, both ligands for receptors, significantly reduced its uptake. 
The fact that sucHSA and M6P-HSA both had an effect indicates that M6P-IL10 binds to at 
least two receptors: the scavenger receptor and the M6P/IGFII receptor, respectively. 
Involvement of the scavenger receptor, which recognizes strongly anionic compounds, can 
be explained by the negative charges introduced by phosphate groups (PO43-). This was also 
found in another study in which liposomes were modified with M6P sugars (Adrian and 
others 2006). The combination of M6PHSA and sucHSA did not completely block the liver 
uptake which suggests the involvement of yet another receptor, possibly the IL10 receptor 
which is also present in the liver (fig 6). Based on the expression of M6P/IGF II receptors, 
scavenger receptors and IL10 receptors, the putative target cells for M6P-IL10 are HSC’s, 
portal fibroblasts, endothelial cells, Kupffer cells and neutrophils within the liver. 
Antifibrotic effects of IL10 are anticipated in all these cells.  



 
Pharmacology 

 

172 

To test whether M6P-IL10 is effective in vivo, we now administered (modified-)IL10 to bile 
duct ligated rats after the initiation of the fibrotic process, i.e. from day 4 till day 7 after BDL. 
In this time frame, pro-inflammatory activity is high in the liver and fibrosis is initiated (39-
43). In addition, M6P/IGF-II receptor expression on HSC is enhanced at day 4 (Greupink 
and others 2006), which ensures targeting to this receptor at this time point. During the first 
week after BDL, enhanced IL10 receptor expression was noted (fig 6), also providing a 
rationale for the start of treatment at day 4.  

Treatment with IL-10 or M6P-IL10 had significant effects on the inflammatory activity within 
the liver. A reduction in the number of infiltrating cells as reflected by DAB-positive cells was 
noted. These data indicate that M6P-IL10 is pharmacologically active in vivo. Based on 
inflammatory cell influx, its effect may even be superior to native IL10. Of particular interest is 
the reduction in IL-10 receptor expression after treatment with IL10, but not after treatment 
with M6P-IL10. The down regulation of the target receptor during treatment is relevant for 
IL10-based therapies. This may contribute to the lack of effectiveness of such therapies 
(Chadban and others 1997; Colombel and others 2001; Herfarth and Scholmerich 2002).  

Next to the anti-inflammatory effects, we evaluated the effects of M6P-IL10 on fibrogenesis in 
vivo. The target cell of IL10 is the (activated) HSC, the extracellular matrix producing hepatic 
cell, and therefore antifibrotic effects are primarily anticipated in HSC and the most important 
feature in this respect is collagen deposition. Our results showed a clear reduction in collagen 
deposition in these livers after treatment with M6P-IL10 (figure 7). This reduction was 
established with various methods. The lack of portal-to-portal bridging was evident in nearly 
all the livers of the cytokine-treated animals. In addition, IL10 and M6P-IL10 also significantly 
reduced αSMA staining which reflects a reduction in the activation of HSC in these livers. 
These results indicate that our modified IL10 is pharmacologically active in vivo.   

Although cytokines are interesting compounds which may yield potent new drugs, so far 
only a relatively few are approved and clinically used. The number is still disappointing low 
regarding the large number of endogenous cytokines. The main reasons for this are the poor 
stability and poor pharmacokinetic profile of cytokines. To overcome these pharmacokinetic 
problems, we apply drug targeting techniques to selectively deliver the cytokine to a specific 
(diseased) cell. In the current study, we demonstrate the possibilities of this strategy with 
successful in vivo application of a modified IL10. Recently, we also reported on the cell-
specific delivery of another very interesting cytokine with antifibrotic activities, that is 
interferon-gamma (IFNγ) (Bansal and others 2011). This study shows that HSC-targeted 
IFNγ, in contrast to unmodified IFNγ, blocked liver fibrogenesis in a chronic CCL4 mice 
model of liver fibrosis, by specifically acting on the key pathogenic cells within the liver. 
Furthermore, we clearly demonstrated that the targeted IFNγ was devoid of side effects. In 
addition, others show beneficial effects of a targeted cytokine by means of coupling receptor 
specific ligands to the cytokine (Curnis and others 2000; Curnis and others 2005; Fournier, 
Aigner, Schirrmacher 2011; Jazayeri and Carroll 2008; Nissim and others 2004) often 
focussing on the treatment of tumours. These approaches may lead to a more optimal use of 
cytokines for therapeutic purposes. 

In summary, we demonstrated potent pharmacological effectivity of a novel liver-specific 
form of the cytokine IL10. After conjugation with M6P, the novel cytokine efficiently 
accumulates in the liver and attenuates the fibrotic process in vivo. Further dose-response 
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studies are required to examine whether M6P-IL10 is more effective than the native product 
and exerts less adverse effects. Furthermore, targeting of potentially interesting cytokines to 
the liver is promising and it may lead to the generation of a therapeutic antifibrotic 
compound which has not been realized so far.  
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1. Introduction 
The history of genetic variations in drug responses can be traced to the 1950s with the 
observations that muscle relaxant suxamethonium chloride and drugs metabolized by N-
acetyl transferase exhibit differences in response in patients. One in 3500 caucasians was 
found to possess the less efficient variant of the enzyme, butyryl chlolinesterase that 
metabolizes suxamethonium chloride; an anaesthetic agent.As a consequence, the drug’s 
effect is prolonged with slower recovery from surgical paralysis. 

The term pharmacogenetics evolved from the combination of two areas of study namely 
pharmacology and genetics. Pharmacology is the study of how drugs work in the body and 
genetics is the study of how characteristics that result from the action of genes  acting together 
are inherited and how they function in the cells of the body . Therefore, pharmacogenetics 
refers to genetic differences in metabolic pathways which can affect individual responses to 
drugs both in terms of therapy and adverse effects. Pharmacogenetics helps our 
understanding of why some individuals respond to drugs and others do not and why some 
require higher or lower doses to achieve  optimal therapeutic responses. 

In addition, pharmacogenetic information helps the physician to identify those patients who 
will respond favourably to therapy or develop side effects.  

A recent offshoot of pharmacogenetics, termed pharmacogenomics is the study of drug 
response in the context of the entire genome. Pharmacogenomics facilitates information on 
variations in all the genes in a group of individuals simultaneously to determine the basis of 
variants in drug response. It is therefore not uncommon to find the two being used 
interchangeably.However for the purpose of this chapter, pharmacogenetics will be the focus. 

Individual variation in response to  drug ranges from failure to respond to drug therapy to 
drug to drug interactions when several drugs are taken simultaneously. The clinical 
consequences range from patients’ discomfort through serious clinical illness to the 
occasional fatality. Approximately 7% of patients are affected by adverse drug reactions, 
increasing the overall hospital costs by 19% and drug costs by 15%. Some 0.3%  of adverse 
drug reactions have fatal outcome (Topic 2010). 

1.1 Individual variation in drug effects 

Variation in drug metabolism and drug response among individuals of the same body 
weight and on the same drug dose can be due to temporary causes such as transient enzyme 
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inhibition, induction or permanent causes such as genetic  mutation, gene deletion or 
amplification. (Shenfield 2004). 

Genetic variability is known to affect drug absorption, drug metabolism and drug 
interactions with receptors. These therefore form the basis for slow or rapid drug 
absorption, poor, efficient or ultrarapid drug metabolism and poor or efficient receptor 
interactions. 

A genetic mutation frequency exceeding 10% of a population is considered a genetic 
polymorphism (Meyer 2000). Genetic polymorphism based on drug metabolizing ability is 
related to four phenotypic classes. The phenotype of extensive or normal drug metabolizers 
(EM) is characteristic of the normal population .Individuals are either homozygous or 
heterozygous for wild type allele. Those individuals who are heterozygous for the wild type 
allele may have intermediate metabolizer phenotype (IM) and may require lower than 
average drug dose for optimal therapeutic response. Those individuals with mutation or 
deletion of both alleles for the determinant of phenotypic response can  be classified as poor 
metabolizers (PM) and therefore prone to accumulation of drug substrates in their systems 
with attendant effects. The fourth class, termed the ultrarapid metabolizers (UM) possess  
enhanced drug metabolism capabilities due to gene amplification and are prone to drug 
failure because drug concentrations at normal doses are expected to be too low for 
therapeutic effects (Meyer 2000, Davies 2006). 

There are ethnical and racial differences in the frequency of variant alleles  and up to 10 – 
20% of patients belong to the risk groups. ( Evans 1986, Banjoko & Akinlade  2010). 

1.2 Mechanism of genetic polymorphism  

Pharmacogenetic polymorphism can manifest at the pharmacokinetic and 
pharmacodynamics levels. The pharmacokinetic level deals with gene polymorphism that 
modify concentrations of drugs and its metabolites at the site of their molecular action 
(polymorphism of drug metabolizing enzymes, drug transporters) whereas the 
pharmacodynamics level deal with polymorphism of action not related to its concentration 
(receptors, ion channels). Genetic variations  are the result of multiple mechanism such as 
insertion, deletion, variable tandem repeats and microsatellites but the most frequent 
polymorphism are point mutation or single nucleotide polymorphism (SNPS). Some of the 
polymorphism are without consequences but others cause synthesis of altered proteins, 
truncated proteins, unstable proteins or proteins at the level of expression. 

Genotype is the detailed gene structure of an individual whereas the more commonly 
measured phenotype is the outcome of metabolism of a drug in an individual. Since 
genotype is the result of interactions between genetic make up and the environment, it is not 
always concordant with phenotype. 

1.3 Consequences of pharmacogenetics 

The underpinning factors for the growing importance of pharmacogenetics are the necessity 
to prevent adverse drug reaction, obtain maximum benefits from drug therapy and reduce 
therapeutic failure. 
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Adverse drug reactions are thought to kill many hospitalized patients worldwide. In the US 
alone, the estimate of deaths attributable to drug reactions is about 100,000 annually and it is 
believed that many of these reactions are due to genetic variations. Thus many deaths are 
avoidable if genetic testing or genomic information of patients are available and utilized 
prior to therapy. 

Pharmacogenetics will therefore permit gene profiling to answer questions about drug 
responses and promote the design of better and safer drugs. In addition, individualized dosing 
has the potential of better therapeutic outcome. Therefore pharmacogenetics is expected to 
revolutionise drug dosing and therapy .However, there are still many challenges to  overcome. 
These include cost implications, standardization , quality control of testing, and relevance of 
biomarkers and  tests. Nevertheless, the advent of pharmacogenetics and establishment of 
guidelines by regulatory bodies like Food and Drugs Administration (FDA) European 
Medicines Agency (EMEA) and American Association of Clinical Chemists (AACC) are 
expected to impact individualized dosing of many drugs. 

1.4 Confounding issues in pharmacogenetics  

The understanding that drug response may be multifactoral helps us to recognize the 
importance of examining more than the classical “single gene-single protein concept which 
gave birth to pharmacogenomics. In addition, there are more evidences that modifications 
besides outright mutation of genes, for example, methylation of promoter region by epigenetic 
factor impact gene expression and drug responses. Moreover, genotype is not the only 
determinant of phenotype. For example, individuals whose genotypes falls extensive 
metabolizers via CYP2D6 can display a phenotype that would characterize them as poor 
metabolizers if they are co-administered low doses of quinidine which is a potent inhibitor of 
CYP2D6 . Therefore, differences   in phenotype does not necessarily translate into difference in 
pharmacologic response between subjects. In the same fashion, mutation of the genes may not 
necessarily translate into effect on drug metabolism (Henningson et al 2005). 

Because of significant racial differences in genetic composition, it is important that caution is 
exercised in the interpretation of genetic testing. For example different genotypes may give 
rise to the same phenotype.In addition, there are  varieties  of mutations in NAT2 that give 
rise to slow acetylator status. 

Furthermore the historical use of wild-type alleles and mutant alleles may not necessarily 
hold true for all the races hence the migration to the term reference and mutant alleles. 

2. Basic genetics  
Genetics is the study concerned with hereditary and variation. One of the most fundamental 
properties of all living organisms is the ability to reproduce. All organisms therefore inherit 
the genetic information specifying their structure and function from their parents. In the 
same manner, all cells arise from pre – existing cells, so the genetic material must be 
replicated and passed from a parent to progeny cell at each cell division. The hereditary 
molecules that are transmitted from one generation to the next i.e. inherited are called genes. 
These molecules (genes) reside in the deoxyribonucleic acid (DNA)  that exist within all 
cells. The DNA in conjunction with a protein matrix forms nucleoprotein and become 
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organized into structures called chromosomes located in the nucleus or nuclear region of 
cells. The genes contains coded information for the synthesis of proteins and some 
ribonucleic acids (RNA). Occasionally, a change may occur spontaneously in some part of 
the DNA. This change is called mutation and may result in an alteration of the code 
designated for a particular function resulting in production of a defective protein. 

A mutation may lead to a change in the physical appearance of an individual or change in 
some other measurable attributes of the organism called a character or trait. Through the 
process of mutation, a gene may be changed into two or more alternative forms called 
alleles. Each gene occupies a specific position on the chromosomes called the gene locus. All 
allelic forms of a gene therefore are found at corresponding positions on genetically similar 
(homologous) chromosomes.  

All the genes on a chromosomes are said to be linked to one another and to belong to the 
same linkage group. Since a gene can be changed to alternative forms by the process of 
mutation, a large number of alleles are theoretically possible in a population of individuals. 
Whenever more than two alleles are identified at a gene locus in a population, such  is 
described as multiple allele series.  

Genetic information is stored and transmitted in the four letter alphabet and language of 
DNA (A,C,G,T)  and ultimately expressed in the twenty letter alphabet of proteins. Protein 
biosynthesis is called translation because it involves the biochemical translation of 
information between languages. 

A capital letter is commonly used to designate the allele that is dominant to other alleles in 
the series. For example letter “R” for a character is dominant over ‘r’ which is an allele that 
is recessive to all others in the series .Intermediate in their degree of dominance between the 
two extremes are usually assigned the lower case letter with superscript which in this 
example is r*. Many genes may contribute to a single character or trait (polygenic traits) or 
traits exhibiting continuous variation. In addition, each gene may have multiple phenotypic 
effects (pleiotropy). 

Each character is controlled by a pair of genes. The progeny or offspring are therefore 
hybrids of the parents, inheriting a pair of gene, one each from each parent. For example for 
trait for tallness being represented by letter T, possible genetic composition are TT, Tt, and tt 
whereby T allele is dominant over t. It is expected that an offspring with tt genetic 
composition will be short while those with TT or Tt will be tall.  

The genetic composition of a trait is referred to as the genotype and the physical appearance 
corresponding to the genotype, in this example tallness is called the phenotype.With 
different generations of offsprings i.e. the filial generations, different genotypes and 
corresponding phenotypes are obtainable. 

The originator of the classical principles of genetics is Macgregor Mendel who made public the 
result of his study of peas breeding in 1865. Mendel studied the inheritance of a number of 
well defined traits in the pea such as seed colour and was able to deduce general rules for their 
transmission. He was the first to observe that each trait was determined by a pair of inherited 
factors later termed the genes. Mendel’s findings provided the template for determination of 
genotypes and phenotypes of different genetic diseases of humans, animals and plants and 
notable examples include: sickle cell disease, albinism and thalassaemias.  
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By 1900, Mendel’s laws of inheritance were well established and are thus stated: 

Law of segregation: Each parent possesses 2 copies of a unit of inheritance (now called the 
gene) for each trait. However, only one of these two genes (an allele) is transmitted through 
a gamete to the offspring. 

Law of independent assortment: says segregation  of one gene pair occurs independently of 
any other gene pair. 

2.1 Chromosomes, genes and inheritance 

Chromosomes are known to be carrier of genes. Most cells of higher plants and animals are 
diploid. i.e. they contain two copies of each chromosome. Formation of the germ cells; the 
sperm and egg involves a unique type of cell division termed meiosis. In this process, only 
one member of each chromosome pair is transmitted to each progeny cell. Therefore, the 
sperm and egg are haploid containing only one copy of each chromosome. The fusion of 
these two haploid cells at fertilization result in a new diploid organism; the offspring which 
consists of one member of each chromosome pair. Behaviour of chromosome pairs is 
directly related to their genes indicating a strong relationship between genes and 
chromosomes. 

Genetic alterations i.e. mutation which is the basis of genetic diseases was first identified in 
the experiment with Drosophilia melanogaster (the fruit fly) in the early 1900. Mutations in  
drosophila was observed to involve such phenotypes like eye colour and wing  shape. 
Experimented evidences revealed that the genes governing these traits are inherited 
independently of each other, suggesting that these genes are located on different 
chromosomes that segregate independently during meiosis. Other genes are inheritable as 
paired characteristics and such  are said to be linked to each other by virtue of being located 
on the same chromosome. The frequency of recombination between two linked genes 
depends on distance between them on the chromosomes. In addition, genes that are close to 
each other recombine less frequently than do genes further apart. Thus the differences with 
which the different genes recombine can be used to determine their relative position on the 
chromosome allowing the construction of a genetic map. 

2.2 Genes, proteins and enzymes 

Genes act by determining the structure of proteins which are responsible for directing cell 
metabolism through the activities of enzymes. Many genes encode enzymes that are 
important for catalysing biological synthesis (anabolic) and degradation (catabolic reactions) 
within a cell. These reactions grouped together into a series of reactions are called 
biochemical pathways and commence with the enzymes acting on their corresponding 
substrate. 

The first indication  linking genes and enzymes can be traced to 1909 when it was observed 
that patients suffering from phenylketonuria were suspected to have a genetic defect in the 
metabolism of the amino acid for phenylalanine.This line of thought was supported by the 
experiment of George Beadle and Edward Tatum in 1941 with the fungus; Neurospora cassa. 
Using mutant strains of the organism, they observed that each mutant required specific 
nutritional supplement such as a particular aminoacid for growth.Furthermore, the 
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requirement for a specific nutritional supplement correlates with the failure of the mutant to 
synthesize that particular compound. Thus each mutant resulted in a deficiency in a specific 
metabolic pathway. Since metabolic pathways are known to be controlled by enzymes, these 
findings gave rise to the one – gene – one enzyme hypothesis which by implication means 
that each gene specified the structure of a single enzyme. However, the revelation that genes 
not only codes for proteins and enzymes but tRNAs resulted in this hypothesis  being 
modified to one – gene – one – polypeptide concept. 

Transfer RNA’s (tRNAs) serve as adaptations between aminoacids and messenger RNA 
(mRNA) during translation. Prior to its use in protein synthesis, each aminoacid is attached 
by a specific enzyme to its appropriate tRNA. Base pairing between a recognition sequence 
in each tRNA and a complimentary sequence on the mRNA then directs the attached 
aminoacid to its correct position on the mRNA template. 

2.3 Genetic polymorphism  

Genetic polymorphism can be defined as differences in DNA sequence among individuals, 
groups or population. Genetic mutation can create genetic variance in a population and this 
can manifest in different ways. Somatic cell mutation can create a genetic variation in a cell 
population which may induce cancer and tumour when  such mutation takes place in 
repressor genes  controlling cell cycles such as p53 gene. On the other hand,germ line cell 
mutation can cause genetic diseases such as sickle cell disease, thalassemia, Parkinson’s 
disease as well as defect of biochemical pathway that influence drug – receptor interaction 
with attendant deleterious effects on patients. Point mutation such as a single base 
nucleotide substitution (SNP) are common particularly with adverse drug reactions. 
Mutation that occurs in germ line cell would be inherited by the progeny and these mutated 
genes can spread in a population through the fertilization process. Mutations that occur in 
coding frame of DNA region that are responsible for synthesis of specific products could 
give rise to genetic disease. Similarly, mutation that affects enzymes responsible for 
biotransformation of drugs particularly C450 gene family and pharmacokinetic and 
pharmacodynamic gene functions can result in adverse drug reactions or drug inefficacy. 
These reasons make phamacogenetics an important area of study. 

3. Basic pharmacology 
Pharmacology is the study that deals with interaction of endogenously administered 
chemical molecules termed drugs with living systems. It involves such studies like (i) 
Pharmacokinetics  (ii) Pharmacodynamics (iii) Toxicology  

i. Pharmacokinetics : Pharmacokinetics is the quantitative study of drug movement from 
administration throughout out the body till excretion. All pharmacokinetic processes 
involve transport of the drug across cell membrane,. absorption, distribution and 
excretion 

ii. Pharmacodynamics: Pharmacodynamics coined from two Greek words pharmacon; 
drugs and dynamis: power, involves the physiological and biochemical effect of drugs 
and their mechanism of action at organ, systemic, subcellular and macromolecular 
levels. The pharmacodynamic process describes all those matters concerned with the 
pharmacological action of a drug, whether they be determinants of the therapeutic 
effect or of the toxic effect. 
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iii. Toxicology: This is the study of poisonous effects of drugs and other chemicals. 
Although a speciality on it’s own, it is nevertheless still considered under 
pharmacology with regards to adverse drug effects. 

3.1 Principles of drug actions  

There are eight  main drug actions and these are: 

Stimulation: Through direct receptor agonism and downstream effect e.g. adrenaline 
stimulates heart, pilocarpine stimuates salivary glands. However, excessive stimulation is 
often followed by depression of that function e.g. high dose of picrotoxin, a CNS stimulant, 
produces convulsions followed by coma and respiratory depression. 

Depression: Through direct receptor agonism and down stream effect e.g. barbiturates 
depress CNS while quinines depresses the heart. The action of this mechanism is selective. 

Blocking/Antagonizing action: The drugs binds the receptor but does not activate it. 

Stabilizing action: In this case, the drugs seem to act neither as a stimulant nor as a 
depressant but to stabilize general receptor activation like buprenorphine in opioid 
dependence or aripiprazole in schizophrenia. 

Replacement: Refers to the use of natural metabolites including hormones and vitamins in 
deficiency stages e.g. levodopa in Parkinsonism, insulin in diabetes mellitus, iron in anemia 
and oestrogen replacement  in women of menopausal age.     

Direct beneficial chemical reaction: As in use of antioxidants like Vitamins C,E and B-
carotene for free radical scavenging  

Cytotoxic action: Selective cytotoxic action for parasite, bacterial or cancer cells, attenuating 
them without significantly affecting the host cells e.g. use of  antibiotics like penicillin, 
zidovudin and cyclophosphamide  

Irritation: A none selective often noxious effect applicable to less specialized cells, for 
example the epithelial, connective tissue cells). Mild irritation may stimulate associated 
function e.g. bitters increase salivary and gastric secretions which results in increased blood 
flow to the site. However, strong irritation may result in inflammation, corrosion, necrosis 
and morphological damage with resultant diminution or loss of function. Therefore caution 
should be exercised in the administration because of tendency of excessive ingestion. 

4. Metabolism of drug and other xenobiotics  
Metabolism of drugs and other xenobiotics involves activities that modify the chemical 
structure of the substances which are foreign to the body’s internal mileu. These reactions 
often act to detoxify poisonous compounds; however in some cases, the intermediate 
metabolite can themselves be toxic  

The purpose of biotransformation is to convert lypophilic compounds to hydrophilic  ones 
which will facilitate their excretion. The consequences of biotransformation is changes in 
pharmacokinetic characteristics. 
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Xenobiotics metabolism can be divided into three phases. In phase 1, enzymes such as 
cytochrome p450 oxidases introduce an active or polar group into the xenobiotics. These 
modified compounds are then conjugated to polar compounds in phase II reactions. The 
main enzyme that catalyses the reactions in phase II is glutathione S-transferase since it acts 
on a wide range of substrates. 

The final phase; phase III may involve further metabolism of conjugates of phase II reactions 
like the processing of glutathione conjugates to acetylcysteine (mercapturic acic) conjugates 
before being recognized by efflux transporters and pumped out of the cells (Boyland & 
Chassaud 1969, Thomalley 1990) 

Peculiar to all organisms is the possession of cell membranes which serve as hydrophobic 
permeability barriers to control access to their internal environment. Polar compounds 
cannot diffuse across these cell membranes, and the uptake of useful molecules is mediated 
through transport proteins that specifically select substrates from the extracellular mixture. 
The implication of this  structure is that most hydrophilic molecules cannot enter the cells 
since they need to be recognized by specific transporters (Mizuno et al 2003). 

The detoxification of reactive by-products is via a different mechanism. Because these 
species are derived from normal cellular constituents, they usually share the same polar 
characteristics therefore, specific designated enzymes can metabolize them. A notable 
example of these specific detoxification system is the glyoxalase system which catalyses the 
removal of the reactive aldehyde, methylglyoxal (Thormalley 1990) and the various 
antioxidant systems that eliminate reactive oxygen species   (Sies 1997). 

4.1 Phase I reactions 

In Phase I reactions, a variety of enzymes act to introduce reactive and polar groups into 
their substrates. This is basically a functionalization reaction. One of the most common 
modifications in this phase is hydroxylation, a reaction catalysed by the cytochrome P-450 
dependent mixed function oxidase system. These enzymes complexes act to incorporate an 
atom of oxygen into nonactivated hydrocarbons, which can result in either the introduction 
of hydroxyl groups, or Nitrogen, Oxygen.and Sulphate- dealkylation of substrates 
(Schlichting et al 2000).Of all the enzymes involved in drug metabolism, the cytochrome 
P450.(CYP450) is regarded as the most important because many drugs are  substrates for the 
enzymes of the group. In all, CYP3A4, CYP2D6, CYP2C9, CYP219, CYP2B6 and CYP1A2 
subtypes play the most critical role and account for more than 90% of drugs metabolized by 
CYP 450 enzymes ( Evans & Relling 1999). These enzymes have proven genetic 
polymorphism with associated drug responses (Hiratsuka et al 2002, Wong et al 2005, 
McAlpine et al 2011) and racial variations (Meyer 2004 & Suarez – Kurtz 2005). 

Phenotypes of P450 are divided into four groups and these are; the extensive metabolizers 
(EM)who show low metabolic activities, the poor metabolisers(PM )who carry gene 
alterations on both alleles which are inherited in an autosomal manner, the intermediate 
metabolizers (IM) with metabolic capacity in between those of PM and EM and finally the 
ultra rapid metabolizers (UM )who show higher metabolic capacity than the EM. (Murphy 
2001, Hiratsuka et al 2005). Genetic variations have been observed particularly with CYP 
2D6, CYP2C9 and CYP2C19 genotypes (Ingelman – Sundberg 1999, Hiratsuka 2006). With 
regards to  CYP2D6,five to ten percent of caucasians are poor metabolizers and have little 
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enzyme activities. In addition, there is a distinct racial diversity in the frequency of the 
classes. Examples of CYP450 catalyzed drug metabolic reactions include 

i. Hydroxylation: S-mephenytoin CYP3A4 4-OH-S-mephenytoin 
ii. Epoxidation: Carbamazepine CYP3A4/5 10,11 Epoxide  
iii. Oxygenation: Amines CYP 2D6 Hydroxylamines 
iv. O-dealkylation: Dextromethorphan CYP2D6 Dextrophan  
v. N-demethylation: Caffeine CYP2E1 Theobromine  
vi. N-demethylation: Caffeine CYP1A2 Paraxanthine  
vii. N-demethylation  Caffeine CYP2E1 Theophylline 
viii. Oxidative Group Transfer: Parathion CYP2B6 Paraoxon  
ix. Dehydrogenation:  Acetaminophen CYP2E1 N-Aacetyl benzoquinoneimine 
x. Ester Cleavage: Loratidine CYP3A4, CYP2D6 Desacetylated Loratidine  
xi. Reduction: Paraquat FLAVOPROTEIN REDUCTASE paraquat radicals 

4.1.1 Non P450 enzyme catalysis 

Besides the CYP 450 enzymes, other enzymes that participate in drug biotransformations 
include; monoamineoxidases, peroxidases, lactoperoxidases myeloperoxidases, prostaglandin-
H-synthetase and flavin-containing monooxygenases.(FMO).Examples of the reactions they 
catalyse include: 

i. Hydrolysis: hydrolysis of peptide  bond of Insulin 
ii. Reduction:  Chloral Hydrate ALC. DEHYDROGENASE Trichloroethanol 
iii. Oxidoreduction: Alcohol ALC.DEHYDROGENASE Aldehyde  

4.2 Phase II reactions 

In phase II reactions, the activated xenobiotic metabolites are conjugated with charged 
species such as glutathione (GSH), sulfate, glycine or glycuronic acid and increased risk of 
early renal complications in type 2 diabetes mellitus (Banjoko & Akinlade 2010). These 
reactions are catalysed by substrate specific transferases which in total can metabolize 
almost any hydrophobic compound that contains nucleophilic or electrophilic group. 

One of the most important of this group is the glutathione S-transferase (GSTs). The 
addition of large anionic groups such as glutathione detoxifies reactive electrophiles and 
produces more polar metabolites that cannot diffuse across membranes and may therefore 
be actively transported. 

4.2.1 Glutathione conjugation 

Glutathione is a tripeptide of glycine, cysteine and glutamic acid formed by the action of 
glutamylcysteine synthetase (glutathione synthetase).The enzyme glutathione transferase 
catalyses the conjugation of modified xenobiotic with glutathione. A large number of drugs 
are conjugated by glutathione during metabolism. Inhibitors of the enzyme include 
Buthione – S – Sulfoxine. Two types of reactions are common with glutathione. The first is 
displacement of halogen, sulfate, sulfonate or phosphonitro group. The second is the 
addition of glutathione to activated double bond or strained ring system. Some of the 
conjugation reactions include:  
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i. N – acetylbenzoquinoneimine, an activated metabolic of acetaminophen.  
ii. O – demethylation of organophosphates  
iii. Activation of trinitroglycine to oxidized glutathione (GSSG) dinitroglycerine and Nitric 

oxide (NO) a vasodilator.  

Distinct cytosolic and microsomal glutathione -S transferases have been identified. In all, 
four classes of soluble glutathione S transferase are known to exist. The enzyme also exhibit 
genetic polymorphism and overexpression of the enzyme leads to e.g. resistance of insects to 
DDT, corn to atrazine and cancer cells to chemotherapy. The enzyme also participates in 
reduction of hydroperoxides and prostaglandin metabolism. Inducers of the enzyme include 
3-methylcholanthrene, phenobarbital, corticosteroids and antioxidants.  GST exhibit specie 
specificity; for example, aflatoxin B1 is not carcinogenic in mice because it  conjugates with 
glutathione very rapidly in them. Conjugates are excreted intact in bile or converted to 
mercapturic acid in kidney and excreted in urine in a reaction catalysed by glutamyl 
transpeptidase an aminopeptidase  

4.2.2 Uridyl Diphosphate Glucuronyl transferase (UDPG transferase) 

The reaction of UDP Glucuronyl transferase results in the formation of O-, N-, S and C- 
glucuronides. Six forms of this enzyme have been identified in the liver. The cofactor for its 
reaction is UDP – glucuronic acid. Inducers include phenobarbital, indoles, 3 methyl 
cholanthrene and cigarette smoke. Some of its substrate are dextrophan, methalidone, 
morphine, p-nitrophenol, valproic acid, non steroidal anti-inflamatory drugs, bilirubin and 
steroid hormones. In Criggler Najjar syndrome; a severe form of bilirubinaemia, the enzyme 
is inactive hence inducers have no effect. However, in Gilbert’s syndrome; a mild form of 
hyperbilirubinaemia, phenobarbital can increase the rate of bilirubin glucuronidation to 
normal functions . Other substrates of the enzymes include, morphine and chloramphenicol. 
Conjugates of UDPG transferase are excreted in bile and urine. An S-glucuronidase from the 
gut microflora cleaves the glucuronic acid, the glycone formed can be reabsorbed to 
undergo enterohepatic cycling. Other associated reactions include metabolic activation of 2, 
6 dinitrotoluene by S-glucuronidase; whereby the latter removes glucuronic acid from N-
glucuronide. The nitrogroup is then reduced by microbial N-reductase and the resultant 
hepatocarcinogen may be reabsorbed. 

4.2.3 Sulfation  

The sulfation process is catalysed by sulfotransferases which are widely distributed in the 
body. The co-factor for their reaction is 31 phosphoadenosine 5 phosphosulfate (PAPS). 
Their conjugation result in highly water soluble sulfate esters which are eliminated in urine 
and bile. Examples of substances for sulfation include phenols, catecholamines and 
hydroxylamines. Sulfation is a high affinity, low capacity pathway which is limited by low 
PAPS level. Acetaminophen is a drug that undergoes both sulfation and glucuronidation. At 
low doses, sulfation predominates but at high doses glucuronidation predominates. Four 
sulfotransferases in human liver cytosol have been identified to date. Aryl sulfatases in gut 
microflora remove sulfate groups in a sort of enterohepatic recycling. Sulfation decreases 
pharmacologic and toxic activities but can also cause activation of chemically unstable 
groups to carcinogens, for example hydroxylamine. 
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4.2.4 Methylation  

This is a common minor pathway of xenobiotic biotransformation which generally decreases 
water solubility. Enzymes that catalyse the reactions are called methyltransferases and the 
co-factor is S-adenosylmethionine (SAM). In methylation, a methyl group (CH3) is 
transferred to O, N, S or C molecule  on the substrates which include phenols, 
catecholamines and heavy metals like Hg, As and Se. There are several methyltransferases 
in human tissues examples of which are phenol – O – methyltransferases, catechol – O – 
methyltransferase, O-methyl transferase and S-methyl transferase. Genetic polymorpohism 
has been observed in thiopurine metabolism in a reaction catalysed by a member of this 
group of enzymes. High activity allele causes increased toxicity and low activity allele 
causes decreased efficacy. 

4.2.5 Acetylation 

This is the major route of biotransformation of aromatic amines and hydrazines. The 
reaction is catalysed by N – acetyl transferases (NAT) enzyme and the co factor acetyl-
coenzyme-A. The process generally causes a decrease in water solubility. Substrates of  the 
enzyme include sulfanilamide, isoniazid, dapsone and caffeine. In humans three phenotypic  
forms have been identified and these are slow, intermediate and rapid acetylators (Evans 
1999, Murphy 2001). Various mutations of the enzyme result in decreased enzyme activity 
or stability. Like every other entity exhibiting genetic polymorphism, there are various 
ethnic and tribal variations. For example, 70%  of slow acetylator status was observed in 
Middle Eastern population, 50% in Caucasians and 25% in Asians (Hiratsuka 2006, Evans 
and Relling 1989). Drug toxicities in slow acetylators include nerve damage from dapsone 
and bladder cancer in cigarette smokers due to increased levels of hydroxylamines (Ohno 
and Yamaguchi 2000, Evans 1999, Hiratsuka et al 2006). 

4.2.6 Amino acid conjugation  

This is an alternative pathway to glucuronidation. Amino acid conjugation operate with two 
principles. The first is that carboxylic group (COOH) group of a substrate is  conjugated 
with an amino (NH2) group of glycine, serine, glutamine requiring co enzyme-A  activation.  
Notable example is the conjugation of benzoic  acid with glycine to form hippuric acid. 
Benzoic acid is commonly used as a preservative in carbonated drinks. Alternatively 
aromatic NH2 or NHOH conjugate with COOH of serine proteins requiring ATP activation. 
This metabolic pathway  demonstrate specie specificity in accepting amino acid. For 
example, in mammals, benzoic acid is conjugated by glycine whereas for the same substrate 
in birds, ornithine acts. Dogs and cats utilize taurine to conjugate bile acids while other non 
human primates utilize glutamine for conjugation. Metabolic activation of serine or proline 
results in N-esters of hydroxylamine which are unstable and may degrade to reactive 
electrophile. 

4.2.7 Ribonucleoside/nucleoside synthesis 

This pathway is important for the activation of many purine and pyrimidine antimetabolites 
used in cancer chemotherapy 
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4.3 Phase III reactions 

Phase III reactions can be described as a stage of further modification and excretion. 
Although many authors do not regard this phase as a distinct phase,  current knowledge of 
efflux transporters tend to support the categorization.  A common example is the processing 
of glutathione conjugates to acetylcysteine (mercapturic acid) conjugates (Boyland and 
Chassaud 1969). In this scenario, glutamate and glycine residing  in the glutathione 
molecule are removed by gamma-glutamyltranspeptidase and dipeptidases. Finally, the 
cysteine residue in the conjugate is acetylated .The conjugates and their metabolites can then  
be excreted from cells in phase III of their metabolism with anionic groups acting as affinity 
taps for a variety of membrane transporters of the multidrug resistance protein (MRP) 
family (Homolya et al 2003). These proteins are members of the family of ATP-binding 
cassette transporters and can facilitate the ATP dependent transport of a large varieties of 
hydrophobic ions (Konig et al 1999) and thus act to remove phase II products to the 
extracellular medium, where they may be further metabolized and excreted (Commandeur 
et al 1995). 

Since the discovery of permeability glycoprotein (P – glycoprotein) complex; an initial 
member of the ATP binding cassette (ABC) family of drug transporters by Juliano and Ling 
in 1976, (Juliano and Ling 1976) research into this group of proteins has been  gaining wide 
interests. Some of the membrane transporters confer on the cells the ability to be resistant 
not only to the selective agent but also  to a broad spectrum of structurally and functionally 
distinct antibiotics and alkaloids.This phenotypic character is referred to as multiple drug 
resistance (MDR). The MDR genotype/phenotype relationship is complex with over 18  
ABC genes associated with human disease (Dean and Annilo 2005). 

In addition to the ABC transporters, other important drug/xenobiotic transporters include the 
organic cation transporters of the SLC 22A super family and the organic anion transporting 
peptides of the SLC21  superfamily (Hagenbuch 2010). It is expected that with the growing 
interests in this phase of drug metabolism, investigations on the transcriptional regulatory 
control of this important transport system in target  organs such as the liver, kidney and 
central nervous system will become intense in the next few decades (Omiecinski 2011). 

5. Target genes of pharmacogenetics  
About 20 kinds of enzymes are involved in metabolism of drugs. The cytochrome enzyme 
(CYP450) is regarded as the most important enzyme in drug metabolism. About 15 types of 
this group have been identified in human beings where they catalyse the biotransformation 
of many xenobiotics. Other enzymes include thiopurine methyl transferase (TMPT) which 
metabolizes 6- mercaptopurine and azathioprine, uridyl diphosphate glucuronyl transferase 
(UDGT) responsible for the conjugation of bilirubin, N – acetyltransferase (NAT2) 
responsible for metabolism of sulpha containing drugs and caffeine, catachol – o – methyl 
transferase (COMT) responsible for the metabolism of levodopa and dihydropyrimidine 
dehydrogenase (DPD) a rate limiting enzyme for the metabolism of 5 – florouracil (5 FU). 
Genetic polymorphism has been identified in many of these enzymes with varying degrees 
of drug response (Evans & Relling 1999, Furuta et al 2001,  McAlpine et al 2001,Suzuki et al 
2011) Of all the enzymes involved in drug metabolism, the cytochrome P450.(CYP450) is 
regarded as the most important because many drugs are substrates for the enzyme of the 
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group. CYP3A4, CYP2D6, CYP2C9, CYP219, CYP2B6 and CYP1A2 play the most critical role 
and account for more than 90% of drugs metabolized by P450 ( Evans & Relling 1999). These 
enzymes have proven genetic polymorphism with associated drug responses (Hiratsuka et 
al 2002, Wong et al 2005, McAlpine et al 2011) and racial variations (Meyer 2004 & Suarez – 
Kurtz 2005). As discussed  earlier, genetic polymorphism can manifest at both 
pharmacokinetic and pharmacodynamic  levels whereby many genetic variants of 
respective enzymes, membrane transporters, receptors and ion channels have been 
dectected ( Wiesler et al 2008,  Phipps – Green et al 2010 & Bouamar et al 2011) 

5.1 Pharmacokinetic related genes 

5.1.1 Genes of phase i reaction enzymes  

Genetic variations have been observed particularly with CYP2D6, CYP2C9 aand CYP2C19 
genotypes (Ingelman – Sundberg 1999, Hiratsuka 2006) and therefore will be further 
elucidated. 

i. CYP2D6: With regards to this CYP subtype, 5 – 10% of Caucasians are poor 
metabolizers and have little enzyme activity and there is a distinct racial diversity in the 
frequency of the classes. About 50 genetic polymorphisms of CYP2D6 have been 
reported. The popular ones are CYP2D6*3, CYP2D6*4 and CYP2D6*5. More than 90% of 
PMs in Caucasians are ascribable to these three genetic polymorphism (Daly et al 
1996,& Suzuki et al 2011). In blacks, the common variant is CYP2D*17 (Evans 1989) 

ii. CYP2C9: is involved in the metabolism of an epileptic agent; phenytoin and an 
anticoagulant; warfarin. To date, 12 CYP2C9 variants have been reported. For example 
in cases with phenytoin, oral clearance decreased to one quarter in  subjects with 
homozygous polymorphism for CYP2CP*3 (Kidd et al 1999 , Scodo et al 2002, Linder et 
al 2009). Many studies focused on CYP2C9 polymorphism to link variability with 
warfarin therapy. However only about 10% of dosage variation can be attributed to 
CYP2C9 polymorphism. It is thought that environmental and genetic factors can 
influence warfarin response therefore dosage is individualized based on sex, age, 
vitatmin K intake, and disease states. Warfarin dosing can be challenging because of its 
narrow therapeutic index and the serious risk of bleeding in  overdosage. Warfarin 
exerts its anticoagulant effects by inhibiting hepatic vitamin K epoxide reductase; an 
enzyme involved in the vitamin K epoxide reductase complex sub unit 1 (VKORC1). 
The gene that encodes this enzyme has been identified and is believed to contribute to 
the variability in warfarin response (Scodo et al 2002, Aquilante et al 2006, Linder et al 
2009, Guengerich 2001).  

iii. The CYP2C19: enzyme metabolizes many drugs including the proton pump inhibitor; 
citalopram (lelexa) diazepam (valium) and imipramine (toranil). More than 16 variants 
of CYP2C19 associated with deficient, reduced, normal or increased activity have been 
identified. The most  common genotypic variants for poor metabolizers are CYP2C19*2 
and CYP2C19*3. The CYP2C19*17 variant is associated with ultrarapid metabolizers 
and seems to be common in Swedes (18%), Ethiopians (18%) and Chinese (4%). (Sum et 
al 2006). The proton pump inhibitor omeprazole (prilosec) is primarily metabolized by 
CYP2C19 to its inactive metabolite 5 – hydroxyl-omeprazole. Individuals who  are 
CYP2C19 poor metabolizers can have five fold higher blood concentrations of 
omeprazole and experience superior acid suppression and higher cure rate than the rest 
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of the population. Conversely, blood concentrations of omeprazole are predicted to be 
40% lower in ultrarapid  metabolizers than the rest of the population and are therefore  
at risk of therapeutic failure. (Sum et al 2006) 

5.1.2 Genes of phase II reaction enzymes  

N – Acetyl Transferase: Activities of human hepatic drug metabolizing enzymes was earlier 
been recognized as a cause of inter – individual variation in the metabolism of drugs. 
Therefore acetylation of many drugs like isoniazid caffeine, nitrozepam and sulphonamide 
exhibit genetic polymorphism. The N – acetyl transferase (NAT) enzyme is controlled by 
two genes, (NAT 1) and (NAT 2) of which NAT2 A and B are responsible for clinically 
significant metabolic polymorphism. (Heiss 1988, Grant et al 1990). Three phenotypes have 
been recognized with activities of NAT2 and these are rapid acetylator (RA), intermediate 
acetylator (IA) and slow acetylator (SA) status (Cranswick 2005). The frequency of  slow 
acetylator in Caucasians and Negro populations is 50% and 10% in Oriental groups. (.Evans 
D.A 1989) Slow acetylator phenotype is preponderant among different Arab populations 
irrespective of geographical location of the country. (Woolhouse et al 1997, At- Moussa et al 
2002 & Desoky et al 2005). Three genetic polymorphisms NAT2*5, NAT2*6, NAT2*7 but not 
NAT2*4 (wild type allele) are responsible for almost all SAs in the Japanese (Huang et al 
2002) Drug induced hepatitis caused by isoniazid occurs often in SA than RA (Ohno et al 
2000) and Type II diabetes SA may be predisposed to progression to renal complications 
than their RA counterparts (Banjoko & Akinlade 2010). 

Thiopurine - S –Methyl Transferase (TPMT: Catalyses the S – Methylation of the 
thiopurine agents, azathioprine, mercaptopurine and thiogleamine. These agents are 
commonly used for a diverse range of medical indications including leukaemia, rheumatic 
diseases and organ transplant. The principal cytotoxic mechanism of these agents is 
mediated via incorporation of thioguanine nucleotides (TGN) into DNA. Thiopurines are 
inactive prodrugs that require metabolism to thioguanine nucleotides to exert cytotoxicity. 
This activation is catalyzed by a multienzyme pathway which include hypoxanthine 
phosphoribosyl transeferase (HPRT), oxidation by xanthine oxidase (XO) or methylation by 
TPMT. During metabolism, hypoxanthine-guanine phosphoribosyl transferase (HPGRT) 
converts 6-mercaptopurine to cytotoxic6-thioguanine nucleotide analogues, while 
thiopurine methyl transferase (TPMT) inactivates 6-mercaptopurine through methylation to 
form 6 –methylmercaptopurine. However, TMPT is the major pathway and it  is highly 
variable and polymorphic. More than 12 TPMT alleles have been identified. The most 
common ones are TPMT*2, TPMT*3A, TPMT*3C, with all three associated with lower 
enzyme activity attributable to enhanced rates of proteolysis of the variant proteins (Donnan 
et al 2011, Haghuid et al 2011, Guengerich 2001). Caucasian infant patients with acute 
myeloid leukaemia carrying TPMT*2, TPMT*3A, TPMT*3B, TPMT*3C showed significantly 
higher concentrations of the thiopurine intermediate metabolite 6-mercaptopurine in their 
red cells that requires dose reduction or termination of thiopurine administration due to 
adverse effects such as myelosuppression (Relling et al 1999, Tavadia et al 2001). 

Dihydro Pyrimidine Dehydrogenase (DPD): Dihydro pyrimidine dehydrogenase (DPD) is 
a rate limiting enzyme for the metabolism of the anti cancer drug; 5 fluorouracil (5FU). With  
DPD being responsible for over 50% of its biotransformation. Other substrates for DPD are 
carmofur, tegafur and doxifluridine. The gene encoding for DPD is DPDY and about 13 
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genetic variants have been reported (McLeod et al 1998, Collie – Duguid et al 2000). The 
genetic variant that is responsible for decreased DPD activity has been reported to be 
DPYD*2 with a polymorphism at the splicing recognition site. (Wei at al 1996) 
Administration of 5 – FU to the patients with decreased enzyme activity results in adverse 
effects such as leukocytopenia, stomatitis, diarrhea, nausea and vomiting (Etienne et al 1994) 

Glutathione – S – Tranferase (GST): GSTs and the human genes encoding these enzymes 
are highly polymorphic with about 50% and 25% of most populations having a mutation or 
complete deletion of these gene respectively rendering them deficient or lacking the 
enzyme. Major racial and ethnic differences exist and GST M and GST T1 are the major 
genes. Other GSTs include GST P1 and GST*A which are also subject to genetic 
polymorphism and have been implicated in resistance to anti cancer drugs. High GST 
activity has been associated with decreased risk of haematologic relapse, central nervous 
system response and improved prednisolone response. (Commandeur et.al 1995) Inherited 
GST – P1 allele encoding for the 11e 105 Val. amino acid substitution, has been associated 
with improved overall breast cancer survival compared with patients who have at least one 
wild type GST P1 allele. Conversely in patients with acute myeloid leukaemia treated with 
high doses of combination therapy, the homozygous GST – T1 deletion is associated with a 
higher risk of toxic death during remission. ( Arruda et. al 2001)   

Uridyl Diphosphate Glucuronyl Transferase (UGT): The UDP – glucuronyl transferase 
(UGT) belongs to a super family of membrane bound proteins localized in the endoplamic 
reticulum and are responsible for glucuronidation of many xenobiotics and endobiotics. The 
UGT genes have been classified into families and sub families based on evolutionary 
divergence with all known human UGT’s being in the UGT1A 2A and 2B sub families. 
(Mackenzie et al 1997, Randominska – Pandya et al 1999, Tukey & Strassburg 2000). To date, 
polymorphism in UGTA1 have been more studied extensively and seem to have clinical 
significance. The anticancer drug irinotecan is metabolized by the enzyme and 
polymorphism resembling condition seen in Gilbert’s syndrome characterised by total lack 
of UGT enzyme due to deletion of the gene which leads to fifty fold reduction in irinotecan 
metabolism and such patients can be at risk of toxicity (Huang et al 2002 Desai et al 2003). 

5.1.3 Phase III reactions: Transporter genes 

Membrane transporters as mentioned earlier are heavily involved in drug clearance and 
alter drug disposition by actively transporting  drugs between organs and tissues. Therefore 
polymorphisms in the genes encoding these proteins may have significant effects on the 
absorption, distribution, metabolism and excretion of xenobiotics and may alter the 
pharmacodynamics of these agents. Uptake transporters are required for the uptake  of 
some drugs into the cell whereas efflux transporters are responsible for pumping some 
drugs out of cells or preventing them from ever getting in. Transporters are also thought to 
be involved in drug – drug reactions. 

The most important families of the transporters include (i) ATP binding cassette (ABC) 
family whose genes include important members like the multi drug resistance gene also 
classified as ABCB 1 i.e. (ABCB1/MDR1), ABCC1, ABCC2, uric acid transporter (ABCG2), 
breast cancer resistance protein BCRP also classified ABCG2 i.e. (BCRP/ABCG2).(ii) The 
solute transporter superfamily (SLC) which include the organic anion transport polypeptide 
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(SLC 21/OATP), organic cation transporter SLC 22 OCT), zwitterion/cation transporter 
(OCTNs), folate transporter(SLC19A1), neurotransmitter 
transporter(SLC6,SLC17,&SLC18)and serotonin transporter (5HTT).Genetic polymorphism 
in drug transporter genes have increasingly been recognized as a possible mechanism 
accounting for variation in drug response because these transporters play important roles in 
the gastrointestinal absorption, biliary and renal elimination and distribution to target sites 
of their substrates. (Meier et al 2007, Shu et al 2007, Choi & Song 2008) 

5.1.3.1 The ABC family  genes 

ABCB1: Refers to ATP binding cassette (ABC) sub family B member 1, or MDR 1 also 
designated cluster of differentiation (CD243) is the permeability glycoprotein (P – 
glycoprotein).ABC genes are divided into seven distinct sub families (ABC1, MDR/TAP, 
MRP, ALD, OABP, CaCW 20 andWhite). Members of the MDR/TAP sub- family are 
involved in multi drug resistance. The protein encoded by this gene is an ATP dependent 
drug efflux pump of xenobiotics with broad substrate specificity. It is responsible for 
decreased drug accumulation in multi drug resistant cells and often mediates the 
development of resistance to cancer cells (Viguie 1998 ). This protein also function as a 
transporter in the blood brain barrier (Viguie 1998, Phipps – Green et al 2010). It likely 
evolved as a defense mechanism against harmful substances. Some  of the functions of 
protein encoded by ABCB 1 gene include regulation of distribution and bioavailability of 
drugs, removal of metabolites and xenobiotics from cells into urine, bile and intestinal 
lumen, transport of compounds out of the brain across the blood – brain barrier, digoxin 
uptake, prevention of invermectin entry into the central nervous system and protection of 
hamatopoietic cells from toxins (Dean  2002.) Mutation of ABCB1 gene will therefore result 
in disruption of these functions. The activity of the transporter can be determined by both 
membrane ATPase and cellular calcein assays. Drug resistance had been observed in M89T, 
L662R, R669 and S1141T variants of the gene and decreased drug efficacy in W1108R 
variant. In addition, genetic variation in ABCB1 has been associated with both toxicity and 
drug response in  5Fluoro-uracil (Gonzalez – Haba et al 2011) and pacilitaxel therapy 
(Henningson et al 2011). 

ABCC 1 genes: Multidrug resistant protein 1 (MRP1) an ATP bounding cassette transporter 
encoded by ABCC 1 gene is expressed in many tissues and function as an efflux transporter 
for glutathione, glycine  and sulphate conjugates as well as unconjugated substrates. An 
evaluation of single nucleotide polymorphism (SNP) revealed 7 mutations in the gene 
(Colombo et al 2005) while in a Japanese study, 86 genetic variants were identified 
(Fukushina – Uesaka et al 2007). Mutations in ABC transporters cause or contribute to many 
different Mendelian and complex disorders including adrenoleukodystrophy, cystic fibrosis 
and retinal degeneration (Dean & Annilo 2005). There has been no evidence of clinical 
significance in studies of the variants. (Colombo et al 2005, Pauli Magrus & Kroetz 2005 & 
Fukushina -Uesaka 2007). 

ABCC2 gene: ABBCC2 genes codes for the ABCC2 or MRP2 protein. (MRP2) is an export 
pump expressed at tissue barriers. Genetic variants 24 e>T, 1249Ca>A and 3972 > T had been 
observed and are thought to cause inter individual differences of bioavailability of various 
endogenous and exogenous compounds (Colombo et al 2005, Laechelt et al 2011). About 27 
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other variants have also been detected (Colombo et al 2005). A haplotype dependent influence 
on transport capacity of ABCC2 had been observed but seems to be mainly based on post 
transcriptional modifications rather than transport rates (Laechelt et al 2011).  

TheABCG2 gene  encodes an inhibitor of breast cancer resistance protein (BCRP) (ABCG2) 
protein, another member of the ABC transporter. The protein confers protection against the 
development of breast cancers. Evaluation of single nucleotide polymorphism identified 16 
variants (Morisaki et al 2005, Colombo et al 2005). Genetic polymorphism in ABCG2 might 
alter the transport activity of some drugs causing therapy in drugs like irinotecan, to cause 
severe myelosuppression (Choi et al 2009, Hampras et al 2010). A polymorphism, C421A 
observed in human placenta is not a genetic variant acting in cis but is considered to 
influence the translational efficiency (Kobayeshi et al 2005). Another genetic variant 
(ABCG2) (rs 2231142, Q141K) encoding a uric acid transporter is associated with gout in 
diverse populations (Phipps – Green et al 2010) 

5.1.3.2 Solute Carrier Superfamily: (SLC) Genes 

The solute carrier (SLC) superfamily of transporters consists of more than 300 members 
subdivided into 47 families. They are expressed in most tissues but primarily in liver, lungs, 
kidney and intestine. 

i. OATP/SLC21: Organic anion transporter facilitates movement of anion across the cell 
membrane.OATP1B and OATP1B3 are human hepatocyte transporters that mediate the 
uptake of various endogenous and exogenous substrates. Genetic variation was 
observed in the SLCO1B1 and SLCO1B3 genes which encode OATP1B1 and OATP1B3 
proteins. Forty nine (49) and 41 nucleotide sequence variants leading to 10 and 9 in 
SLCO1B1 and SLCO1B3 genes respectively were identified (Bowin  et al 2010). 
Furthermore, in OATPC (SLC21A6) and OATP3 (SLC22A8) genes, polymorphism did 
not appear to be associated with changes in renal and tubular secretory clearance in the 
latter but the former was associated with differences in the disposition kinetics of 
pravastin. Individualswith the OATP – C*15 allele (ASP 130 Ala 174) had a reduced 
total and non renal clearance compared with those of OATPC*15 allele (ASP130Val 174) 
(Nishizato Y et al 2003). 

ii. SLC 19A1 (Folate Transporter)member 1: The SLC19A1 are the proteins responsible for 
the transport of folate. Transport of folate into the mammalian cells can occur via 
receptor mediated (folate receptor 1) or carrier mediated (SLC19A1) mechanism.  
Methotrexate is an antifolate chemotherapeutic agent that is actively transported by the 
carrier mediated uptake system. Individuals carrying a specific polymorphism of 
SLC19A1 gene ï.e (C80GG) have lower levels of folate. (Whetsine 2003, Matherly et al 
2007) and those carrying the C80AA genotype treated with methrotrexate have higher 
levels of this antifolate chemotherapeutic agent. This underpins requirements for 
personalized dosing with the drug based on patients genotype  

iii. OCT/SLC22: Most solute carrier transporters are localized at either the basolateral or 
apical plasma membrane of polarized cells but some are also expressed in mitochondria 
and other organelles (Wojtal et al 2009). The genes encoding the three organic cation 
transporter isoforms OCT1, OCT2 and OCT 3 are clustered together on the long arm of 
chromosome 8 in  humans and carry out functions of transport of small organic cations 
with different molecular structures independent of sodium gradient. These organic 
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cation substrate include drugs like metformin, procainamide and cimetidine as well as 
endogenous compounds like dopamine and norepinephrine and toxic substances like 
tetraethylammonium bromide (TEA) (Kang et al 2007). 

5.2 Pharmacodynamic related genes 

i. Receptors: Many receptors are involved with several signaling pathways. Example of 
which is epidermal growth factor receptor( EGFR). This receptor has been implicated in 
the oncogenesis and progression of several solid tumours thereby being identified as a 
suitable target for anticancer treatment. Polymorphism has been observed in the 
development of cancer on dinucleotide repeats in intron 1 of the EGFR gene and this 
has correlated with EGFR expression with therapeutic implication for treatment with 
tyrosinase kinase inhibitor. A higher proportion of Asians do overexpress EGFR that 
may influence their responses to tyrosine kinase inhibitor (Tan et al 2004). 
G-protein Coupled Receptors (GPCR):Over 50% of all drug targets have G-protein 
coupled receptors (GPCR). Genes of GPR has  more coding regions than non – GPCR 
genes making them more important for pharmacological investigations.  
GABAA Receptor Mutation in GABAA receptor ion channel may be a reason for the 
diminished protection of anti epileptic drugs.  
Insulin Receptor(INSR): The receptor is important in the management of diabetes 
mellitus patients and mutation of the gene encoding the receptor will result in poor 
response particularly in type 2 diabetes.Mutation of the gene  has also been suspected to 
contribute to genetic susceptibility to the polycystic ovarian syndrome(Siega et al2002)  
B2 Receptor: B2 agonist; albuterol (Proventil) is used to control acute attacks of asthma 
and are prescribed as needed .Patients with  2 receptor arginine genotype experience 
poor asthma control with frequent symptoms and a decreasing scores of poor 
exploratory volume compared with those with glycine genotype (Cowburn et al 1998, 
de Maat et al 1999). Seventeen (17%) of whites and 20% of blacks carry the arginine 
genotype (Wechsler et al 2005)  

ii. Ion Channels: Many genes encode for different ion channels including those of the 
central nervous system which include KCNJ10, KCNJ3, CLCN2, GABRA1, SCN1B and 
SCN1A. Some polymorphism of this channel has been linked to idiopathic generalized 
epilepsy (Lucarini et al 2007) 
The 5-HT3 receptor is a ligand-gated ion channel composed of five subunits.  To date, five 
different human subunits are known; 5-HT3A-E, which are encoded by the serotonin 
receptor genes HTR3A, HTR3B, HTR3C, HTR3D and HTR3E, respectively. Functional 
receptors are pentameric complexes of diverse composition. Different receptor subtypes 
seem to be involved in chemotheraphy-induced nausea and vomiting (CINV), irritable 
bowel syndrome and psychiatric disorders. 5-HTR3A and HTR3B polymorphisms may 
also contribute to the etiology of psychiatric disorders and serve as predictors in CINV 
and in the medical treatment of psychiatric patients. (Niesler et al 2008). 

iii. Enzymes: Polymorphism of pharmacokinetic enzymes no doubt influence the 
pharmacodynamics of drugs. However there are few enzymes that influence drugs at 
the point of actions one of these enzymes is the tyrosine kinase which modulate 
receptor activities. Therefore polymorphism in tyrosine kinase gene will affect drugs at 
the target point. 
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Another important enzyme of drug target is vitamin K epoxide reductase complex 
subunit 1(VKORC1). This enzyme is the drug target for warfarin an anticoagulant with 
a narrow therapeutic window and with serious consequences  of bleeding in the event 
of an overdose. Variation in maintenance dose of warfarin is largely attributable to 
genetic variants in the genes that encode the drug target VKORC1 the major 
metabolizing enzyme. The two genetic polymorphisms   explain 30 – 40% of the total 
variation in those on therapy.  
Angiotensin converting enzyme (ACE) genes encode for ACE, a target for ACE 
inhibitors which improves symptom and survival in cases of heart failure. Genetic 
polymorphism is suspected to be causing greater effects   of the drug in Europeans than 
Afro-Americans. Pre-treatment genetic screening is therefore apt to improve therapy 

iv. Neurotransmitter Transporters: Neurotransmitter transporters namely SLC6, SLC17 
and SLC18 families are primarily expressed in the neurons of the central and peripheral 
nervous system. These transporters are the sites of action of various drugs of abuse e.g 
cocaine, amphetamine and other clinically approved drugs like desipramine, reserpine, 
benztropine and tiagabine. Genetic variation in the SLC6, SLC17 and SLC18 encoding 
genes may result in altered expression and function of these proteins. In particular, 
antidepressants and antiepileptic drugs target these neurotransmitters as part of their 
primary mechanism of action. Therefore genetic variations may affect the efficacy of 
such drugs.   

6. Pharmacogenetic testing 
A genetic test is the analysis of human DNA, RNA chromosomes, proteins or certain 
metabolites in order to detect alterations related to a heritable disorder. This can be 
accomplished by directly examining the DNA or RNA that makes up a gene (Direct testing), 
looking at markers co-inherited with a disease causing gene (linkage testing), assaying 
certain metabolites (biochemical testing), or examining the chromosomes (cytogenetic 
testing). Although genetic testing shares some features common with other kinds of 
laboratory testing, it is however unique in many ways and therefore requires special 
consideration .Pharmacogenetic testing can therefore be defined as utilization of 
aforementioned genetic biomarkers related to drug metabolism  and effects. A biomarker 
can be described as a characteristic that is objectively measured and evaluated as an 
indicator of normal biological processes to a therapeutic intervention (EMEA 2006) 

Methods of Pharmacogenetic testing depends on the biomarker to be assessed. These vary 
from simple spectrophotometric estimation of metabolites to DNA sequences, use of PCR 
and DNA probes, enzymes linked immunosorbent  assay, cell culture, gel electrophoresis 
high performance liquid chromatography and DNA hybridization techniques. It is not 
uncommon to use combined techniques to study clinical relevance of pharmacogenetic 
testing. 

Because information on pharmacogenetics is still evolving, there is a necessity for guidelines 
to be adopted for ethical reasons, economic considerations and patient benefit. Overall, the 
quest for pharmacogenetic information is likely to grow. As a matter of fact some drugs  
already carry labels addressing such. 
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6.1 European medicines agency guideline for pharmacogenetic testing  

The guidelines for European Medicines Agency  (EMEA) was desighned by the Agency’s 
committee for Human Medicinal Products (CHMP). The rationale for this guidelines include 
standardization, data analysis, interpretation, evaluation  of clinical relevance, ethical 
consideration and setting the stage for technical, scientific and regulatory issues. The 
guidelines addresses the following among other issues. 

i. Chosen design and rationale  
ii. the population selected for pharmacogenetic studies (i.e. species, age, gender and other 

variable related to the phenotype e.g. for human exposure ethnic group) 
*In the target population or relevant animal model 
*In the study population e.g. matched groups (responders/non responders, 
presence/absence of adverse events) 

iii. The population size selected for PG studies and a discussion on the power to detect an 
association in appropriate  

iv. Predictive values (positive and negative) of the PG biomarkers as per clinical     trials 
experience  

v. Assumptions on clinical utility e.g. benefit In using predictive pharmacogenetics testing 
versus other predictive biomarkers, use of a pharmacogenetic  biomarker as a segregation 
marker or as a stratification tool for a subpopulation in a general matching population. 

6.2 Pharmacogenetic testing and clinical benefits 

The overall purpose of PG testing is clinical benefits. Pharmacogenetic testing have resulted 
in some clinical benefit so far, some of which can be life saving. It was observed that roughly 
about 106,000 deaths and 2.2 million serious events caused by adverse drug reactions were 
reported yearly (Lazarom 1998) and 5 – 7% of hospital admissions in US and Europe lead to 
the withdrawal of 4% of new medicines with attendant financial loss. Since such drugs were 
linked to metabolizing enzymes with known polymorphism,prudence dictates suggestion of 
pharmacogenetic testing in indicated instances Pharmacogenetics testing is expectedly 
becoming commonly required particularly with drugs with low therapeutic window 
(Phillips et al 2001). However, the decision to use pharmacogenetic testing will be 
influenced by the relative costs of genotyping technologies and the cost of providing a 
treatment to a patient with an incompatible genotype. 

Notable clinical benefits of pharmacogenetic testing have been observed in NAT2 
genotyping for isoniazid treatment (Hiratsuka et al 2002, Weishilboum et al 2003, Gardiner 
and Begg 2006) andCYP2C19 genotyping for omeprazole treatment (Desta et al 2002). 

Others are TPMT genotyping for 6-mercaptopurine and azathioprine treatment (Relling et al 
1999, Gardener and Begg 2006) mtDNA A155G genotyping for aminoglycoside treatment 
(Cortopassi and Hatchin 1994, Usami et al 1999) CYP 2D6 genotyping for codeine treatment  
(Bradford 2002) Hepatitis C genotype for pegylated interferon – alpha – 2a or pegylated – 
interferon – alpha – 2b treatment. (Ingelman – Sundberg et al 2009, Thomas et al 2009) and 
Dihydropyrimidine dehydrogenese (DPI) testing for 5-fluoro-Uracil (5FU) treatment 
(Gionzalez and Fernandez –Salguero, 1995, McMurrough et al 1996, Wei et al 1996, Van 
Kuilenburg et al 1998). 
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There are currently requirements of pharmacogenetic testing of specific drugs before they 
can be prescribed and these include cetuximab, trastuzumab, maraviroc and dasatinib. In 
December 2007, the FDA recommended testing for HLA-B* 1502 allele in patients with 
Asian ancestry before initiating carbamazepine therapy because of high risk of developing 
carbamazepine induced Steven’s Johnson syndrome (SSS) or toxic epidermal necrolysis. 

Pharmacogenetic testing is also recommended for patients treated with warfarin, thiopurine, 
valproic acid, irinotecan, abacavir or rasburicase. 

Currently, drug labels contain information on pharmacogenetic tests which are classified as 
test required, test recommended and for  information only.  

7. Conclusion  
With the application of molecular biology methods and completion of the human genome 
projects and establishment of guidelines for pharmacogenetics practices and applications, it 
is expected that the interwoven field of pharnmacogenetics and pharmacogenomics will 
revoluntionise personalized medicine. Furthermore the field of predictive medicine is 
expected to receive a boost from pharmacogenetic information with attendant reduction in 
morbidity and mortality particularly from adverse drug reactions and therapeutic failure. 
With more intense researches and genotyping profiling, the challenges of standardization 
and interpretation of pharmacogenetic testing are apt to be overcome. It is worthy of note 
that currently some drug labels carry information on pharmacogenetic testing and 
requirements for therapeutic use. The promise of pharmacogenetics is therefore 
improvement of the overall health being of the patients. 
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1. Introduction 
Pharmacogenetics is the study of variations in DNA sequence as related to drug response 
(European Medicines Agency [EMA], 2007). Several gene-drug interactions have been 
discovered in the field of cardiovascular diseases (CVDs). These gene-drug interactions can 
help to identify nonresponse to drugs, estimate dose requirements or identify an increased 
risk of developing adverse drug reactions. An individualized approach based on 
pharmacogenetic testing will provide physicians and pharmacists with tools for decision 
making about pharmacotherapy. While pharmacogenetic testing is already part of everyday 
practice in oncology, it is not widely implemented in the field of CVDs. However, in the 
near future, pharmacogenetics will probably also play a valuable role in this field as well. 

1.1 Complexity of pharmacogenetics of CVDs 

Prophylaxis and treatment of CVD is complex. Patients often have more than one 
cardiovascular risk factor (e.g. hypertension and hypercholesterolemia) and/or CVD, or other 
comorbidities such as diabetes mellitus. Frequently, more than one drug is used by the patient 
and this may potentially lead to serious drug interactions with adverse health outcomes. 
Therefore, not only the comorbidities but also the interaction between co-medications should 
be taken into account if a pharmacogenetics based dosing strategy is developed.  

1.2 The aim of this book chapter 

The aim of this book chapter is to describe and explore several examples of gene-drug 
interactions in CVD, the factors that affect the implementation in clinical practice, the cost-
effectiveness analysis of pharmacogenetic testing, and the development of new technologies 
that could improve research of pharmacogenetic interactions in CVD.  
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2. Examples of pharmacogenetics for cardiovascular diseases  
Cardiovascular drugs are widely used for prevention or treatment of CVD. Gene-drug 
interactions were demonstrated in the treatment with platelet inhibitors, anticoagulants, 
antihypertensive drugs and statins. The findings of the many studies that have been 
conducted on pharmacogenetics of antihypertensive drugs, are not suitable for clinical 
implementation, often because the results could not be replicated or the clinical relevance 
was low (Arnett & Claas, 2009). The most commonly prescribed drugs in the management of 
CVD with important gene-drug interactions are statins, clopidogrel and coumarin 
derivatives. These three drugs are candidates for pharmacogenetic testing in everyday 
practice and will be discussed in more detail below. 

2.1 Statins 

Patients with hypercholesterolemia have an increased risk of CVD. Statins are widely used to 
treat hypercholesterolemia and prevent CVD. This treatment, often accompanied by lifestyle 
changes, has been proven to be effective and safe, but the efficacy varies among patients 
(Pearson et al., 2000). The effect of statins depends on the statin concentration at the site of 
action, the liver. This concentration can be altered by several factors, like diet and concomitant 
medication (Romaine et al., 2010). Muscle symptoms are a common problem during statin use 
ranging from mild myalgia to severe rhabdomyolysis (Law & Rudnicka, 2006). Although 
muscle symptoms are generally not life-threatening, they can negatively affect the patient’s 
quality of life and also his or her adherence to statin therapy (Peters et al., 2009).  

Several transporters play a role in the access of statins in the liver. Multiple studies have 
demonstrated a role for statin transportation by the organic anion transporter polypeptide 
1B1 (OATP1B1) (Niemi, 2007; Pasanen et al., 2006), which is encoded by the SLCO1B1 gene. 
An impaired hepatic uptake of several statins has been shown for patients with a specific 
single nucleotide polymorphism (SNP) in this gene, namely the SLCO1B1 c.521T>C SNP. A 
decreased effect of statins is therefore seen in patients with this variant allele. This effect was 
shown in users of atorvastatin, pitavastatin, pravastatin and rosuvastatin in some studies, 
while others could not find a significant or clinically relevant effect (SEARCH Collaborative 
Group, 2008; Voora et al., 2009). 

The impaired hepatic uptake causes an increased plasma concentration of statins, which 
probably causes a higher rate of adverse events. Carriers of a c.521C allele show an 
increased risk of developing myopathy after simvastatin use. Because this SNP does not 
seem to influence plasma concentration of fluvastatin, this could be an alternative for 
patients at risk of simvastatin induced muscle symptoms (Niemi et al., 2006). Genotyping 
before starting statin therapy might help to choose the right statin. Carriers of a variant 
allele could then be identified and treated with a SLCO1B1 genotype independent statin, for 
example fluvastatin. In this way, genotyping for this SLCO1B1 SNP may increase the safety 
of statin therapy. This approach of determining the most optimal therapy has not yet been 
investigated in a clinical trial. 

2.2 Clopidogrel 

Clopidogrel is a platelet inhibitor (PI), used together with aspirin to treat patients after 
percutaneous coronary interventions. This dual antiplatelet therapy reduces the risk of stent 
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thrombosis, myocardial infarction, stroke and cardiovascular death. Clopidogrel 
monotherapy may be used for secondary prevention of atherosclerotic complications, in 
case aspirin can not be used, for example due to allergy (Anderson et al., 2010). 

Clopidogrel is administered to patients as a prodrug. It needs to be metabolized by several 
hepatic cytochrome P450 (CYP) enzymes in order to form the active platelet aggregation 
inhibiting metabolite. This is done in two steps. During the first step, the intermediate 2-oxo-
clopidogrel metabolite is formed. In this step three isoenzymes (CYP1A2, CYP2B6 and 
CYP2C19) are involved. During the second step this metabolite is hydrolyzed into the active 
thiol derivative R-130964, which blocks the ADP P2Y12 receptors on the platelet surface, 
causing inhibition of platelet aggregation. This step is catalyzed by four isoenzymes 
(CYP2B6, CYP2C9, CYP2C19 and CYP3A4) (Yukhanyan et al., 2011). 

Although the effectiveness of clopidogrel has been demonstrated in many trials, variation in 
response is still an issue. Some patients experience cardiovascular events despite dual 
antiplatelet therapy (Yukhanyan et al., 2011). This difference in risk of cardiovascular events 
is genetically determined. In addition, response-variability is also caused by a genetically 
determined difference in platelet aggregation (Harmsze et al., 2010a). The interindividual 
variability in response to clopidogrel can be explained by multiple genetic and 
environmental factors. Variation in response to clopidogrel related to genetic variability in 
the CYP2C19 gene has been investigated thoroughly, as the CYP2C19 enzyme plays an 
important role in both metabolizing steps (Anderson et al., 2010).  In several studies a 
relationship between carriage of a loss-of-function allele in the CYP2C19 gene and the 
occurrence of adverse cardiovascular events has been demonstrated. Up to now, more than 
33 alleles of the CYP2C19 gene have been identified. Most of these are rare in the general 
population. The most common allele in the European population is CYP2C19*1. The enzyme 
encoded by this allele enables extensive metabolizing of clopidogrel into the active 
metabolite. A common variant allele is the *2 allele. Patients carrying at least one of this 
variant allele have a decreased activity of the CYP2C19 enzyme. This leads to a reduced 
plasma concentration of the active metabolite and possibly to an increased risk of recurrent 
cardiovascular events. Knowledge of the CYP2C19*2 genotype can explain approximately 
12% of the variation in response to clopidogrel. An increased risk of stent thrombosis has 
been demonstrated in carriers of a CYP2C19*3 allele.  Both carriers of a *2 of a *3 allele have 
a decreased enzyme activity, resulting in a lower amount of active metabolite (Harmsze et 
al., 2010b). The CYP2C19*17 allele however, encodes for a more active enzyme. Carriers of 
this allele therefore have an increased antiplatelet response to clopidogrel. This might be 
associated with an increased risk of bleeding (Yukhanyan et al., 2011; Zabalza et al., 2011). 

Pharmacogenetic testing for the *2 or *3 variant alleles could identify patients that are less 
likely to respond to clopidogrel and who might benefit more from treatment with an 
alternative, more expensive PI such as prasugrel or ticagrelor. Prasugrel and ticagrelor have 
less variability in response than clopidogrel, mainly due to a smaller influence of genetic 
variations. However, patients using prasugrel or ticagrelor have an increased risk of 
bleeding compared to patients using clopidogrel (Jakubowski et al., 2011; Collet & 
O’Connor, 2011). At the moment, randomized controlled trials (RCTs) are ongoing to 
evaluate the (cost) effectiveness of pre-treatment genotyping (Crespin et al., 2011). Based on 
the results of these trials, physicians can decide whether or not to prescribe clopidogrel or 
another PI on the patient’s genotype. 
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2.3 Coumarin derivatives 

Oral anticoagulants of the coumarin type are used to treat and prevent thromboembolic 
events in patients with different conditions, including venous thromboembolism and atrial 
fibrillation (Ansell et al., 2008). The effect is monitored by the International Normalized 
Ratio (INR), which should be kept within a certain range (for example, the range for atrial 
fibrillation is between 2.0 and 3.0). Wide interpatient variability in dose requirement means 
that the dosage is difficult to predict and frequent monitoring of the INR is necessary. INR 
values below the therapeutic range increase the risk of thromboembolic events while a 
supratherapeutic INR leads to an increased risk of bleeding events. These bleeding events 
can range from minor bleedings to major, life-threatening bleedings such as intracranial 
hemorrhage (James et al., 1992). 

The wide variability in dose requirement is caused by several factors. Dietary intake of 
Vitamin K, comorbidities (e.g. altered thyroid function), concomitant medication, sex, age, 
height and weight all influence the required coumarin dose. Also genetic factors are shown 
to have an important role (Custodio das Dores et al., 2007; Penning-van Beest et al., 2001; 
Torn et al., 2005). First the influence of the CYP2C9 gene, encoding the main metabolizing 
enzyme, cytochrome P450 2C9 (CYP2C9) was discovered. Carriers of a *2 or *3 allele require 
a lower dose and have an increased risk of overanticoagulation, which is associated with an 
increased risk of bleedings (Schalekamp, 2004). A few years later was discovered that with 
the VKORC1 gene, encoding the target enzyme vitamin K epoxide reductase multiprotein 
complex 1, even a larger part of dose requirement variability could be explained. CYP2C9 
and VKORC1 together explain approximately half of the variation in coumarin dose 
requirement (Schalekamp & de Boer, 2010; van Schie et al., 2011). 

Currently, most patients receive an identical initial coumarin dosage. After a few days, the 
response is evaluated by INR measurement. The dose can then be adapted to the patient’s 
needs. If patients are genotyped before starting coumarin therapy, they can receive a 
genotype-guided dose from day 1 on. This is suggested to prevent overanticoagulation in 
carriers of a variant allele and to reach a stable dose earlier. RCTs are currently ongoing to 
provide evidence for the (cost) effectiveness of pre-treatment genotyping for coumarin 
derivatives (van Schie et al., 2009; French et al., 2010). 

In addition to the three mentioned examples, we expect more pharmacogenetic interactions 
will be found to be clinically relevant in CVD therapy. 

3. Pharmacogenetic testing  
Pharmacogenetic testing is thought to increase the efficacy and safety of drugs. However, 
for CVD, pharmacogenetic testing is not yet established in daily practice. Currently ongoing 
RCTs will hopefully provide evidence to implement pharmacogenetic testing in daily 
practice. However, implementation of a pharmacogenetic approach of a treatment depends 
on many different factors that extend beyond the outcomes of RCTs. These factors will be 
discussed in this paragraph.   

3.1 Clinical trials to provide evidence 

At this moment, a pharmacogenetic approach to determine the appropriate therapy for an 
individual patient is not yet widely used. There are currently only a few therapies where 
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genotyping is used to establish the right dose or make a decision about which drug to use. 
Pharmacogenetic testing has not yet been used extensively since physicians are still hesitant 
about genotyping. Although physicians are willing to customize the therapy for an 
individual patient based on the patient’s genetic profile, their capacity to do so is limited by 
their time and complexity of the procedure (Levy & Young, 2008). However, genotyping 
may provide physicians with tools for optimizing drug treatment for the individual patient.  
In other words, it could provide the physician with information on the individual reaction 
of the patient to the medication or the dose, comparable to what liver- and kidney function 
tests provide them with. These function tests were implemented in clinical practice without 
evidence for their added value from clinical trials. However, it is unlikely that 
pharmacogenetic tests would be implemented without RCTs, because of considerable 
uncertainty surrounding their efficacy and overall health outcome impact. These RCTs are 
therefore needed to convince physicians of the added value of genotyping the patient.  

Currently, a number of RCTs are underway to hopefully provide evidence of improved 
efficacy and safety by genotyping the patient and using this information to individualize the 
treatment. Use of the search term “pharmacogenetics” on clinicaltrials.gov, a website where 
clinical trials are registered, produced a list of 361 studies (performed on 15 August 2011). Of 
these studies, 117 studies were interventional studies seeking new volunteers. In contrast, use 
of the term “cardiovascular” produced a list of 20,123 studies. However, only 61 studies were 
found after combining the search term “pharmacogenetics” with “cardiovascular”. Of those 61 
studies, 4 were being performed for statins, 4 for clopidogrel and 18 for the coumarin 
derivatives. This suggests that pharmacogenetics is currently only a minor research field in 
clinical trials and that most of the activity in that field is on coumarin derivatives.   

Although thorough research is currently being performed to investigate the added value of 
genotyping on the efficacy and safety of drugs, it is not feasible to conduct a clinical trial for 
each newly found gene-drug interaction. There are several reasons for this. The first reason 
is that it is not always ethical to perform a clinical trial, for example in a situation in which 
observational studies have already shown that patients will be at a risk for an adverse event 
if they have a certain genotype (Peters, 2010). Secondly, costs and resource use would be 
prohibitive (e.g. study personnel, insurance). Thirdly, clinical trials are time-consuming. The 
length of the actual follow-up period is only one factor here; clinical trials take substantial 
time to initiate (e.g. writing the protocol, instructing study personnel), perform and analyse. 
For obvious gene-drug interactions, it is not ethical to waste money and time for performing 
clinical trials instead of implementing them directly. This would mean that we expect, in the 
future, that some observational studies should provide sufficient evidence to implement the 
findings in clinical practice. However, replication of the results in observational 
pharmacogenetic studies is often not obtained. Therefore, strict guidelines should be 
developed to define which evidence is necessary to implement the investigated 
pharmacogenetic interaction into clinical practice. Factors to consider are: 

 Have the results been replicated in different studies with independent researchers? 
 Are the results valid for various countries and ethnicities? 
 Is the estimated improvement large enough? 
 Is the estimated improvement cost-effective (see also paragraph 4)? 
 Is it feasible to implement it in clinical practice? For example: 

 Are the genotyping results available in time? 
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 Are all facilities available? 
 Are the parties involved trained to perform the implementation? 

3.2 Parties involved in implementation 

Once studies have shown that a pharmacogenetic approach of determining the optimal 
treatment for a patient is superior to the conventional therapy, it can be implemented in 
clinical practice. There are multiple parties involved in the implementation of 
pharmacogenetic based therapies in everyday clinical situations. In this paragraph, we will 
discuss all different parties involved and their rationales. 

3.2.1 Patients 

Successful implementation of pharmacogenetic testing in everyday practice heavily depends 
on patient attitudes. Without the cooperation of patients, development of new 
pharmacogenetic strategies or guidelines is futile. Fortunately, research has shown that this 
group is willing to provide a sample for genotyping. Van Wieren-De Wijer et al. examined 
the reasons for non-response in a pharmacogenetic case-control study. They approached 
1871 myocardial infarction cases and 14,102 controls of which 794 and 4997 responded, 
respectively. Only 1.1% of the non-responding participants were unwilling to provide a 
DNA sample (van Wieren et al., 2009). Moreover, since this study used a case-control design 
where all cardiovascular events had occurred before testing, the participants could not 
benefit from the test outcome. In case their drug treatment would be personalized by their 
genetic profile, this percentage is expected to decrease.  

3.2.2 Health care professionals  

The attitude of health care providers towards pharmacogenetic guided therapies is 
important in making their decision about the treatment the patient will receive. Although 
the FDA updated the warfarin label already in 2008 (Teichert et al., 2009a; Food and Drug 
Administration [FDA], 2007), genotyping preceding the anticoagulation therapy with 
coumarin derivatives is not commonly performed. Currently, health care professionals’ 
attitudes are reserved towards pharmacogenetic dosing. Not many therapies need 
pharmacogenetic testing at the moment, so health care professionals need to get familiarized 
with the idea of genetic testing, like they are familiarized with performing liver and kidney 
function tests. Different approaches are thought to help with familiarizing health care 
professionals with pharmacogenetic testing: 

 Clinical trials are needed to convince the health care professional and make genetic 
testing as normal as liver and kidney function tests.  

 Recommendations in guidelines and drug labels of pharmacogenetic testing to improve 
treatment quality are required, such as the FDA did for warfarin.  

 Education of the health care profession on how to perform and use the 
pharmacogenetic tests is desired.  

 Favourable experiences will stimulate the health care professional to use 
pharmacogenetic testing in everyday clinical practice. 

 Facilities for genotyping need to be available at the right place and time. 
 Consistency and standards for pharmacogenetic testing are needed.  



 
Future of Pharmacogenetics in Cardiovascular Diseases 

 

213 

The focus of the process should not only be on the physician but also pharmacists should be 
involved. To enhance the implementation of pharmacogenetic testing, the Royal Dutch 
Association for the Advancement of Pharmacy developed pharmacogenetic-based therapeutic 
(dose) recommendations (Swen et al., 2011; Wilffert et al., 2010). In addition, the pharmacist 
could be involved in genotyping the patient with easy to use point-of-care tests that will be 
available soon. The results of, for example, CYP-enzymes, could be used for decision making 
in multiple therapies. The pharmacist is not the only candidate to genotype the patient; others 
such the GP or a nurse in the hospital could also genotype the patient. Therefore, 
dissemination of the genotyping results (e.g., by means of electronic dossiers) is important.   

3.2.3 Regulatory authorities  

Regulatory authorities will also play an important role in the implementation of 
pharmacogenetic guided therapies in daily practice. They have the power to develop 
guidelines which health care professionals are obligated to follow. They can also adjust the 
label information of the medication.   

In order to harmonize approaches to drug regulation, a guideline was developed to ensure 
that consistent definitions of terminology are applied across all constituents of the 
International Conference on Harmonisation (ICH) (EMA, 2007; FDA, 2008). This guideline 
contains nonbinding recommendations. The Committee for Human Medicinal Products 
(CHMP) facilitated an informal process of sharing scientific and technical information 
between applicants and regulators by releasing a concept paper on “Briefing Meetings on 
Pharmacogenetics”. The Pharmacogenetics Working Party was set up to support discussions 
regarding the implementation of pharmacogenetic testing. In April 2006, a guideline on 
Pharmacogenetics Briefing Meetings was adopted by the CHMP. This guideline provides 
guidance for starting the discussion with the Pharmacogenetics Working Party and provides 
considerations on the submission of pharmacogenetic data in informal regulatory 
submissions. Briefing meetings take place when new pharmacogenetic information becomes 
available during the development of a new medicinal product or when a new indication is 
explored based on recent developments in pharmacogenetics (EMA, 2006). The Food and 
Drug Administration (FDA) developed a guideline called “Guidance for Industry, 
Pharmacogenomic Data Submissions”. This guideline facilitates the scientific 
pharmacogenomics process and the use of pharmacogenomic data in drug development 
(U.S. Department of Health and Human Services et al., 2005). The FDA and European 
Medicinal Agency (EMA) have joint Voluntary Genomic Data Submissions (VGDSs). This is 
not part of the regulatory decision-making process, but gains an understanding of genomic 
data and provides options for sponsors to have joint FDA-EMA briefing meetings 
(Goodsaid, 2006). A consistent regulatory environment is also helpful in encouraging 
industry to develop pharmacogenetic products, and for consumers (including patients and 
physicians) to use the product. 

3.2.4 Health insurance companies 

Implementation of pharmacogenetic guided approaches to plan therapy will depend on 
whether it is reimbursed by health insurance companies. If the patient needs to pay for the 
genotyping kit, it is less likely that pharmacogenetic testing will be implemented in clinical 
practice than when health insurance companies will pay for it. However, these companies 
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will likely only pay for genetic tests if their use leads to more cost-effective care. Health 
insurers would be very interested in genotyping if it improved treatment effectiveness but 
also reduced total health care costs (including the cost of genotyping). There are different 
ways in which genotyping results could lead to lower health care costs, for example: 

 Fewer visits to the GP or hospital for therapy adjustments, i.e. improved patient 
response or efficacy 

 Better prophylaxis resulting in lower costs 
 Fewer side effects, especially serious side effects resulting in expensive hospital 

admissions.  

In some cases, health insurers may reimburse genotyping even if it is believed to increase 
overall costs. For example, if the genotyping approach is more costly and more effective 
compared to the non-genotyping approach, the health insurer could consider the greater 
effectiveness worth the extra cost. All in all, this means that pharmaco-economic evaluations 
are of importance in pharmacogenetic studies. See also paragraph 4 on cost-effectiveness 
analysis. 

3.2.5 Researchers (public and private industry) 

Sound scientific research is needed to develop new strategies of pharmacogenetic guided 
therapies. Without research, new ideas of pharmacogenetic guided therapies will not arise. 
Both the public as well as the private industry could perform this research. There are 
different focus points that researchers could have. First, they could investigate new 
pharmacogenetic interactions. Interactions could be of different value. They could look for 
common SNPs that have a small effect, but since the SNPs are common, many patients 
might benefit. On the other hand, they could investigate rare SNPs that might cause major 
effects, in which case there could be a huge benefit for relatively few patients. However, this 
last area of research would require big sample sizes to have enough power to investigate the 
effect of a rare SNP. Second, studies to develop better and faster genotyping methods will be 
required if pharmacogenomic testing is to be used just as extensive as liver and kidney 
function tests. An example of a user-friendly and quick genotyping system is Optisense’s 
Genie 1 with HyBeacon® assays (Howard et al., 2011). See also paragraph 5. Third, the 
industry could develop new drug therapies for a subpopulation. For example, a new drug 
that does not have the desired effect in the whole population might benefit patients with a 
certain genotype. Although only for this subpopulation, this new medication could then still 
enter the market. Forth, scientists should aim to develop genotype guided therapies that do 
not require large and time-consuming clinical trials. Currently, clinical trials are needed to 
convince health care professionals, but in the future, cohort studies could be used for the 
implementation of pharmacogenetic testing. It is important that the results are replicated in 
various external datasets before being implemented in clinical practice. After 
implementation, it remains important to validate the process and, if necessary, adjust the 
pharmacogenetic based guidelines if it does not seem to be working satisfactorily. 

3.3 Facilities  

Several facilities should be in place before pharmacogenetic testing can be implemented in 
clinical practice. 
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3.3.1 Availability of genotyping results  

Genotyping results should be available quickly. If results are available before the therapy 
starts, they are of greater value than when they become available after treatment start. 
However, in the current clinical situation, health care professionals need to collect blood 
samples from a number of patients to be able to genotype a batch of samples. Therefore, it 
can sometimes take a few weeks before the genotype is known. Currently, new techniques 
are being developed, and will continue to be developed in the coming years, to make 
genotyping results more rapidly available (Howard et al., 2011). The need to collect samples 
from many patients will diminish, since one assay can be run using a Point-Of-Care Test 
(POCT) for a single patient. By increasing the number of tests needed, the availability of 
POCTs will increase (Huang, 2008) and the price per POCT assay will probably decrease 
(see also paragraph 5).   

3.3.2 Authority guidelines 

The authorities can assist in implementing pharmacogenetic testing in clinical practice by 
developing guidelines and ensuring that health care professionals follow them. In 2008, the 
FDA updated the warfarin label (Teichert et al., 2009a; Food and Drug Administration 
[FDA], 2007) and advised pharmacogenetic testing before the coumarin therapy starts. 
However, at that time no guidelines were provided as to how the dosages should be 
changed based on the genetic profile of the patient. This illustrates that guidelines should 
contain information on how to adjust drug therapy based on genotype. It also underlines the 
importance that different parties work closely together.  

4. Cost-effectiveness analysis of pharmacogenetic testing  
Many would argue that clinical practice guidelines should just focus on whether 
pharmacogenetic testing improves effectiveness and ignore cost considerations. However, 
decision making about the widespread use of genotyping also depends on its cost-
effectiveness. This means that even if authorities were to recommend genotyping patients 
prior to cardiovascular therapy based on proof of effectiveness, the recommendation might 
not easily be implemented without the support of other stakeholders. One important 
stakeholder is the payer, such as a health insurance company and its attitude can be an 
instrumental factor in the successful implementation of pharmacogenetic testing. Health 
insurance companies may require proof of cost-effectiveness - and some estimates of budget 
impact - before considering reimbursement. 

A cost-effectiveness analysis (CEA) compares the total costs and effectiveness of two or 
more different treatment strategies. All sorts of costs must be considered here, including not 
just the cost of genotyping, but also the cost of monitoring and the cost of cardiovascular 
events that occur later in time. While costs are all expressed in the same way (money!), 
effectiveness can be defined in different ways. The definition of effectiveness determines 
how cost-effectiveness is expressed. For example, effectiveness can focus on the risk of an 
adverse event and the difference in effectiveness between two treatments can be expressed 
as the absolute reduction in risk of an event. The cost-effectiveness of one treatment versus 
another will then be expressed as the extra cost to avoid one adverse event (calculated by 
dividing the difference in costs by the reduction in risk). However, since this expression of 
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cost-effectiveness is very disease-specific, it is difficult, if not impossible, to compare the 
cost-effectiveness of different treatments for different diseases with each other and this 
comparability is valuable when making budget allocation decisions. For this reason, some 
authorities or health insurance companies require a cost-utility analysis. In a cost-utility 
analysis (CUA), the health gains acquired by a new treatment are expressed in Quality 
Adjusted Life Years (QALYs), which can be compared more easily with other treatments, 
also in other diseases, than the cost per adverse event avoided. 

Several economic evaluations (such as CEAs and CUAs) have been performed for coumarin 
derivatives. The problem with these analyses is that no robust data on the effectiveness of 
genotyping are available yet; the large RCTs that can provide this data are still ongoing (van 
Schie et al., 2009; French et al., 2010). This current lack of evidence results in a wide 
variability in cost-effectiveness ratios among the studies that have been done, ranging from 
dominance (where use of genotyping reduces costs and increases health) to a very high 
incremental cost of $347,000 per QALY gained (Verhoef et al., 2010). The costs of genotyping 
are also not clear yet. In literature, the estimated cost of genotyping for CYP2C9 ranges from 
$67 to $350 and the estimated cost of genotyping both CYP2C9 and VKORC1 ranges from 
$175 to $575. Recently, a Point-Of-Care Test (POCT) for genotyping CYP2C9 and VKORC1 
has been developed. With this test, the patient’s genotype can be determined in the 
physician’s office within 2 hours and this is estimated to cost less than $50 per patient for 
both CYP2C9 and VKORC1 (Howard et al., 2011). The costs of genotyping are expected to 
decrease even further, with increased usage. This will also influence the chance that 
pharmacogenetic testing is cost-effective. 

Decisions about whether or not to implement pharmacogenetic testing in clinical practice 
will differ among different countries. This difference can be caused by several factors. 
Firstly, the amount of money society is willing to pay varies among different countries. For 
example, this ‘willingness to pay’ is approximately $50,000 per QALY gained in the US or 
£20,000–30,000 (approximately $33,000-50,000) per QALY gained in the UK (National 
Institute for Health and Clinical Excellence [NICE], 2008). Secondly, the costs, not only of 
genotyping but also of the consequences like bleeding events, are not identical in all 
countries. Next to this, the effectiveness of genotyping can also be higher in one country 
than in another. This is for example possibly the case with coumarin derivatives. In some 
countries the standard care is already of very high quality, with specialized anticoagulation 
clinics to monitor the effect of the drug, while in other countries this is not the case and there 
is still room for further improvement. 

As mentioned before, the use of pharmacogenetics in treatment with a certain drug can only 
be recommended if information on effectiveness and costs of genotyping is available, although 
it is not clear what level of evidence is needed for a valid decision. Obviously, it is impossible 
to obtain perfect evidence. Therefore, value of information (VOI) analyses could be performed 
to establish the cost–effectiveness of further research on the efficiency of the strategy. If the 
costs of performing this research are greater than the benefits of the additional information, 
then it would not be worthwhile to conduct this research (Sculpher & Claxton, 2005). The 
parameters that have the greatest influence on the uncertainty regarding the cost–effectiveness 
of genotyping should be the main focus of future studies in this area. The costs of conducting 
these studies should also be considered. However, this will also depend upon the regulatory 
environment, and VOI forms only a part of the picture. 
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5. Pharmacogenetic developments  
Until now, only the most obvious gene-drug interactions have been detected since these are 
least complicated to detect when researchers are looking for causal SNPs. However, rare SNPs 
with large effects might as well be of importance, but it is a challenge to find large numbers of 
cases that are required to obtain enough power in pharmacogenetic studies when looking at 
smaller effects or lower allele frequencies (Daly, 2010). A trend is observed that larger studies 
are being performed and meta-analyses are carried out to investigate these less frequent 
genetic profiles. Several techniques are further developed and might lead to new insights in 
the pharmacogenetic research field. We will discuss them in this paragraph.  

5.1 Candidate-gene studies 

This type of study investigates the association between drug response and previously 
identified candidate genes. These candidate genes might play a relevant role in the 
pharmacokinetics or pharmacodynamics of the drug and might therefore be, for example, 
the metabolizing enzyme or the target protein. An example is the use of candidate gene 
approaches for the understanding of the overall drug response to coumarins. (Daly, 2010). In 
1992, Rettie et al. indicated CYP2C9 as main metabolizing enzyme of warfarin (Rettie et al., 
1992). A few years later, Furuya et al. first reported that SNPs in this gene affect the stable 
coumarin maintenance dose (Furuya et al., 1995). A decade later, VKORC1 was identified as 
the target enzyme of the coumarins (Rost et al., 2004; Li et al., 2004) and studies confirming 
the association between VKORC1 genotypes and stable coumarin maintenance dose 
followed. Another example is the role of the CYP2C19 genotype on the clopidogrel (Hulot, 
2006) therapy response and how the treatment with tamoxifen is influenced by the CYP2D6 
genotype (Hoskins, 2009).  

5.2 Genome-wide association studies 

Since 2007, genonome wide association (GWA) studies have become more frequently 
applied in the pharmacogenetics field. This resulted in novel identified associations between 
drug response and variations in DNA (Daly, 2010). In CVD, GWA studies resulted in 
confirmation of the already available knowledge, rather than in newly identified 
interactions. For clopidogrel, the influence of CYP2C19 was confirmed (Schuldiner et al., 
2009) and for statin induced muscle symptoms an association with SLCO1B1 was found 
(SEARCH Collaborative Group, 2008) in a GWA study. In a GWA study on acenocoumarol 
maintenance dose, an additional effect was found for polymorphisms in CYP4F2 and 
CYP2C18 (Teichert et al., 2009b). These GWA studies led to more knowledge about several 
drug-gene interactions, but the causality of the relationship is not always clear in these 
studies. Another difficulty with this type of analyses is the need of large patient numbers 
because of the correction for multiple testing. 

5.3 Sequencing  

DNA sequencing is the determination of the nucleotide bases in DNA. In contrast to GWA 
studies, where tag SNPs are used to cover as much of the variation within the gene as 
possible, this technique will determine the exact order of nucleotides in DNA. Instead of tag 
SNPs that are usually markers for the causal SNP - and thereby introduce noise because they 
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are not always in complete linkage disequilibrium - the causal SNPs can be identified. 
Therefore, this technique might provide new insights in associations between drug response 
and pharmacogenetic parameters that are not observed when performing a candidate-gene 
study or a GWA study. It is possible to sequence a whole genome or whole exome. In 
addition, there is an option ‘targeted sequencing’ which means that a candidate gene is 
sequenced. This technique is relatively new and gaining interest in the last few years, but 
the same issues (i.e. causality of the relationship is not always clear and large patient 
numbers are needed) as with the GWA studies occur with sequencing. This warrants that 
the functionality of the SNP should be studied (Sadee, 2011).  

5.4 Point-of-care testing 

As discussed earlier, point-of-care tests can be used as mobile genotyping instruments in 
different settings, including the pharmacy, anticoagulation clinic and physician’s office. It 
avoids the need to collect multiple samples and the genotyping results are available within 2 
hours. This technique might be used to genotype the patient before the start of the therapy. 
However, the applicability of a point-of-care test may be different from centralized 
laboratory testing because of different sensitivity and specificity parameters. Also, it is not 
attractive to use such a test in research where large patient groups are needed to find a 
pharmacogenetic interaction, since that would be very labor intensive.  

6. Conclusion 
There is considerable potential for pharmacogenetic based drug dosing in CVD, but at the 
moment, these are not widely implemented in clinical practice. Convincing evidence was 
found for several CVD drugs. Carriers of a variant allele of the SLCO1B1 gene could be 
treated with a SLCO1B1 independent statin to increase the safety of the treatment. 
Clopidogrel is less metabolized into its active form by patients carrying a variant allele of 
CYP2C19, resulting in a less effective therapy. Information about the patient’s VKORC1 and 
CYP2C9 genotype could be used when defining the appropriate dose during the 
anticoagulation therapy with coumarins to enhance the efficacy and increase the safety of the 
treatment. However, implementation of this knowledge is challenging and depends on 
multiple factors. First, clinical trials are needed to provide evidence for and enhance the 
implementation of pharmacogenetic testing. However, it is not feasible to perform a clinical 
trial for every newly found gene-drug interaction. Therefore it is desirable to develop 
guidelines to which observational studies should apply before implementing the gene-drug 
interaction in clinical practice. Secondly, multiple parties are involved, such as patients, health 
care professionals, regulatory authorities, health insurance companies and researchers. We 
discussed the different parties involved and their rationales. Thirdly, several facilities should 
be in place before pharmacogenetic testing can be implemented in clinical practice, such as 
availability of genotyping results and authority guidelines. Lastly, before it comes to 
implementation, the cost-effectiveness of the pharmacogenetic approach should be 
investigated. Health insurance companies may require proof of cost-effectiveness before 
considering reimbursement and therefore implementation of pharmacogenetic testing. 

For the coming years, researchers will continue to develop the different genotyping 
methods. Larger studies will be performed and meta-analyses will be carried out to 
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investigate less frequent genetic profiles. Analysis of GWA studies and sequencing is 
challenging due to the enormous amount of data obtained by this technique. 

In the field of oncology, pharmacogenetic testing already is part of daily practice. We expect 
that pharmacogenetic testing will also be implemented in CVD in the near future. 
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1. Introduction 
Warfarin, a coumarin vitamin K antagonist, is the most widely prescribed anticoagulant 
agent for the control and prevention of atrial fibrillation-related thrombus formation, stroke, 
and arterial and venous thrombembolism (Hirsh J et al., 1998). The recommend warfarin 
therapy consists of the lowest dose required to maintain the target international normalized 
ratio (INR) because of the drug’s narrow therapeutic window. However, there can be a 20-
fold difference in the dose required by patients to achieve this target INR. It is well known 
that cytochrome P450 (CYP), predominantly CYP2C9, activity is an important source of 
variability (Kaminsky LS and Zhang ZY, 1997) . Additionally, Rieder et al. (2005) have 
reported that an effect of the vitamin K epooxide reductase complex subunit 1 gene 
(VKORC1) has an important role on dose requirement. However, Takahashi et al. (2006) 
shows that Caucasians and African-Americans have high frequencies of VKORC1 and 
CYP2C9 genotypes, which lead to either reduced metabolic activity or attenuated sensitivity 
to warfarin, whereas only about 20% of the Japanese population possesses these genotypes. 
Therefore, further study of sources of variability in warfarin dose requirements among 
Japanese patients is warranted.  

Warfarin is administered clinically as a racemic mixture of the S- and R-enantiomer (Fig. 1), 
however S-warfarin is 3–5 times more potent than R-enantiomer. Both enantiomers are 
extensively metabolized in the liver (Chan E et al., 1994; Takahashi H and Echizen H, 2001). 
The more potent S-enantiomer is metabolized mainly to S-7-hydroxywarfarin by CYP2C9, 
whereas R-enantiomer is metabolized to R-6, R-7, R-8 and R-10-hydroxywarfarin by several 
CYPs involving CYP1A2, CYP3A4 and CYP2C19 (Kaminsky LS and Zhang ZY, 1997). 
Among these CYPs, it has been shown that both CYP2C9 and CYP2C19 are subject to single 
nucleotide polymorphisms (SNPs). In Japanese, because the heterozygous frequency of the 
CYP2C9 Leu359 allele is 3.5% (Takahashi H et al., 1998) and the frequency of the defective 
CYP2C19 alleles is 18.8% (Kubota T et al., 1996), the latter may be more closely associated 
with the clinical effect of warfarin. In this chapter, we therefore focus on the effect of 
CYP2C19 genotypes on the pharmacokinetics and pharmacodynamics of warfarin 
enantiomers. In addition, we characterize the impact of omeprazole, a CYP2C19 inhibitor, 
on the stereoselective pharmacokinetics and pharmacodynamics of warfarin between 
CYP2C19 genotypes. 
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Fig. 1. Metabolic pathways of R-warfarin and S-warfarin. 

2. Analytical methods  
2.1 Genotypic identification  

17 healthy Japanese volunteers (12 males and 5 females) were enrolled in this study after 
giving written informed consent. All subjects were enrolled in this study after giving written 
informed consent. Each Subject underwent a CYP2C19 genotyping test by use of a 
polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) method 
with allele–specific primer for identifying the CYP2C19 wild-type (*1) gene and the 2 
mutated alleles, CYP2C19*2 (*2) in exon 5 and CYP2C19*3 (*3) in exon 4 (De Morais SM et 
al., 1994), and they were classified into 2 genotype groups as follows: homozygous extensive 
metabolizers (hmEMs, *1/*1, 10 subjects), poor metabolizers (PMs, *2/*2 or *2/*3, 7 
subjects). Similarly, CYP2C9 genotyping test by use of a PCR-RFLP method with allele–
specific primer was performed for identifying the CYP2C9 wild-type (*1) gene and the 2 
mutated alleles, CYP2C9*2 (Arg144Cys) and CYP2C9*3 (Ile359Leu) (Yasar U et al., 1999). 
Alleles in which neither CYP2C9*2 nor CYP2C9*3 variants were identified were regarded as 
wild type in all subjects. 

2.2 Assay 

Plasma concentrations of warfarin enantiomers and S-7-hydoxywarfarin were determined 
using high performance liquid chromatography (HPLC) method developed in our 
laboratory (Uno T et al., 2007). In brief, warfarin enantiomers, S-7-hydroxywarfarin and an 
internal standard, diclofenac sodium, were extracted from 1 ml of plasma sample using 
diethyl ether-chloroform (80:20, v/v). The extract was injected onto column I (TSK 
precolumn BSA-C8, 5 μm, 10 mm x 4.6 mm i.d.) for clean-up and column II (Chiralcel OD-
RH analytical column, 150 mm x 4.6 mm i.d.) coupled with a guard column (Chiralcel OD-



 
Warfarin Enantiomers Pharmacokinetics by CYP2C19 

 

225 

RH guard column, 10 mm x 4.6 mm i.d.) for separation. The mobile phase consisted of 
phosphate buffer-acetonitrile (84:16 v/v, pH 2.0) for clean-up and phosphate buffer-
acetonitrile (45:55 v/v, pH 2.0) for separation. The peaks were monitored with an ultraviolet 
detector set at a wavelength of 312 nm, and total time for chromatographic separation was 
about 25 minutes. The retention times of S-7-hydoxywarfarin, R-warfarin, I.S. and S-warfarin 
were 17.6 min, 19.1 min, 20.0 min and 21.2 min, respectively. The validated concentration 
ranges of this method were 3-1000 ng/ml for R- and S-warfarin, and 3-200 ng/ml for R- and S-
7-hydroxywarfarin, respectively. Intra- and inter-day coefficients of variation were less than 
4.4 and 4.9% for R-warfarin and 4.8 and 4.0% for S-warfarin, and 5.1 and 4.2% for R-7-
hydroxywarfarin and 5.8 and 5.0% for S-7-hydroxywarfarin at the different concentrations. 
The limit of quantification was 3 ng/ml for both warfarin and 7-hydroxywarfarin enantiomers. 
Plasma samples for the pharmacokinetic study were stored at -20 ˚C and analyzed within 3 
months after sampling, and then were stable at -70 ˚C for 12 months. 

Plasma concentrations of omeprazole and 5-hydroxyomeprazole were quantitated using 
HPLC method developed in our laboratory (Shimizu M et al., 2006). In brief, after 
alkalization with 0.1 mL of 0.5 M disodium hydrogen phosphate, 1 mL plasma was 
extracted with 4 mL of diethyl ether-dichloromethane (55:45, v/v). The organic phase was 
evaporated at 60 ˚C to dryness. The residue was dissolved with 30 μL of methanol and 100 
μL of 50 mM disodium hydrogen phosphate buffer (pH 9.3), and then a 30-μL aliquot was 
injected to an HPLC system (SHIMADZU CLASS-VP, SHIMADZU Corporation, Kyoto, 
Japan), with a Inertsil ODS-80A column as an analytical column (particle size 5 μm; GL 
Science Inc, Tokyo, Japan). The mobile phase consisted of phosphate buffer-acetonitrile-
methanol (65:30:5 v/v/v, pH6.5). Flow rate was 0.8 mL/min and wavelength was set at 302 
nm. Limit of quantification was 3 ng/mL for omeprazole and 5-hydroxyomeprazole. Intra- 
and inter-day coefficient variations were less than 5.1 and 6.6% for omeprazole 
concentrations ranging from 4 to 1600 ng/mL and 4.6 and 5.0% for 5-hydroxyomeprazole 
concentration ranging from 4 to 400 ng/mL, respectively.  

3. Pharmacokinetics of warfarin enantiomers  
We examined the pharmacokinetics of warfarin enantiomers by administering 10 mg of 
racemic warfarin to 17 healthy volunteers (Uno T et al., 2008). Blood samples were obtained 
before and over the course of 120 hours after dosing for the determination plasma warfarin 
enantiomer concentrations and prothrombin time-INR (PT-INR). Fig. 2 shows the mean 
plasma concentration-time curves for R- and S-warfarin between the CYP2C19 genotypes. 
The mean pharmacokinetic parameters of these compounds are summarized in Table 1. 

In this study, the area under the plasma concentration-time curve (AUC0-∞) and the 
elimination half-life (t1/2) of R-warfarin were about 2-fold greater than those of S-warfarin in 
17 subjects (Table 1). These values of R- and S-warfarin were in line with a previous report 
in which the same dose of racemic warfarin was administered (Lilja JJ et al., 1984). 
Additionally, AUC0-∞ and t1/2 of R-warfarin in PMs were significantly greater than those in 
hmEMs (P < 0.001 and P = 0.010, respectively). Similarly, there is a significant difference (P = 
0.007) in the apparent oral clearance (CL) in hmEMs compared with that in PMs. The S/R 
ratios of AUC0-∞ of warfarin enantiomers were 0.51 in hmEMs and 0.37 in PMs (P = 0.005). 
Whereas, no difference was found in all pharmacokinetic parameters of S-warfarin and S-7-
hydroxywarfarin in hmEMs compared with PMs of CYP2C19. 
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Fig. 2. Plasma concentrations-time curves (mean + S.D.) of R-warfarin or S-warfarin in 
hmEMs (R-; open circles, S-; open square) and PMs (R-; closed circles, S-; closed square) 
after a single dose of 10 mg warfarin. 

4. Drug interaction between omeprazole and warfarin enantiomers 
Omeprazole 20 mg/daily was given orally to 17 healthy volunteers for 11 days, and on day 
7, a single dose of racemic warfarin 10 mg was added (Uno T et al., 2008).  

The pharmacokinetic parameters are summarized in Table 1. In hmEMs, the omeprazole 
treatment significantly increased R-warfarin AUC0-∞ (P = 0.004), and prolonged its t1/2 (P = 
0.017) without any effect on R-warfarin Cmax or tmax. However, the omeprazole treatment did 
not alter any pharmacokinetic parameters of S-warfarin in both hmEMs and PMs as well as 
those of R-warfarin in hmEMs. Consequently, the omeprazole treatment decreased the S/R 
enantiomer ratio of warfarin AUC0-∞ from 0.51 to 0.43 in hmEMs (P = 0.010), but not in PMs.  

In addition, significant differences were found in mean Cmax (P < 0.001), t1/2 (P = 0.005), and 
AUC0-24 (P < 0.001) of omeprazole between different CYP2C19 genotypes, though there was 
no difference in mean Cmax or AUC0-24 of 5-hydroxyomeprazole between hmEMs and PMs.  
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AUC, area under plasma concentration-time curve; Cmax, peak concentration; tmax, time to Cmax; t1/2, 
elimination half-life; CL, apparent oral clearance. The S/R ratios of AUC; AUC0-∞ S-warfarin / AUC0-∞ 

R-warfarin. The metabolic ratio; AUC0-∞ of S-7-hydroxywarfarin / AUC0-∞ of S-warfarin. 
*P <0.05,**P <0.01, ***P <0.001, between hmEMs and  PMs., †P <0.05,††P <0.01,  between control and 
omeprazole phase. Data are shown as mean and 95% confidence interval ; tmax  and fold change data are 
shown as a median wich a range. 

Table 1. The summary of pharmacokinetics of warfarin enantiomers  

5. Pharmacodynamics of warfarin 
No significant difference was found between hmEMs and PMs in either the PT-INR AUC0-

120 or the PT-INR max during the placebo phase, and the omeprazole treatment did not 
affect these parameters in both hmEMs and PMs (Uno T et al., 2008).  

6. The effect of CYP2C19 genotypes on the pharmacokinetics  
Previous studies in patients with different CYP2C19 genotypes reported not to affect 
plasma R-warfarin concentrations at the steady state in clinical studies, in which the 
concentrations were evaluated at a one sampling point (Obayashi K et al., 2006; Scordo 
MG et al., 2002; Takahashi et al., 1998). However, two of the reports (Obayashi K et al., 
2006; Scordo MG et al., 2002) observed that the S/R ratio based on steady-state 
concentrations in PMs was smaller than that in hmEMs. The third study (Takahashi et al., 
1998) compared PMs with EMs which included both hmEMs and heterozygous EMs with 
one mutated CYP2C19 allele. Therefore, the present study was designed to evaluate the 
elimination phase of warfarin and examine the effect of the CYP2C19 genotype on the 
pharmacokinetics of warfarin enantiomers. Although the pharmacokinetics was measured 
after a single administration in this study, our results indicated that the plasma 
concentrations and t1/2 of R-warfarin in PMs were markedly higher compared with those 
of the corresponding R-enantiomer in hmEMs. In addition, the AUC0-∞ S/R ratio in PMs 
decreased significantly more than that in hmEMs, thereby showing that the 
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pharmacokinetics of R-warfarin may be significantly affected by CYP2C19 polymorphism. 
In contrast, no difference was found in any pharmacokinetic parameters of S-warfarin 
between the hmEMs and the PMs. Consequently, these findings suggest that CYP2C19 
activity is an important determinant of R-warfarin pharmacokinetics.  

We also demonstrated that the reported interaction of R-warfarin with omeprazole was 
found only in the hmEMs of CYP2C19. In previous pharmacokinetic studies (Sutfin T et al., 
1989; Unge P et al., 1992), omeprazole has been reported to cause a minor but significant 
increase in R-warfarin plasma concentrations [9.5% (Unge P et al., 1992) and 12% (Sutfin T et 
al., 1989)]. In our present study, although the pharmacokinetics of warfarin enantiomers of 
the PMs were not affected by the omeprazole treatment, mean R-warfarin AUC0-∞ and t1/2 of 
the hmEMs increased after the omeprazole treatment to the levels comparable to those of the 
PMs. Mean R-warfarin AUC0-∞ of our hmEMs showed an 18 % increase, and the increase 
was greater than that of the previous studies (Sutfin T et al., 1989; Unge P et al., 1992), 
probably due to recruiting the same genotype in the present study. Omeprazole is known to 
be an inhibitor of some CYP enzymes including CYP2C9 and 2C19 (Ko JW et al., 1997; Li XQ 
et al., 2004). CYP2C9 is known to be responsible for the biotransformation from S-warfarin 
to S-7-hydroxywarfarin (Kaminsky LS and Zhang ZY, 1997), and the ratio of S-7-
hydroxywarfarin AUC to S-warfarin AUC would reflect the in vivo activity of CYP2C9. 
Previous report suggested that the clearance of omeprazole is markedly reduced and plasma 
concentrations of omeprazole in CYP2C19 PMs are much more elevated than those in 
CYP2C19 EMs (Sohn DR et al., 1992).  Increased plasma concentrations of omeprazole in 
CYP2C19 PMs might affect the pharmacokinetics of warfarin S-enantiomer, a substrate of 
CYP2C9 (Kaminsky LS and Zhang ZY, 1997), as well as its R-enantiomer, compared to those 
in CYP2C19 EMs. In this study, the inhibitory effect of omeprazole was noted only in the 
hmEMs of CYP2C19 despite higher omeprazole concentrations in the PMs, and the AUC0-∞ 
ratio of S-7-hydroxywarfarin to S-warfarin was relatively constant between the placebo and 
the omeprazole phases, suggesting that the 7-day administration of omeprazole 20 mg once 
daily would affect the CYP2C19 activity solely.  

7. The effect of CYP2C19 genotypes on the pharmacodynamics 
Interestingly, no significant difference was found in PT-INR between the hmEMs and PMs 
in both the control and the omeprazole phases even though the CYP2C19 genotypes affected 
the R-warfarin pharmacokinetic parameters. However, these findings are not surprising 
because the anticoagulant effect of S-enantiomer is 3-5 times more potent than that of R-
enantiomer (Takahashi H and Echizen H, 2001), and a concentration rises of R-enantiomer 
was seemed to have little influence on the anticoagulant effect of warfarin. These results 
therefore suggest that altered pharmacokinetics of R-warfarin may play a minor role in 
determining the average clinical doses of warfarin. Moreover, these results also imply that 
inhibition of the in vivo CYP2C19 activity by the co-administration of a CYP2C19 inhibitor, 
such as omeprazole, lansoprazole or fluvoxamine (Hemeryck A and Belpaire FM, 2002; Ko 
JW et al., 1997; Li XQ et al., 2004), may scarcely modify the anticoagulant effects of warfarin. 
Recently, Rieder et al. (2005) have shown that there is an effect of the VKORC1 on dose 
requirement. Furthermore, Obayashi et al. (2006) reported that the genotyping of the 
vitamin K epooxide reductase complex subunit 1 gene (VKORC1) may be more predictive of 
the anticoagulant effect than genotyping of CYPs, which reflects the warfarin plasma 



 
Warfarin Enantiomers Pharmacokinetics by CYP2C19 

 

229 

concentrations. Therefore, these studies suggest that VKORC1 activity may be an important 
determinant of the pharmacodynamics of warfarin in Japanese patients.  

8. Conclusion 
These results indicate that CYP2C19 activity is important in the pharmacokinetics of R-
warfarin because the pharmacokinetics of warfarin enantiomers were different between the 
CYP2C19 genotypes and the omeprazole affected the R-warfarin pharmacokinetics of 
CYP2C19 in only hmEMs. However, these affects are not translated into any significant 
effect in the pharmacodynamics of warfarin.  
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1. Introduction 
Alcoholism is a complex relapsing disorder of heterogeneous etiology, affecting people 
internationally. Alcohol dependence is a cumulative response of inability to stop drinking, 
craving and developing the symptoms of physical dependence and tolerance. In past two 
decades, mounting evidence has suggested that alcoholism or alcohol addiction is a host of 
major psychological, social, financial and health problems (Poznyak et al., 2005). According 
to World Health Organization, alcoholism is responsible for 4% of global disease burden 
and is the third major preventable risk factor for premature death and disability in 
developed nations (World Health Organization, 2002). Although, the exclusive biological 
mechanisms underlying the development of alcoholism are still uncertain, the major risk 
factors contributing towards the development of alcoholism are age (adolescents are at 
higher risk of developing alcoholism), gender (men are more prone to develop alcoholism as 
compared to women due to depression), personality (experience seeking), and psychiatric or 
behavioral disorders. The prevalence, age of onset, clinical symptoms and outcome of 
alcoholism differs from individual to individual and varies according to ethnicity (Kenneth 
et al., 2011). In addition to this, lower social status and low education have also been found 
to be associated with alcoholism in cross sectional and longitudinal studies (Fukuda et al., 
2005; Poznyak et al., 2005; Subramanian et al., 2005; Wray et al., 2005).  

According to World Health Organization report on global alcohol status, it has been found 
that approximately 2 billion people consume alcoholic beverages and there are about 76.3 
million people with diagnosable alcohol disorder (World Health Organization, 2004). In 
India the prevalence of alcoholism has been found to be 21.4% as recoded by 
epidemiological surveys (Benegal, 2005).The deleterious effects of alcohol on central nervous 
system can be observed in the form of changes in mood and personality, anxiety and 
depression. Although, it affects all the organs in the body, brain neurotransmitters are the 
main target sites of alcohol (Wertheimer et al., 2003). The specific physiological effects of 
alcohol depend on dose, concentration in blood, absorption, distribution, metabolism, 
excretory conditions, prior drinking experience, concurrent use of other drugs, and 
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comorbid conditions. The body adapts metabolically and neurally to repeated exposure of 
alcohol so as to develop tolerance (Zaleski et al., 2004).  

Recent advances in the field of neurobiology have improved our understanding about 
associated risk factors and neurochemical mechanisms responsible for the development of 
alcoholism. Evidences suggest that there is large inter-individual variation in terms of 
development of alcohol dependence and treatment of alcoholism. People consume alcohol 
and respond to its effects in a number of ways e.g. some develop no side effects even in 
moderate to higher levels and some may develop problems even when consumed in smaller 
doses. This variation is the result of individual’s genetic makeup directly influencing the 
metabolism of alcohol (Strat et al., 2008).  

Genetic factors have been found to play a critical role in the etiology of alcoholism (Heath et 
al., 2001; Sloan et al., 2008; Kenneth et al., 2011). Researchers have suggested that 50-60% of 
alcohol dependence is determined by genetics (Goldman and Bergen 1998; McGue et al., 1999). 
Based on results of adoption, twin, and family studies it is now clear that the vulnerability to 
alcoholism is determined by genetic factors as well as by environmental factors (Moussas et al., 
2009). However, it is difficult to determine the individual determinant of alcoholism 
(Flensborg-Madsen et al., 2007). The candidate gene approach has revealed a number of 
biomarkers, which are responsible for alcoholism. Certain variants of alcohol dehydrogenase 
and aldehyde dehydrogenase genes (genes encoding for alcohol metabolizing enzymes) have 
been found to alter the metabolism of alcohol in a dramatic way (Nurnberger et al., 2004). In 
addition to this, polymorphisms in neurotransmitter genes (target receptor genes) such as 
gamma amino butyric acid and opioid receptor genes have also been reported to be associated 
with marked risk of alcohol dependence (Strat et al., 2008). Current treatment approaches to 
alcoholism are moderately effective with perhaps as many as half of the patients receiving 
treatment due to abstinent or significantly reducing episodes of binge drinking (Group, 1997). 
Pharmacotherapy and behavioral therapy including psychosocial support are two main types 
of treatment in alcoholism. The pharmacological agents approved by FDA prescribed in the 
treatment of alcoholism are disulfiran (antabuse), naltrexone (revia), acamprosate (campral) 
and Vivitrol (Krishnan-Sarin & O’Malley et al., 2008). 

The major drawback of ineffectiveness of pharmacotherapy of alcoholism is inter-individual 
variation in response to medication (Radel and Goldman, 2001). There are individuals, 
showing lesser/no therapeutic efficacy of a drug prescribed, known as non-responders. 
Another group of individuals showing high therapeutic efficacy towards the same drug are 
known as responders (McLeod et al., 2000).  

Recent advances in the area of molecular biology have increased our knowledge of 
understanding the influence of genetic variants on pharmacokinetic and pharmacodynamic 
profile of alcohol and neurobiology of alcoholism (Ray et al., 2010a). The unavoidable 
alcohol withdrawl symptoms, depression, unpredicted death, medical complications, 
socioeconomic repercussions of alcoholism suggest that the treatment strategies should be 
improved with new and targeted approach of pharmacogenetics.  

Pharmacogenetics is a measure of predicting individual’s genetic profile responsible for 
variable drug responses. The genetic analysis along with consideration of other factors of 
alcoholic patients can lead to the identification of clinical subtypes of patients with specific 
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treatments. This will improve the treatment of alcoholism. Alcohol pharmacogenetics has 
great potential in improving treatment strategies for alcoholism (Radel and Goldman, 2001; 
Quickfall and el-Guebaly, 2006). The treatment strategy of combining clinician’s views based 
on genotypic information would individualize and optimize the treatment for alcoholism 
with best possible outcome of individual’s good health free of alcohol dependence. 
Pharmacogenetics is expected to add new dimensions and would tailor the therapeutic 
treatment of alcoholism. 

The chapter provides an overview of the molecular, pharmacological and neurological 
aspects of alcoholism with main emphasis on pharmacogenetics of alcoholism treatment.  

2. Metabolism of alcohol 
Alcohol is generally taken orally, absorbed unchanged through the whole length of 
digestive tract. Almost 20% absorption takes place rapidly through stomach and 80% 
through small gut (Caballeria, 2003). The rate of absorption depends on volume, 
concentration, nature of alcoholic drink, presence and absence of food in stomach, 
permeability of gastric and intestinal tissues and genetic variation. After absorption into the 
blood-stream, alcohol is distributed quickly throughout the total body fluid (Pawan, 1972). 
The distribution of alcohol is accelerated by vascularization and blood flow e.g. organs rich 
in blood supply such as brain and lungs achieve the higher initial concentrations of alcohol.  

Liver is the main site of alcohol metabolism. In hepatocytes three systems are involved in 
alcohol metabolism located in three different cellular compartments. These are alcohol 
dehydrogenase (ADH) located in cytosol, microsomal ethanol oxidizing system (MEOS) 
situated in endoplasmic reticulum and catalase in peroxisomes (Caballeria, 2003). These are 
involved in conversion of alcohol to acetaldehyde (Figure 1). 

The metabolic pathway involves conversion of alcohol (ethanol) to acetaldehyde via 
oxidation catalyzed by ADH in cytoplasm of hepatocytes, a rate limiting step. The second 
reaction is catalyzed by aldehyde dehydrogenases (ALDH), acetaldehyde is converted to 
acetic acid and finally to carbon dioxide and water through citric acid cycle into circulation. 
Acetaldehyde plays central role in the toxicity produced by alcohol consumption as in liver 
it reaches to saturation point and escapes into blood circulation. Further it impairs 
mitochondrial functions and reactions leading to damage of hepatocytes. The rate of 
metabolism of alcohol differs from person to person because it is influenced by genetic 
variants of metabolizing enzymes mentioned above (Quertemont, 2004).  

2.1 Alcohol dehydrogenase system 

Alcohol dehydrogenase (ADH) occurs in multiple forms and is encoded by 7 different 
genes. These are ADH1A, ADH1B, ADH1C, ADH4, ADH5, ADH6 and ADH7. These genes 
are aligned along a small region of chromosome 4. ADH enzymes encoded by ADH gene 
function as dimers i.e. the active forms are composed of two subunits. On the basis of their 
similar amino acid sequences and kinetic properties, these seven ADH types have been 
divided into five classes. The class I genes ADH1A, ADH1B and ADH1C are closely related. 
These encode for α, β and γ subunits respectively, which form homodimers or heterodimers 
and account for most of the alcohol oxidizing capacity in liver (Hurley et al., 2002; Lee et al., 
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2006). Further, ADH1A, ADH1B and ADH1C are mainly present in liver and linings of 
stomach. ADH4 encodes π-ADH which has been reported to contribute significantly to 
ethanol oxidation at higher concentration. The ADH5 gene encodes for χ-ADH, a 
ubiquitously expressed formaldehyde dehydrogenase, which has low affinity for ethanol. 
ADH6 mRNA is found in fetal and adult liver. Since the enzyme has not been isolated from 
tissues so far, therefore little is known about it. ADH7 encodes for σ-ADH, which oxidizes 
both ethanol and retinol (Edenberg, 2007). 

2.2 Aldehyde dehydrogenase  

These enzymes rapidly convert acetaldehyde to acetate using cofactor NAD+ via oxidation. 
ALDH is divided into nine major categories. Some of these are significantly involved in 
acetaldehyde metabolism, and others metabolize a variety of substrates. Two main ALDH 
enzymes reported to be involved in metabolization of acetaldehyde during the oxidation of 
ethanol are ALDH1 and ALDH2. ALDH1 encoded by ALDH1A1 gene is found in fluid 
filling cells (the cytosol) while ALDH2 is found in mitochondria and is encoded by the 
ALDH2 gene. The two genes are 52 kb and 43 kb in length and are present on chromosome 9 
and chromosome 12 respectively. Both genes have a similar structure with 13 exons and the 
protein encoded by both the genes is 70% similar in sequence and structure (Hurley et al., 
2002). ALDH1A1, ALDH1B1 and ALDH2 are mainly involved in acetaldehyde oxidation. 

 
Fig. 1. Metabolism of alcohol in liver hepatocytes using 3 systems, (i) Alcohol 
dehydrogenase, (ii) Microsomal ethanol oxidizing enzyme (iii) Catalase and finally 
Aldehyde dehydrogenase converts acetaldehyde into acetate  
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2.3 Microsomal ethanol oxidizing enzymes 

Apart from ADH which accounts for greater part of ethanol oxidation, a quantitatively small 
portion of alcohol is catalyzed by microsomal ethanol oxidizing system involving CYP2E1 
(Edenberg, 2007). Studies have shown that CYP2E1 is induced by high ethanol concentration 
and by chronic intake of alcohol or ethanol (up to 10 fold) (Quertemont, 2004). It has been 
found that after chronic ethanol consumption CYP2E1 increases the rate of ethanol clearance 
and this may result in development of ethanol tolerance (Lieber et al., 1968; 1988; Takahashi 
et al., 1993; Tsutsumi et al., 1989). CYP2E1 induction may further lead to higher 
concentrations of acetaldehyde leading to injuries in hepatocytes.  

2.4 Catalase 

Catalase oxidizes alcohol to acetaldehyde within the peroxisomes (Oshino et al., 1973). This 
reaction is hydrogen peroxide (H2O2) dependent. Under normal conditions catalase plays a 
minor role in ethanol oxidation. However, the functional activity of catalase is accelerated in 
the presence of reactive oxygen species and H2O2 (Quertemont, 2004). Zimatkin et al. (1997) 
have suggested that catalase may be one of alternative metabolic pathways for ethanol 
oxidation in brain where CYP2E1 and ADH appear to be of minor importance. However, 
the precise role of catalase in brain ethanol oxidation is still not clear.  

2.5 Nonoxidative ethanol metabolism 

Apart from oxidative metabolism of alcohol, nonoxidative metabolism also takes place in 
organs lacking oxidative metabolism such as heart (Beckemeier et al., 1998). A minor extent 
of alcohol is metabolized by nonoxidative pathway using enzyme fatty acid ethyl synthases 
resulting in the formation of fatty acid ethyl esters (Caballeria 2003). Further, these esters 
have been found to be involved in alcohol-induced organ injuries (Beckemeier et al., 1998).  

3. Genetic variants affecting alcohol metabolism 
Genes encoding for alcohol metabolizing enzymes are supposed to have major influence on 
development of alcoholism. There are multiple ADH and ALDH enzymes encoded by 
different genes. Some of these genes have been reported to occur in several variants or 
alleles. The enzymes encoded by different alleles can differ in the rate at which they 
metabolize ethanol (Edenburg, 2007). 

3.1 Genetic variants of alcohol dehydrogenase 

Researchers have studied the genetic variants of ADH1B and ADH1C genes that result in 
the production of enzymes with different kinetic properties and have been implicated in the 
susceptibility to develop alcoholism. These genetic variants or SNPs and their effects have 
been widely studied in different populations and three different alleles have been reported 
which alter the amino acid sequence of the encoded beta subunit. ADH1B*1 allele, (reference 
allele) encodes for β1 subunit that has arginine at positions 48 and 370. ADH1B*1 is the 
predominant allele in most populations. ADH1B*2 encodes for β2 subunit with histidine at 
position 48 and is commonly found in Asians. ADH1B*3 encodes for β3 subunit that has 
cysteine at position 370 and is prevalent in people of African descent. In β2  and β3 subunits, 
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amino acid substitutions occur at an amino acid which contacts with coenzyme 
nicotineamide dinucleotide (required for ethanol oxidation) (Hurley et al., 2002). The 
substitution results in enzymes, which have 70- to 80- fold higher turnover rate than the β1 
subunit. This is because the coenzyme is released more rapidly at the end of reaction. 

For ADH1C gene, there are 3 alleles ADH1C*1 encoding γ1 subunit with arginine at position 
272 and isoleucine at position at position 350. ADH1C*2 encodes the γ2 subunit which has 
glutamine (Gln) at position 272 and a valine (Val) at position 350. These two SNPs occur 
together (i.e., are in very high linkage disequilibrium). It has been found that the ADH with 
two γ1 subunits (i.e., the γ1γ1 homodimeric enzyme) has a turnover rate that is about 70 
percent higher than that of the γ2γ2 enzyme (Edenberg, 2007). ADH1C*Thr352 encodes for a 
subunit with threonine at position 352 and has been found in Native Americans (Osier et al., 
2002). However, the studies on this protein are still lacking. Researchers have identified the 
differences in the rate of metabolism of ethanol in liver on the basis of difference in amino acid 
sequence resulting in difference in kinetic properties of encoded enzyme. If a person carries 
two copies of reference allele i.e. ADH1B*1 and ADH1C*1 alleles (homozygous for 
ADH1B*1and ADH1C*1) the enzyme (together α, β, γ subunits) together accounts for liver’s 
70% ethanol oxidizing capacity, additionally π ADH accounts for 30% (Hurley et al., 2002). 
ADH1B*1 allele has been reported to reduce the occurrence of alcohol abuse and alcoholism in 
Asians, in Whites and in Jewish populations where this allele has a relatively high prevalence 
(Carr et al., 2002; Neumark et al., 1998). ADH1B*2 has been found to occur in a higher 
frequency in nonalcoholics and in moderate drinkers relative to heavy drinkers. As far as 
ADH1B*2 is concerned, this allele has been found to be associated with lower rates of heavy 
drinking and alcohol dependence in Native Americans (Quertemont, 2007). 

A meta-analysis conducted by Whitfield has concluded that ADH1B*1 allele is associated 
with a threefold increase in risk of alcoholism in comparison with ADH1B*2 allele.ADH1B*2 
allele encodes for an enzyme with a faster ethanol oxidation rate (Whitfield, 1997). It has 
been assumed that this allele protects against alcoholism and alcohol abuse because of the 
unpleasant effects associated with acetaldehyde accumulation (Yin, 1994). The frequency of 
ADH1C*1 allele has been reported to about 50% in European population and up to 90% in 
some Asian and African populations (Goedde et al., 1992; Osier et al., 2002). This allele has 
also been shown to provide a protection against alcohol abuse and alcoholism since a higher 
frequency of this allele has been found in nonalcoholics especially from Asian population. 

Gene-gene interactions have also been found to play an intricate role in development of 
alcoholism. Oseir et al. (2004) found that there is potential epistatic interaction between 
ADH1B and ADH7 which leads to protective effect against alcoholism among Han Chinese 
population (Oseir et al., 2004). 

3.2 Genetic variants of aldehyde dehydrogenase (ALDH) 

The best known variation of alcohol metabolizing enzymes has been associated with 
ALDH2 gene. A variant of this gene known as ALDH2*2 allele leads to the substitution of 
lysine to glutamine at 504 position (Chou et al., 1999). This substitution results in the 
production of a nearly inactive ALDH2 enzyme which no longer oxidizes acetaldehyde to 
acetate. Studies have demonstrated that this variant is dominant because people who are 
heterozygous (ALDH2*1 and ALDH2*2) have almost no detectable activity of ALDH2 
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enzyme in the liver. People with an ALDH2*2 allele show an alcohol flush reaction even 
when they consume alcohol in relatively small amounts (Harada et al., 1981). The presence 
of even a single ALDH2*2 allele has been shown to be strongly protective against alcohol 
dependence. The protective effect of ALDH2*2 is the most widely reproduced association of 
a specific gene with alcoholism (Chen et al., 1999; Hurley et al., 2002; Luczak et al., 2006; 
Thomasson et al., 1991). 

3.3 Genetic variants of microsomal ethanol oxidizing system 

Another enzyme, microsomal ethanol oxidizing enzyme involved in alcohol metabolism is 
encoded by CYP2E1 gene. CYP2E1 is induced (increase in activity up to 10 fold) by chronic 
alcohol drinking and may contribute to development of metabolic tolerance in alcoholics. 
Studies have revealed that polymorphism in CYP2E1 (CYP2E1*1D) has been found to be 
significantly associated with alcohol dependence in Canadian native Indians (Howard et al., 
2003; Itoga et al., 1999). Another rare mutant named as c2 allele (CYP2E1*5B) in CYP2E1 
gene has been found to be associated with higher transcriptional activity leading to elevated 
level of the enzyme as compared to wild type c1 allele i.e. CYP2E1*5A (Hayashi et al., 1991). 

3.4 Genetic variants of catalase 

Studies have revealed that subjects with positive family history of alcoholism have a higher 
mean activity of catalase as compared to control subjects (Koechling and Amit et al., 1992). 
A significant positive correlation was observed in brain and blood catalase activity in rats 
(Amit and Aragon., 1988). Koechling and Amit (1992) have reported a significant coorelation 
between blood catalase activity with alcohol consumption. However, there are no studies on 
the association of genetic polymorphism of catalase with alcoholism.  

4. Neuropharmacological aspects of chronic alcoholism 
The neuropharmacological actions of alcohol such as cognitive impairment and other 
behavioral changes are mediated via their interaction with brain neurotransmitters. 
Neurotransmitters are the chemicals involved in communication of neurons in brain and 
may be inhibitory or excitatory depending upon their mechanism of action. Although 
alcohol does not have any specific target neurotransmitter, it acts on multiple 
neurotransmitter systems (Deitrich and Erwin, 1996; Tabakoff and Hoffman, 1992). 

Chronic alcohol consumption may cause cognitive impairment, tolerance and physical 
dependence due to changes in neurotransmitter system in brain. The neuropharmacological 
changes caused by chronic alcoholism involve monoamine oxidase, neurotransmitter amino 
acids and calcium ion channels and some other pathways leading to neuroadaptations and 
development of tolerance (Zaleski et al., 2004). The complex mechanism of action involving 
neurochemical changes explains why even moderate doses of alcohol may lead the subject 
to develop psychiatric complications and alcohol dependence. The addictive and alcohol 
seeking behavior can be explained by understanding the neurotransmitter involved in the 
processes (Vengeliene et al., 2006).  

Few of the neurotransmitters involved in alcohol dependence are as follows: 



 
Pharmacology 

 

238 

4.1 Alcohol and monoamines 

Ethanol affects the release of the main neurotransmitters present in central nervous system, 
such as dopamine, gamma amino butyric acid (GABA), serotonin, noradrenaline and opioid 
peptides (Kianmaa &Tabakoff, 1983; Tabakoff, 1977, 1983). Alcohol activates the firing of 
dopaminergic neurons in the ventral tegmental area and nucleus accumbens structures 
which together are a part of mesolimbic pathway and play an important role for the 
rewarding effect of ethanol (Diana et al., 1992). Studies have demonstrated that the 
stimulation of dopaminergic neurons may indirectly activate serotonergic pathways. The 
low levels of serotonin have been reported to be a risk factor for development of alcoholism 
(Lovinger, 1991).  

4.2 Alcohol and neurotransmitter amino acids 

Several studies have demonstrated the actions of ethanol on neurotransmitter amino acids 
which consist of glutamate-main excitatory neurotransmitter in the central nervous  
system. It has N-methyl-D-aspartate (NMDA) and amino-3-hydroxy-5-methyl-4-
isoxazoleproprionate (AMPA), and kainate receptors. The NMDA receptors are controlled 
by several regulatory sites. To open the channel of NMDA receptor, presence of glycine is 
required. Glycine is an amino acid which has its own site, acting as a coagonist. Alcohol has 
been reported to act on glycine binding site therefore, inhibiting the function of NMDA 
receptor (Woodword, 1994). The receptor has been found to play an important role in 
learning and memory and in development of alcohol tolerance (Longo et al., 2002). 
Glutamate, a neurotransmitter has been found to play a significant role in the pathogenesis 
of alcohol dependence by mediating excitatory pathways (Sander et al., 2000). Chronic 
alcohol use has been found to be associated with upregulation of NMDA receptors. Alcohol 
shows lower affinity for AMPA and kainate glutamate receptors (Ferreira & Morato, 1997). 
In case of acute ethanol withdrawal, NMDA receptor releases increased amount of 
glutamate which is associated with tremors, anxiety, ataxia, and convulsions. 

Alcohol produces sedative-hypnotic effects mediated via GABA, an inhibitory 
neurotransmitter. There are three types of GABA receptors, GABA A, GABA B, and GABA 
C in brain. GABA A receptors are responsible for the intoxicating effects of alcohol such as 
motor incoordination, anxiolysis and sedation. The neurobehavioral effects of ethanol 
mediated via neurotransmitter GABA are directly dose-dependent. The effects of alcohol at 
GABA A receptors vary across brain regions. This might be due to the differential 
expression of GABA A receptor subunits (Loh et al., 1999). 

Another neurotransmitter, Neuropeptide Y (NPY) is an amino acid peptide which has been 
associated with reward, appetite and anxiety. The association of NPY has also been reported 
with alcohol dependence in animal models. NPY-deficient mice  have been reported to show 
higher alcohol consumption as compared with wild type mice (Thiele et al., 1998). 

4.3 Alcohol and calcium ion channels 

Voltage sensitive calcium channels (VSCCs) play a major role in gating synaptic calcium 
influx and thereby modulating a range of calcium dependent intracellular processes, 
membrane potential, and neurotransmitter release (Kennedy & Liu, 2003). The types of 
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VSCC are of L-type (dihydropyridine-sensitive), N-type (neuronal), P-type (Purkinje), R-
type (Resistant), and T type (transient) channels.  It has been found that alcohol (ethanol) 
blocks L-type channels. The L-type VSCC antagonists show some ethanol, like effects in rats. 
Evidence suggested that chronic administration of alcohol in mice up-regulates the number 
and function of N-type calcium channels. Ethanol actions at VSCCs may modulate its 
behavioral effects in humans (Zaleski et al., 2004). It has been reported that there is an 
increase in the inflow of Calcium ions through these channels, contributing to the 
development of withdrawal symptoms such as seizures and craving. 

4.4 Alcohol and other mechanisms of actions 

Studies assessing cognitive functions have associated the chronic ingestion of ethanol with 
the reduction in concentration of acetylcholine in humans as well as mice, caused by the 
degeneration of brain tissues which seems to be related to the development of tolerance of 
alcohol. Chronic consumption of alcohol may affect opioid receptor system thus exerting 
neurobehavioral effects such as reinforcement. The three major classes of opioid system are 
µ, δ and κ. Alcohol may stimulate the release of certain opioid peptides such as endorphins 
and enkephalins, which in turn, could interact with the centers (mesolimbic dopamine 
pathway) of the brain, associated with reward and positive reinforcement and may lead to 
further alcohol consumption (Vengeliene et al., 2008). Human and animal studies have 
suggested that µ opioid receptor is mainly involved in initial sensitivity and response to 
alcohol. The increased activity of brain opioid peptide systems, in response to ethanol 
exposure, may be important for initiating and maintaining high alcohol consumption and 
for mediating the positive reinforcing effects of alcohol (Gianoulakis et al., 1996). 

5. Genetic variants of neurotransmitters 
Alcohol exerts its effects such as reward and reinforcement by acting on a number of 
neurotransmitter in the brain. Studies have revealed that polymorphisms in genes encoding 
for neurotransmitter may increase the risk of developing alcoholism (Radel & Goldman, 
2001; Foley et al., 2006). The knowledge of gene variants affecting neurotransmitters is very 
important as it serves the basis for developing novel and targeted therapeutic agents in 
treatment of alcoholism. A few of the genetic variants of neurotransmitters associated with 
alcohol dependence are as:  

5.1 Glutamate 

Candidate gene studies have shown that individuals bearing G603A polymorphism of glial 
glutamate transporter gene (EAAT2) are at increased risk of alcoholism (Sander et al., 2000). 
The individuals with genetic variants of NMDA (subunit NR2A) and glutamate receptor 
metabotropic gene (mGLUR5) have been studied in a hospital based study in Germany 
(Schumann et al., 2008). It was found that carriers of the NR2A risk genotypes for rs2072450 
CC and rs9924016 Del/Del had higher risk of developing alcohol dependence  as compared to 
the individuals with protective genotypes rs2072450 AC and rs9924016 Del/Ins (Schuman et 
al., 2008). In the case of mGLUR5 gene, individuals of the risk genotypes rs3824927 C/C and rs 
3462 G/G have been  found to be at higher risk of developing alcohol dependence when 
compared with  individuals bearing the protective genotypes rs3824927 CA and rs3462 GA. 
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5.2 Gamma amino butyric acid 

Association of genetic variants of GABARA1 and GABAR6 with alcoholism has been reported 
in Korean population (Park et al., 2006).The GG genotype of GABAA1 receptor has been found 
to be significantly associated with early onset and severity of alcoholism in Korean population 
(Park et al., 2006). It has been also been reported that Pro385Ser substitution in GABA A6 is 
associated with alcohol dependence and with antisocial alcoholism (Sander et al., 1999).  

5.3 Norepinephrine 

Studies have suggested that alcohol produces biphasic effects on norepinephrine turnover in 
the brain, with low doses increasing turnover and higher doses depressing turnover. The 
sensitivity of noradrenergic systems to ethanol effects varies among brain regions. A few 
studies have been attempted to see the effect of genetic variants of norepinephrine on 
alcoholism. Huang et al. (2008) reported that norepinephrine transporter polymorphisms T-
182C and G1287A are not associated with alcohol dependence and its clinical subgroups in 
Han Chinese population. 

5.4 Dopamine 

Research studies have revealed that there is a positive association between polymorphism in 
Dopamine receptor gene (DRD) with alcoholism. Ponce et al. (2008) reported that the two 
SNPs (-141C Ins/Del) and TaqI A, present on DRD2 gene locus were associated with 
alcoholism in North Indian population. Studies from South Indian population have reported 
no association between TaqI A polymorphism and alcoholism. 

The -141 Ins/Del polymorphism in DRD2 gene has been found to be associated with 
alcoholism in several studies across different populations, but with inconsistent results. This 
promoter polymorphism plays a significant role in D2 receptor expression via altering the 
transcriptional activity. Johann et al. (2005) studied the association of -141I Del variant (-
141C) SNP in German alcoholics. It was found that -141 Del C variant of DRD2 gene might 
be a protective factor against development of alcoholism. On the other hand the -141 Ins 
allele has been found to be a genetic risk factor for alcoholism in Mexican-Americans. This 
can be correlated with decreased DRD2 receptor density in alcoholic patients which in turn 
stimulates craving-reward pathway- thereby promoting alcoholism. 

Another polymorphism in DRD2 gene Taq I A in Ankyrin repeat and Kinase Domain 
containing (ANKK1)( rs 1800497) is one of the most frequently studied mutations. The 
DRD2 gene is actually not located on DRD2 but rather within the protein coding region 
exon 8 of the adjacent ANKK1gene (Neville et al., 2004). TaqI A SNP causes an amino acid 
substitution within the 11th ankyrin repeat of the putative protein and has been found to 
affect the substrate binding specificity (Ponce et al., 2008). In a meta-analysis, the single 
nucleotide variant TaqIA (rs 1800497) of the DRD2 gene has been found as a vulnerability 
gene for alcoholism in more than 40 studies, but with conflicting results. 

5.5 Serotonin  

The genetic variants of serotonin receptor gene for example rs1042173  may influence 
alcohol dependence (Jhonsan et al., 2011). The presence of genetic variation may lead to 
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manipulation of serotonergic transmission therefore affecting the rate of development of 
tolerance and alcohol dependence (Yoshimoto et al., 1996).  

5.6 Cholinergic and nicotinic receptor gene  

Evidence from genetic studies suggested that alcohol dependence as well as cigarette 
smoking in families share the genetic vulnerability. Research studies have identified a 
missense mutation (rs16969968) in exon 5 of the nicotinic receptor (CHRNA5) gene and a 
variant in the 3′-UTR of the CHRNA3 gene in association with alcoholism and nicotine 
dependence (Wang et al., 2009). Cholinergic muscarinic 2 receptor (CHRM2) SNP 
(rs1824024) has been significantly associated with the pathogenesis of depression and 
alcohol dependence disorders (Jung et al., 2011; Luo et al., 2005). 

5.7 Opioids 

Bart et al. (2005) have identified positive association between A118G polymorphism and 
increased risk of alcohol dependence in individuals from Sweden. The single nucleotide 
polymorphism A118G in exon 1 of opioid receptor gene (OPRM1) results in increase in 3 
fold binding capacity of beta endorphin. However, the results of a number of research 
studies are contradictory. Few studies have failed to find the association between the A118 
G allele and alcoholism (Bergen et al., 1997; Franke et al., 2001; Gelernter et al., 1999; Kim et 
al., 2004; Kranzler et al., 1998;  Schinka et al., 2002), while  few others have found positive 
association between the A118 allele and alcoholism (Town et al., 1999). The explanations for 
these conflicting reports may be small sample size of the populations under study and the 
ethnic variation. 

5.8 Other neurotransmitters (Neuropeptide Y) 

In Humans, Leu7Pro polymorphism in NPY gene has been established to affect the release 
of mature NPY. Individuals with Pro7/Leu7 allele have 42% higher plasma concentration of 
NPY as compared with Leu7/Leu7 variant. Kauhanen et al. (2000) reported that Pro7allele is 
associated with more (34% higher) alcohol consumption in a cohort of Finnish middle aged 
men.  Lappalainnen and others have reported that NPYPro7 allele significantly contributes 
towards the heritability of alcohol dependence in European American population 
(Lappalainnen et al., 2002). 

6. Pharmacotherapy of alcoholism 
The first step in the treatment of alcoholism is detoxification assisted by medical 
treatment (Wertheimer and Chaney 2003). Detoxification is required to manage the 
clinical and psychological symptoms of alcoholism. After detoxification there is need for 
counseling or psychotherapy and rehabilitation (Williams, 2001). The pharmacological 
agents or medicines in use for alcoholism treatment act on specific neurotransmitter 
systems. The treatment is aimed at normalizing the alcohol specific neuroadaptations 
(Krishnan-Sarin et al., 2008). The selection criteria for treatment of alcoholism is based on 
the length of illness and additional amount of alcohol related problems (Wertheimer 
&Chaney, 2003). 
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6.1 FDA approved drugs for treatment of alcoholism 

Some of the drugs approved by FDA for treatment of alcoholism are as follows (Krishnan- 
Sarin et al., 2008). 

6.1.1 Disulfiram 

Disulfiram has been in use to treat alcoholism since 1940. Disulfiram produces an aversive 
effect by disrupting alcohol metabolism. The proposed mechanism of action of disulfiram on 
alcohol use has been found to be primarily related to the inhibition of liver aldehyde 
dehydrogenase (metabolizing enzyme of alcohol) and secondarily related to central nervous 
system actions, via modulation of catecholamine neurotransmission. It blocks ALDH 
activity by forming intermolecular disulfide bridges resulting in acetaldehyde accumulation. 
Excessive buildup of acetaldehyde results in many unpleasant effects including lowered 
blood pressure, palpitation, nausea, vomiting, headache and difficulty in breathing.  

In clinical doses, disulfiram inhibits the enzyme dopamine–β–hydroxylase, which converts 
dopamine to norepinephrine, leading to increase in dopamine levels in brain (Goldstein & 
Nakajima, 1967; Goldstein et al., 1964). It has been found in clinical trials of disulfiram that 
there are lower rates of relapse to drinking in those who are compliant with the medication 
(Fuller et al., 1986). However, due to aversive nature of this drug, noncompliance is one of 
the biggest problems encountered with its use. The use of disulfiram is supervised in many 
clinical settings.  

6.1.2 Naltrexone 

Naltrexone is a drug used mainly for the treatment of alcohol dependence, and is available 
as oral medication and in injectable form. The drug is well tolerated with primary 
gastrointestinal side effects (O’Malley et al., 1992; Volpicelli et al., 1992). The efficacy of 
naltrexone in reducing alcohol drinking is mediated via interactions between the 
endogenous opioid system and dopamine systems, specifically through antagonism of the 
μ−opioid receptors. The studies on animal models suggested that alcohol increases release 
of β−endorphins in certain portions of the brain known to be involved in alcohol reward 
(Marinelli et al., 2003; Zalewska-Kaszubska et al., 2006). Nalotrexane blocks the release of 
these endorphins. Naltrexone has also been shown to reduce drinking in animal models 
(Froehlich et al. 2003; Swift, 2000).  

A number of clinical trials indicate that alcoholics receiving naltrexone treatment in 
combination with behavioral intervention have lower levels of relapse and reduced levels of 
alcohol craving (O’Malley et al., 1992). Recent reports (Bouza et al., 2004; Srisurapanont & 
Jarusuraisin, 2002) suggest that naltrexone has modest efficacy in preventing relapse to 
drinking. Although, naltrexone is well tolerated, the potential risk of toxicity of liver at high 
doses is the major cause of concern in patients with liver disease.  

6.1.3 Acamprosate 

Acamprosate is available in an oral, delayed release formula, Camprel. The mechanism of 
action is through antagonizing of the N-methyl D-aspartate (NMDA) glutamate receptor site 
or via modulation of glutamate neurotransmission (DeWitte et al., 2005; Harris et al., 2002). 
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It has been found that acamprosate reduces neuronal hyperexcitability during alcohol 
withdrawal, due to reductions in glutamate levels, so as to normalize the balance between 
excitatory and inhibitory neurotransmitters produced in chronic alcohol consumption 
(Spanagel et al., 1996; Dahchour et al., 1998; Littleton & Zieglgansberger, 2003).  

6.2 Other promising medicines 

In addition to the drugs approved by FDA for treating alcoholism there are other 
medications which are in use because of some clinical evidence of efficacy. 

6.2.1 Ondansetron 

Ondansetron is a 5HT3 receptor antagonist used mainly as antinausea medicine after 
postoperative nausea and as anticraving medicine in alcoholism. Human laboratory studies 
have demonstrated that ondansetron decreases alcohol preference and desire to drink 
(Johnson et al., 1993). The efficacy of ondansetron in reducing drinking behavior has also 
been reported in Clinical trials, especially in drinkers with early onset alcoholism (Kranzler 
et al., 2003). 

6.2.2 Baclofen 

Baclofen, a GABA B receptor antagonist is used clinically for the treatment of muscle 
spasticity. The preclinical trials have shown the effectiveness of baclofen in reducing chronic 
alcoholism (Colombo et al., 2004). In a recent clinical trial, it was found that the drug is well 
tolerated in alcohol dependent patients with liver cirrhosis and has some efficacy in 
improving abstinence rates. However, more clinical research is needed to establish its 
efficacy and tolerability in alcoholic patients. 

6.2.3 Topiramate 

Topiramate is an antiseizure medication which has been shown to be effective in reducing 
alcohol use in recent clinical trials. Its action is mediated via antagonizing α amino-3-
hydroxy 5-methylisoxazole 4-propionic acid (AMPA) and kainate glutamate receptors as 
well as inhibition of GABA A receptors, L type calcium channels, and voltage dependent 
sodium channels (SCN). Topiramate has been shown to reduce alcohol use in animal models 
(Farook et al., 2007). It also helps in reducing alcohol withdrawl induced convulsions. It has 
some side effects such as numbness, anorexia, cognitive difficulty, and taste distortion, as 
well as some rare incidents of visual side effects including myopia, glaucoma, and increased 
intraocular pressure. The clinical trials used a slow titration over several weeks to the 
desired dose to reduce the incidence of side effects. 

6.2.4 Selective serotonin reuptake inhibitors (SSRI) 

Selective serotonin reuptake inhibitors such as fluoxetine, citalopram, and sertraline are 
used in the treatment of alcoholism because existing evidence has shown that lowering 
brain serotonin levels decrease preference for alcohol and SSRI.  SSRI’s are basically used in 
the treatment of depression, therefore the effectiveness has been found in depressed 
alcoholics in some clinical trials.  
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7. Pharmacogenetics of alcoholism 
The sequencing of the human genome has become the foundation for one of the most 
significant scientific contribution, the idea that although all human individuals are 
genetically similar, each retains a unique genetic identity. The publication of the human 
blueprint has triggered an explosion in pharmaceutical research to utilize this knowledge in 
the prescription of drugs for various ailments including alcoholism to be tailored according 
to the genetic makeup of susceptible individuals or in other words personalized medicine. 

Just before half a century ago the Human Genome Project, scientists had realized that 
inheritance was an important factor which accounts for individual variation in drug 
response (Kalow, 1962; Venter et al., 2001). This led to the birth of the term 
Pharmacogenetics. Pharmacogenetics is the study of the role of inter-individual genetic 
variation in drug response. Although human beings are 99.9% similar in their genetic 
makeup, 0.1% variability in terms of single-nucleotide polymorphisms is significantly 
accountable for an individual’s susceptibility to diseases and inter- and intra-individual 
variation of drug response (Brooks, 1999). 

On the basis of our current understanding of neurobiology numerous candidate genes have 
been implicated in the etiology and response to treatments for different addictions including 
alcoholism. The focus is on functional genetic variants of proteins involved in the neural 
response to alcohol including alcohol sensitivity, reward and tolerance and variants of the 
enzyme involved in metabolism of alcohol. 

8. Genetic predictors of medication response  
The inter-individual variation in drug response results in categorization of alcoholic patients 
into responders and nonresponders. The responders experience therapeutic efficacy with a 
particular drug given in therapeutic range without any toxicity or adverse effects. The 
nonresponders do not show any therapeutic effect, even when the administered drug 
reaches to peak level in blood, leading to ineffective treatment, known as poor as poor 
metabolizers. Therefore the traditional approach of one dose fits for all is no longer helpful 
in predicting the therapeutic efficacy of a drug. The pharmacogenetics focuses on 
identifying genetic factors that is with are responsible responsible for variability in 
pharmacotherapeutic effect both in terms of pharmacodynamics and efficacy (Evans 
&Johnson, 2001). The field has greatly benefitted from advances in molecular genetic tools, 
developments in bioinformatics and functional genomics for identifying genetic variants. 

Genetic factors can account for interindividual differences in drug toxicity and efficacy in 
many ways e.g. the variability in genes may lead to differences in drug metabolism and 
disposition through functional differences in activity of enzymes or drug transporters (Ray 
et al., 2010a). Alternatively genetic variation may impact a drug’s target such as particular 
receptor. Genetic variants that may modulate the effects of naltrexane have been identified 
in the gene coding for µ OPRM1, which is the primary target of naltrexaone (Oslin et al., 
2003). One of the most widely studied SNPs in OPRM1 is +118A/G (rs 1799971) located in 
the +118 position of exon1 one which encodes for Asn40Asp substitution (Bond et al., 1998). 
This A/G substitution has been reported to affect the receptor affinity for endogenous 
ligands, β-endorphin leading to gain in function such that the G variant was thought to bind 
β-endorphin with greater affinity than A allele. However, some recent studies have shown 
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that G allele has a loss of function rather than a gain. Further, the results of the study testing 
the relationship between this SNP of the OPRM1 gene and alcoholism have shown 
inconsistent results, some support the association of this SNP and alcohol dependence while 
others have failed to replicate this association (Schinka et al., 2002; Kranzler et al., 1998; Town 
et al., 1999). Further, this SNP of OPRM1 gene has also been associated with a differential 
response in clinical trials of naltrexone. Oslin et al. (2003) has reported that this SNP is 
associated with clinical response to naltrexaone among alcohol dependent patients such that 
individuals with at least one copy of the G allele, coding for more potent OPRM1 receptor 
reported lower relapse rates and longer time to return to heavy drinking after treatment with 
naltrexone, in comparison with individuals who were homozygous for the A allele. 

It has been reported that persons of Asian descent possess an ALDH2*2 genetic variant 
(Quertemont et al., 2004). ALDH2*2 genetic variant of the ALDH enzyme metabolizes 
slowly and leads to accumulation of acetaldehyde (Edenberg, 2007). When the individuals 
bearing this variant drink alcohol they develop high acetaldehyde blood concentration and 
experience of flushing reaction similar to that seen in combination of ethanol and disulfiram. 
ALDH2*2 variation is the best characterized genetic factor protecting against the 
development of alcohol dependence. Pharmacogenomic studies suggest that it is highly 
unlikely that disulfiram will be helpful in treating the patients who have genetically 
compromised ALDH. 

In addition disulfiram chelates copper and thus inhibits copper containing enzyme 
dopamine beta hydroxylase which further inhibits norepinephrine and dopamine in brain 
(Haile et al., 2009). The individuals harboring TT allele of dopamine beta hydroxylase (DβH) 
gene with C1021T polymorphism respond better to disulfiram treatment and need less dose 
whereas carriers (CT) would need intermediate dose and those with CC allele need 
maximum concentration to reach the efficacy level. 

Acamprosate, is a drug used for abstinence and maintenance as it reduces craving in 
alcoholic patients who have undergone detoxification (De Witte et al., 2005). The effective 
acamprosate response in alcohol dependent subjects may be influenced by genetically 
controlled variation of NMDA receptor and the type of glutaminergic mGLU5 receptor. 
Confirmation of this hypothesis could lead to development of effective individualized 
treatment and recommendation for alcohol dependent patients based on 
pharmacogenetically relevant genetic variant. 

Ondansetron, an antagonist of serotonin is important in the treatment of alcoholism. 
Serotonin transporter gene is an important regulator of neuronal 5-HT’s function. The 
genetic difference in this gene may modulate the severity of alcohol consumption and 
predict the therapeutic response to 5-HT3 receptor antagonist ondansetron. A variable 
tandem repeat polymorphism (5-HTT LPR) is common in the promoter region of 5-HTT 
gene which alters the transcriptional activity. Two important variants are long (insertion LL) 
and short (SS) version. It has been reported in a randomized clinical trial that individuals 
with LL genotype (Homozygous for the long version) of 5-HTT gene showed significant 
results in improvements of alcoholism with treatment of ondansetron as compared to LS 
and SS genotype (Johnson et al., 2011). 

Another functional T/G polymorphism (rs1042173) as in the 3/ untranslated region of the 5-
HTT gene may alter the therapeutic response in alcoholism treatment with ondansetron in 
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alcohol addiction treatment (Jhonsan et al., 2011).  The effect of ondensateron will be higher 
in individuals possessing the combination of LL genotype and TT genotype of 5-HTT gene.  

 
Fig. 2. Alcoholism Treatment: A Treatment approach to use a trio of Pharmacotherapy using 
pharmacological agents, where a traditional approach of “One dose for all” is used and 
Psychotherapy – an important part of treatment in alcoholism and Pharmacogenetics based 
on Genetic makeup of the Individual for better and effective treatment in alcoholism 

9. Conclusion 
Lot of work still needs work still needs to be done in order to improve our understanding of 
the genetic and environmental factors underlying alcohol dependence and also utilizing the 
genetic information in prescribing the drugs as per the genetic architecture of the 
individuals. The integrated approach of incorporating a trio of pharmacogenetic, 
pharmacotherapy and psychotherapy would be more promising in treatment of alcoholism 
(Fig 2). As the genetic testing becomes more common in the practice of medicine variety of 
ethical and practical challenges unique to alcohol addiction, will also need to be addressed. 
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1. Introduction  
Aging is generally considered as a progressive and irreversible set of structural and 
functional changes, due both to the genetic background of the individual and the oxidative 
damage and modifications of intracellular signaling mechanisms. Although the anatomical 
and physiological alterations associated to aging (e.g. sarcopenia, cognitive and sensorial 
decline, functional loss in cardiovascular system…) are not a disease, they reduce the 
functional reserve of the organism, ultimately leading to pathological alterations and death.  

Improvements of nutrition, hygiene and public health, and medical diagnosis and 
treatments have dramatically extended life expectancy in the last decades. However, the rate 
of human aging is to the moment an elusive target in biomedical interventions. The 
achievement of a slowing of human age is not necessarily linked to an increase of morbid, 
unhealthy population, but is likely to postpone the onset of age-related pathologies 
(Blagosklonny, 2010). Pharmacological intervention to decelerate aging and age-related 
diseases is highly attractive because it would target all the population during many years. If 
successful, antiaging therapy will be more efficient in reducing mortality than to fight 
separately each age-related disease (Olshansky et al., 2007). Research on anti-aging 
interventions has evolved along the main theories of aging. We describe here the available 
explanations for aging before presenting the updated status of each approach. 

2. Oxidative stress, aging and antioxidant treatments  
2.1 Mitochondrial free radicals theory of aging 

After formulation of the “rate of living” hypothesis at the beginning of the last century, 
proposing that longevity is determined by the metabolic rate (Pearl, 1928), the main 
explanation for aging has been oxidative damage due to free radicals, especially when 
comparative studies made clear that metabolic rate alone could not explain longevity (see 
Speakman & Selman, 2011). The oxidative theory of aging (Harman, 1956) proposes that aging 
is driven by the damage inflicted to cellular components by reactive oxygen species (ROS) 
produced by mitochondria in the course of respiration, and has evolved into the mitochondrial 
free radicals theory of aging pointing to this organelle as a key factor in aging (Harman, 
1972;Miquel et al., 1980), including some refinement (de Grey, 2004). Briefly, endogenous ROS 
(and some nitrogen reactive species derived from them) modify lipids, DNA and proteins, 
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leading to functional and structural alterations of the cell, both directly and by modifications of 
the nuclear and mitochondrial genomic material (Pak et al., 2003), the later especially exposed 
to ROS due to proximity and to the lack of histones (Yakes & Van, 1997). 

ROS are formed in the inner mitochondrial membrane by transfer of electrons to molecular 
oxygen from complex I and III of the electron transport system (ETS) during the flow of 
electrons from reduced NADH and FADH generated by metabolism. At resting, about 0.1% 
of consumed oxygen (in spite of the erroneous figure of about 2%) (Fridovich, 2004) 
produces the highly reactive superoxide anion, enzymatically mutated to H2O2 and then to 
H2O. It is important to note that the rate of ROS formation is not determined by the level of 
O2 consumption, but by electrochemical potential of the inner membrane (generated by the 
H+ gradient created by the ETS) and by the amount, efficiency and reduction level of 
complex I and III (Skulachev, 2004). This led to the “uncoupling to survive” theory of aging: 
H+-permeating proteins at the inner mitochondrial membrane inhibit ROS production and 
are correspondingly enhanced in more long-lived species and in some life-extending 
manipulations (Brand, 2000). 

To limit oxidative damage cells have developed enzymatic (superoxide dismutase, 
catalase,…) and non-enzymatic (glutathione) antioxidants to scavenge and metabolize 
radicals and have reduced the most ROS-sensitive components of proteins and lipids, i.e. 
methionine and cysteine contents of mitochondrial proteins and the number of double 
bonds of unsaturated fatty acids (lipid oxidation forms long lasting reactive carbonyl species 
which attack lipids, proteins and DNA) (Pamplona & Barja, 2011). 

Although a causal link for mitochondrial radical production in aging has been generally 
accepted in the last three decades, the actual status is rather controversial. This view was 
supported by correlative studies between longevity and mitochondrial ROS production (Ku 
et al., 1993;Sohal et al., 1990). These reports did not controlled for phylogeny, body mass and 
metabolic rate level (Speakman, 2005), but posterior controlled studies confirmed the 
correlation and extended it to mitochondrial DNA oxidation (see Pamplona & Barja, 2011). 
On the other hand, initial studies with transgenic mice showed that inhibition or 
enhancement of endogenous antioxidant enzymes respectively shortens (Yamamoto et al., 
2005) or extends (Hu et al., 2007;Schriner et al., 2005) lifespan, but more recent studies did 
not reproduce this (Lapointe & Hekimi, 2010;Page et al., 2010) or were ambiguous (Perez et 
al., 2009). In addition, although mice with defective mitochondrial DNA repair enzymes 
show normal ROS production they age faster (Trifunovic et al., 2005), supporting the idea 
that mitochondria alterations drive senescence even with normal oxidative damage. 

The conflicting results of genetic experiments and the poor effects of antioxidants therapy in 
longevity (see 2.2) have been used to refute the free radical theory of aging (e.g., Lapointe & 
Hekimi, 2010;Perez et al., 2009). However, it is likely that ROS production and not 
antioxidant defenses is the main factor determining longevity, as indicated by comparative 
and phylogenic studies on the correlation between longevity and antioxidants (Pamplona & 
Barja, 2011). This is supported by the finding that caloric restriction (CR) (the most 
successful life-extending manipulation) decreases mitochondrial ROS output and DNA 
oxidation (Migliaccio et al., 1999), and by life extension in mice with genetic ablation of the 
protein p66shc (which produces mitochondrial ROS in response to insulin/IGF-1 signaling 
and stress factors) (e.g. Vendelbo & Nair, 2011). 



 
Pharmacological Approaches to Improve Ageing 259 

It is clear that even if mitochondrial ROS were not the only cause of aging, is unlikely that 
oxidative stress and mitochondria do not participate in the aging process. Several 
modifications of the theory have focused on the mitochondrial DNA alterations induced by 
radicals (de Grey, 2004;Pamplona, 2011). Other authors have proposed that although high 
ROS concentration are detrimental, physiological levels protect from aging by increasing 
stress defense systems, so that non physiological increases of antioxidant activity can 
paradoxically accelerate aging (mitochondrial hormesis or mitohormesis, Tapia, 2006). 

2.2 Antioxidative therapies 

Given the large evidence linking oxidative stress with aging, the use of antioxidants has 
been a repeated approach in anti-aging research for decades. Even if aging itself is not due 
to oxidative damage, this approach could extend average life by reducing the mortality of a 
number of pathological conditions associated to oxidation. 

The most frequently assayed antioxidants are present in vegetables and fruits, not only 
vitamins E (tocopherols), A (carotenes) and C, but also flavonoids (from tea and Ginkgo 
biloba), phenolic compounds (e.g. resveratrol in grapes), catechins and others. A number of 
artificial antioxidants have also been assayed (deprenyl, NDGA, PBN, thioproline,…). It 
must be noted that efficiency not only depends on their oxidant scavenging activity, but also 
in humans bioavailability factors (absorption, lifetime,…) so that animal studies are a 
requisite even for initial evaluation of the potential utility of an antioxidant. 

Part of the initial studies in rodent models showed that some antioxidants could extend 
average and/or maximum lifespan (see Meydani et al., 1998;Spindler, 2011). Unfortunately 
no measurements of the oxidative stress were performed in the initial reports, a requisite to 
confirm that a treatment lowers oxidative stress (Knasmuller et al., 2008). Also, the effects 
could be due to a decrease in caloric intake of the animals and not by direct antioxidant 
effects, but when other authors controlled this variable still found an increase in mice 
lifespan (Bezlepkin et al., 1996;Miquel & Economos, 1979). Recently, an extensive meta-
analysis of the rodent lifespan studies reveals that a range of antioxidants (from chemicals 
such as deprenyl to naturally occurring compounds such as polyphenols) extend lifespan 
independently of the CR effect observed in other studies (Spindler, 2011).  

In human, the available information is epidemiological or observational, including 
transversal studies about alimentary habits. Vitamins C, E and A operate synergistically 
against lipid peroxidation (see a review in Fusco et al., 2007), and vitamin C can also 
regenerate vitamin E levels (Niki et al., 1995). There is a negative correlation between 
plasmatic levels of antioxidants, mainly vitamin E, and incidence of cardiovascular diseases 
and some types of cancer (see Fusco et al., 2007 and Hercberg et al., 2009). This correlation is 
also present for fruits and vegetables intake (Genkinger et al., 2004) and flavonoids and 
polyphenols (Manach et al., 2005) and for other age-related diseases such as Alzheimer 
disease (Viña et al., 2004) or diabetes (Czernichow et al., 2006).  

The life-extending effects of antioxidants in humans must be inferred from trials assessing 
the mortality of age-related pathologies. Contrary to the observational studies, randomized 
trials have not confirmed the expected decrease of mortality after long-term antioxidant 
treatment. In the trial SUVIMAX, with low doses of antioxidants, a reduction in mortality 
after 7.5 years of treatment was observed only in men (Hercberg et al., 2004), which could be 
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explained by a possible lower level of endogenous antioxidants compared to women, 
similar to a trial in a Chinese population with poor nutritive status (Blot et al., 1993). Other 
large scale trials have not found beneficial effects of vitamin E supplementation (alone or 
with other antioxidants) on the incidence of cardiovascular and cancer mortality (Jacobs et 
al., 2003;Lee et al., 2005;Lonn et al., 2005). It has been suggested that only individuals with 
low levels of antioxidant would benefice from these treatments, as found in lung cancer 
rates and selenium supplement (Reid et al., 2002). 

A concerning outcome of the controlled trials is the finding that supplementation can have 
detrimental effects in some groups (Hercberg et al., 2009;Pham & Plakogiannis, 2005). 
Therefore, the official recommendation is an adequate intake of antioxidant-enriched 
aliments until more evidence makes clear if supplementation is safe (Fusco et al., 2007). 

The discrepancy between the epidemiological and interventional studies could be due to 
limitations in the design of the studies. As pointed above, the “shotgun” approach of 
“flooding” the tissues with an antioxidant is likely inefficient or even detrimental per se (see 
2.1) and it depends critically on the dosage (supplementation does not guarantee redox 
normalization (Knasmuller et al., 2008)) and the moment of application (in rodent models 
lifespan effects require initiation at late (PBN) or early age (vitamins mixture, NDGA) 
(Bezlepkin et al., 1996;Spindler, 2011)). Also, it is likely that only certain combinations of 
antioxidants can block the redox network of multiple endogenous radicals (as shown in 
experimental models, (Rebrin et al., 2005)). Last, the plasma measurements commonly used 
in human studies are not an unequivocal account of systemic redox (Knasmuller et al., 2008). 
On the other hand, the epidemiological results could be due to differences in lifestyles and 
genetic and environmental influences, all of them factors cancelled in randomized 
controlled trials.  

A great interest has been raised by resveratrol, a polyphenol found in grapes and red wine. 
Resveratrol extends longevity in mice fed a high calorie diet (Baur et al., 2006), but not under 
normal diet (Pearson et al., 2008) and, relevant for human studies, improves in rodent 
models several markers for senescence and oxidative stress, mimicking caloric restriction 
(see Minor et al., 2010a). Moreover, resveratrol also improves endothelial function in human 
patients with coronary heart disease (Lekakis et al., 2005) (see also section 4).  

The mechanism of action of resveratrol is however different to other antioxidants. Its main 
targets seem to be activation of sirtuins, deacetylases that activate transcription of 
antioxidant enzymes and promote mitogenesis (Vendelbo & Nair, 2011), although recent 
data indicate that its action on Sirt1 is indirect. It is noteworthy that Sirt1 and Sirt3 interact 
with metabolic pathways related to aging (see 4), working as sensors of energy availability 
(Guarente, 2000): upon low energy levels, increased NAD+ concentration activates Sirt1, 
which in turn operates on FOXO3, a transcription factor correlated with longevity in 
humans (Willcox et al., 2008) that increases transcription of antioxidants in response to 
caloric restriction. Sirt3 is genetically linked to longevity in humans (Rose et al., 2003), 
declines with age (Lanza et al., 2008) and also activates FOXO3 (Sundaresan et al., 2009). 

A special mention is deserved by melatonin, the hormone released during the night by the 
pineal gland (see section 3). In addition to its chronobiological function it is one of the most 
potent antioxidants known. Melatonin not only acts as a direct antioxidant and inductor of 
the antioxidant enzymes, but it also generates, after oxidative cleavage, a series of 
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derivatives with potent antioxidant activity (see Hardeland et al., 2009). Melatonin 
accumulates in nuclei and mitochondria, protecting against oxidation of genetic material 
and it has been repeatedly shown to be an excellent antioxidant in conditions of oxidative 
stress, both in animals and humans (for recent reviews see Anisimov et al., 2006 or Pozo et 
al., 2010). Melatonin has also been shown in animal models to slow functional changes 
associated to aging in a number of systems (Camello-Almaraz et al., 2008;Gomez-Pinilla et 
al., 2008;Pascua et al., 2011). More important, melatonin extends lifespan in more than 50% of 
rodent studies and has well established anticarcinogenic properties for mammary and colon 
cancer in animal models (Anisimov et al., 2006). Although to date there are no human 
mortality data in healthy individuals treated with melatonin, the results from clinical assays 
are promising. For example, a meta-analysis shows in human patients of solid tumors a 
decrease in risk of death at 1 year (Mills et al., 2005), and numerous animal and human 
(clinical) studies support the potential of this hormone to limit cancer development (see a 
review in Karasek, 2004). Additionally, controlled trials in humans have shown the absence 
of toxicity and significant side effects (Singer et al., 2003).  

3. Hormonal replacement as antiaging therapy 
The observation that several endocrine secretions decay with aging (sexual hormones, 
growth hormone (GH), melatonin and others (Pandi-Perumal et al., 2008), laid the basis for 
attempts for hormonal replacement as antiaging therapy.  

3.1 Melatonin 

Melatonin, discovered 50 years ago, is a hormone synthesized by the pineal gland, retina, 
gastrointestinal tract and immune cells. Melatonin plasma levels follow a circadian rhythm: 
it is secreted by the pineal gland during the dark phase of the day, because light input into 
retinal cells activates nerve impulses to the suprachiasmatic nuclei of hypothalamus (SCN), 
which in turn suppresses the excitatory sympathetic input to the pineal gland and the 
release of melatonin. Thus, melatonin monitors the onset and duration of the dark phase, 
synchronizing the central circadian oscillator (SCN) and the peripheral organs with the 
environmental light-dark cycle, but is also involved in vasomotor control, sleep initiation,… 
(Pandi-Perumal et al., 2008). In humans the rhythmic secretion starts around the 6th month 
of age, peak levels are achieved at 4 - 7th years, melatonin concentration drops at puberty 
and diminishes gradually in old people (Karasek, 1999). Melatonin acts through plasma 
membrane and nuclear receptors and by interaction with intracellular signalling proteins 
and it has potent antioxidant properties (this aspect has been treated above). 

The decline in melatonin secretion with age is accompanied by a progressive deterioration 
of the central circadian oscillator (Hofman & Swaab, 1994) and by sleep disruption, a feature 
of aging in humans (Neubauer, 1999). Although a meta-analysis did not find conclusive 
evidence that melatonin was effective to improve sleep parameters in patients with 
insomnia due to great discrepancies in pharmacological preparation, dose and time of 
treatment and measurements of melatonin and circadian parameters (Buscemi et al., 2005), a 
more recent meta-analysis supports the effectiveness of exogenous melatonin in patients 
with delayed sleep phase disorder (van Geijlswijk et al., 2010). The study found three 
requisites for optimal melatonin therapy: adequate dose (too low is inefficient, too high is 
hypnotic), administration 3-6 hours before the so-called dim light melatonin onset and 
choice of appropriate patients (with a delayed biological timing).  
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A recent improvement is a formulation that releases melatonin slowly in the gut after oral 
administration and increases its plasma concentration over the following 8-10 h (Circadin®, 
Neurim Pharmaceuticals, Israel), which has been approved by the European Medicines 
Evaluation Agency in June 2007 for the short-term treatment of primary insomnia. Several 
studies have shown its efficiency and safety for short-term treatment (3 weeks) of adults and 
old people (Luthringer et al., 2009), including a double-blind, placebo-controlled 
randomized trial evaluating the short and long-term effects of Circadin (Wade et al., 2010). 
Circadin also seems to improve blood pressure rhythms (Grossman et al., 2006). 

The effects of melatonin on sleep rhythm are due to its plasma membrane receptors (MT1 
and MT2) in the suprachiasmatic nucleus. MT1 receptors inhibit firing of suprachiasmatic 
neurons and MT2 receptors entrain circadian rhythms and have phase-shifting effects (Hunt 
et al., 2001). This finding lead to the design of specific agonists ramelteon (Rozerem®, 
Takeda Pharmaceuticals, Japan) and agomelatine (Valdoxan®, Servier and Novartis). 
Ramelteon, approved by the FDA (July 2005) for the treatment of insomnia, has been 
assayed for the treatment of primary insomnia in humans (Erman et al., 2006). Although 
these studies found it effective and safe, the European Medicines Evaluation Agentcy found 
the efficacy of ramelteon insufficient for marketing authorization. Agomelatine binds to 
melatonin receptors but is also an antagonist of serotonin 5-HT2C receptors used to decrease 
anxiety and promote sleep (Lemoine et al., 2007). Its efficacy, tolerability and safety have 
been assessed by several randomized, placebo and active-controlled studies (Kennedy & 
Emsley, 2006) and improves the disrupted sleep of depressed patients (Lemoine et al., 2007).  

3.2 GH 

The growth hormone (GH) and its key mediator insulin-like growth factor-I (IGF-I) regulate 
somatic growth and development, metabolism and body composition, but seems to be also 
related to aging. The pulsatile GH secretion shows an age-related decay after the high 
amplitude pulses of the postnatal and puberty stages (Finkelstein et al., 1972), and correlates 
to aging-related changes in body composition (sarcopenia, osteopenia, increase in fat 
content,...) (Veldhuis et al., 1995). This correlation, together with the fact that replacement 
therapy in GH deficient adults and elderly improves body composition, lipoprotein profile, 
exercise capacity and bone density (Rudman, 1985), elicited interest in the possible use of 
GH as antiaging therapy. However, a higher mortality has been found in patients critically 
ill treated with GH (Takala et al., 1999) and in rodents and humans suffering high levels of 
GH (acromegaly) (Sheppard, 2005). This is in keeping with the increased lifespan of mutant 
mice with defects in GH/IGF-1 secretion/pathways (Bartke, 2003) and by some data on 
human lifespan (Suh et al., 2008). Therefore, the clinical use of GH is only approved in US 
for treatment of GH deficiency, idiopathic short stature and HIV/AIDS.  

3.3 Vitamin D 

In addition to its key role in calcium homeostasis, there are evidences that vitamin D can 
influence longevity by decreasing the morbidity of age-related diseases, such as cancer or 
cardiovascular  diseases, in addition to osteoporosis (not treated in this review). The active 
form of vitamin D3 (1,25(OH)2-cholecalciferol or calcitriol) binds to nuclear receptors 
(VDRs) to modulate the transcription of genes involved in systemic and intracellular Ca2+ 
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homeostasis and in cellular proliferation. The later are also due to fast, non genomic effects 
mediated by plasma membrane VDRs (Dusso et al., 2005). 

The main actions of vitamin D of interest as antiaging therapy are its anti-inflammatory and 
anti-cytokine effects in humans (shown in controlled trials (Schleithoff et al., 2006)), and its 
ability to promote neuronal survival in different experimental models (Regulska et al., 2006). 
In fact, human observational studies show a negative correlation of levels of vitamin D3 
with cardiovascular disease (Zittermann et al., 2005) (an inflammatory process), and with 
cognitive performance in elderly (Llewellyn et al., 2009;Oudshoorn et al., 2008). Additional 
support for vitamin D3 as antiaging treatment comes up from evidences that serum 
concentration of vitamin D decreases with age (Utiger, 1998) and its role in the control of cell 
cycle and apoptosis, which are altered in aging: calcitriol reduces proliferation of normal 
and cancer cells (Ylikomi et al., 2002) and up-regulates apoptosis of cells damaged by redox 
stress and DNA alteration (Higami & Shimokawa, 2000). 

The beneficial effects of vitamin D in age-associated diseases is expected to result in a 
prolongation of average lifespan. A study showed that vitamin D deprivation decreased the 
lifespan of male, but not female, rats (Thomas et al., 1984). In humans, a recent meta-analysis 
of randomized trial showed a clear reduction in all-cause mortality in old individuals under 
vitamin D supplementation (Autier & Gandini, 2007). However, some reports have raised 
concerns with the safety of calcitriol supplementation (Stolzenberg-Solomon, 2009), 
although limitations in the design of the studies avoid definitive conclusions. 

4. Caloric restriction  
CR is the most robust non-genetic nutritional experimental intervention for slowing aging, 
and maintaining health and vitality in organisms ranging from budding yeast (Sacharomyces 
cerevisiae) to humans (Fontana et al., 2010b). It is defined as a reduction of total 
macronutrient intake without causing malnutrition, with food intake reduced by 30-40% 
compared to ad libitum levels. Experiments involving CR in rodents in 1935 provided the 
first promise for modulation of lifespan (McCay et al., 1935). Since then CR has been 
repeatedly proved to be effective in extending average and maximum lifespan and delaying 
the onset of age-associated pathologies in diverse species (for review see (Minor et al., 
2010a;Omodei & Fontana, 2011)). It was not until the 1990s that CR became widely viewed 
as a scientific model that could provide insights into the underlying mechanisms of aging 
and lifespan extension. The fact that CR significantly increased the average and maximum 
lifespan in many simpler eukaryotes, including the common model organisms used in aging 
research, Drosophila melanogaster, Caenorhabditis elegans and Saccharomyces cerevisiae pointed 
out that CR represents an evolutionarily conserved mechanism for modulating longevity 
and opened the possibility of using genetic tools in these models that helped to unveil 
intracellular pathways related to pro-longevity.  

Alternative approaches to CR are a controlled reduction of a particular macronutrient of the 
diet (dietary restriction, DR) or temporal variations of food intake (intermittent fasting, IF). 
Particularly, protein restriction, PR, where a percentage of calories derived from protein is 
replaced by fat or carbohydrate, has been investigated in rodents and decreases in 
mitochondrial reactive oxygen species production and DNA and protein oxidative 
modifications have been reported (Ayala et al., 2007), which could explain the increase in 
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lifespan previously reported for PR (Leto et al., 1976). Similar effects were obtained with 
reduction of the amino acid methionine (Naudi et al., 2007), but they could not be replicated 
by restricting lipid intake alone (Sanz et al., 2006a)  or carbohydrate intake alone (Sanz et al., 
2006b). IF, a regimen of either alternate day fasting or fasting for a day after 2 days of 
feeding, both increases lifespan and delays or prevents some age-related diseases (reviewed 
in Mattson & Wan, 2005). However, CR is by now the most powerful nutritional 
intervention to prolong life. 

4.1 Effects of caloric restriction 

It is totally accepted that the effects of CR on lifespan and mortality in rodents increase 
linearly with the extent of the restriction until reaching approximately a 50-60% of 
restriction at which lifespan is negatively affected. In addition, the effect of CR on lifespan is 
stronger when initiated at weaning and weaker later in life (reviewed in (Fontana, 
2009b;Speakman & Hambly, 2007;Speakman & Mitchell, 2011)). In fact, CR increases rather 
than decreases mortality if initiated in advanced age (Forster et al., 2003). CR inhibits growth 
and body size after maturation and reduces body weight, as consequence of changes in the 
endocrine profile as discussed below. CR also inhibits fertility, especially in females, but 
there is an increase in their reproductive performance when they are subsequently returned 
to ad libitum feeding (Selesniemi et al., 2008) 

CR induces transcriptional alterations that are indicative of metabolic reprogramming, a 
change in how energy is generated and how fuel is utilized. A key metabolic change during 
CR is a shift from fat storage to fat utilization impacting stress signaling pathways and ROS 
production (Anderson & Weindruch, 2010). Immediately following food intake there was a 
period of endogenous fatty acid synthesis that was then followed by a period of prolonged 
fatty acid oxidation, which induces large changes in the respiratory quotient (RQ) 
(Speakman & Mitchell, 2011). In addition, during CR there is an increase in the AMP/ATP 
ratio which leads to the activation of the AMP-activated protein kinase (AMPK) that 
promotes fat oxidation increasing the transport of fatty acids into the mitochondrion. In fact, 
marked phosphorylation of AMPK has been found after long term CR (Edwards et al., 2010). 
Because fatty acid substrates enter the electron transport chain predominantly via complex 
II rather than complex I, the main ROS generator is bypassed when the metabolism is 
switched predominantly to fatty acid oxidation. This might represent a mechanism 
minimizing oxidative stress under CR. 

The hormonal profile of long-term CR is characterized by a suppression of the gonadal, 
thyroid and GH-insulin-like growth factor I (GH-IGF-I) axes, an increase in the insulin 
sensitivity and an increase in the daily peak levels of plasma corticosterone that takes part in 
successfully coping with stressors (Xiang & He, 2011). CR also results in decreased levels of 
leptin and increased blood concentration of ghrelin and adiponectin, a modulator of a 
number of metabolic processes appearing to have anti-inflammatory, anti-diabetic, and anti-
atherogenic properties that seem to play an important role in life extension effect of CR 
(Chiba et al., 2002;Lago et al., 2007).  

The reductions in IGF-I and insulin signaling that occur under CR have been suggested to be 
causally linked to the lifespan enhancing effects of CR. This is in part based on the 
observation that several rodent models that present mutations that modified 
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insulin/GH/IGF-I signals, live longer than controls and there is considerable phenotypic 
overlap between long-lived mutant mice and normal mice on chronic CR. These models 
include, amongst others, Prop-1 (Ames mice) and pit-1 (Snell mice) mutant dwarf mice, GH 
receptor/binding protein homozygous knockout mice (GHR/BP-/- or GHRKO), insulin 
receptor substrate 1 knockout mice (Irs1-/-)... Most of these mice have a body weight smaller 
than their normal siblings and present decreased levels of IGF-I , and increased sensibility to 
insulin (Chiba et al., 2007), except Irs1-/- mice whose IGF-I levels are unchanged and show a 
mild but lifelong insulin resistance having increased lifespan and reduced markers of aging 
(Selman et al., 2008). In GHRKO mice CR increased lifespan only in females and failed to 
further enhance the remarkable insulin sensitivity and the insulin signaling cascade in 
GHRKO mutants (Bonkowski et al., 2006;Bonkowski et al., 2009). These data imply that 
somatotropic signaling is critically important in mediating the effects of CR on lifespan and 
also support the notion that enhanced sensitivity to insulin plays a prominent role in the 
actions of CR and GH resistance on longevity. It was originally reported that long-term 
severe CR did not reduce serum IGF-I concentration or the IGF-I/IGF binding protein ratio 
in humans but total and free IGF-I concentrations were significantly lower in moderately 
protein-restricted individuals (Fontana et al., 2008). In addition, it has been recently shown 
that CR for 4 years leads to reduced IGF-I serum levels in formerly obese women relative to 
normal-weight women eating ad libitum (Mitterberger et al., 2011), which suggests that 
growth hormone/IGF-I axis is also important in the effects of CR in humans. 

4.2 Caloric restriction in non-human primates  

Most CR research on longevity in mammals has been performed in rodents, mainly in mice. 
However, studies designed to evaluate the effects of CR on species closer to humans are of 
great interest in order to translate the knowledge to humans. Two prospective investigations 
of the effects of CR on long-lived nonhuman primate species began nearly 25 years ago and 
are still under way. These studies (randomized controlled trials) revealed beneficial effects 
of CR on physiological functions and the retardation of disease. In the study conducted in 
the Wisconsin National Primate Research Center a recent report showed that animals on 
30% of CR appeared subjectively younger than controls, the body weight was reduced and 
the age-related sarcopenia attenuated. Improvements in metabolic function (improved 
insulin sensitivity and glucose tolerance) and preservation of grey matter volume in 
subcortical regions were reported. In addition, there was a lower incidence of neoplasia, 
cardiovascular disease and type 2 diabetes mellitus. Survival analysis considering only age-
related deaths revealed a significant effect of CR in increasing survival, but when assessing 
“all-cause” mortality CR did not provide a statistically significant lifespan increase (Colman 
et al., 2009). In any case, the reduction of age-related diseases and the potential increase in 
longevity are promising. Data regarding CR-induced longevity from the National Institute 
of Aging’s are not yet available, although a decrease in age-related diseases and beneficial 
effects on other physiological parameters have been provided (Mattison et al., 2007).  

4.3 Caloric restriction in humans  

The studies about human responses to CR have some limitations that should be taken into 
account when interpreting the results. An important amount of data come from members 
of the CR Society International (www.calorierestriction.org) which has the mission to 
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promote the use of CR in humans. In agreement with the research results from animal 
studies, voluntary CR in humans results in sustained beneficial effects on the major 
atherosclerosis risk factors, and has protective effect against obesity and insulin 
resistance. In addition, the CR society members have reduced circulating levels of insulin, 
PDGF, TGF-β and pro-inflammatory cytokines (reviewed in Fontana, 2009a). Nonetheless, 
despite high serum adiponectin and low inflammation, approximately 40% of CR 
individuals exhibited an exaggerated hyperglycemic response to a glucose load. This 
impaired glucose tolerance is associated with lower circulating levels of IGF-1, total 
testosterone, and triiodothyronine, which are typical adaptations to life-extending CR in 
rodents (Fontana et al., 2010a). Assuming the importance of these findings, it should be 
noted that these volunteers are clearly a self selected population and this is not a 
randomized controlled trial.  

There is a randomized controlled trial for the effects of CR on humans, and that is the 
CALERIE (Comprehensive Assessment of the Long term Effects of Reducing Intake of 
Energy) trial sponsored by the NIA in the USA. In the phase 1 of the trial all the studies have 
been performed in non-obese healthy but overweight subjects, therefore it is difficult to 
separate beneficial effects due to the weight loss or to CR. The most relevant findings of 
phase 1 trials were the reduced body weight and total fat mass, the reduced fasting levels of 
insulin, leptin and T3 and the increased insulin sensitivity. Activity energy expenditure and 
core body temperature were decreased in response to the CR. In addition, CR decreased 
cardiovascular risk, increased some antioxidant defenses and reduced markers of 
inflammation (reviewed in (Speakman & Hambly, 2007)). Interestingly, “in vitro” studies 
utilizing CR human serum to examine effects on markers of health and longevity in cultured 
cells resulted in increased stress resistance and an up-regulation of genes (sirt1 and PGC1α) 
proposed to be indicators of increased longevity (Allard et al., 2008). In the phase 2 trial of 
the study, a two-year CR period was selected to attempt to provide for a sustained period of 
weight stability following weight loss that would more accurately unveil the effects of CR in 
humans (Rickman et al., 2011). Whether CR extends life in humans and the magnitude of 
this potential effect also remain unclear and far for been resolved  

4.4 Intracellular pathways mediating CR effects  

For many individuals, the hardships of maintaining a CR lifestyle are too great to justify the 
improved health profile and potential life-extension benefits. Nevertheless, identifying the 
genetic and physiological mediators of CR could aid in the discovery of 
compounds/treatments that would act on those pathways, thereby mimicking the positive 
aspects of CR without imposed food restriction. 

TOR, a serine/threonine protein kinase that belongs to the family of phosphoinositide-3-
kinase (PI3K)-related kinases (PIKK), is the primary candidate involved in the regulation 
of lifespan in animals under CR. Its name, Target Of Rapamycin, indicates that it mediates 
the effects of rapamycin, an antifungal and immunosuppressant agent that inhibits TOR. 
In mammalian cells, TOR participates in the mammalian  complex 1 (mTORC1) that is 
sensitive to rapamycin and controls cell size, proliferation and lifespan via a variety of 
downstream pathways. mTORC1 is a homodimer that has four components in addition to 
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the Serine/Threonine kinase mTOR: Raptor, mLST8, PRAS40 and Deptor. Raptor binds 
mTOR and recruits the downstream kinase substrates (S6K and 4E-BP) in a manner that 
enables their phosphorylation by the mTOR catalytic domain. Other proteins that 
participate in TORC1 regulation are Tuberous Sclerosis Complex proteins TSC1 and TSC2, 
with a GTPase-activating (GAP) domain, and the Ras-like small GTPase RHEb, the 
preferred substrate of the TSC2 GAP activity. TSC complex inhibits TOR signaling as the 
result of its ability to deactivate Rheb (reduced GTP/GDP) (reviewed in Kapahi et al., 
2010). 

TORC1 integrates responses to growth factor stimulation, changes in energy status, 
nutrients, oxygen levels and various types of stress. Thus growth factors like IGF and 
insulin, via Akt, directly phosphorylate several sites on TSC2, which decrease the inhibitory 
activity of TSC and the increase TORC1 activity. A drop in the cell energy content, as that 
induced by glucose deprivation, is reflected in the rise of the AMP/ATP ratio that triggers 
AMP-dependent activation of AMPK. In turn, AMPK reduces the activity of TORC1 by 
direct phosphorylation and stimulation of Tsc2 activity and inhibition of Raptor. Amino-
acid regulation is exerted predominantly through Rag GTPases (RagA, RagB, RagC, and 
RagD) that sense amino acid levels. In the presence of amino acids the complex interacts 
with raptor and promotes TORC1 through relocalization to RHEB rich cellular 
compartments. Conversely, deprivation of amino acid inhibits mTORC1 with leucine or 
arginine withdrawal mimicking total amino acid deprivation. Amongst the environmental 
stresses to which cells are exposed, TORC1 also senses hypoxia. Low levels of oxygen, 
through stabilization of HIF1α induce the transcription of hypoxic response genes, mostly 
REDD1 that inhibits TORC1 activity by a TSC2-dependent mechanism. In addition, hypoxia 
reduces ATP levels, and then it controls TORC1 through AMPK. Genotoxic stress represses 
TORC1 activity through p53-mediated increased expression of PTEN, TSC2 and REDD1 
(reviewed in Kapahi et al., 2010;Ma & Blenis, 2009;Speakman & Mitchell, 2011).  

TORC1 controls cell growth maintaining the adequate balance between anabolic processes 
such as protein synthesis and catabolic processes like autophagy. As commented before, S6K 
and 4E-BP1 are the best-known substrates of TORC1 and through them TORC1 regulates 
protein synthesis by regulating the activity of the translational machinery and also 
specifically controlling the translation of subset of mRNAs that are thought to promote cell 
growth and proliferation (Ma & Blenis, 2009). The limiting step of protein synthesis is 
translation initiation. The recruitment of the small ribosomal subunit to mRNA requires the 
participation of the translation initiation factor 4F (eIF4F) complex. 4E-BP binds eIF4E, a 
component of this complex, and prevents translation initiation. When hyperphosphorylated 
by mTORC1, 4E-BP1 dissociates from eIF4E, allowing the initiation of translation. Evidence 
suggests that S6Ks modulate the functions of translation initiation factors during protein 
synthesis and also coordinate the regulation of ribosome biogenesis, which in turn drives 
efficient translation (see for review (Ma & Blenis, 2009)). S6K1 interacts back with the insulin 
signaling pathway by phosphorylating the insulin receptor substrates IRS1 and IRS2, which 
seems related to insulin resistance. Consistent with the important role of S6K on mediating 
mTOR induced lifespan extension, S6K1−/− mice have gene expression profiles similar to 
those of CR mice, and females have extended longevity with evidence of fewer age-related 
diseases (Selman et al., 2009). 
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In mammalial cells mTORC1 receives positive inputs from RHEB-GTP, but it is inhibited when RHEB is 
bound mainly to GDP. TSC1/TSC2 complex, through its GTPase-activating domain favors GDP-bound 
RHEB and then it mediates mTORC1 inhibition. Several extracellular and intracellular pathways 
activate (by phosphorylation) TSC complex, such as the ATP sensor AMPK that is stimulated when 
cellular energy decreases, the hypoxic response gene REDD1 that senses hypoxia, and p53 that senses 
genotoxic stress. TSC complex is inhibited by Akt-mediated phosphorylation, which results in mTORC1 
activation. An important pathway for Akt activation is the insulin/IGF signaling. The amino acid level 
in the cell controls the state of Rag GTPases. The presence of amino acids enhances Rag-GTP and 
activates mTORC1 through relocalization to RHEB rich cellular compartments. Activation of mTORC1 
increases mRNA translation and protein synthesis through phosphorylation of S6K1 and 4E-BP and 
inhibits autophagy, which results in cell growth and also in senescence. Inhibition of mTORC1 increases 
autophagy, reduces protein synthesis and cell grothw/differentiation decreasing senescence and 
extending lifespan. 

Fig. 1. mTORC1 and insulin/IGF1 signalling and lifespan. 

Accumulating evidence demonstrates that longevity pathways, including mTOR, interact 
with the macroautophagic process. Autophagy is a lysosome-mediated degradative process 
of eukaryotic cells to digest their own constituents during development or starvation. 
Macroautophagy (hereafter referred as autophagy) is a type of autophagy that involves the 
formation of subcellular double membrane-bound structures called autophagosomes to 
sequester cytoplasmatic materials and deliver them into lysosomes for breakdown by acid 
hydrolases. According to the current knowledge, the first signalling component 
downstream of mTOR in the autophagy pathway in mammals is ULK1, a serine/threonine 
kinase. ULK1 plays a key role at the nucleation (the early event when membrane structures 
are initiated) and formation of the preautophagosome structures. mTOR-induced ULK1 
phosphorylation avoids the recruitment of proteins to the autophagosome membranes 
inhibiting downstream events essential for autophagy (reviewed in (Jung et al., 2010)).  
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Sirtuins are a family of NAD+-dependent protein deacetylases that exert multiple cellular 
functions by interacting with, and deacetylating a wide range of signaling molecules, 
transcription factors, histones and enzymes (Yamamoto et al., 2007). In mammals, the family 
is represented by seven members ( SIRT1-7) with different cellular locations. Several studies 
have demonstrated that CR regulates sirtuin system and that a functional sirtuin system is 
required for lifespan extension to occur (Bamps et al., 2009;Cohen et al., 2004). Thus, CR does 
not have any effects of lifespan extension in SIRT1 deficient mice (Boily et al., 2008). By 
contrast, elevation of SIRT1 expression results in a phenotype resembling that of caloric 
restriction (Bordone et al., 2007). In humans SIRT1 gene expression also appears to be 
responsive to caloric restriction (reviewed in (Kelly, 2010)). SIRT1 elicits anti-senescence 
activity by targeting a wide range of protein substrates that are critically involved in 
regulating key cellular processes, such as oxidative stress, DNA damage, mitochondrial 
biogenesis and autophagy. Targets for SIRT1-mediated deacetylation include p53, NFkB, 
PGC-1a (peroxisome proliferator-activated receptor-c coactivator 1a], eNOS, mTOR and 
FoxOs. It is also of great importance the interaction of SIRT1 with LKB/AMPK. While acute 
activation of the LKB1/AMPK pathway confers adaption to stress, sustained stimulation of 
this pathway leads to irreversible senescence. SIRT1-mediated deacetilation of LKB, and 
consequent ubiquintination and degradation serves to prevent persistent AMPK signaling, 
reinforcing the anti-age effects of SIRT1 (reviewed in (Wang et al., 2011)). 

4.5 Therapies based on caloric restriction 

The knowledge of the intracellular pathways related to aging led to the development of 
drugs, named generically caloric restriction mimetics (CRM) that replicate the effects of CR. 
These drugs targets the main pathways affected by CR: insulin/IGF1, mTOR, and sirtuins.  

4.5.1 Insulin/IGF1 pathway 

The firts CRM used was 2-deoxy-D-glucose (2DG), a compound that inhibits glycolisis. In 
keeping with the effects of CR, 2DG in rodents reduced body temperature, body weight and 
circulating glucose and insulin and increased glucocorticoids and heat-shock proteins. In 
addition, reduced tumors and increased stress resistance to neurotoxins and cold shock (Le 
Couteur et al., 2011;Minor et al., 2010a). Despite of these findings, long-term administration 
of 0.4% 2DG did not enhanced lifespan but increased mortality due to cardiac toxicity and 
adrenal tumors (Minor et al., 2010b), which indicates that this drug could have therapeutic 
value for  short-term treatment but it would not be indicated for aging interventions. 

The biguanide antidiabetic drug metformin has been shown to molecularly recapitulate 
most of the pro-longevity effects occurring upon CR (Dhahbi et al., 2005) and to suppress 
S6K1 activity in cultured proliferating epithelial cells (Vazquez-Martin et al., 2009). In 
keeping with these effects, it has been reported that chronic metformin treatment of mice 
from different strains predisposed to high incidence of mammary tumors decreased body 
temperature, increased mean and maximal lifespan and postponed tumors and age-related 
switch-off of estrous function. These effects were dependent on the gender and the strain of 
mice (reviewed in (Anisimov, 2010)). In humans a retrospective study has reported an 
impressive 56% decrease in breast cancer risk among diabetic receiving metformin (Bodmer 
et al., 2010), which together with the animal studies suggest that metformin could increase 
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lifespan in humans. Metformin treatment phenocopies the effects of amino acid-deprivation 
on mTORC1, suggesting that this drug may inhibit mTORC1 via modulation of Rag 
signaling (Kalender et al., 2010). The effects of metformin on mTOR and its effector S6K1 can 
also be due to the well recognized activation of AMPK by the drug (Hardie, 2011), which as 
described above, inhibits mTORC1. Other bioguanides such as buformin and phenformin 
have shown promising results in rodent tumor suppression, but they have to be withdrawn 
from the clinical practice due to association with lactic acidosis (Minor et al., 2010a). 

4.5.2 mTOR pathway 

Rapamycin, a macrolide antibiotic with antitumor and immunosuppressant actions, 
selectively and effectively inhibits mTORC1 as CR does, as discussed above. The inhibitory 
action of rapamycin on TOR signaling requires the formation of the rapamycin/FKBP12 
complex, which interferes with the proper interaction between raptor and mTOR, rather 
than or in addition to a more direct inhibition of mTOR catalytic activity. Many roles of 
mTORC1 on cell growth and survival have been unveiled by the use of rapamycin. 
Rapamycin is, by now, the pharmacological treatment that more resembles CR-induced 
lifespan extension. One of the most important contributions to this field has been the report 
of the National Institute on Aging Intervention Testing Program (ITP) showing that 
rapamycin supplementation late in life (20 months of age) induced a significant mean 
lifespan extension in both male and female mice fed a standard diet. This study was 
conducted in three different sites in the USA and used genetically heterogenous mice to 
avoid genotype-specific effects on disease susceptibility. According to this study, rapamycin 
may extend lifespan by postponing death from cancer, by retarding mechanisms of ageing, 
or both (Harrison et al., 2009). Rapamycin treatment increases autophagy, reduces cell 
senescence and have anti-inflammatory as well as antitumor effects. In addition rapamycin 
and rapamycin analogs (rapalogs) ameliorate age-related diseases such as cancer, metabolic 
syndrome, neurodegenerative and cardiovascular diseases (reviewed in (Sharp & 
Richardson, 2011)).  

4.5.3 Sirtuin pathway 

Resveratrol, in addition to its antioxidant properties, has been reported to mediate yeast 
lifespan extension through the activation of the sirtuin family of deacetylases (Howitz et al., 
2003). This led to the idea that resveratrol might act as a CRM, and was  supported by 
results on rodents showing impressive protection against  age-related diseases including 
neurodegeneration, cancer, cardiovascular diseases and obesity (Markus & Morris, 2008). 
Regarding the targets of resveratrol, biochemical studies indicate that resveratrol may not 
activate sirtuins directly but thorugh activation of AMPK (Hwang et al., 2009). Although in 
mice fed with a high fat diet resveratrol induces lifespan extension and its commonly 
associated features (increased insulin sensitivity and AMPK activity, reduced IGF-I  
levels, …) (Baur et al., 2006), there are no reports of increased lifespan in healthy mammals. 
This may indicate that resveratrol induces effects by targeting intracellular pathways 
activated by CR without slowing aging. The effects of resveratrol have led to development 
of more potent SIRT1 activators. These newly synthesized compounds (by a pharmaceutical 
biotechnology company called Sirtris Pharmaceuticals) are potent small-molecule activators 
of SIRT1 that are structurally unrelated to natural polyphenols. There are promising data 
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regarding the effects of these compounds in mouse models and some of them are in phase II 
clinical trials for type 2 diabetes, opening an approach for other age-related diseases 
(reviewed in Camins et al., 2010). 

5. Conclusion 
The evolution of our understanding of the biological basis of aging has focused antiaging 
research on antioxidant, metabolic and hormonal replacement therapies. Although 
beneficial effects of antioxidant therapies are not in doubt, controlled trials have revealed 
poor efficiency for hormonal and antioxidant treatments. Thus, more controlled and 
properly designed trials are needed to determine the potential of these approaches. The 
recent advances in knowledge about metabolic signalling pathways involved in the aging 
process especially in mTOR/Insulin/IGF-1 pathway that mediate the beneficial effects of 
CR, have opened new venues for the development of effective antiaging or CRM  
treatments. The results reported for rapamycin treatment starting later in life are of great 
interest in terms of the potential use of this inhibitor of mTORC1 for slowing aging and 
probably its combination with resveratrol, an stimulator of Sirt1 that improves age-related 
diseases without increasing lifespan in mammals, will render a more potent and efficient 
treatment. In addition, future research in how the different pathways integrate and interact 
to mediate CR effects will provide us with new pharmacological interventions that can slow 
the process of aging. An important issue in the prescription of these drugs to healthy 
humans is that aging is not recognized as a condition to be treated. Thus, the anti-aging 
drugs should be introduced in human if they affect disease, and later on, when showed 
effective the day will come when they become anti-aging drugs.  

6. Acknowledgments  
Financial support from BFU2011-24365, RETICEF (RD06/0013/1012), Junta de Extremadura 
(GR10009) and FEDER. 

7. References 
Allard, J.S., Heilbronn, L.K., Smith, C., Hunt, N.D., Ingram, D.K., Ravussin, E. & de, C.R. 

(2008). In vitro cellular adaptations of indicators of longevity in response to 
treatment with serum collected from humans on calorie restricted diets. PLoS One 
Vol.3, No.9, (2008), pp. e3211 

Anderson, R.M. & Weindruch, R. (2010). Metabolic reprogramming, caloric restriction and 
aging. Trends Endocrinol Metab Vol.21, No.3, (March 2010), pp. 134-141 

Anisimov, V.N. (2010). Metformin for aging and cancer prevention. Aging (Albany NY) Vol.2, 
No.11, (November 2010), pp. 760-774 

Anisimov, V.N., Popovich, I.G., Zabezhinski, M.A., Anisimov, S.V., Vesnushkin, G.M. & 
Vinogradova, I.A. (May 2006). Melatonin as antioxidant, geroprotector and 
anticarcinogen. Biochim Biophys Acta Vol.1757, No.5-6, (May 2006), pp. 573-589 

Autier, P. & Gandini, S. (2007). Vitamin D supplementation and total mortality: a meta-
analysis of randomized controlled trials. Arch Intern Med Vol.167, No.16, 
(September 2007), pp. 1730-1737 



 
Pharmacology 272 

Ayala, V., Naudi, A., Sanz, A., Caro, P., Portero-Otin, M., Barja, G. & Pamplona, R. (2007). 
Dietary protein restriction decreases oxidative protein damage, peroxidizability 
index, and mitochondrial complex I content in rat liver. J Gerontol A Biol Sci Med Sci 
Vol.62, No.4, (April 2007), pp. 352-360 

Bamps, S., Wirtz, J., Savory, F.R., Lake, D. & Hope, I.A. (2009). The Caenorhabditis elegans 
sirtuin gene, sir-2.1, is widely expressed and induced upon caloric restriction. Mech 
Ageing Dev Vol.130, No.11-12, (November 2009), pp. 762-770 

Bartke, A. (2003). Can growth hormone (GH) accelerate aging? Evidence from GH-
transgenic mice. Neuroendocrinology Vol.78, No.4, (October 2003), pp. 210-216 

Baur, J.A., Pearson, K.J., Price, N.L., Jamieson, H.A., Lerin, C., Kalra, A., Prabhu, V.V., 
Allard, J.S., Lopez-Lluch, G., Lewis, K., Pistell, P.J., Poosala, S., Becker, K.G., Boss, 
O., Gwinn, D., Wang, M., Ramaswamy, S., Fishbein, K.W., Spencer, R.G., Lakatta, 
E.G., Le, C.D., Shaw, R.J., Navas, P., Puigserver, P., Ingram, D.K., de, C.R. & 
Sinclair, D.A. (2006). Resveratrol improves health and survival of mice on a high-
calorie diet. Nature Vol.444, No.7117, (November 2006), pp. 337-342 

Bezlepkin, V.G., Sirota, N.P. & Gaziev, A.I. (1996). The prolongation of survival in mice by 
dietary antioxidants depends on their age by the start of feeding this diet. Mech 
Ageing Dev Vol.92, No.2-3, (December 1996), pp. 227-234 

Blagosklonny, M.V. (2010). Why human lifespan is rapidly increasing: solving "longevity 
riddle" with "revealed-slow-aging" hypothesis. Aging (Albany NY) Vol.2, No.4, 
(April 2010), pp. 177-182 

Blot, W.J., Li, J.Y., Taylor, P.R., Guo, W., Dawsey, S., Wang, G.Q., Yang, C.S., Zheng, S.F., 
Gail, M., Li, G.Y. & . (1993). Nutrition intervention trials in Linxian, China: 
supplementation with specific vitamin/mineral combinations, cancer incidence, 
and disease-specific mortality in the general population. J Natl Cancer Inst Vol.85, 
No.18, (September 1993), pp. 1483-1492 

Bodmer, M., Meier, C., Krahenbuhl, S., Jick, S.S. & Meier, C.R. (2010). Long-term metformin 
use is associated with decreased risk of breast cancer. Diabetes Care Vol.33, No.6, 
(June 2010), pp. 1304-1308 

Boily, G., Seifert, E.L., Bevilacqua, L., He, X.H., Sabourin, G., Estey, C., Moffat, C., Crawford, 
S., Saliba, S., Jardine, K., Xuan, J., Evans, M., Harper, M.E. & McBurney, M.W. 
(2008). SirT1 regulates energy metabolism and response to caloric restriction in 
mice. PLoS One Vol.3, No.3, (2008), pp. e1759 

Bonkowski, M.S., Dominici, F.P., Arum, O., Rocha, J.S., Al Regaiey, K.A., Westbrook, R., 
Spong, A., Panici, J., Masternak, M.M., Kopchick, J.J. & Bartke, A. (2009). Disruption 
of growth hormone receptor prevents calorie restriction from improving insulin 
action and longevity. PLoS One Vol.4, No.2, (2009), pp. e4567 

Bonkowski, M.S., Rocha, J.S., Masternak, M.M., Al Regaiey, K.A. & Bartke, A. (2006). 
Targeted disruption of growth hormone receptor interferes with the beneficial 
actions of calorie restriction. Proc Natl Acad Sci U S A Vol.103, No.20, (May 2006), 
pp. 7901-7905 

Bordone, L., Cohen, D., Robinson, A., Motta, M.C., van, V.E., Czopik, A., Steele, A.D., 
Crowe, H., Marmor, S., Luo, J., Gu, W. & Guarente, L. (2007). SIRT1 transgenic mice 
show phenotypes resembling calorie restriction. Aging Cell Vol.6, No.6, (Dec. 2007), 
pp. 759-767 



 
Pharmacological Approaches to Improve Ageing 273 

Brand, M.D. (2000). Uncoupling to survive? The role of mitochondrial inefficiency in ageing. 
Exp Gerontol Vol.35, No.6-7, (September 2000), pp. 811-820 

Buscemi, N., Vandermeer, B., Hooton, N., Pandya, R., Tjosvold, L., Hartling, L., Baker, G., 
Klassen, T.P. & Vohra, S. (2005). The efficacy and safety of exogenous melatonin for 
primary sleep disorders. A meta-analysis. J Gen Intern Med Vol.20, No.12, 
(December 2005), pp. 1151-1158 

Camello-Almaraz, C., Gomez-Pinilla, P.J., Pozo, M.J. & Camello, P.J. (2008). Age-related 
alterations in Ca2+ signals and mitochondrial membrane potential in exocrine cells 
are prevented by melatonin. J Pineal Res Vol.45, No.2, (September 2008), pp. 191-198 

Camins, A., Sureda, F.X., Junyent, F., Verdaguer, E., Folch, J., Pelegri, C., Vilaplana, J., Beas-
Zarate, C. & Pallas, M. (2010). Sirtuin activators: designing molecules to extend life 
span. Biochim Biophys Acta Vol.1799, No.10-12, (October 2010), pp. 740-749 

Chiba, T., Yamaza, H., Higami, Y. & Shimokawa, I. (2002). Anti-aging effects of caloric 
restriction: Involvement of neuroendocrine adaptation by peripheral signaling. 
Microsc Res Tech Vol.59, No.4, (November 2002), pp. 317-324 

Chiba, T., Yamaza, H. & Shimokawa, I. (2007). Role of insulin and growth hormone/insulin-
like growth factor-I signaling in lifespan extension: rodent longevity models for 
studying aging and calorie restriction. Curr Genomics Vol.8, No.7, (Nov. 2007), pp. 
423-428 

Cohen, H.Y., Miller, C., Bitterman, K.J., Wall, N.R., Hekking, B., Kessler, B., Howitz, K.T., 
Gorospe, M., de, C.R. & Sinclair, D.A. (2004). Calorie restriction promotes 
mammalian cell survival by inducing the SIRT1 deacetylase. Science Vol.305, 
No.5682, (July 2004), pp. 390-392 

Colman, R.J., Anderson, R.M., Johnson, S.C., Kastman, E.K., Kosmatka, K.J., Beasley, T.M., 
Allison, D.B., Cruzen, C., Simmons, H.A., Kemnitz, J.W. & Weindruch, R. (2009). 
Caloric restriction delays disease onset and mortality in rhesus monkeys. Science 
Vol.325, No.5937, (July 2009), pp. 201-204 

Czernichow, S., Couthouis, A., Bertrais, S., Vergnaud, A.C., Dauchet, L., Galan, P. & 
Hercberg, S. (2006). Antioxidant supplementation does not affect fasting plasma 
glucose in the Supplementation with Antioxidant Vitamins and Minerals 
(SU.VI.MAX) study in France: association with dietary intake and plasma 
concentrations. Am J Clin Nutr Vol.84, No.2, (August 2006), pp. 395-399 

de Grey, A.D. (2004). Mitochondria in homeotherm aging: will detailed mechanisms 
consistent with the evidence now receive attention? Aging Cell Vol.3, No.2, (April 
2004), pp. 77 

Dhahbi, J.M., Mote, P.L., Fahy, G.M. & Spindler, S.R. (2005). Identification of potential 
caloric restriction mimetics by microarray profiling. Physiol Genomics Vol.23, No.3, 
(November 2005), pp. 343-350 

Dusso, A.S., Brown, A.J. & Slatopolsky, E. (2005). Vitamin D. Am J Physiol Renal Physiol 
Vol.289, No.1, (July 2005), pp. F8-28 

Edwards, A.G., Donato, A.J., Lesniewski, L.A., Gioscia, R.A., Seals, D.R. & Moore, R.L. 
(2010). Life-long caloric restriction elicits pronounced protection of the aged 
myocardium: a role for AMPK. Mech Ageing Dev Vol.131, No.11-12, (Nov. 2010), pp. 
739-742 



 
Pharmacology 274 

Erman, M., Seiden, D., Zammit, G., Sainati, S. & Zhang, J. (2006). An efficacy, safety, and 
dose-response study of Ramelteon in patients with chronic primary insomnia. Sleep 
Med Vol.7, No.1, (January 2006), pp. 17-24 

Finkelstein, J.W., Roffwarg, H.P., Boyar, R.M., Kream, J. & Hellman, L. (1972). Age-related 
change in the twenty-four-hour spontaneous secretion of growth hormone. J Clin 
Endocrinol Metab Vol.35, No.5, (November 1972), pp. 665-670 

Fontana, L. (2009b). The scientific basis of caloric restriction leading to longer life. Curr Opin 
Gastroenterol Vol.25, No.2, (March 2009b), pp. 144-150 

Fontana, L. (2009a). The scientific basis of caloric restriction leading to longer life. Curr Opin 
Gastroenterol Vol.25, No.2, (March 2009a), pp. 144-150 

Fontana, L., Klein, S. & Holloszy, J.O. (2010a). Effects of long-term calorie restriction and 
endurance exercise on glucose tolerance, insulin action, and adipokine production. 
Age (Dordr ) Vol.32, No.1, (March 2010a), pp. 97-108 

Fontana, L., Partridge, L. & Longo, V.D. (2010b). Extending healthy life span--from yeast to 
humans. Science Vol.328, No.5976, (April 2010b), pp. 321-326 

Fontana, L., Weiss, E.P., Villareal, D.T., Klein, S. & Holloszy, J.O. (2008). Long-term effects of 
calorie or protein restriction on serum IGF-1 and IGFBP-3 concentration in humans. 
Aging Cell Vol.7, No.5, (October 2008), pp. 681-687 

Forster, M.J., Morris, P. & Sohal, R.S. (2003). Genotype and age influence the effect of caloric 
intake on mortality in mice. FASEB J Vol.17, No.6, (April 2003), pp. 690-692 

Fridovich, I. (2004). Mitochondria: are they the seat of senescence? Aging Cell Vol.3, No.1, 
(February 2004), pp. 13-16 

Fusco, D., Colloca, G., Lo Monaco, M.R. & Cesari, M. (2007). Effects of antioxidant 
supplementation on the aging process. Clin Interv Aging Vol.2, No.3, (2007),377-387 

Genkinger, J.M., Platz, E.A., Hoffman, S.C., Comstock, G.W. & Helzlsouer, K.J. (2004). Fruit, 
vegetable, and antioxidant intake and all-cause, cancer, and cardiovascular disease 
mortality in a community-dwelling population in Washington County, Maryland. 
Am J Epidemiol Vol.160, No.12, (December 2004), pp. 1223-1233 

Gomez-Pinilla, P.J., Gomez, M.F., Sward, K., Hedlund, P., Hellstrand, P., Camello, P.J., 
Andersson, K.E. & Pozo, M.J. (2008). Melatonin restores impaired contractility in 
aged guinea pig urinary bladder. J Pineal Res Vol.44, No.4, (May 2008), pp. 416-425 

Grossman, E., Laudon, M., Yalcin, R., Zengil, H., Peleg, E., Sharabi, Y., Kamari, Y., Shen-Orr, 
Z. & Zisapel, N. (2006). Melatonin reduces night blood pressure in patients with 
nocturnal hypertension. Am J Med Vol.119, No.10, (October 2006), pp. 898-902 

Guarente, L. (2000). Sir2 links chromatin silencing, metabolism, and aging. Genes Dev Vol.14, 
No.9, (May 2000), pp. 1021-1026 

Hardeland, R., Tan, D.X. & Reiter, R.J. (2009). Kynuramines, metabolites of melatonin and 
other indoles: the resurrection of an almost forgotten class of biogenic amines. J 
Pineal Res Vol.47, No.2, (September 2009), pp. 109-126 

Hardie, D.G. (2011). Sensing of energy and nutrients by AMP-activated protein kinase. Am J 
Clin Nutr Vol.93, No.4, (April 2011), pp. 891S-6 

Harman, D. (1956). Aging: a theory based on free radical and radiation chemistry. J Gerontol 
Vol.11, No.3, (July 1956), pp. 298-300 

Harman, D. (1972). The biologic clock: the mitochondria? J Am Geriatr Soc Vol.20, No.4, 
(April 1972), pp. 145-147 



 
Pharmacological Approaches to Improve Ageing 275 

Harrison, D.E., Strong, R., Sharp, Z.D., Nelson, J.F., Astle, C.M., Flurkey, K., Nadon, N.L., 
Wilkinson, J.E., Frenkel, K., Carter, C.S., Pahor, M., Javors, M.A., Fernandez, E. & 
Miller, R.A. (2009). Rapamycin fed late in life extends lifespan in genetically 
heterogeneous mice. Nature Vol.460, No.7253, (July 2009), pp. 392-395 

Hercberg, S., Czernichow, S. & Galan, P. (2009). Tell me what your blood beta-carotene level 
is, I will tell you what your health risk is! The viewpoint of the SUVIMAX 
researchers. Ann Nutr Metab Vol.54, No.4, (2009), pp. 310-312 

Hercberg, S., Galan, P., Preziosi, P., Bertrais, S., Mennen, L., Malvy, D., Roussel, A.M., 
Favier, A. & Briancon, S. (2004). The SU.VI.MAX Study: a randomized, placebo-
controlled trial of the health effects of antioxidant vitamins and minerals. Arch 
Intern Med Vol.164, No.21, (November 2004), pp. 2335-2342 

Higami, Y. & Shimokawa, I. (2000). Apoptosis in the aging process. Cell Tissue Res Vol.301, 
No.1, (July 2000), pp. 125-132 

Hofman, M.A. & Swaab, D.F. (1994). Alterations in circadian rhythmicity of the vasopressin-
producing neurons of the human suprachiasmatic nucleus (SCN) with aging. Brain 
Res Vol.651, No.1-2, (July 1994), pp. 134-142 

Howitz, K.T., Bitterman, K.J., Cohen, H.Y., Lamming, D.W., Lavu, S., Wood, J.G., Zipkin, 
R.E., Chung, P., Kisielewski, A., Zhang, L.L., Scherer, B. & Sinclair, D.A. (2003). 
Small molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan. 
Nature Vol.425, No.6954, (September 2003), pp. 191-196 

Hu, D., Cao, P., Thiels, E., Chu, C.T., Wu, G.Y., Oury, T.D. & Klann, E. (2007). Hippocampal 
long-term potentiation, memory, and longevity in mice that overexpress 
mitochondrial superoxide dismutase. Neurobiol Learn Mem Vol.87, No.3, (March 
2007), pp. 372-384 

Hunt, A.E., Al-Ghoul, W.M., Gillette, M.U. & Dubocovich, M.L. (2001). Activation of MT(2) 
melatonin receptors in rat suprachiasmatic nucleus phase advances the circadian 
clock. Am J Physiol Cell Physiol Vol.280, No.1, (January 2001), pp. C110-C118 

Hwang, J.T., Kwon, D.Y. & Yoon, S.H. (2009). AMP-activated protein kinase: a potential 
target for the diseases prevention by natural occurring polyphenols. N Biotechnol 
Vol.26, No.1-2, (October 2009), pp. 17-22 

Jacobs, E.J., Connell, C.J., Chao, A., McCullough, M.L., Rodriguez, C., Thun, M.J. & Calle, 
E.E. (2003). Multivitamin use and colorectal cancer incidence in a US cohort: does 
timing matter? Am J Epidemiol Vol.158, No.7, (October 2003), pp. 621-628 

Jung, C.H., Ro, S.H., Cao, J., Otto, N.M. & Kim, D.H. (2010). mTOR regulation of autophagy. 
FEBS Lett Vol.584, No.7, (April 2010), pp. 1287-1295 

Kalender, A., Selvaraj, A., Kim, S.Y., Gulati, P., Brule, S., Viollet, B., Kemp, B.E., Bardeesy, 
N., Dennis, P., Schlager, J.J., Marette, A., Kozma, S.C. & Thomas, G. (2010). 
Metformin, independent of AMPK, inhibits mTORC1 in a rag GTPase-dependent 
manner. Cell Metab Vol.11, No.5, (May 2010), pp. 390-401 

Kapahi, P., Chen, D., Rogers, A.N., Katewa, S.D., Li, P.W., Thomas, E.L. & Kockel, L. (2010). 
With TOR, less is more: a key role for the conserved nutrient-sensing TOR pathway 
in aging. Cell Metab Vol.11, No.6, (June 2010), pp. 453-465 

Karasek, M. (1999). Melatonin in humans-where we are 40 years after its discovery. Neuro 
Endocrinol Lett Vol.20, No.3-4, (1999), pp. 179-188 

Karasek, M. (2004). Melatonin, human aging, and age-related diseases. Exp Gerontol Vol.39, 
No.11-12, (November 2004), pp. 1723-1729 



 
Pharmacology 276 

Kelly, G. (2010). A review of the sirtuin system, its clinical implications, and the potential 
role of dietary activators like resveratrol: part 1. Altern Med Rev Vol.15, No.3, 
(September 2010), pp. 245-263 

Kennedy, S.H. & Emsley, R. (2006). Placebo-controlled trial of agomelatine in the treatment 
of major depressive disorder. Eur Neuropsychopharmacol Vol.16, No.2, (Feb.2006), 
pp. 93-100 

Knasmuller, S., Nersesyan, A., Misik, M., Gerner, C., Mikulits, W., Ehrlich, V., Hoelzl, C., 
Szakmary, A. & Wagner, K.H. (2008). Use of conventional and -omics based 
methods for health claims of dietary antioxidants: a critical overview. Br J Nutr 
Vol.99 E Suppl 1, (May 2008), pp. ES3-52 

Ku, H.H., Brunk, U.T. & Sohal, R.S. (1993). Relationship between mitochondrial superoxide 
and hydrogen peroxide production and longevity of mammalian species. Free Radic 
Biol Med Vol.15, No.6, (December 1993), pp. 621-627 

Lago, F., Dieguez, C., Gomez-Reino, J. & Gualillo, O. (2007). The emerging role of 
adipokines as mediators of inflammation and immune responses. Cytokine Growth 
Factor Rev Vol.18, No.3-4, (June 2007), pp. 313-325 

Lanza, I.R., Short, D.K., Short, K.R., Raghavakaimal, S., Basu, R., Joyner, M.J., McConnell, 
J.P. & Nair, K.S. (2008). Endurance exercise as a countermeasure for aging. Diabetes 
Vol.57, No.11, (November 2008), pp. 2933-2942 

Lapointe, J. & Hekimi, S. (2010). When a theory of aging ages badly. Cell Mol Life Sci Vol.67, 
No.1, (January 2010), pp. 1-8 

Le Couteur, D.G., McLachlan, A.J., Quinn, R.J., Simpson, S.J. & de, C.R. (2011). Aging 
Biology and Novel Targets for Drug Discovery. J Gerontol A Biol Sci Med Sci 
(August 2011) 

Lee, I.M., Cook, N.R., Gaziano, J.M., Gordon, D., Ridker, P.M., Manson, J.E., Hennekens, 
C.H. & Buring, J.E. (2005). Vitamin E in the primary prevention of cardiovascular 
disease and cancer: the Women's Health Study: a randomized controlled trial. 
JAMA Vol.294, No.1, (July 2005), pp. 56-65 

Lekakis, J., Rallidis, L.S., Andreadou, I., Vamvakou, G., Kazantzoglou, G., Magiatis, P., 
Skaltsounis, A.L. & Kremastinos, D.T. (2005). Polyphenolic compounds from red 
grapes acutely improve endothelial function in patients with coronary heart 
disease. Eur J Cardiovasc Prev Rehabil Vol.12, No.6, (December 2005), pp. 596-600 

Lemoine, P., Guilleminault, C. & Alvarez, E. (2007). Improvement in subjective sleep in 
major depressive disorder with a novel antidepressant, agomelatine: randomized, 
double-blind comparison with venlafaxine. J Clin Psychiatry Vol.68, No.11, 
(November 2007), pp. 1723-1732 

Leto, S., Kokkonen, G.C. & Barrows, C.H. (1976). Dietary protein life-span, and 
physiological variables in female mice. J Gerontol Vol.31, No.2, (March 1976), pp. 
149-154 

Llewellyn, D.J., Langa, K.M. & Lang, I.A. (2009). Serum 25-hydroxyvitamin D concentration 
and cognitive impairment. J Geriatr Psychiatry Neurol Vol.22, No.3, (September 
2009), pp. 188-195 

Lonn, E., Bosch, J., Yusuf, S., Sheridan, P., Pogue, J., Arnold, J.M., Ross, C., Arnold, A., 
Sleight, P., Probstfield, J. & Dagenais, G.R. (2005). Effects of long-term vitamin E 
supplementation on cardiovascular events and cancer: a randomized controlled 
trial. JAMA Vol.293, No.11, (March 2005), pp. 1338-1347 



 
Pharmacological Approaches to Improve Ageing 277 

Luthringer, R., Muzet, M., Zisapel, N. & Staner, L. (2009). The effect of prolonged-release 
melatonin on sleep measures and psychomotor performance in elderly patients 
with insomnia. Int Clin Psychopharmacol Vol.24, No.5, (September 2009), pp. 239-249 

Ma, X.M. & Blenis, J. (May 2009). Molecular mechanisms of mTOR-mediated translational 
control. Nat Rev Mol Cell Biol Vol.10, No.5, (May 2009), pp. 307-318 

Manach, C., Mazur, A. & Scalbert, A. (2005). Polyphenols and prevention of cardiovascular 
diseases. Curr Opin Lipidol Vol.16, No.1, (February 2005), pp. 77-84 

Markus, M.A. & Morris, B.J. (2008). Resveratrol in prevention and treatment of common 
clinical conditions of aging. Clin Interv Aging Vol.3, No.2, (2008), pp. 331-339 

Mattison, J.A., Roth, G.S., Lane, M.A. & Ingram, D.K. (2007). Dietary restriction in aging 
nonhuman primates. Interdiscip Top Gerontol Vol.35, (2007), pp. 137-158 

Mattson, M.P. & Wan, R. (2005). Beneficial effects of intermittent fasting and caloric 
restriction on the cardiovascular and cerebrovascular systems. J Nutr Biochem 
Vol.16, No.3, (March 2005), pp. 129-137 

McCay, C.M., Crowell, M.F. & Maynard, L.A. (1935). The effect of retarded growth upon the 
length of life span and upon the ultimate body size. J Nutr Vol.10, (May 1935), pp. 
63-79 

Meydani, M., Lipman, R.D., Han, S.N., Wu, D., Beharka, A., Martin, K.R., Bronson, R., Cao, 
G., Smith, D. & Meydani, S.N. (1998). The effect of long-term dietary 
supplementation with antioxidants. Ann N Y Acad Sci Vol.854, (Nov. 1998), pp. 352-
360 

Migliaccio, E., Giorgio, M., Mele, S., Pelicci, G., Reboldi, P., Pandolfi, P.P., Lanfrancone, L. & 
Pelicci, P.G. (1999). The p66shc adaptor protein controls oxidative stress response 
and life span in mammals. Nature Vol.402, No.6759, (November 1999), pp. 309-313 

Mills, E., Wu, P., Seely, D. & Guyatt, G. (2005). Melatonin in the treatment of cancer: a 
systematic review of randomized controlled trials and meta-analysis. J Pineal Res 
Vol.39, No.4, (November 2005), pp. 360-366 

Minor, R.K., Allard, J.S., Younts, C.M., Ward, T.M. & de, C.R. (2010a). Dietary interventions 
to extend life span and health span based on calorie restriction. J Gerontol A Biol Sci 
Med Sci Vol.65, No.7, (July 2010a), pp. 695-703 

Minor, R.K., Smith, D.L., Jr., Sossong, A.M., Kaushik, S., Poosala, S., Spangler, E.L., Roth, 
G.S., Lane, M., Allison, D.B., de, C.R., Ingram, D.K. & Mattison, J.A. (2010b). 
Chronic ingestion of 2-deoxy-D-glucose induces cardiac vacuolization and 
increases mortality in rats. Toxicol Appl Pharmacol Vol.243, No.3, (March 2010b), pp. 
332-339 

Miquel, J. & Economos, A.C. (1979). Favorable effects of the antioxidants sodium and 
magnesium thiazolidine carboxylate on the vitality and life span of Drosophila and 
mice. Exp Gerontol Vol.14, No.5, (1979), pp. 279-285 

Miquel, J., Economos, A.C., Fleming, J. & Johnson, J.E., Jr. (1980). Mitochondrial role in cell 
aging. Exp Gerontol Vol.15, No.6, (1980), pp. 575-591 

Mitterberger, M.C., Mattesich, M., Klaver, E., Piza-Katzer, H. & Zwerschke, W. (2011). 
Reduced Insulin-Like Growth Factor-I Serum Levels in Formerly Obese Women 
Subjected to Laparoscopic-Adjustable Gastric Banding or Diet-Induced Long-term 
Caloric Restriction. J Gerontol A Biol Sci Med Sci (August 2011) 

Naudi, A., Caro, P., Jove, M., Gomez, J., Boada, J., Ayala, V., Portero-Otin, M., Barja, G. & 
Pamplona, R. (2007). Methionine restriction decreases endogenous oxidative 



 
Pharmacology 278 

molecular damage and increases mitochondrial biogenesis and uncoupling protein 
4 in rat brain. Rejuvenation Res Vol.10, No.4, (December 2007), pp. 473-484 

Neubauer, D.N. (1999). Sleep problems in the elderly. Am Fam Physician Vol.59, No.9, (May 
1999), pp. 2551-2560 

Niki, E., Noguchi, N., Tsuchihashi, H. & Gotoh, N. (1995). Interaction among vitamin C, 
vitamin E, and beta-carotene. Am J Clin Nutr Vol.62, No.6 Suppl, (December 1995), 
pp. 1322S-1326S 

Olshansky, S.J., Perry, D., Miller, R.A. & Butler, R.N. (2007). Pursuing the longevity 
dividend: scientific goals for an aging world. Ann N Y Acad Sci Vol.1114, (October 
2007), pp. 11-13 

Omodei, D. & Fontana, L. (2011). Calorie restriction and prevention of age-associated 
chronic disease. FEBS Lett Vol.585, No.11, (June 2011), pp. 1537-1542 

Oudshoorn, C., Mattace-Raso, F.U., van, d., V, Colin, E.M. & van der Cammen, T.J. (2008). 
Higher serum vitamin D3 levels are associated with better cognitive test 
performance in patients with Alzheimer's disease. Dement Geriatr Cogn Disord 
Vol.25, No.6, (2008), pp. 539-543 

Page, M.M., Richardson, J., Wiens, B.E., Tiedtke, E., Peters, C.W., Faure, P.A., Burness, G. & 
Stuart, J.A. (2010). Antioxidant enzyme activities are not broadly correlated with 
longevity in 14 vertebrate endotherm species. Age (Dordr ) Vol.32, No.2, (June 2010), 
pp. 255-270 

Pak, J.W., Herbst, A., Bua, E., Gokey, N., McKenzie, D. & Aiken, J.M. (2003). Mitochondrial 
DNA mutations as a fundamental mechanism in physiological declines associated 
with aging. Aging Cell Vol.2, No.1, (February 2003), pp. 1-7 

Pamplona, R. (2011). Mitochondrial DNA damage and animal longevity: insights from 
comparative studies. J Aging Res Vol.2011, (2011), pp. 807108 

Pamplona, R. & Barja, G. (2011). An evolutionary comparative scan for longevity-related 
oxidative stress resistance mechanisms in homeotherms. Biogerontology (July 2011) 

Pandi-Perumal, S.R., Trakht, I., Srinivasan, V., Spence, D.W., Maestroni, G.J., Zisapel, N. & 
Cardinali, D.P. (2008). Physiological effects of melatonin: role of melatonin 
receptors and signal transduction pathways. Prog Neurobiol Vol.85, No.3, (July 
2008), pp. 335-353 

Pascua, P., Camello-Almaraz, C., Camello, P.J., Martin-Cano, F., Vara, E., Tresguerres, J. & 
Pozo, M.J. (2011). Melatonin, and to a lesser extent growth hormone, restores 
colonic smooth muscle physiology in old rats. J Pineal Res (May 2011) 

Pearl R (1928). The rate of living Alfred A Knopf, Inc., New York. 
Pearson, K.J., Baur, J.A., Lewis, K.N., Peshkin, L., Price, N.L., Labinskyy, N., Swindell, W.R., 

Kamara, D., Minor, R.K., Perez, E., Jamieson, H.A., Zhang, Y., Dunn, S.R., Sharma, 
K., Pleshko, N., Woollett, L.A., Csiszar, A., Ikeno, Y., Le, C.D., Elliott, P.J., Becker, 
K.G., Navas, P., Ingram, D.K., Wolf, N.S., Ungvari, Z., Sinclair, D.A. & de, C.R. 
(2008). Resveratrol delays age-related deterioration and mimics transcriptional 
aspects of dietary restriction without extending life span. Cell Metab Vol.8, No.2, 
(August 2008), pp. 157-168 

Perez, V.I., Bokov, A., Van, R.H., Mele, J., Ran, Q., Ikeno, Y. & Richardson, A. (2009). Is the 
oxidative stress theory of aging dead? Biochim Biophys Acta Vol.1790, No.10, 
(October 2009), pp. 1005-1014 



 
Pharmacological Approaches to Improve Ageing 279 

Pham, D.Q. & Plakogiannis, R. (2005). Vitamin E supplementation in cardiovascular disease 
and cancer prevention: Part 1. Ann Pharmacother Vol.39, No.11, (November 2005), 
pp. 1870-1878 

Pozo, M.J., Gomez-Pinilla, P.J., Camello-Almaraz, C., Martin-Cano, F.E., Pascua, P., Rol, 
M.A., cuna-Castroviejo, D. & Camello, P.J. (2010). Melatonin, a potential 
therapeutic agent for smooth muscle-related pathological conditions and aging. 
Curr Med Chem Vol.17, No.34, (2010), pp. 4150-4165 

Rebrin, I., Zicker, S., Wedekind, K.J., Paetau-Robinson, I., Packer, L. & Sohal, R.S. (2005). 
Effect of antioxidant-enriched diets on glutathione redox status in tissue 
homogenates and mitochondria of the senescence-accelerated mouse. Free Radic 
Biol Med Vol.39, No.4, (August 2005), pp. 549-557 

Regulska, M., Leskiewicz, M., Budziszewska, B., Kutner, A., Basta-Kaim, A., Kubera, M., 
Jaworska-Feil, L. & Lason, W. (2006). Involvement of PI3-K in neuroprotective 
effects of the 1,25-dihydroxyvitamin D3 analogue - PRI-2191. Pharmacol Rep Vol.58, 
No.6, (November 2006), pp. 900-907 

Reid, M.E., Duffield-Lillico, A.J., Garland, L., Turnbull, B.W., Clark, L.C. & Marshall, J.R. 
(2002). Selenium supplementation and lung cancer incidence: an update of the 
nutritional prevention of cancer trial. Cancer Epidemiol Biomarkers Prev Vol.11, 
No.11, (November 2002), pp. 1285-1291 

Rickman, A.D., Williamson, D.A., Martin, C.K., Gilhooly, C.H., Stein, R.I., Bales, C.W., 
Roberts, S. & Das, S.K. (2011). The CALERIE Study: Design and methods of an 
innovative 25% caloric restriction intervention. Contemp Clin Trials (July 2011) 

Rose, G., Dato, S., Altomare, K., Bellizzi, D., Garasto, S., Greco, V., Passarino, G., Feraco, E., 
Mari, V., Barbi, C., BonaFe, M., Franceschi, C., Tan, Q., Boiko, S., Yashin, A.I. & De, 
B.G. (2003). Variability of the SIRT3 gene, human silent information regulator Sir2 
homologue, and survivorship in the elderly. Exp Gerontol Vol.38, No.10, (October 
2003), pp. 1065-1070 

Rudman, D. (1985). Growth hormone, body composition, and aging. J Am Geriatr Soc Vol.33, 
No.11, (November 1985), pp. 800-807 

Sanz, A., Caro, P., Sanchez, J.G. & Barja, G. (2006a). Effect of lipid restriction on 
mitochondrial free radical production and oxidative DNA damage. Ann N Y Acad 
Sci Vol.1067, (May 2006a), pp. 200-209 

Sanz, A., Gomez, J., Caro, P. & Barja, G. (2006b). Carbohydrate restriction does not change 
mitochondrial free radical generation and oxidative DNA damage. J Bioenerg 
Biomembr Vol.38, No.5-6, (December 2006b), pp. 327-333 

Schleithoff, S.S., Zittermann, A., Tenderich, G., Berthold, H.K., Stehle, P. & Koerfer, R. 
(2006). Vitamin D supplementation improves cytokine profiles in patients with 
congestive heart failure: a double-blind, randomized, placebo-controlled trial. Am J 
Clin Nutr Vol.83, No.4, (April 2006), pp. 754-759 

Schriner, S.E., Linford, N.J., Martin, G.M., Treuting, P., Ogburn, C.E., Emond, M., Coskun, 
P.E., Ladiges, W., Wolf, N., Van, R.H., Wallace, D.C. & Rabinovitch, P.S. (2005). 
Extension of murine life span by overexpression of catalase targeted to 
mitochondria. Science Vol.308, No.5730, (June 2005), pp. 1909-1911 

Selesniemi, K., Lee, H.J. & Tilly, J.L. (2008). Moderate caloric restriction initiated in rodents 
during adulthood sustains function of the female reproductive axis into advanced 
chronological age. Aging Cell Vol.7, No.5, (October 2008), pp. 622-629 



 
Pharmacology 280 

Selman, C., Lingard, S., Choudhury, A.I., Batterham, R.L., Claret, M., Clements, M., 
Ramadani, F., Okkenhaug, K., Schuster, E., Blanc, E., Piper, M.D., Al-Qassab, H., 
Speakman, J.R., Carmignac, D., Robinson, I.C., Thornton, J.M., Gems, D., Partridge, 
L. & Withers, D.J. (2008). Evidence for lifespan extension and delayed age-related 
biomarkers in insulin receptor substrate 1 null mice. FASEB J Vol.22, No.3, (March 
2008), pp. 807-818 

Selman, C., Tullet, J.M., Wieser, D., Irvine, E., Lingard, S.J., Choudhury, A.I., Claret, M., Al-
Qassab, H., Carmignac, D., Ramadani, F., Woods, A., Robinson, I.C., Schuster, E., 
Batterham, R.L., Kozma, S.C., Thomas, G., Carling, D., Okkenhaug, K., Thornton, 
J.M., Partridge, L., Gems, D. & Withers, D.J. (2009). Ribosomal protein S6 kinase 1 
signaling regulates mammalian life span. Science Vol.326, No.5949, (October 2009), 
pp. 140-144 

Sharp, Z.D. & Richardson, A. (2011). Aging and cancer: can mTOR inhibitors kill two birds 
with one drug? Target Oncol Vol.6, No.1, (March 2011), pp. 41-51 

Sheppard, M.C. (2005). GH and mortality in acromegaly. J Endocrinol Invest Vol.28, No.11 
Suppl International, (2005), pp. 75-77 

Singer, C., Tractenberg, R.E., Kaye, J., Schafer, K., Gamst, A., Grundman, M., Thomas, R. & 
Thal, L.J. (2003). A multicenter, placebo-controlled trial of melatonin for sleep 
disturbance in Alzheimer's disease. Sleep Vol.26, No.7, (Nov. 2003), pp. 893-901 

Skulachev, V.P. (2004). Mitochondria, reactive oxygen species and longevity: some lessons 
from the Barja group. Aging Cell Vol.3, No.1, (February 2004), pp. 17-19 

Sohal, R.S., Svensson, I. & Brunk, U.T. (1990). Hydrogen peroxide production by liver 
mitochondria in different species. Mech Ageing Dev Vol.53, No.3, (April 1990), pp. 
209-215 

Speakman, J.R. (2005). Correlations between physiology and lifespan:two widely ignored 
problems with comparative studies. Aging Cell Vol.4, No.4, (Aug.2005), pp. 167-175 

Speakman, J.R. & Hambly, C. (2007). Starving for life: what animal studies can and cannot 
tell us about the use of caloric restriction to prolong human lifespan. J Nutr Vol.137, 
No.4, (April 2007), pp. 1078-1086 

Speakman, J.R. & Mitchell, S.E. (2011). Caloric restriction. Mol Aspects Med (August 2011) 
Speakman, J.R. & Selman, C. (2011). The free-radical damage theory: Accumulating evidence 

against a simple link of oxidative stress to ageing and lifespan. Bioessays Vol.33, 
No.4, (April 2011), pp. 255-259 

Spindler, S.R. (2011). Review of the literature and suggestions for the design of rodent 
survival studies for the identification of compounds that increase health and life 
span. Age (Dordr ) (March 2011) 

Stolzenberg-Solomon, R.Z. (2009). Vitamin D and pancreatic cancer. Ann Epidemiol Vol.19, 
No.2, (February 2009), pp. 89-95 

Suh, Y., Atzmon, G., Cho, M.O., Hwang, D., Liu, B., Leahy, D.J., Barzilai, N. & Cohen, P. 
(2008). Functionally significant insulin-like growth factor I receptor mutations in 
centenarians. Proc Natl Acad Sci U S A Vol.105, No.9, (March 2008), pp. 3438-3442 

Sundaresan, N.R., Gupta, M., Kim, G., Rajamohan, S.B., Isbatan, A. & Gupta, M.P. (2009). 
Sirt3 blocks the cardiac hypertrophic response by augmenting Foxo3a-dependent 
antioxidant defense mechanisms in mice. J Clin Invest Vol.119, No.9, (September 
2009), pp. 2758-2771 



 
Pharmacological Approaches to Improve Ageing 281 

Takala, J., Ruokonen, E., Webster, N.R., Nielsen, M.S., Zandstra, D.F., Vundelinckx, G. & 
Hinds, C.J. (1999). Increased mortality associated with growth hormone treatment 
in critically ill adults. N Engl J Med Vol.341, No.11, (September 1999), pp. 785-792 

Tapia, P.C. (2006). Sublethal mitochondrial stress with an attendant stoichiometric 
augmentation of reactive oxygen species may precipitate many of the beneficial 
alterations in cellular physiology produced by caloric restriction, intermittent 
fasting, exercise and dietary phytonutrients: "Mitohormesis" for health and vitality. 
Med Hypotheses Vol.66, No.4, (2006), pp. 832-843 

Thomas, M.L., Armbrecht, H.J. & Forte, L.R. (1984). Effects of long-term vitamin D 
deficiency and response to vitamin D repletion in the mature and aging male and 
female rat. Mech Ageing Dev Vol.25, No.1-2, (April 1984), pp. 161-175 

Trifunovic, A., Hansson, A., Wredenberg, A., Rovio, A.T., Dufour, E., Khvorostov, I., 
Spelbrink, J.N., Wibom, R., Jacobs, H.T. & Larsson, N.G. (2005). Somatic mtDNA 
mutations cause aging phenotypes without affecting reactive oxygen species 
production. Proc Natl Acad Sci U S A Vol.102, No.50, (Dec.2005), pp. 17993-17998 

Utiger, R.D. (1998). The need for more vitamin D. N Engl J Med Vol.338, No.12, (March 1998), 
pp. 828-829 

van Geijlswijk, I.M., Korzilius, H.P. & Smits, M.G. (2010). The use of exogenous melatonin in 
delayed sleep phase disorder: a meta-analysis. Sleep Vol.33, No.12, (December 
2010), pp. 1605-1614 

Vazquez-Martin, A., Oliveras-Ferraros, C. & Menendez, J.A. (2009). The antidiabetic drug 
metformin suppresses HER2 (erbB-2) oncoprotein overexpression via inhibition of 
the mTOR effector p70S6K1 in human breast carcinoma cells. Cell Cycle Vol.8, No.1, 
(January 2009), pp. 88-96 

Veldhuis, J.D., Liem, A.Y., South, S., Weltman, A., Weltman, J., Clemmons, D.A., Abbott, R., 
Mulligan, T., Johnson, M.L., Pincus, S. & . (1995). Differential impact of age, sex 
steroid hormones, and obesity on basal versus pulsatile growth hormone secretion 
in men as assessed in an ultrasensitive chemiluminescence assay. J Clin Endocrinol 
Metab Vol.80, No.11, (November 1995), pp. 3209-3222 

Vendelbo, M.H. & Nair, K.S. (2011). Mitochondrial longevity pathways. Biochim Biophys Acta 
Vol.1813, No.4, (April 2011), pp. 634-644 

Viña, J., Lloret, A., Orti, R. & Alonso, D. (2004). Molecular bases of the treatment of 
Alzheimer's disease with antioxidants: prevention of oxidative stress. Mol Aspects 
Med Vol.25, No.1-2, (February 2004), pp. 117-123 

Wade, A.G., Ford, I., Crawford, G., McConnachie, A., Nir, T., Laudon, M. & Zisapel, N. 
(2010). Nightly treatment of primary insomnia with prolonged release melatonin 
for 6 months: a randomized placebo controlled trial on age and endogenous 
melatonin as predictors of efficacy and safety. BMC Med Vol.8, (2010), pp. 51 

Wang, Y., Liang, Y. & Vanhoutte, P.M. (2011). SIRT1 and AMPK in regulating mammalian 
senescence: a critical review and a working model. FEBS Lett Vol.585, No.7, (April 
2011), pp. 986-994 

Willcox, B.J., Donlon, T.A., He, Q., Chen, R., Grove, J.S., Yano, K., Masaki, K.H., Willcox, 
D.C., Rodriguez, B. & Curb, J.D. (2008). FOXO3A genotype is strongly associated 
with human longevity. Proc Natl Acad Sci U S A Vol.105, No.37, (September 2008), 
pp. 13987-13992 



 
Pharmacology 282 

Xiang, L. & He, G. (2011). Caloric restriction and antiaging effects. Ann Nutr Metab Vol.58, 
No.1, (2011), pp. 42-48 

Yakes, F.M. & Van, H.B. (1997). Mitochondrial DNA damage is more extensive and persists 
longer than nuclear DNA damage in human cells following oxidative stress. Proc 
Natl Acad Sci U S A Vol.94, No.2, (January 1997), pp. 514-519 

Yamamoto, H., Schoonjans, K. & Auwerx, J. (2007). Sirtuin functions in health and disease. 
Mol Endocrinol Vol.21, No.8, (August 2007), pp. 1745-1755 

Yamamoto, M., Clark, J.D., Pastor, J.V., Gurnani, P., Nandi, A., Kurosu, H., Miyoshi, M., 
Ogawa, Y., Castrillon, D.H., Rosenblatt, K.P. & Kuro-o M (2005). Regulation of 
oxidative stress by the anti-aging hormone klotho. J Biol Chem Vol.280, No.45, 
(November 2005), pp. 38029-38034 

Ylikomi, T., Laaksi, I., Lou, Y.R., Martikainen, P., Miettinen, S., Pennanen, P., Purmonen, S., 
Syvala, H., Vienonen, A. & Tuohimaa, P. (2002). Antiproliferative action of vitamin 
D. Vitam Horm Vol.64, (2002), pp. 357-406 

Zittermann, A., Schleithoff, S. & Koerfer, R.(2005). Putting cardiovascular disease and 
vitamin D insufficiency into perspective.Br J Nutr Vol.94,No.4,(Oct.2005), pp.483-
492 



 

 

14 

Pharmacological Neuromodulation  
in Autism Spectrum Disorders 

Bill J. Duke  
Child Psychopharmacology Institute 

USA 

1. Introduction 
This chapter will examine pharmacological approaches to neuromodulation in Autism 
Spectrum Disorders (ASD), pharmacological clinical trials and pharmacological strategies 
on the horizon. 

Drugs used in autism target neuromodulation at different neuronal sites. Those utilizing anti-
convulsant, neurolepic, anti-depressant, stimulant, cholinesterase inhibitors, anxiolytics, mood 
stabilizers and other pharmacological interventions in autism do so for a variety of purposes. 
Each of these classes of drugs will be examined relative to their proposed neuromodulatory 
actions as they relate to the Autism Spectrum Disorder population. 

Children with ASD demonstrate deficits in 1) social interaction, 2) verbal and nonverbal 
communication, and 3) repetitive behaviors or interests. Many have unusual sensory 
responses. Symptoms range from mild to severe and present with individual uniqueness 
and complexity. Some aspects of learning may seem exceptional while others may lag. These 
children reflect a mix of communication, social, and behavioral patterns that are individual 
but fit into the overall diagnosis of ASD. Aggression, irritability and/or self-injury in 
children with autistic spectrum disorders often meet the threshold indicating 
pharmacological intervention.  

Autism Spectrum Disorders have been shown to be related to complex combinations of 
environmental, neurological, immunological, and genetic factors. In addition to strong 
genetic links, environmental factors such as infection and drug exposure during pregnancy, 
perinatal hypoxia, postnatal infections and metabolic disorders have each been implicated in 
autistic populations. Summarizing an earlier Centers for Disease Control and Prevention 
Study (CDC)  with subsequent major studies on autism prevalence, the CDC estimates 2-6 
per 1,000 (from 1 in 500 to 1 in 150) children have an ASD. The risk is 3-4 times higher in 
males than females (Rice 2006)(CDC 2011). 

The pathogenetic components and biological endophenotypes in autism spectrum disorders 
were described by Sacco and colleagues as: Circadian & Sensory Dysfunction; Immune 
Dysfunction; Neurodevelopmental Delay; and Stereotypic Behavior (Sacco R, et al 2010). 

The heterogeneity of Autism Spectrum Disorders has resulted in many genes being studied 
that are thought to have an impact on the development of the pathological characteristics 
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associated with Autism Spectrum Disorder (Greer PL, et al 2010). The developmental 
neurobiology of ASD is incrementally illuminated at the cutting edges of science. The 
permutations of mutations and epigenetic effects in ASD are both daunting yet increasingly 
identifiable targets for pharmacologic intervention. Clinical necessity and clincial trials drive 
discoveries for therapeutic interventions until stem cell or genetic solutions arrive.  

Some states or effects seen in ASD may be responsive to developmental interventions while 
others may not. As we know, prompt thyroid replacement in a hypothyroid infant will 
generally allow normative intellectual development and prevent developmental disability. 
An example of variation of developmental impact is a mutation in MECP2, which encodes 
the epigenetic regulator methyl-CpG-binding protein 2 and is associated with Rett 
Syndrome. A recent study asked the question whether providing MeCP2 function 
exclusively during early post-natal life might prevent or mitigate disease in adult animals. 
Re-expression of MeCP2 in symptomatic mice rescued several features of the disease. The 
investigators argue “…the temporal association of disease with the postnatal period of 
development may be unrelated to any 'developmental' or stage restricted function of 
MeCP2, at least in mouse models.” They concluded that “…therapies for RTT, like MeCP2 
function must be continuously maintained” (McGraw, et al 2011). 

Genetic-environment interactions in ASD that continue to be investigated include:  parental 
age; maternal genotype; maternal-fetal immunoreactivity; in vitro fertilization; maternal 
ingestion of drugs; toxic chemicals in the environment during pregnancy; and maternal 
illnesses during pregnancy such as maternal diabetes or infections (Hallmayer J, 2011) . 
Recent studies are consistent with a fetal programming hypothesis of ASD that considers 
environmental risk factors that affect the fetal environment and interact with genetic 
variants (Szatmari 2011). The pathogenic potential of dysregulated states may further stress 
developmentally vulnerable neurodevelopment (Duke, B. , 2008).  

As these genes and interacting effects become better characterized therapeutic strategies can 
be developed (Buxbaum 2009) (Levy et al, 2011)(Sanders et al, 2011)(Gilman et al, 2011). 
These genes include those involved in the patterning of the central nervous system; those 
that govern biochemical pathways; those responsible for the development of dendrites and 
synapses; and, genes associated with the immune system and autoimmune disorders 
(Ashwood et al, 2006 ) (Careaga M et al,  2010 ). 

Neuroimaging studies further enlighten our theoretical models and techniques such as 
diffusion tensor imaging (DTI) have gained prominence as a means of assessing brain 
development (Isaacson & Provenzale,  2011). Studies of emotional perception demonstrated 
that while listening to either happy or sad music, individuals with ASD activated cortical 
and subcortical brain regions known to be involved in emotion processing and reward. The 
investigators, using functional magnetic resonance imaging compared ASD participants 
with neurotypical individuals and found ASD individuals had decreased brain activity in 
the premotor area and in the left anterior insula, especially in response to happy music 
excerpts. Their findings illuminate our understanding of the neurobiological correlates of 
preserved and altered emotional processing in ASD (Caria A, et al  2011).  

Other imaging studies have found: diminished gray matter within the hypothalamus in 
autism disorder and suggest this is a potential link to hormonal effects (Kurth F, et al 2011); 
elevated repetitive and stereotyped behavior (RSB) associated with decreased volumes in 
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several brain regions: left thalamus, right globus pallidus, left and right putamen, right 
striatum and a trend for left globus pallidus and left striatum within the ASD group (Estes 
A, et al 2011 ); alterations in frontal lobe tracts and corpus callosum in young children with 
autism spectrum disorder (Kumar A, et al  2010); and, revealed pervasive microstructural 
abnormalities (Groen WB, et al 2011).  

As our theoretical constructs are tested and enriched clinical scientists are poised to learn 
exponentially as treatment response databases and measurement methods and systems are 
further developed. We are ready to experience an evolution and fusion of medical arts 
strengthened by scientific methods and information technology.  

Psychopharmacological treatment guidelines for very young children suggest that children 
with persistent moderate to severe symptoms and impairment, despite psychotherapeutic 
interventions, may be better served by carefully monitored medication trials than by 
continuing ineffective treatments (Gleason MM, et al 2007).  

The treatment of children with ASD has challenges that are also present in the treatment  
of many mood disorders and in schizophrenia. In Stephen Stahl’s text, Essential 
Psychopharmacology (Stahl 2010), he deconstructs the syndrome of schizophrenia into five 
symptom dimensions: Positive and Negative symptoms, aggression, affect and cognition. 
These symptom dimensions are also relevant to children with ASD and many children with 
mood disorders. Individual presentations and variability of treatment response can be 
managed by enlisting the parents to be observers utilizing defined measurements.  

Multiple medications have utility in ASD treatment and are sometimes used in combination. 
Thoughtful utilization and management of medications can offer children with autism 
spectrum disorders significiant reductions of impairment. Each of the medications used, as 
true with any medication, has varying degrees and potential related to benefits, risk and 
limitations. Although the antipsychotic risperidone has been demonstrated as effective in 
reducing serious behavioral problems, it shares adverse neurological and metabolic risks 
with other typical and atypical antipsychotic agents. Nevertheless, risperidone has 
demonstrated efficacy at relatively low doses and treatment monitoring can assist in 
managing risks when substantial benefit is possible.  

Antidepressants have been reported as helpful for some with ASD, particularly related to 
repetitive or obsessive compulsive behaviors, however, studies reviewing off-label uses of 
anti-depressants have also reported adverse effects of increased agitation, behavioral 
activation and sleep disturbance. If we consider these findings as evidence suggesting 
antidepressants, in some, perturb inhibitory- excitatory neuronal balance or, in a broad sense, 
contribute to central nervous system hyperarousal, it follows that such effects could contribute 
to pathogenesis rather than decrease the allostatic load. This does not suggest that anti-
depressant medications can’t be helpful. It is recognized that in many cases antidepressants are 
helpful; however, vigilance for signs of disinhibition or other dysregulation is prudent.  

Known stimulant benefits include increased ability to sustain attention, reduced motoric 
hyperactivity and reduced impulsivity. Adverse effects associated with stimulants include 
dysphoric responses, sleep disturbances and appetite supression.  

Anticonvulsants have demonstrated their place in the treatment regimen of many children 
with ASD and approximately twenty percent of those with ASD are thought to have a 
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seizure disorder (Tuchman & Cuccaro, 2011). Benefits can include seizure control and mood 
stabilization while adverse effects can include cognitive dulling. When anticonvulsants are 
useful, cognitive dulling can often be managed by anticonvulsant selection and dosing.  

Current pharmacological interventions in autism spectrum disorders are essentially directed 
at reducing cognitive and behavioral impairments. Treatment studies have demonstrated 
little observable benefit to core deficits of ASD, however, the argument is made that, in 
addition to the practical benefits of reducing behavioral and cognitive impairments, 
symptom reduction is a reflection of more efficient neural processing and development.  

Effective impairment reduction often allows children to remain in a family home, function 
in a school setting, optimize reponsiveness to behavioral and educational methods and, 
generally,  function more normally than would otherwise be possible. Those of us who treat 
children who will otherwise be excluded from normal environments appreciate the 
importance and complexity of these interventions. The greater promise of pharmacological 
interventions is their potential, through early intervention, to inhibit or reduce the 
development of pathological and pathogenic endophenotypes.  

2. Conceptualization of clinical hypotheses, treatment strategies and 
measurement of treatment response 
Physicians and clinician- scientists are humbled distinguishing among nosological 
categories in the context of the diverse and complex treatment circumstances presented by 
those significantly impaired within the spectrum of autism disorders.  

Treatment decisions are based on symptom profiles, types and severity of impairment, risk-
benefit calculations, potential treatments available and clinical hypotheses related to the 
nature of the disorder. Unlike elegantly designed experiments with exquisitely defined 
variables and thoughtful control of confounding variables, those suffering functional and 
qualitative impairment present with inherent experimental limitations. Despite these 
limitations, the application of scientific principles related to individual measurement and 
monitoring of treatment response provides a platform from which to assess treatment 
response and dynamically test clinical hypotheses.   

The deconstruction of psychiatric syndromes into symptoms is described as a way to 
establish a diagnosis, deconstruct the condition into its symptoms, match the symptoms to a 
hypothetically malfunctioning circuit and consider the collection of neurotransmitters and 
neuromodulators known to regulate the circuit. "Next, one can match each symptom to a 
hypothetically malfunctioning circuit and – with knowledge of the neurotransmitters 
regulating that circuit and drugs acting on those neurotransmitters – choose a therapeutic 
agent to reduce that symptom. If such a strategy proves unsuccessful, it is possible that 
adding or switching to another agent acting on another neurotransmitter in that circuit can 
be effective. Repeating this strategy for each symptom can result in remission of all 
symptoms in many patients.” (Stahl, 2010) 

Knowledge gained in the study of abnormal circuitry in mood disorders, schizophrenia and 
other neuropsychiatric and neurological conditions provide models by which treatment 
responses and clinical hypotheses can be tested. Whether the symptoms are hyperkinetic 
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movement disorders or hyperactive mesolimbic systems, pharmacological strategies can 
inform and interact with the rapidly developing basic and translational sciences. 
Dysregulation of neuronal inhibition and excitability appears as a common theme among 
many disorders. 

Consideration of the pathological developmental aspects of autism spectrum disorders 
provokes the possibility that altering disease progression may rescue or support improved 
functional neurodevelopmental outcomes. In a broad statement regarding psychiatric 
disorders that supports that potential, Stephen Stahl remarks, “It may also be possible to 
prevent disease recurrence and progression to treatment resistance by treating not only 
symptoms but also inefficient brain circuits that are asymptomatic. Failing to do so may 
allow ‘diabolical learning’ where circuits run amok, become more efficient in learning how 
to mediate symptoms, and are therefore more difficult to treat." (Stahl, 2010, p. 274) 

The lessons and theoretical models related to pharmacological interventions in other 
neurological and psychiatric syndromes can be applied to treatment conceptualizations with 
the autistic spectrum disordered as well. For example, constructs investigated with 
antiepileptic drugs (AED) can also be considered within the neural circuitry issues involved 
in Autism Spectrum Disorders. 

“Several pathophysiological mechanisms inducing a neuronal excitability seems to be 
involved in an imbalance of both GABAergic and glutamatergic neurotransmissions and 
therefore could be similar in epilepsy and hyperkinetic movement disorders. The main 
targets for the action of the AEDs include enhancement of GABAergic inhibition, decreased 
glutamatergic excitation, modulation of voltage-gated sodium and calcium channels, and 
effects on intracellular signaling pathways. All of these mechanisms are of importance in 
controlling neuronal excitability in different ways.” (Siniscalchi, Gallelli & De Sarro, 2010) 

When pharmacological interventions are applied, secondary to their clinical intent, they 
serve as probes of endophenotypic neural functioning and circuitry states revealing 
response to particular pharmacodynamic and pharmacokinetic profiles. The classes of 
antipsychotic drugs considered to be atypical are described by Schwartz with such 
considerations in mind.  

"The second generation antipsychotics are clearly delineated in the treatment of psychosis 
and mania and share similar mechanisms of action to achieve these results: dopamine-2 
receptor antagonism for efficacy and serotonin-2a receptor antagonism for EPS tolerability. 
From here, each agent has a unique pharmacodynamic and pharmacokinetic profile where 
some agents carry more, or less antidepressant, anxiolytic, or hypnotic profiles. Choosing an 
agent and dosing it in low, middle, or high ranges may result in differential effectiveness 
and tolerability" (Schwartz & Stahl, 2011 ). 

We are further humbled by the incomplete pharmacodynamic and pharmacokinetic 
profiles of the drugs we employ. Many of the drugs and compounds used have poorly 
understood neuromodulary effects in addition to known receptor specific actions. 
Nevertheless, contributions to our knowledge continue to further characterize and define 
drugs as well as continue to discover relationships of enviromental effects and 
immunological response. Researchers, for example, have recently shown the inhibitory 
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effects of some antidepressants as well as some typical/atypical antipsychotics on the 
release of inflammatory cytokines and free radicals from activated microglia, which the 
investigators state have been discovered to cause synaptic pathology, a decrease in 
neurogenesis, and white matter abnormalities found in the brains of patients with 
psychiatric disorders. (Monji A, 2011). We operate with limited visibility that is increased 
by clinical experience and science. 

Despite the complexity and challenges of ASD, potential for early interventions are 
supported by animal research. An example is the recent demonstration that autism risk 
genes differentially impact cortical development (Eagleson K, et al  2011). The 
demonstrations of these risk genes and their interaction with various states, illustrate animal 
models that may further elucidate pathogenic developmental processes. The role of 
glutamate (Hamberger A, et al  1992 ), serotonin (Levitt P, 2011) and sigma 1 ligands 
(Yagasaki Y, et al  2006) have each demonstrated potential importance in modulating 
glutamatergic and other developmentally critical signaling processes.  

In autism spectrum disorders as well as in other neurological and neurodegenerative 
disorders, discoveries in developmental neurobiology and genetics will continue to provide 
increasingly sophisticated models in which interventions of developmentally specific 
neuropathogenic processes can be assessed and clinical hypotheses considered and tested. 
Coinciding are increasingly sophisticated objective measures that will allow greater 
definition of treatment response characteristics and endophenotypic response profiles. 
Applications related to treatment response measurement and management utilizing on-line 
observational and other measurements related to eye, facial, voice, reaction time 
consistency, sleep and activity are currently being studied and developed at the Child 
Psychopharmacolgy Institute.   

3. Registered clinical trials (NIH- USA) in autism spectrum disorders 
We can learn a great deal from the current foci of pharmacological interventions in ASD by 
reviewing clinical trials that have been conducted and those that are current. 

 

 Frequency Percent 

Drug Studies 151 53.5

Behavioral Studies 43 15.2

Dietary Studies 18 6.4

Device or Procedure Studies 5 1.8

Obervational and Other Studies 65 23.0

Total 282 100.0

 

Table 1. ASD Study Types- NIH Registrations of Record July 2011 
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Drug Classes Used In Autism Spectrum Disorder Clinical Trials 
Antidepressant
Stimulant
Anticonvulsant
Antipsychotic
NMDA Antagonists And Glutamatergic
Antibacterial Anti-Infective
Immunomodulator
Hyperbaric Oxygen
Hormone Or Enzyme Factors
Adrenergic
Anti-Hypertensive
Diruretic
Opioid Antagonist
Anti-Oxidants
Hypoglycemic Agents
Supplements
GABA B Recepter Agonist
Trichuris Suis Ova
Antidote Heavy Metal
Ampa Receptor Modulator
Anxioytic

Table 2. Drug Classes Used in Autism Spectrum Disorder July 2011 NIH 

 
Fig. 1. Spectrum of Drug Classes in Autism Spectrum Disorders  



 
Pharmacology  

 

290 

 
Fig. 2. NLM Clinical Trial Reviews 2006 to 2011 

Table 3 displays a sampling of drugs in clinical trials and their generally proposed actions. 
 

Antipsychotic Drugs
Risperidone is a selective blocker of dopamine d2 receptors and serotonin 5-ht2 receptors 
that acts as an atypical antipsychotic agent.
Aripiprazole has both presynaptic dopamine autoreceptor agonistic activity and 
postsynaptic D2 receptor antagonistic activity; use associated with hyperglycemia. It can 
also be described as a Dopamine Partial Agonist.
Ziprasidone -antipsychotic-A benzisothiazoylpiperazine derivative; has combined 
dopamine and serotonin receptor antagonist activity; structurally related to tiospirone. 
Zyprexa (olanzapine)  has combined dopamine and serotonin receptor antagonist activity. 
Antidepressant Drugs
Fluoxetine:  serotonin specific uptake inhibitor
Citalopram serotonin specific uptake inhibitor. The drug is also effective in reducing 
ethanol uptake in alcoholics and is used in depressed patients who also suffer from tardive 
dyskinesia 
The SSRI fluvoxamine is not only an inhibitor of SERT, but also acts at sigma receptors, 
perhaps as a sigma-1 agonist, with some preclinical evidence that fluvoxamine can improve 
PCP-induced cognitive deficits
Atomoxetine: norepinephrine selective reuptake inhibitor.
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Anticonvulsant Drugs 
Divalproex sodium: A fatty acid with anticonvulsant properties used in the treatment of 
epilepsy. The mechanisms of its therapeutic actions are not well understood. It may act by 
increasing gamma-aminobutyric acid levels in the brain. 
Riluzole: A glutamate antagonist (receptors, glutamate) used as an anticonvulsant 
(anticonvulsants) and to prolong the survival of patients with amyotrophic lateral sclerosis. 
Lamotrigine,Sodium Valproate, or Carbamazepine: Anticonvulsants 
Stimulant Drugs 
Methylphenidate is a racemic mixture comprised of the d- and l-threo enantiomers. The d-
threo enantiomer is more pharmacologically active than the l-threo enantiomer. 
Methylphenidate HCl is a central nervous system (CNS) stimulant.  
Methylphenidate transdermal system: Methylphenidate HCl is a central nervous system 
(CNS) stimulant.  
Choline and Cholinesterase Inhibitors 
Choline: Precursor to Acetylcholine 
Donepezil: Current theories on the pathogenesis attribute some symptoms to a deficiency 
of cholinergic neurotransmission. Donepezil hydrochloride is postulated to exert its 
therapeutic effect by inhibiting AChe boosting the availability of ACh.  
Drugs with Glutaminergic Effects, AMPA Modulators  and NMDA Antagonists  
Acamprosate is a derivative of the amino acid taurine and, like alcohol, reduces excitatory 
glutamate neurotransmission and enhances inhibitory GABA neurotransmission 
Memantine: a weak NMDA antagonist. Persistent activation of central nervous system N-
methyl-D-aspartate (NMDA) receptors by the excitatory amino acid glutamate has been 
hypothesized to contribute to the symptomatology of Alzheimer's disease.  
Dextromethorphan and quinidine sulfate (Nuedexta):  NMDA antagonist; Sigma 1 agonist; 
binds to SERT; proposed neuromodulator. 
Hormones 
Oxytocin: A nonapeptide hormone released from the neurohypophysis (pituitary gland, 
posterior). it differs from vasopressin by two amino acids at residues 3 and 8. 
Vasopressin 
Anti-infective-Anti-bacterial-Immunomodulators 
N Acetylcysteine N-acetyl derivative of cysteine. It is used as a mucolytic agent to reduce 
the viscosity of mucous secretions. It has also been shown to have antiviral effects in 
patients with HIV due to inhibition of viral stimulation by reactive oxygen. 
Cycloserine Antibiotic substance produced by Streptomyces garyphalus. 
Sapropterin: reduces blood phenylalanine (Phe) levels in patients with 
hyperphenylalaninemia (HPA) due to tetrahydrobiopterin- (BH4-) responsive 
Phenylketonuria (PKU). Proposed Neuroprotective and neurotransmitter effects. 
Mecobalamin: a study (PMID: 20406575 ) demonstrated a progressive decrease of sciatic 
nerve IGF-1 mRNA and peptide contents, and peripheral nerve dysfunction in the saline-
treated diabetics over 12 weeks in contrast to the normal control non-diabetics. 

Table 3. Sampling of Drugs in ASD Clinical Trials and Their Generally Proposed Actions 
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Study of Aripiprazole to Treat 
Children and Adolescents With 
Autism  

Phase II The Clinical Global impression (CGI) 
Improvement Scale.; The Irritability subscale of 
the Aberrant Behavior Checklist (ABC); The 
Clinical Global Impression Severity Scale. 

A Study of Aripiprazole in 
Children and Adolescents With 
Aspergers and Pervasive 
Developmental Disorder.  

Phase II The Clinical Global impression(CGI) 
Improvement Scale.; The Irritability subscale of 
the Aberrant Behavior Checklist (ABC); The 
Clinical Global Impression Severity Scale.;CY-
BOCS (Children's Yale-Brown Obsessive 
Compulsive Scale) 

Study of Aripiprazole in the 
Treatment of Serious Behavioral 
Problems in Children and 
Adolescents With Autistic 
Disorder (AD)  

Phase III Number of Participants With Serious Adverse 
Events (SAEs), Treatment-Emergent Adverse 
Events (AEs), Deaths, AEs Leading to 
Discontinuation, Extra Pyramidal  Syndrome 
(EPS)-Related AEs; Mean Change From 
Baseline in Total Simpson-Angus Scale (SAS)  

Aripiprazole in Children With 
Autism: A Pilot Study  

Phase II Clinical Global Impressions; Children's 
Psychiatric Rating Scale  

An Open-Label Trial of 
Aripiprazole in Autism 
Spectrum Disorders  

Phase II Clinical Global Impressions-Improvement; 
Aberrant Behavior Checklist-Irritability 
subscale  

Pilot Study of the Effect of 
Aripiprazole Treatment in 
Autism Spectrum Disorders on 
Functional Magnetic Resonance 
Imaging (fMRI) Activation 
Patterns and Symptoms  

Phase IV RBS-R (Repetitive Behavior Scale - Revised); 
CY-BOCS (Children's Yale-Brown Obsessive 
Compulsive Scale)  

OPT - Phase IV Long Term 
Maintenance Study of 
Aripiprazole for the Treatment 
of Irritability Associated With 
Autistic Disorder  

Phase IV Time from randomization to relapse; Mean 
change from end of Phase 1 to Week  16 
endpoint (LOCF) on the Aberrant Behavior 
Checklist - Irritability Subscale; Mean Clinical 
Global Impression - Improvement scale score 
at Week 16 endpoint (LOCF)  

Study of Aripiprazole in the 
Treatment of Children and 
Adolescents With Autistic 
Disorder (AD)  

Phase III Mean Change (Week 8 - Baseline) in the 
Autistic Behavior Checklist (ABC) Irritability  
Subscale Score; Mean Clinical Global 
Impressions Improvement Scale (CGI-I) Score;  
Number of Participants With Response at 
Week 8; Mean Change (Week 8 - Baseline)  

Study of Aripiprazole in the 
Treatment of Children and 
Adolescents With Autistic 
Disorder (AD)  

Phase III Mean Change (Week 8 - Baseline) in the 
Autistic Behavior Checklist (ABC) Irritability 
Subscale Score; Mean Clinical Global 
Impressions Improvement Scale (CGI-I) Score; 
Number of Participants With Response at 
Week 8; Mean Change (Week 8 - Baseline) 
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Evaluating the Effectiveness of 
Aripiprazole and D-Cycloserine 
to Treat Symptoms Associated 
With Autism  

Phase III Aberrant Behavior Checklist (ABC) Irritability 
Subscale; Clinical Global Impression (CGI) 
Scale; ABC Subscales; Vineland Maladaptive 
Behavior Subscales; A modified version of the 
Compulsion Subscale of the Children's Yale-
Brown Obsessive Compulsive Scale.  

Efficacy of Aripiprazole Versus 
Placebo in the Reduction of 
Aggressive and Aberrant 
Behavior in Autistic Children  

Phase I Clinical Global Impression Improvement (CGI-
AD); Aberrant Behavior Checklist;  Abnormal 
Involuntary Movement Scale (AIMS)  

Long-Term Olanzapine 
Treatment in Children With 
Autism  

Phase II 
Phase III 

Children's Psychiatric Rating Scale; Aberrant 
Behavior Checklist; Clinical Global 
Impressions; Treatment Emergent Symptoms 
Scale; Olanzapine Untoward Effects Checklist; 
Abnormal Involuntary Movement Scale; 
Neurological Rating Scale  

Table 4. Antipsychotic Clinical Trials, Trial Phase and Outcome Measures (Continued on 
table 5) 
 

A Controlled Study of 
Olanzapine in Children With 
Autism  

Phase II  Children's Psychiatric Rating Scale; Clinical 
Global Impressions; Abberant Behavior  
Checklist; Treatment Emergent Symptoms 
Scale; Olanzapine Untoward Effects Checklist; 
Abnormal Involuntary Movement Scale; 
Neurological Rating Scale  

Study of Paliperidone ER in 
Adolescents and Young Adults 
With Autism  

Phase III The IrritabIrritibility subscale of the Aberrant 
Behavior Checklist (ABC) will be used as the 
caregiver-rated primary outcome measure. The 
Clinical Global Impression- Improvement(CGI-
I) will be included as a primary outcome 
measure  

A Study of the Effectiveness and 
Safety of Two Doses of 
Risperidone in the Treatment of 
Children and Adolescents With 
Autistic Disorder  

Phase IV Allocation: Randomized; Endpoint 
Classification: Safety/Efficacy Study;  
Intervention Model: Parallel Assignment; 
Masking: Double Blind (Subject,  
Caregiver, Investigator); Primary Purpose: 
Treatment  

A Study of the Effectiveness and 
Safety of Risperidone Versus 
Placebo in the Treatment of 
Children With Autistic Disorder 
and Other Pervasive 
Developmental Disorders (PDD) 

Phase III Change in the Irritability Subscale of the 
Aberrant Behavior Checklist (ABC) and other 
ABC subscales at end of treatment compared 
with baseline; Change from  baseline to end of 
treatment in Nisonger Child Behavior Rating 
Form (N-CBRF),  Visual Analogue Scale 
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Pharmacogenomics in Autism 
Treatment  

Phase II 
Phase III 

ABC and CGI; ABC  

Treatment of Autism in Children 
and Adolescents  

Phase III  

Risperidone Pharmacokinetics in 
Children With Pervasive 
Developmental Disorder (PDD) 

Phase I  Quantify tVariability of clearance and volume 
of distribution among AE rating, weight gain 
and ABC responder status; Exploratory 
analysis will be performed to examine the 
relationship of other factors to risperidone and 
metabolite concentrations.  

Pharmacogenetics of 
Risperidone in Children With 
Pervasive Developmental 
Disorder (PDD)  

Phase I   

Comparison of Applied 
Behavioral Analysis (ABA) 
Versus ABA and Risperidone  

   

RUPP PI PDD: Drug and 
Behavioral Therapy for Children 
With Pervasive Developmental 
Disorders  

 Home Situations Questionnaire; Vineland 
Daily Living Skills Scale; Irritability subscale-
Aberrant Behavioral Checklist; Clinical Global 
Impressions-Improvement  
(CGI-I)  

Risperidone Treatment In 
Children With Autism Spectrum 
Disorder And High Levels Of 
Repetitive Behavior  

Phase II  Aberrant Behavior Checklist  

Ziprasidone in Children With 
Autism: A Pilot Study  

Phase II  Clinical Global Impressions; Children's 
Psychiatric Rating Scale  

An Observational Study to 
Evaluate the Safety and the 
Effects of Risperidone 
Compared With Other Atypical 
Antipsychotic Drugs on the 
Growth and Sexual Maturation 
in Children  

 To comparZ-scores for height, age at current 
Tanner stage, and prolactin-related  adverse 
events between patients exposed to 
risperidone and patients exposed to other 
atypical antipsychotic drugs.; Assess the 
prolactin value and risk of  hyperprolactine  

 

 

 

Table 5. Antipsychotic Clinical Trials, Trial Phase and Outcome Measures (Continued) 
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Citalopram for Children With 
Autism and Repetitive Behavior 
(STAART Study 1)  

Phase II Clinical Global Improvement; Safety 
Monitoring Uniform Research Form (SMURF); 
Children's Yale-Brown Obsessive-Compulsive 
Scale (CYBOCS); Repetitive Behavior Scale-
Revised (RBS-R); Parent Chief Complaint; 
Aberrant Behavior Checklist; 

Functional MRI Evaluation of 
the Effect of Citalopram in 
Autism Spectrum Disorders  

PhaseI Functional Magnetic Resonance Imaging; 
Clinicians Global Improvement Scale; 
Childrens Yale- Brown Obsessive Compulsive 
Scale 

Randomized Study of Fluoxetine 
in Children and Adolescents 
With Autism  

Phase I

Study of Fluoxetine in Adults 
With Autistic Disorder 

PhaseI

Extended Management and 
Measurement of Autism  

Phase III Safety Outcomes: Laboratory determinations, 
Urine drugs of abuse tests,Vital Signs,Physical 
Examinations, Adverse Events/Serious 
Adverse Events, Clinical Global Impression of 
Severity (CGI-S AD) 

Fluoxetine Essay in Children 
With Autism  

Phase II Subscores of Autism Diagnostic Interview 
(ADI-R)at each visit of the protocol 
(LECOUTER et RUTTER, 1989); Sides effect 
scale (FSEC); Aberrant Behavior Checklist 
(Aman et al., 1985); Clinical Global 
Impressions (CGI) severity and improvement. 

Study of Fluoxetine in Autism Phase III The percentage change from baseline to the 
endpoint visit for the CYBOCS-PDD score; The 
time and dose related course of therapeutic 
effects; The inter-relationship between these 
effects in the context of global clinical changes; 
The indirect effect.

Effectiveness of Early 
Intervention With Fluoxetine in 
Enhancing Developmental 
Processes in Children With 
Autism (STAART Study 2) 

Phase III Feasibility and safety of conducting placebo 
control trial of fluoxetine; Side effect and drop 
out evaluation  

Fluvoxamine and Sertraline in 
Childhood Autism - Does SSRI 
Therapy Improve Behaviour 
and/or Mood?  

Phase III The severity of the autistic child's behaviour or 
condition (assessed by parents); Weight and 
vital signs; Blood count and liver function 
studies 

Mirtazapine Treatment of 
Anxiety in Children and 
Adolescents With Pervasive 
Developmental Disorders 

Phase III Pediatric Anxiety Rating Scale (PARS); Clinical 
Global Impressions (CGI)  

Table 6. Antidepressant Clinical Trials, Trial Phase and Outcome Measures  
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Methylphenidate for Attention 
Deficit Hyperactivity Disorder 
and Autism in Children 

Phase III Conners' Teacher Rating Scale-Revised (CTRS-
R); Continuous Performance Test (CPT); 
Matching Familiar Figures Test (MFFT);  
Speeded Classification Task (SCT);   Delay of 
Gratification Task (DOG); Conners' Parent 
Rating Scale (CPRS)-Short Form;    

A Pilot Study of Daytrana TM in 
Children With Autism Co-
Morbid for Attention Deficit 
Hyperactivity Disorder (ADHD) 
Symptoms 

Phase III Determine if Daytrana is safe and well-
tolerated by children with Autism co-morbid 
for ADHD;   Determine if Daytrana is effective 
in both school and home  

 

 

Table 7. Stimulant Clinical Trials, Trial Phase and Outcome Measures  

 
 
Divalproex Sodium ER vs  
Placebo in 
Childhood/Adolescent Autism 
valproex Sodium vs. Placebo in 
Childhood/Adolescent Autism  

Phase II  Clinical Global Impression-Improvement;   
Aberrant Behavior Checklist Clinical Global 
Impression-Improvement;   Aberrant Behavior 
Checklist; Clinical Global Impression-
Improvement;   Aberrant Behavior Checklist  

Divalproex Sodium ER in Adult 
Autism 

Phase IV  

A Study of Divalproex Sodium 
in Children With ASD and 
Epileptiform EEG 

Phase II epileptiform EEG discharges;   Improvement in 
behavior 

Oxcarbazepine Versus Placebo 
in Childhood Autism 

1 Vineland Adaptive Behavior Scales;   Aberrant 
Behavior Checklist;   Clinical Global 
Impression Improvement Scale;   Autism 
Diagnostic Observation Schedule 

Riluzole to Treat Child and 
Adolescent Obsessive-
Compulsive Disorder With or 
Without Autism Spectrum 
Disorders 

Phase II Reduction of 30% or more in Children's Yale-
Brown Obsessive-Compulsive Scale (CY-
BOCS) and Repetitive Behavior Scale;   
Much/Very much improved on Clinical Global 
Impressions - Improvement score (CGI-I) 

Valproate Response in 
Aggressive Autistic Adolescents

Phase III  

 

 

Table 8. Anticonvulsant Clinical Trials, Trial Phase and Outcome Measures  
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Treatment With Acetyl-Choline 
Esterase Inhibitors in Children 
With Autism Spectrum 
Disorders 

Phase IV Core autistic symptoms (ATEC); Side effects 
and adverse events questionnaire; Linguistic 
performance (CELF-4); Adaptive functioning 
(Vineland-II); Co-morbid behaviors (CSI-4 
questionnaire); Executive functions (BRIEF) 
questionnaire 

Drug Treatment for Autism Phase II Cognitive Assessment 

The Effect of Donepezil on REM 
Sleep in Children With Autism 

Phase II The primary outcome measure of this protocol 
is to determine if donepezil can increase the 
percentage of time that subjects with autism 
spend in REM sleep.; A secondary aim of this 
protocol is to examine changes in functional 
outcome, including cognitive.  

Galantamine Versus Placebo in 
Childhood Autism 

Phase III Autism Diagnostic Observation Schedule-
Generic (ADOS-G)- Change from Baseline to 
Final Visit; Clinical Global Impression 
Improvement (CGI)- Change from Baseline to 
Final Visit; Aberrant Behavior Checklist (ABC) 
(hyperactivity/irritability sections). 

 

Table 9. AcetylCholine Esterase Inhibitors Clinical Trials, Trial Phase and Outcome 
Measures  

 
 

An Open Label Extension Study 
of STX209 in Subjects With 
Autism Spectrum Disorders 

Phase II Irritability subscale of the Aberrant Behavior 
Checklist 

Study of Arbaclofen for the 
Treatment of Social Withdrawal 
in Subjects With Autism 
Spectrum Disorders 

Phase II Aberrant Behavior Checklist-Social 
Withdrawal Subscale 

Open-Label Study of the Safety 
and Tolerability of STX209 in 
Subjects With Autism Spectrum 
Disorders 

Phase II Adverse events;   Irritability Subscale of the 
Aberrant Behavior Checklist, Community 
Version 

 
 

Table 10. Immunomodulator Clinical Trials, Trial Phase and Outcome Measures  
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Open-Label Extension Study of 
Kuvan for Autism 

Phase II 
Phase III 

Clinical Global Impressions Scale;   Vineland 
Adaptive Behavior Scale;   Clinical Global 
Impression: Severity;   Children's Yale Brown 
Obsessive Compulsive Scale;   Parental Global 
Assessment;   Preschool Language Scale;   
Connor's Preschool ADHD question 

Intranasal Oxytocin for the 
Treatment of Autism Spectrum 
Disorders 

Phase II Change from Baseline to week 12 on the 
Diagnostic Analysis of Nonverbal Accuracy 
(DANVA2);   Change from Baseline to week 12 
on the Social Responsivity Scale (SRS);   
Change from Baseline to week 12 on the 
Clinical Global Impressions Scale - 
Improvement 

Intranasal Oxytocin in the 
Treatment of Autism 

Phase II Clinical Global Impressions Scale (CGI);   
Diagnostic Analysis of Nonverbal Accuracy, 
Adult Paralanguage Test (DANVA2-AP);   
Repetitive Behavior Scale (RBS);   Event 
Contingent Reporting;   Yale-Brown Obsessive-
Compulsive Scale (YBOCS);   Social 
Responsiveness. 

An fMRI Study of the Effect of 
Intravenous Oxytocin vs. 
Placebo on Response Inhibition 
and Face Processing in Autism 

Phase I  

A Study of Oxytocin in Children 
and Adolescents With Autistic 
Disorder 

Phase II Tolerability of Oxytocin Nasal Spray;   
Biomarkers;   Feasibility;   Acceptability of 
Oxytocin Nasal Spray 

Brain Imaging Study of Adults 
With Autism Spectrum 
Disorders 

Phase I Changes in brain activations;   Performance 
scores and reaction time on behavioral tasks. 

Study of Glutathione, Vitamin C 
and Cysteine in Children With 
Autism and Severe Behavior 
Problems 

Phase I Improvement in both developmental skills and 
behavior with either glutathione or 
glutathione, Vitamin C and N-acetylcysteine 
therapy as compared to placebo therapy. 
Subjects will also be monitored using clinical 
and laboratory safety parameters. 

Synthetic Human Secretin in 
Children With Autism 

Phase III  

Synthetic Human Secretin in 
Children With Autism and 
Gastrointestinal Dysfunction 

Phase III  
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Sapropterin as a Treatment for 
Autistic Disorder 

Phase II Clinical Global Impression -- Improvement 
(CGI-I) Scale;   Preschool Language Scale 
(PLS);   Vineland Adaptive Behavior Scale-II;   
Children's Yale Brown Obsessive Compulsive 
Scale (C-YBOCS);   Connor's Preschool ADHD 
questionnaire;   Adverse Events Scale 

Secretin for the Treatment of 
Autism 

Phase III  

The Effects of Oxytocin on 
Complex Social Cognition in 
Autism Spectrum Disorders 

Phase I Empathic accuracy performance;   fmri BOLD 
response during empathic accuracy task 

Cholesterol in ASD: 
Characterization and Treatment 

Phase I 
Phase II 

Behavioral Changes 

Table 11. Hormone or Related Clinical Trials, Trial Phase and Outcome Measures  

A Study of Atomoxetine for Attention Deficit and Hyperactive/Impulsive Behaviour 
Problems in Children With ASD  

Atomoxetine and Parent Management Training in Treating Children With Autism and 
Symptoms of Attention Deficit Disorder With Hyperactivity  

Effectiveness of Atomoxetine in Treating ADHD Symptoms in Children and Adolescents 
With Autism  

Atomoxetine Versus Placebo for Symptoms of Attention-Deficit/Hyperactivity Disorder 
(ADHD) in Children and Adolescents With Autism Spectrum Disorder  

Atomoxetine, Placebo and Parent Management Training in Autism  

Efficiency of Bumetanide in Autistic Children  

Early Pharmacotherapy Aimed at Neuroplasticity in Autism : Safety and Efficacy  

Buspirone in the Treatment of 2-6 Year Old Children With Autistic Disorder  

A Trial of CM-AT in Children With Autism- Open Label Extension Study  

A Trial of CM-AT in Children With Autism  

Effects of CX516 on Functioning in Fragile X Syndrome and Autism  

Mercury Chelation to Treat Autism  

Dimercaptosuccinic Acid (DMSA) Treatment of Children With Autism and Heavy Metal 
Toxicity  

Trial of Low-Dose Naltrexone for Children With Pervasive Developmental Disorder (PDD)  

A Pilot Trial of Mecamylamine for the Treatment of Autism  

Treatment of Sleep Problems in Children With Autism Spectrum Disorder With Melatonin  
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An Open-label Trial of Metformin for Weight Control of Pediatric Patients on Antipsychotic 
Medications.  

Efficacy Study of Subcutaneous Methyl-B12 in Children With Autism  

Methylphenidate in Children and Adolescents With Pervasive Developmental Disorders  

Omega-3 Fatty Acids Monotherapy in Children and Adolescents With Autism Spectrum 
Disorders  

Evaluation and Treatment of Copper/Zinc Imbalance in Children With Autism  

Dose Finding Study of Pioglitazone in Children With Autism Spectrum Disorders (ASD)  

Transcranial Magnetic Stimulation (TMS) Measures of Plasticity and Excitatory/Inhibitory 
Ratio as Biomarkers: R-baclofen Effects in Normal Volunteers  

Melatonin for Sleep in Children With Autism  

Trichuris Suis Ova Adult Autism Symptom Domains  

Multidimensional Measurement of Psychopharmacological Treatment Response * CPI 

Table 12. Other Clinical Trials 

4. Pharmacological strategies in autism spectrum disorders 
Treatment monitoring and treatment response measurement provide methods by which 
treatment strategies may be assessed, tested and dynamically applied to the treatment 
process. Two examples are presented. The first illustrates the longitudinal measurement of 
risperidone response and the second illustrates a treatment review and re-conceptualization 
of treatment strategy. 

The first case is an actigraphic, psychometric and observational study of risperidone 
response in a six year old autism spectrum disordered child with Kabuki Syndrome. It 
provides an illustration of circadian and behavioral disturbances in a child, and the utility of 
single subject repeated actigraphic, psychometric and observational measurements of 
treatment response (Duke, 2010). 

Actigraphic measurements, such as those used in the following case, are not necessary to 
obtain meaningful treatment response data, although additional measurements, such as 
actigraphic data, are helpful.  

The non-invasive nature of watch-like actigraphy devices (Rispironics Actiwatch) is 
particularly attractive for use in pediatric populations. Meaningful treatment response 
measurements are obtained when actigraphic data is combined with psychometric and 
observational repeated measurements.  

This case study includes baseline and repeated psychological, observational and actigraphic 
measurements that were initiated prior to treatment with risperidone and repeated 
throughout the treatment process.  

Actigraphic measurements provide a basis by which to measure sleep and sleep onset 
latency as well as periods of mobility and immobility. In this case the actigraphic device was 
programmed to record activity every thirty seconds. 
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Actigraphic measurements were made utilizing a watch-like actigraphic device with an 11 
day baseline actigraphic measurement period and continued measurements that included 
the initiation of a pharmacological intervention for 6 days, followed by a planned 
adjustment to b.i.d. dosing that was measured for an additional 4 days. This initial 
actigraphic study resulted in over 65,000 measurements of activity. Repeated observations 
continued throughout the treatment period and actigraphic studies were repeated after 23 
months of risperidone treatment. 

The measurement methods included the Personality Inventory for Children (PIC) an 
objective multidimensional measurement of affect, behavior, ability and family function. 
The PIC was administered prior to treatment with risperidone and repeated after 23 months 
of treatment. The PIC serves as both an actuarial pre-treatment diagnostic tool as well as a 
post-treatment repeated measurement indicating treatment and developmentally associated 
change (Duke, B., 1991). 

Observational methods were employed throughout the treatment process. A primary 
observer (The Child’s Mother) was trained to report symptom percentages present since 
previous observations utilizing the operationally defined and observer defined items of the 
Systematic Observation Scale™ (Duke, B., 1990) throughout the treatment process. The 
Systematic Observation Scale™ utilizes single-subject repeated measurements. Symptoms 
and issues of interest are defined and a variety of frequency and sampling methods can be 
applied. The Systematic Observation Scale was designed so Primary Observers (parents, 
guardians, self observers or others) can make pre-treatment and subsequent observations to 
track, document and evaluate symptom variation over the course of an illness. The 
measurement utilized is the percentage of time the symptom is observed by the primary 
observer since the previous observation.  

 
Fig. 3. The child’s parents kindly consented to the use of this photograph. 

The actigraphic study was designed to select a child anticipating a psychopharmacological 
intervention. 

The study was reviewed and approved by the Child Psychopharmacology Institute 
Institutional Review Board and was registered with the National Institutes of Health 
Protocol Registration System (NCT00723580) as a non-randomized, single subject, case 
study clinical trial. 
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The Study Investigator's DSM-IV diagnoses were: 

- Axis I 
- 299.80 Pervasive Developmental Disorder Not Otherwise Specified  
- 314.01 Attention-Deficit Hyperactivity Disorder 
- 327.30 Circadian Rhythm Sleep Disorder (unspecified type) 
- Axis II 
- 317  Mild Mental Retardation 
- Axis III 
- Kabuki Syndrome* 
- Hearing Impairment 

The child’s impulsivity and inability to sleep represented a significant symptom and risk 
factors. She frequently moved about restlessly until 5:00 AM and would often sleep (or 
partially sleep) with her eyes open. She had frequent infections and had been previously 
stimulated by diphenylhydramine, over-sedated on clonidine and had mood destabilization 
when tried on mirtazapine. The child’s diagnosis of Kabuki Syndrome had been previously 
established by a geneticist at the Mayo Clinic. The child presented with severe impulsivity, 
psychomotor acceleration, severe insomnia and obsessive compulsive behaviors that 
included touching objects to the whites of her eyes (these behaviors occurred multiple times 
an hour). An MLL2 mutation has been verified in this child. It has recently been reported 
that Kabuki Syndrome is caused by mutations in MLL2, a gene that encodes a Trithorax-
group histone methyltransferase, a protein important in the epigenetic control of active 
chromatin states (Hannibal et, al, 2011). 

Dr. Niikawa and Dr. Kuroki described Kabuki Syndrome in 1981. The term was used 
because of the affected children’s facial resemblance to the famous Kabuki actors that 
perform in traditional Japanese theater. 

Kabuki Syndrome is rare and diagnosis is complicated by the diverse spectrum of 
characteristics. Arched eyebrows, thick eyelashes, eversion of the lateral lower lid and 
long palpebral fissures contribute to the resemblance. Skeletal and dermatological 
abnormalities are common along with short stature, behavioral and pervasive 
developmental disorders and mild to moderate intellectual disability. Congenital heart 
defects and hearing impairment are often associated with the syndrome. The proportion 
of male to female occurrence is equal and no correlation with birth order has been found 
(Adam & Hudgins, 2005). 

The assessment and treatment plan included a baseline biopsychosocial history, a baseline 
cognitive and personality assessment and the initiation of actigraphy measurements. The 
initial 21 day study of actigraphic measurements included an eleven day baseline prior to 
pharmacological interventions. The pharmacological Intervention following the medication 
free baseline utilized risperidone .25 mg q.h.s. initiated for seven days and then increased to 
twice daily dosing. Subsequent actigraphic measurements reflected the subsequent risperdal 
dose of .5 mg three times daily. Systematic observations continued throughout the treatment 
period and the personality assessment was repeated at the study end point. The established 
treatment goals were to: improve sleep; reduce general impairment; reduce hyperactivity; 
reduce impulsivity; reduce irritability and improve social functioning. 
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Hypotheses and Outcome Measures: 

H1: Reduced percentages of primary symptoms will be associated with increased sleep 
during sleep periods (activity and sleep measurements). Actiwatch Communication and 
Sleep Analysis Instruction Manual (Respironics). 

H2: Sleep quality will be reflected by reduced standard deviations of activity during sleep 
periods. 

H3: Positive treatment response as reflected by reduced percentages of primary symptoms 
will be associated with decreased activity during activity periods. 

H4: Reduced impulsivity will be associated with reduced standard deviations of activity 
during activity periods. 

Outcome Measures 

a. Actigraphic Measurement of Treatment Conditions: 
b. Baseline May 12, 2008 and two additional 21 day periods between May 12, 2008 to July 

14, 2010 
c. Systematic Observation ScaleTM Measurements: May 7, 2008 to July 14th, 2010 
d. Personality Inventory for Children-Revised: pre-test May 2008 and post-test April 2010 
 
 
 

 
 
 
 

Fig. 4. Target Symptoms by Treatment Condition (BL- .25 mg - .5 mg t.i.d) 
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Fig. 5. Personality Inventory Pre-Test and Post-Test 

Study conclusions: Sleep quantity was increased; Sleep quality was improved; Hyperactivity 
was reduced; Impulsivity was reduced; Significance between treatment conditions, activity 
and target symptoms was demonstrated. 

The second case is a ten year old male who had received numerous medications over the 
past several years. Despite these treatments, and optimal family environment and 
commitment, the primary symptoms of mood instability and cognitive impairment 
continued. The child was receiving aripiprazole 5 mg q.a.m. and Concerta 36 mg q.a.m. 
Prior to the treatment review, the child had become disinhibited and severely impulsive in 
response to treatment with an SSRI, which was discontinued. He had also demonstrated a 
dose related worsening when tried on quetiapine. The quetiapine was discontinued due to 
associated insomnia and worsened mood and behavioral states.  

At the time of the review the child presented with neurological immaturity, delayed fine 
motor integration, jerky saccadic eye movements and possible symptoms of partial complex 
seizures. The child's episodic emotional dyscontrol, attention and cognitive functioning did 
not appear to be, pharmacologically, optimally addressed.  

DSM IV Diagnoses: Axis I: 

299.80 Pervasive Developmental Disorder NOS  

296.90 Mood Disorder NOS 

314.01 Attention Deficit/Hyperactivity Disorder, Combined Type 

307.7 Encopresis 
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  Sum of
Squares df Mean 

Square F Sig. 

Activity Between Groups 4.476E8 3 1.492E8 1057.569 .000 

Within Groups 2.698E10 191235 141065.613   

Total 2.742E10 191238   

Poor Sleep Between Groups 16583.631 4 4145.908 10.542 .002 

Within Groups 3539.583 9 393.287   

Total 20123.214 13   

Impulsive Between Groups 13278.274 4 3319.568 15.707 .000 

Within Groups 1902.083 9 211.343   

Total 15180.357 13   

Hyperactivit
y 

Between Groups 11034.524 4 2758.631 10.994 .002 

Within Groups 2258.333 9 250.926   

Total 13292.857 13   

Irritable Between Groups 838.095 4 209.524 4.481 .029 

Within Groups 420.833 9 46.759   

Total 1258.929 13   

Easily 
Distracted 

Between Groups 14721.131 4 3680.283 4.379 .031 

Within Groups 7564.583 9 840.509   

Total 22285.714 13   
 

Fig. 6. Treatment Response: Analysis of Variance 

Following the treatment review the initial strategy was to add carbamazepine 200 mg ER 
q.p.m. x 7 days then b.i.d. Subsequent to improved emotional stability and broadly 
reduced symptoms the contribution of aripiprazole was assessed by a dose reduction to 
2.5 mg q.a.m. for four days and subsequently replaced with risperidone .5 mg b.i.d.  
Plans were made to subsequently assess his stimulant treatment response as the 
monitoring continued. Figure 7 displays symptom percentage averages over the treatment 
transition. 

Printable observation forms and item defintions are available and free for  
non-commercial use on the Child Psychopharmacology Institute website (www. 
ChildPsychopharmacologyInstitute.org). 
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5. Pharmacological protection and prevention strategies on the horizon: 
Glutamatergic modulation and neuroprotection 
Although pharmacological interventions utilized in Autistic Spectrum Disorders are 
generally associated with targeting behavioral or emotional impairments, little attention has 
been given to the important potential of glutamatergic regulation and neuroprotection in 
this vulnerable population. 

While a single drug has not triumphed in the treatment of autism spectrum disorders, many 
drugs have proven helpful to varying degrees and for various purposes. The dearth of 
children’s pharmacological studies stand in stark contrast to wide use of pharmacological 
interventions in ASD children.  

 
 
 

 
 
 

Fig. 7. Symptom Percentage Observation Scale Averages  

Alternative pathways of ASD pathology being explored include the study of 
tetrahydrobiopterin (BH4) as a novel therapeutic intervention and point to ASD children as 
having low levels of BH4. Early studies suggest low BH4 levels during development have 
devastating consequences on the central nervous system leading to or potentiating the 
neuropathology of ASD (Frye, et al, 2010). These studies are promising and may suggest a 
role for BH4 treatment or treatment augmentation in the ASD population. 
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It is proposed that pharmacological approaches with neuroprotective characteristics have 
potential to reduce the dynamic pathogenic states that are likely occurring in highly 
symptomatic young children who are in developmentally critical stages of neural patterning 
and maturation. In a manner similar to the example provided regarding atypical 
antipsychotics, drugs will increasingly be chosen based on their particular characteristics or 
used together for separate or synergistic effects. 

Arriving at a full understanding of these approaches will take further studies that consider 
the potential for unwanted effects. The Frye study, for example, noted that based on seven 
studies in which 451 patients with autism were treated with sapropterin (synthetic BH4) that 
ninety-seven (21.5%) experienced adverse effects for which a causal relationship with the 
study drug could not be ruled out. The most frequently reported adverse effects were sleep 
disorders, excitement, hyperkinesia, enuresis and diarrhea. It will be important to learn if 
sapropterin’s benefits are primarily from developmentally critical neuroprotective effects 
and/or effects on neurotransmitters. It will also be important to determine if indiscriminate 
neurotransmitter potentiation in dysregulated neurons and circuits are being reflected in the 
adverse effect profile that some demonstrate. 

Synaptic molecules are important targets for protective treatments, to slow disease 
progression and preserve cognitive and functional abilities by preserving synaptic structure 
and function. Glutamate receptors and post synaptic density proteins play a central role in 
excitatory synaptic plasticity. Synaptic dysregulation may contribute to brain disorders 
present in those with Autism Spectrum Disorders by preventing appropriate synaptic 
signaling and plasticity. 

The NMDA receptor is fundamental to excitatory synaptic plasticity and neurological 
diseases. Synaptic loss is a pathologic correlate of cognitive decline. Synaptic dysfunction is 
evident long before synapses and neurons are lost. The synapse constitutes an important 
target for treatments to slow progression and preserve cognitive and functional abilities in 
these diseases. (van Spronsen & Hoogenraad,  2010 ) 

5.1 Excitotoxity and glutamatergic activity  

Current hypotheses propose excessive glutamate activity can lead to excitotoxicity 
interfering with normal neurodevelopment in schizophrenia. Similarly, these effects may be 
involved in the neurodevelopment in ASD. The excitotoxicity is hypothesized to continue 
and is linked to disease progression in schizophrenia ultimately resulting in pathologically 
functioning NMDA glutamate receptors. These hypotheses are consistent with those that 
identify the final common pathway of many neuropsychiatric diseases as synaptic 
pathology. 

While the future promises biomarkers, RNAi strategies, stem cell transplantation and other 
genetic treatments, arresting and/or reducing developmental pathogenic potential by 
discovering and developing methods of effecting glutamatergic regulation by NMDA 
antagonism or other methods is a worthy, if not urgent, treatment goal for Autism Spectrum 
Disordered children. Blocking or moderating excessive glutamate neurotransmission with 
NMDA antagonists may prevent or mitigate damage, maladaptive neurodevelopment or 
neurodegenerative processes.  
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Some NMDA antagonists appear to be neuromodulators that reduce the excitotoxicity 
effects of dysregulated circuits and support dendritic health, long term potentiation and 
neural plasticity. Such treatments may one day provide preventative pharmacological 
interventions as well as those that can reduce impairment and improve functioning.  

Two NMDA antagonists are particuilarly interesting candidates for therapeutic potential 
in the ASD population, memantine and dextromethorphan/quinidine (Duke & Kaye, 
2010).  

Memantine, as an augmenting agent, demonstrated significant improvements in open-label 
use for language function, social behavior, and self-stimulatory behaviors, although self-
stimulatory behaviors comparatively improved to a lesser degree. Chronic use so far 
appears to have no serious side effects (Chez MG, et al 2007).  

Dextromethorphan/quinidine (DM/Q) shares the attributes of being an uncompetitive 
NMDA antagonist with memantine, however, importantly; DM/Q is a sigma 1 agonist and 
binds to SERT. Binding data comparing memantine with DM/Q demonstrate the presence 
of Sigma 1 and SERT binding in DM/Q but not in memantine (Werling, et al 2007).  

One of the characteristics that suggests DM/Q might have therapeutic potential in ASD is 
its efficacy in pseudobulbar affect (PBA). The efficacy and safety of dextromethorphan and 
quinidine was demonstrated in clinical trials of late stage neurological conditions 
(amyotrophic lateral Sclerosis and Multiple Sclerosis) demonstrating reductions of 
emotional lability and improvements in sleep. These findings suggest that the 
pharmacological characteristics of DM/Q may, at some level rescue synaptic signaling and 
may have the potential to affect neurodevelopmental trajectory in dysregulated developing 
nervous systems such as those with Autism Spectrum Disorders. 

AVP-923 was approved by the FDA in 2010 as Nuedexta™ the first and only treatment for 
Pseudobulbar Affect (PBA). This is an important therapeutic for those suffering the 
debilitating effects of pseudobulbar affect. The efficacy in reducing dysregulated and 
involuntary congruent and incongruent emotional expressions is a significant achievement. 
Why is DM/Q (Nuedexta) effective in PBA?  That, of course, is unknown, but PBA is often 
considered the result of connectivity and neural circuitry failures and ASD is known to have 
signaling and connectivity pathologies. Emotional lability is often associated with 
behavioral dyscontrol, irritibility, assaultive and raging behaviors that prompt 
pharmacological intervention in children with ASD.  

NMDA antagonists may offer a therapeutic pathway through modulation or regulation of 
dysregulated glutamatergic processes. The potential of DM/Q (Nuedexta) in ASD, 
particularly in the early developmental stages of the illness, to rescue and support synaptic 
function is worthy of further study. 

Although the mechanism of action of DM/Q is not fully characterized, its unique properties 
as an NMDA receptor antagonist and as a Sigma 1 receptor agonist appear to convey effects 
of both neuroprotection and neuromodulation. Future studies will help us determine if 
these unique characteristics will lead to improved outcomes for those with autism spectrum 
disorders.  
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6. Conclusion 
The distress, irritability and emotional lability often seen in Autism Spectrum Disorders 
may be a reflection of pathological glutamatergic functioning or otherwise dysregulated 
circuits relative to inhibitory-excitatory balance. When sustained, these symptoms 
demonstrate potential for pathological development of abnormal neural circuits capable of 
dysregulation through neural synchronicity and state dependent effects on genetic 
expression. Within the framework of this hypothesis the neural plasticity and critical 
periods, present in developing brains, place them at particular risk.  

We currently have drugs and compounds that have the ability to reduce impairment and 
improve functioning in many with ASD when used, monitored and managed thoughtfully. 
Early pharmacological intervention related to severe emotional lability, irritability and 
dysregulated circuits may also reduce the pathogenic potential and reduce or prevent the 
development or maintenance of pathological processes.  
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1. Introduction 
Menopause represents the final stage of the continuous process of reproductive aging in a 
woman’s life, marking the end of her fertility. According to the World Health Organization 
(WHO), the natural menopause is defined as the permanent cessation of menstruation resulting 
from the loss of ovarian follicular activity (WHO Report, 1996). Preceded by endocrine and 
menstrual cycle changes described as “menopausal transition”, natural menopause occurs at 
an average age of approximately 51 years, although a high inter-individual variability is 
supported by results from epidemiological studies. However, occurrence of menopause 
outside the estimated normal age interval (45-55 years) is associated with increased morbidity, 
either when a late or on the contrary, a premature cessation of menstruation appears. A late 
menopause implies a longer exposure to estrogens and a possible increased risk for breast 
(Colditz, 1993; Kelsey & Bernstein, 1996) and endometrial cancer (Dossus et al., 2010; 
McPherson et al., 1996) or for venous thromboembolism (Simon et al., 2006). On the other 
hand, women entering menopause earlier are facing a hypo-estrogenic state for a longer 
period compared to women undergoing normal menopause. That is the case for about 1% of 
women, which are confronted with the diagnosis of primary ovarian insufficiency (POI). POI 
is defined by the presence of amenorrhea associated with elevated follicle-stimulating 
hormone (FSH) levels in the menopausal range in women younger than 40 years (Bachelot et 
al., 2009). Women facing a premature cessation of the ovarian function were shown to be at 
increased risk for premature death, cardiovascular disease, neurologic disease, mood 
disorders, osteoporosis or psychosexual dysfunction (Shuster et al., 2010). As the main 
rationale for these disorders was linked to hormonal changes, maintaining a certain level of 
ovarian steroids for a given period of time arose as an essential condition for conserving life 
quality in women (Wilson, [1966]). Accentuated by the increasing life span, researches related 
to menopause and its treatment have provided scientific community with an increased body of 
data during the last decades. However, different aspects regarding the benefit/risk balance or 
the ideal doses and routes of administration of hormone replacement therapy (HRT) in 
menopausal women remain uncertain (Grodstein et al., 1997; Rossouw et al., 2002). 
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In this context, our paper addresses various issues related to steroid hormone substitution, 
ranging from the basic pharmacology of sex steroids to their clinical use in HRT and 
subsequent benefits and risks.  

2. Sex steroids 
2.1 Natural oestrogens and progestogens 

During a woman’s reproductive lifetime, sex steroids (Oestrogens and Progestogens - the 
two main classes of female steroids) result mainly from the process of ovarian 
steroidogenesis and only small amounts are being secreted by the peripheral compartments 
(e.g. adrenals, adipose tissue). This characteristic is maintained until menopause, when 
subsequent to a decline in ovarian synthesis, sex steroid plasmatic levels rely only to the less 
significant amounts produced peripherally. In the particular case of pregnant women, the 
pivotal role for steroid secretion shifts from ovaries to placenta.  

Ovarian secretion of sex steroids during reproductive age follows a monthly cyclic evolution 
under the control of pituitary gonadotropins (Figure 1A). This precise central control of the 
ovarian function depends on the coordinated pulsatile secretions of the hypothalamic  
GnRH  (Bouligand et al., 2009) and of pituitary gonadotropins. The decrease in sex steroids 
levels in menopause abolishes the normal negative feedback at the hypothalamus and 
pituitary glands, resulting in an over-secretion of gonadotropins, especially FSH (Figure 1B).  
The pharmacological basis of hormone replacement therapy is to compensate the decrease 
of estradiol production by ovaries in order to limit the adverse events due to sex steroids 
deficiency.   

  
Fig. 1. The Hypothalamic-Pituitary-Gonadal (HPG) axis in women. A. Characteristics of 
HPG axis during the reproductive age. B. Changes in HPG axis following menopause.   

Among the three forms of natural circulating oestrogens (i.e. estradiol, estriol and estrone, 
Figure 2), the main biological effect is exerted by estradiol, with a potency of approximately 
ten times that of estrone (Coldham et al., 1997; Van den Belt et al., 2004), while estriol 
exhibits the weakest estrogenic activity. In the second class of female sex steroids, 
progesterone represents the most important component, with significantly higher secreted 
levels than 17-hydroxyprogesterone, the other naturally occurring progestogen (Figure 2).  

B.A. 
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Fig. 2. Chemical Structure of Natural Sex Steroids 

2.2 Mechanisms of action of sex steroids 

The mechanisms by which oestrogen and progesterone exert their effects are complex 
(Figure 3A), and involve both classic pathways of hormone gene transcription through their 
cognate receptors, as well as “non-genomic” actions, the latter being characterized by 
significantly faster response rates (e.g. seconds, minutes).  

 
SH: steroid hormones (oestrogen, progesterone) ; SR: steroid receptor (ER, PR) ; enSR: extranuclear steroid 
receptors ; HSP: heat shock proteins ; HRE: hormone response elements.  

Fig. 3.a. Sex steroids mechanism of action  

Oestradiol and progesterone receptors (ERs and PRs respectively) belong to the large family 
of nuclear receptors (NRs), sharing several structural features (Loosfelt et al., 1986) and 
acting as transcriptional factors in a ligand dependent manner (For review, (Edwards, 2005). 
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Two major forms have been identified for each of the two types of ovarian steroid receptor, 
namely ERα and ERβ (Kuiper et al., 1996; Walter et al., 1985), and PR-A and PR-B 
respectively (Conneely et al., 1989; Huckaby et al., 1987; Kastner et al., 1990; Khan et al., 
2011) (Figure 3B). 
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LBD: ligand binding domain; DBD: DNA binding domain; AF: transcription activation domain (AF-1, AF-2, 
AF-3); H: Hinge region, a.a. : amino-acids. The percentages indicate the amino acid identity between domains of 
ERα and ERβ and between A and B forms of PR.  

Fig. 3.b. Domain structures of estrogen (ER) and progesterone (PR) receptors.  

Most of ERs and PRs are constitutively localized in the nucleus in the absence of their 
ligands (Welshons et al., 1985), and nuclear localization signals have been described in the 
hinge region (Guiochon-Mantel et al., 1989; Picard et al., 1990). Due to their lipophilic 
nature, steroids will easily cross the cell membrane and bind to specific receptors, resulting 
in hormone-receptor complexes. Prior to ligand binding, receptors are inactive and associate 
protein complexes, among which the heat shock proteins (hsp) play important roles (e.g. hsp 
90, hsp 70)(Pratt & Toft, 1997). But in the presence of their ligands, receptors undergo 
conformational changes with subsequent release of the associated protein complexes and 
bind to specific DNA sequences (hormone-response elements) from the promoter regions of 
target genes. The expression of target genes is thus modulated after interaction with various 
coregulators (Rosenfeld & Glass, 2001; Amazit et al., 2011). ERs and PRs bind DNA as 
dimers and have the ability to form both homodimers and heterodimers (ERα/β, PRA/B 
respectively)(Cowley et al., 1997; Leonhardt et al., 1998). Furthermore, the complexity of 
oestrogen and progesterone actions is enhanced by the growing body of evidence 
supporting the non-genomic mechanisms of steroid hormones action (Hammes & Levin, 
2007; Levin, 2011; Losel & Wehling, 2003). These rapid effects may not be explained by the 
classic pathway and involve a variety of signalling events, such as the activation of various 
kinases, ion channels regulation and intracellular calcium mobilization or nitric oxide 
synthesis (Edwards, 2005; Madak-Erdogan et al., 2008). Responsible for generating these 
effects may be either membrane forms of classically ERs and PRs or alternative unrelated 
molecules (Wendler et al., 2010).   

2.3 Physiological effects  

Oestrogens and progestogens main effects concern the reproductive organs, initiating and 
supporting their development and functionality. Secondary sex characteristics are under the 
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close control of gonadal steroids. During the reproductive lifetime of a woman, oestrogens 
dictate the proliferation of the uterine endometrium and the development of endometrial 
glands, while progesterone promotes secretory changes of the endometrium, in a process of 
preparation of the ideal milieu for implantation of the fertilized ovum. In the breast, 
oestrogens promote the development of the stromal and ductal systems together with fat 
deposition at this level, and progesterone induces the development of the secretory units of 
the breast, causing alveolar cells to proliferate.  

Although the reproductive system represents the principal target for sex steroids, their 
effects are far from being limited only to this system. Bone health, for instance, is greatly 
influenced by oestrogens levels, as they play an important role in the process of bone 
remodelling. Under their action, skeletal resorption is diminished due to a decreased 
osteoclastic activity and by consequence, bone formation is promoted. Furthermore, a 
cardioprotective role exerted by ovarian steroids was inferred due to the significantly lower 
rates of cardiovascular diseases manifested by women prior to menopause compared to 
men and the cancelation of these gender differences following menopause. Several 
metabolic effects are also described, oestrogens slightly increasing the metabolic rate, 
promoting deposition of the fat in subcutaneous tissue and changing lipoprotein profiles by 
increasing HDL and decreasing LDL cholesterol (Edwards, 2005; Guyton & Hall, c2006). 

3. Menopause principal consequences  
Given the multitude of physiological effects exerted by sex steroids in women, it is not 
surprising that the hormonal changes related to menopause have been linked to a wide 
spectrum of symptoms and disorders. The most frequent menopausal symptoms include 
vasomotor disorders (e.g. hot flashes, night sweets), urogenital atrophy (e.g. vaginal 
dryness, urinary symptoms), or psychological disturbances (e.g. sleep disturbances, 
forgetfulness, mood changes or depression), all of which may seriously impact on women’s 
quality of life. Decreased oestrogen levels in menopause result in an altered bone structure 
with reduced bone mineral density (BMD) and increased risk for subsequent fractures. 
Postmenopausal women, compared to the premenopausal period,   are also more prone to 
develop cardiovascular disease (CVD), which represents the leading cause of death in 
women. Furthermore, the increased risk of dementia and Alzheimer disease in 
postmenopausal women was also partially attributed to endogenous oestradiol depletion 
(Yaffe et al., 2007). 

If the aforementioned effects are present in women undergoing natural menopause, the 
magnitude of these consequences is even higher in POI women and the dimension of each 
long-term effect may vary in relation to the exact cause of POI and to the rapidity of 
apparition of the oestrogen deficit (e.g. women undergoing surgical oophorectomy will face 
a sudden decrease in steroids levels compared to women experiencing a spontaneous POI) 
(Maclaran et al., 2010). All-cause mortality rates in women appear to be associated with age 
at menopause, women entering menopause before 40 years having mortality rates twice as 
the ones seen in the 50-54 years group (Snowdon et al., 1989). Studies on the cardiovascular 
risk in POI demonstrated that several risk factors for CVD are influenced by a premature 
occurence of menopause (e.g. alteration of lipid profiles (Knauff et al., 2008), decreased 
insulin sensitivity(Corrigan et al., 2006) or the presence of metabolic syndrome (Eshtiaghi et 
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al., 2010)). Moreover, the impaired endothelial function found in women with POI, 
precursor of more severe vascular abnormalities, was improved by hormonal replacement, 
further supporting the role of steroids in normal cardiovascular function (Kalantaridou et 
al., 2004). POI patients present with low BMD, which seems to be greatly influenced by the 
accelerated bone loss during the first 4-5 years of menopause (Amarante et al., 2011; Anasti 
et al., 1998; Gallagher, 2007; Uygur et al., 2005; van Der Voort et al., 2003), and hence having 
an increased risk of fractures compared to their peers who underwent a physiological 
menopause. Finally, an increased risk for cognitive impairment, dementia and Parkinson 
disease, inversely proportional with age at menopause, was reported in premature 
menopausal women following oophorectomy (Rocca et al., 2007, 2008).  

4. Hormone replacement therapy  
4.1 Basis for the hormone replacement therapy in menopause  

When an installed hormonal deficiency generates symptoms in an individual, disturbing its 
well-being, it is expected that by adjusting the deficit, an improvement or even an offset of 
the symptoms should be reached (Wilson, [1966]).  That was the hypothesis guiding 
clinicians decisions about substitution of ovarian steroids in menopause. Hormone 
replacement therapy (HRT) has been a common practice during the last decades, being 
initially used for both treatment of symptoms and prevention of chronic medical conditions 
related to menopause (e.g. heart and bone diseases). But 2002, the year when the first results 
from a large randomized and placebo-controlled trial (the Women Health Initiative – WHI) 
were published, marked a major change in both clinicians and patients perception towards 
the use of HRT(Rossouw et al., 2002). Conducted with the aim of evaluating HRT major 
benefits and risks, WHI results contradicted previous observational studies and showed an 
increased risk for cardiovascular events together with that of breast cancer rates in the 
studied population. Even if this resulted in a significant reduction in the use of HRT 
worldwide (Hersh et al., 2004; Lagro-Janssen et al., 2010; MacLennan et al., 2004), it 
represented also the subject to some major controversies. One major debate is the legitimacy 
of applying these conclusions to all women, when most of the women concerned by HRT 
prescription belong to the 50-54 years age group while participants in the WHI study had an 
average age of 63 years and a high body mass index. Thus, following the release of the first 
WHI report, various studies intended to better evaluate the real risks and benefits associated 
with HRT were conducted. The resulting body of evidence has led to the necessity of 
periodic revision of the existing recommendations and statements in this field (North 
American Menopause Society (NAMS) position statement, 2010; Santen et al., 2010; Sturdee 
et al., 2011).  

4.2 Current recommendations 

Current recommendations specify that HRT use should be restricted mainly to moderate or 
severe menopausal symptoms alleviation. It should not be used as a mean of chronic disease 
prevention and it is advisable to restrict treatment administration to the shortest period and 
the lowest dosage possible to control symptoms effectively. Nevertheless, in selected cases, 
HRT may be used to treat or to reduce the risk of diseases (e.g. osteoporosis). This involves 
HRT use in prevention of further bone loss and/or reduction of osteoporotic fracture in menopausal 
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women when alternate therapies are not appropriate or cause side effects (NAMS position statement, 
2010) or for  women younger than 60 years, with an increased risk of fracture (Sturdee et al., 2011). In 
the particular case of women diagnosed with POI, HRT is recommended at least until the 
median age of natural menopause is reached (NAMS position statement, 2010).  

4.3 Hormone replacement therapy regimens  

4.3.1 Oestrogens and progestins in HRT 

HRT comprises a variety of regimens, compounds, dosages and routes of administration. In 
most women, excepting hysterectomized patients, menopausal treatment requires 
preparations combining oestrogens with a progestin, the latter being used mainly to balance 
oestrogen’s effects on the endometrium and to avoid endometrial hyperplasia and an 
increased risk of secondary carcinoma. This combination therapy may be administrated 
either in a sequential cyclic regimen or in a continuous one. The sequential regimen involves 
the alternation of a pure oestrogenic period to an oestro-progestative one, leading to 
withdrawal bleeding when the progestin administration is discontinued. This regimen is 
commonly administrated with a monthly cyclicity including at least 10 days of progestin 
treatment. Quarterly regimens are also available, involving progestin administration every 3 
months, although in this case the risk for endometrial hyperplasia needs further evaluation. 
The continuous combined treatment implies the administration of both compounds on a 
daily basis and uses lower doses of progestin compared to the sequential regimen. This 
constitutes an option especially in older women not desiring a monthly withdrawal 
bleeding, even if uterine bleeding with unpredictable onset may not be excluded 
particularly during the first administrations (Doren, 2000; Ylikorkala & Rozenberg, 2000). 
Available formulations for the estrogens and progestins in HRT and their commonly used 
doses are listed in Table 1. 

4.3.2 Other therapeutic options 

Androgens are thought to play a role in maintaining a normal libido and sexual function in 
postmenopausal women and to potentially prevent the decline of bone quality, muscular 
force and cognitive function. Thus, after exclusion of other possible causes, androgen 
therapy represents an option for menopausal women with hypoactive sexual desire disorder 
undergoing concomitant oestrogen treatment, especially in those who have suffered a 
surgical menopause (Davis et al., 2008).  

Tibolone is a synthetic compound with mixed oestrogenic, progestogenic and androgenic 
activities, representing an alternative to conventional HRT (Lazovic et al., 2008). It 
represents an efficient option for vasomotor symptoms alleviation or prevention of BMD 
loss in menopausal women (Gallagher et al., 2001; Swanson et al., 2006).  

Another possible option in menopausal therapy refers to the selective oestrogen receptor 
modulators (SERMs). These are pharmacologic agents characterised by variable oestrogen 
activity, acting as oestrogen agonists in some tissues while in other tissues they exert 
oestrogen antagonist effects. Examples of SERMs of interest in menopause treatment include 
raloxifene together with novel molecules like bazedoxifene, lasofoxifene or ospemifene.  
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Route Oestrogens Dosage 

Oral 

Conjugated estrogens  
(conjugated equine oestrogens) 0.625 mg 

Micronized 17 beta oestradiol  1, 2 mg 
Oestradiol valerate 1, 2 mg 
Estropipate  
(piperazine estrone sulphate) 0.75, 1.5, 3 mg 

Transdermal 
17 beta oestradiol (patch)   25, 37.5, 50, 75, 100 µg/day 
Oestradiol (gel) 1 mg/ 1g 

Subcutaneous Oestradiol (implant)  20, 50, 100 mg 

Vaginal 
Estriol (gel)  1mg/g 
Estradiol (tabs) 25µg 

 Progestins  

Oral 

Norethisterone acetate 0.5, 1 mg 
Medroxyprogesterone acetate 2.5, 5 mg 
Chlormadinone acetate 2, 5, 10 mg 
Drospirenone 2 mg 
Dydrogesterone 5, 10 mg 
Nomogestrol acetate 3.75, 5 mg 
Promegestone 0.125, 0.25, 0.5 mg 
Micronized progesterone 100, 200 mg 

Transdermal Levonorgestrel 7, 10µg/24h 

Intrauterine Levonorgestrel intrauterine device 20 µg/24h 

Table 1. Commonly used oestrogens and progestins 

4.4 Primary ovarian insufficiency: Particular requirements 

Current publications highlight the lack of specifically designed HRT regimens for women 
with POI and the fact that existing observations from studies conducted on older women 
undergoing natural menopause should not be extrapolated to the much younger category of 
POI women. In the absence of a consensus regarding the ideal hormonal replacement 
regimen for women facing a premature cessation of the ovarian function, the oestro-
progestative substitution commonly involves either HRT or combined oral contraceptive 
pills (COCP) prescription. Even if the use of the latter may be associated with a lower 
emotional impact for these patients, being perceived less as a treatment, it must be 
underlined that COCP standard preparations contain synthetic steroids in higher doses than 
the ones required for physiologic hormonal replacement in POI (Nelson et al., 2005). There is 
an urgent need to develop evidence-based guidelines relying on solid research in order to 
optimize the care of this group of women (Panay & Kalu, 2009). 
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4.5 Benefit versus risk of hormonal replacement therapy based 1 on the reviews of 
clinical studies 

Despite the wide agreement that hormonal substitution remains the most effective option 
for the alleviation of menopausal symptoms, a careful evaluation of the benefit-risk balance 
is however essential prior to prescribing a HRT regimen because of its associated risks 
(Santen et al., 2010). The principal benefits and risks related to HRT in the light of recent 
evidences are further discussed in this paragraph.  

The cardiovascular events represent the first cause of mortality in postmenopausal 
women and constituted a major subject of controversy regarding the use of HRT, an 
uncertainty accentuated by the discrepant results between randomised controlled trials 
(RCTs)  (Hulley et al., 1998; Rossouw et al., 2002; Vickers et al., 2007) and observational 
studies (Bush et al., 1987; Grodstein et al., 1997; Stampfer et al., 1991). Initially, as 
expected from the physiological functions of oestrogens, several observational studies 
suggested a protective role of HRT on the cardiovascular system. Contrary to these 
observations, the WHI, a randomised, placebo-controlled trial, failed to validate the 
cardioprotective effect of HRT. The primary outcome of this study was related to the 
effects of menopausal substitution on the cardiovascular function and breast cancer risk, 
participants receiving either conjugated equine estrogens (CEE) alone (0.625mg/day) if 
hysterectomised (Anderson et al., 2004) or 0.625mg/day CEE in combination with 
2.5mg/day medroxyprogesterone acetate (MPA) if they presented with an intact uterus 
(Rossouw et al., 2002). In an attempt to explain the disparity between these results the 
“timing hypothesis” arose as a possible answer, supported by differences between women 
enrolled in this study and those participating in observational studies (Grodstein et al., 
2003). Thus, while the former included women more than a decade away from the onset 
of menopause, in the latter HRT was usually initiated shortly after menopause. Animal 
studies supported this hypothesis and demonstrated that the positive cardiovascular 
effects of hormonal substitution are inversely correlated with the delay of initiating the 
treatment (Clarkson, 2007). Several analysis, including some of the WHI subgroup data, 
tested the timing hypothesis and showed a trends towards a decreased risk in women 
younger and closer to menopause (Rossouw et al., 2007; Salpeter et al., 2006). Trials 
addressing specifically the effects of HRT in younger women (e.g. 
Kronos EarlyEstrogen Prevention Study (KEEPS) (Harman et al., 2005), Early Versus Late 
Intervention Trial With Estradiol (ELITE, NCT00114517) are currently under way and 
their results will probably shed a better light on these controversial facts. 

Venous thromboembolism (VTE) is one of the major harmful effects of hormone therapy 
use among postmenopausal women (Olie et al., 2010). A recent meta-analysis on the risk of 
VTE in women using HRT indicated an increased risk by twofold to threefold when oral 
oestrogens were administrated (the combined relative risk (RR) from both trials and 
observational studies of 1.9 and confidence interval (CI) of 1.3 to 2.3, with a higher risk 
within the first year of treatment (Canonico, Plu-Bureau et al., 2008). When VTE risk was 
analysed in women receiving transdermal oestrogen, there was a combined RR of 1.0 (CI, 0.9 
- 1.1). The impact of the route of administration on VTE risk and the recent pharmacogenetic 
studies providing support for the implication of the first pass effect in these different 
outcomes are detailed in chapter 5.  
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Musculoskeletal effects. Both observational studies (Cauley et al., 1995; Grodstein, 
Stampfer et al., 1999; Kiel et al., 1987) and RCTs (Cauley et al., 2003; Jackson et al., 2006; 
Lindsay et al., 2005) have proven HRT efficacy in reducing bone loss in menopausal women. 
Additionally, this positive effect appears to be present even when lower doses of oestrogen 
are used (Lindsay et al., 2005). However, rapidly after its discontinuation the protective 
effect on BMD is no longer evident. A recent study, evaluating hip fracture incidence after 
HRT cessation in a large cohort of 80.955 postmenopausal women, reported a significantly 
increased risk of hip fracture within only two years following HRT cessation compared to 
women who continued using HRT (Karim et al., 2011).  

HRT and cancer risks. There is a large body of studies investigating the association 
between HRT and the risk for various types of cancer, primarily those hormone-
dependent and particularly breast cancer. Breast cancer was one of the reasons for the 
premature discontinuation after 5.2 years of follow-up of the arm receiving combined 
HRT in the WHI trial, as the increased risk in breast cancer exceeded the stopping 
boundary for this adverse effect (RR 1.26; 95% CI 1.00-1.59) (Rossouw et al., 2002). 
Contrary to these findings, in the oestrogen-only group the relative risk was inferior 
compared to the control group (RR 0.77, 95% CI 0.57–1.06) (Anderson et al., 2004), 
suggesting that in addition to oestrogen, progestins have also a role in breast cancer 
pathophysiology. The risk of developing breast cancer increases with longer duration of 
HRT use (Beral, 2003; Fournier et al., 2008).  One meta-analysis assessing the impact of 
HRT on the risk of  invasive breast cancer in epidemiological studies and RCTs reported 
an increased annual risk for breast cancer varying between 0–9% in the case of E+P 
regimens and 0–3% in oestrogen-only administration (Greiser et al., 2005).  

Although the risk of CHD was reported to increase when HRT is started a long time after 
the onset of menopause, the reverse situation seems to apply in the case of breast cancer. 
Data from the WHI trial supported this so called “gap time hypothesis” and reported an 
increased risk for breast cancer when HRT is started less than 5 years after the onset of 
menopause in both E (with a RR of 1.12 versus 0.58 when HRT was initiated less than 5 and 
respectively more than 5 years from menopause in women without a prior HRT use, or a 
relative risk (RR) of 1.00 versus 0.77 in women with prior HRT use) and E+P arms (with a 
RR of 1.77 versus 0.99 when HRT was initiated less than 5 and respectively more than 5 
years from menopause in women without a prior HRT use, or a RR of 2.06 versus 1.30 in 
women with prior HRT use)(Prentice et al., 2009). The fact that ER positive breast tumours 
in postmenopausal women, but not in premenopausal ones, respond to treatment with high-
dose oestrogen further supports this hypothesis and suggests that the decline in oestrogen 
levels associated with menopause may sensitize breast cancer cells to the proapoptotic 
effects of estrogen (Taylor & Manson, 2011).  

Endometrial cancer (EC) constitutes another adverse effect linked to HRT use. The most 
common form of EC, the endometrioid (type I) variant, is generally hormonally 
responsive and women with an unbalanced oestrogen exposure are at increased risk for 
this form of EC. No risk increase was reported in women using a continuous combined 
HRT regimen, while the use of sequential HRT resulted in different risk profiles according 
to the duration of treatment (Jaakkola et al., 2011). Thus, when used for less than 5 years, 
the sequential E+P regimen showed a decreased risk for EC (RR 0.67, 95% CI 0.52-0.86), 
while continuing treatment after 5 years resulted in an increased risk for EC (RR 1.11, 
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95%CI 0.87-1.41 for the 5-10 years interval and RR 1.38, 95%CI 1.15-1.66 for an use 
exceeding 10 years). 

Several studies reported an increased risk for ovarian cancer in women using HRT (Beral et 
al., 2007; Morch et al., 2009), with a stronger association in the case of unopposed oestrogen 
administration (Hildebrand et al., 2010). However, due to the small excess risk, the overall 
benefit-risk balance in HRT appears not to be significantly influenced by these results 
(Taylor & Manson, 2011).  

Colorectal cancer. Observational studies have suggested an association between the use of 
HRT and a reduced incidence in colorectal cancer (Grodstein, Newcomb et al., 1999), an 
observation also validated by data from the E+P arm from the WHI trial (Chlebowski et al., 
2004). However, despite a reduced overall rate, poor prognosis forms of colon cancer were 
diagnosed more frequently in women receiving HRT than in the placebo group. In contrast 
to the group receiving E+P, the reduced incidence of colorectal cancer was not found in the 
oestrogen-alone arm of WHI (Ritenbaugh et al., 2008). The relation between colorectal 
cancer and hormone exposure is further complicated by recent evidences suggesting that a 
greater endogenous estrogen exposure may increase the risk of colorectal cancer in 
postmenopausal women (Clendenen et al., 2009; Zervoudakis et al., 2011).  

Finally, results from several studies comprising those of WHI (Chlebowski et al., 2009) have 
led to the inclusion of lung cancer on the list of potential adverse effects of HRT, although a 
neutral effect of HRT on lung cancer risk (Ayeni & Robinson, 2009) or even lower risks 
(Rodriguez et al., 2008) have been reported by others. Post-hoc analysis of WHI showed 
than even if the incidence of lung cancer in women using HRT did not increase, the number 
of death from lung cancer was significantly higher (in particular deaths from non-small-cell 
lung cancer) in women receiving combined HRT (Chlebowski et al., 2009), contrary to the 
use of oestrogen alone where the death rates were similar to the control group (Chlebowski 
et al., 2010).  

The effect of HRT on a variety of conditions (e.g. mood disturbances, neurocognitive 
impairment, gallbladder disease, immune disorders, etc) have also been investigated. 
However, as either current evidences are insufficient or their impact on the overall benefit-
risk balance is not significant, we will not detail them.   

Particularities of the HRT benefit-risk balance in POI patients. Available results from 
studies evaluating HRT effects, especially its risks, do not address particularly the 
population of POI patients, but rather there is a tendency to apply to this group an 
extrapolation of findings from natural menopause, although there are evident differences in 
the HRT benefit-risk ratio between the two populations.  

Cardiovascular and breast cancer risks, the two main adverse effects related to HRT use, 
need a special consideration in the context of women diagnosed with POI. First, the “timing 
hypothesis” for cardiovascular effects of HRT suggest a clear trend towards cardiovascular 
benefits in young women using HRT and hence, it is possible that the benefits in the 
younger POI patients might be even greater (Panay & Fenton, 2008). Secondly, the breast 
cancer risk profile differs in women undergoing a premature menopause compared to the 
general population. A younger age at menopause is protective against breast cancer 
regardless of whether the menopause was natural or surgical (Hulka & Moorman, 2008). 
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Thus, POI patients should be informed that results from reports on HRT associated breast 
cancer do not necessarily apply to their case, in which treatment is intended to provide the 
hormones that should be physiologically present at their age (Maclaran & Panay, 2011).  

These particularities of the HRT risk profile in women facing a premature cessation of the 
ovarian function, together with the beneficial bone effects (Farquhar et al., 2009), support the 
current recommendations regarding the need for HRT substitution until the average age of 
natural menopause (Vujovic et al., 2010).  

5. Pharmacology of hormone replacement therapy 
The pharmacology of hormone replacement therapy is of a particular interest given the 
complex benefit/risk balance and the importance of this treatment for women health. As 
illustrated in previous paragraphs, there is a wide diversity of drugs and protocols 
proposed for HRT. Our analysis will be limited to the pharmacology of the natural sex 
steroid 17β-estradiol.  

5.1 The route of oestradiol administration (oral versus transdermal) highlights the 
hepatic first pass effect 

Oral oestradiol is commonly used by women receiving HRT, being seen as a convenient and 
inexpensive option. In turn, following oral administration, oestradiol is subject to the first-
pass effect, a term that encompasses the metabolic changes underwent by a drug before it 
reaches systemic circulation. This results in the use of higher doses of oestradiol (~ 1,5 
mg/day) compared to parenteral routes (patch ~ 50µg/24h). Moreover, subsequent to the 
various metabolic changes suffered by oestrogens once absorbed in the intestinal tract, a 
specific profile of oestradiol metabolites and oestrogen-dependent serum parameters with 
particular pathophysiological implications will appear, widely different from what is 
observed after the use of transdermal oestradiol where the first-pass effect is avoided.  

The oestradiol metabolism pathway (Raftogianis et al., 2000) is outlined in Figure 4. Rapidly 
after the intestinal absorption, part of oral oestradiol is converted to oestrone, a reversible 
reaction catalysed by 17β-hydroxysteroid-dehydrogenase (HSD), and the conversion may 
continue towards their inactive conjugates (i.e. sulfates and glucuronides). Subsequent to 
this process, the oestrone/ oestradiol ratio resulting from oral administration is significantly 
higher (approximately 5:1) than the one observed following transdermal administration 
(approximately 1:1, which is similar to the physiologic ratio found in premenopausal 
women)(Kuhl, 2005). Contrary to the aforementioned transformations, further phase I 
reactions (oxidation reactions catalysed by cytochrome P450 (CYP) enzymes) are no more 
reversible. The final steps in oestrogen metabolism involve the process of detoxification 
under the action of phase II enzymes.  

The first pass effect of oestradiol results in various biological consequences (De Lignieres et 
al., 1986). For instance, a well known effect attributed to hepatic first pass is the decrease of 
IGF-1 after oral oestradiol, whereas no significant change was observed with transdermal 
oestrogens  (Sonnet et al., 2007). Furthermore, an increased synthesis of blood coagulation 
factors (Caine et al., 1992) and resistance to activated protein C (Oger et al., 2003) constitute 
another important consequences which are directly implicated in VTE pathophysiology, one 
of the major adverse events of oral oestrogens.  
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Various isoforms of cytochromes P450s (CYP3A, CYP1A and CYP1B families) activate estrogens during phase-1 
metabolism. Oxidative metabolites, such as hydroxyestradiol and quinone derivatives, are conjugated by various 
phase-2 enzymes. The expression of several of these enzymes (SULTs, UGTs, GSTs and NQO1) is regulated by 
Nrf2. E: estradiol or estrone; CYPs: cytochrome P450s; UGTs: UDP-glucuronosyltransferase; COMT: catechol-o-
methyltransferase; GSTs: glutathione S-transferases; NQO1: NAD(P)H dehydrogenase, quinone 1. Phase-1 
metabolism is represented by horizontal arrows. Phase-2 metabolism is represented by vertical arrows (dashed).  

Fig. 4. Oestrogens hepatic metabolism 

5.2 Pharmacokinetic of oral versus transdermal oestrogens 

The pharmacokinetics of exogenous estrogens is complex and most efficacy studies of 
transdermal versus oral oestrogens have not included the measurement of oestrogens 
concentrations. The oral route of oestradiol administration is easy and convenient, however 
the hormone is  extensively metabolized in the gut and the liver leading to first-pass effect 
and, as previously mentioned, to a high estrone/oestradiol ratio (Kuhl, 2005). On the other 
hand, transdermal 17β-oestradiol is well absorbed through the epidermis and produces 
higher parent oestrogens serum concentrations and lower metabolites ratios because it 
bypasses the liver. Moreover, owing to a very low bioavailability [0.1 – 12%] of oral 
micronized 17β-oestradiol (O'Connell, 1995), higher doses are needed for the oral route 
compared to transdermal administration (O'Connell, 1995; Powers et al., 1985).  

Pharmacokinetic profiles of transdermal and oral oestradiol are very different with oral 
administration producing fluctuant concentrations compared to the more constant levels 
achieved with transdermal formulations (Kopper et al., 2009). Interestingly, there is no 
pharmacokinetic/pharmacodynamic relationship between serum levels and positive effects 
of oestradiol treatment. It has been clearly shown that serum level after transdermal 
oestradiol does not predict the outcome when treating hot flushes (Steingold et al., 1985). 
The precise oestradiol and oestrone concentrations required to prevent bone loss and 
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cardiovascular disease after either oral or transdermal oestrogen administration are also 
unknown (O'Connell, 1995).  

5.3 Venous thromboembolism risk and HRT 

As previously mentioned, VTE represents one of the main adverse effects of HRT in 
postmenopausal women (Canonico, Plu-Bureau et al., 2008; Cushman et al., 2004). Yet, while 
oral oestrogen was associated with a significantly increased risk for VTE, this was not 
observed in women treated with transdermal oestrogen (Canonico et al., 2010; Canonico et 
al., 2007; Olie et al., 2010; Scarabin et al., 2003; Straczek et al., 2005). An explanation for the 
distinct VTE risk profile following the two routes of administration involves the first-pass 
effect of oestrogen. This was shown to affect the synthesis of various oestrogen-dependent 
hepatic serum factors (Kuhl, 2005), including coagulation and fibrinolysis factors, resulting 
in blood coagulation activation (Scarabin et al., 1997; Vehkavaara et al., 2001), increased 
thrombin generation (Scarabin et al., 2011) or induction of resistance to activated protein C 
(Hemelaar et al., 2006; Oger et al., 2003). However, the precise mechanisms by which these 
changes occur are still unclear.  

5.4 Pharmacogenetics: Genetics factors predisposing to venous thromboembolism 
(VTE) after oral oestradiol 

Straczek et al. investigated the impact of the route of oestrogen administration on the 
association between a prothrombotic mutation (factor V Leiden or prothrombin G20210A 
mutation) and VTE risk. This study confirms the increase risk of VTE due to oral 17β-
oestradiol in women presenting a genetic predisposition to VTE (Straczek et al., 2005). On 
the other hand, we have recently suggested that the hepatic metabolism of oestrogen may 
modulate the risk of VTE either through an increased phase I metabolism or through a 
decreased phase II metabolism. To address this important question, we have tested genetic 
polymorphisms capable to modulate oestradiol phase I or phase II liver metabolism. These 
polymorphisms do not increase the risk of VTE in the absence of HRT. First, we have 
demonstrated that increased expression of CYP3A5, a phase I enzyme of particular interest 
in oestrogen liver metabolism, in women carrying the CYP3A5*1 allele, is associated with a 
higher risk of VTE during oral oestrogen administration (RR 14.5; CI 2.8  - 73.9), without 
observing the same interaction in women receiving transdermal oestrogen  (Canonico, 
Bouaziz et al., 2008). Further, we have investigated the association between VTE and nuclear 
factor (erythroid-derived 2)-like 2 (NFE2L2) polymorphisms (Bouligand et al., 2011). 
NFE2L2 gene encodes for a transcription factor also known as Nrf2 (NF-E2 related factor 2), 
essential for both maintenance and induction of phase II metabolism (Thimmulappa et al., 
2002). One functional polymorphism (rs6721961) from the promoter region of NFE2L2 was 
described to be associated with an impaired auto-induction of this transcription factor 
(Marzec et al., 2007). The presence of this polymorphism may subsequently alter the 
expression of phase II genes, including those essential for the detoxification of oestrogen 
metabolites (see Figure 5) (Raftogianis et al., 2000). Our post-hoc analysis of the ESTHER 
Study (Canonico et al., 2007; Scarabin et al., 2003; Straczek et al., 2005) demonstrated the 
association between VTE risk and the NFE2L2 polymorphism (i.e. rs672196) in oral 
oestrogen users (RR 17.9; CI 3.7 – 85.7).  
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Fig. 5. Genetic polymorphisms modulating liver metabolism and first pass effect of 
oestrogens. 

These pharmacogenetic studies provide new insights suggesting that liver metabolism of 
oestrogens may be implicated in the pathophysiology of VTE among women using HRT 
with oral oestrogen therapy. This original finding deserves further investigations in largest 
and independent series of women receiving oral 17β-oestradiol as well as other oestrogens 
with different metabolic pathways, not only to treat postmenopausal symptoms but also for 
contraception. Taking into account the proportion of women using exogenous hormone 
therapy, these new results may have important clinical implications to improve the 
stratification of thrombotic risk and identify new groups at high risk.  

6. Conclusion  
The increasing life expectancy observed during the last century, without an equivalent 
change in the average age of menopause, resulted in an increased number of women facing 
the effects of low ovarian steroids for a longer period of time. Thus, the high interest 
towards therapeutic options capable to alleviate menopausal symptoms and the extensive 
research in this field are not surprisingly. Despite the current controversies summarised 
here which encompass HRT use, further researches will likely improve therapeutic 
outcomes. In this context, pharmacogenetics studies play a key role in fulfilling the aim of 
providing patients with an individualised therapy which will reduce risks and improve 
benefits related to HRT. 
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1. Introduction  
Over the last few decades and particularly in the present economic context, the distribution 
of economic resources has been a concern addressed by governmental and corporate 
scientific policy, which has either benefitted only part of the scientific and technological 
community or furthered certain lines of research. The pharmaceutical industry in particular 
has had to confront not only this situation, but also ongoing internationalisation, supported 
by the relentless advances in communication technologies. 

Until the nineteen eighties, industry internationalisation, in terms of R&D, was a marginal 
matter, not only for economics theory and business in general, but also for governments and 
the other organisations involved. Globalisation began to acquire importance after the mid 
nineteen nineties, although not all manufacturing industries have experienced the same 
degree of R&D internationalisation. The pharmaceutical industry, for one, pioneered this 
more universal approach to research and development (Noisi, 1999). 

Contrary to the widely held opinion according to which R&D internatianlisation is the fruit 
of domestic innovation in many industries, pharmaceutical constitutes an exception. Indeed, 
international innovation intensifies the industry’s R&D (Patel and Pavitt, 2000), whereas in 
other lines of business domestic innovation is the driver. In addition to internationalising its 
R&D, the pharmaceuticals industry has increased its research spending exponentially in 
recent years (Congressional Budget Office, 2006). 

A number of earlier papers studied the bibilometric characteristics of the pharmacological 
publications generated as a result of the R&D effort in places such as the United States 
(Narin and Rozek, 1988), India (Kaur and Gupta, 2009; Gupta and Kaur, 2009) or the Middle 
East (Biglu and Omidi, 2010). Others stressed the contribution of pharmaceutical firms to 
scientific knowledge (Koening, 1983; McMillan and Hamilton, 2000; Rafols, et al. 2010; 
Perianes-Rodríguez, et al. 2011). The assessment of the international impact of scientific 
papers is a present, but not a new concern: it has been a frequent object of study since the 
nineteen eighties. The use of scientific indicators for several decades to characterise research 
by subject area, country or institution has confirmed that, although they have their 
limitations, they are the only suitable tool for scientific assessment (Braun T et al., 1985). 
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The purpose of this chapter is to analyse international research in “pharmacology, 
toxicology and pharmaceutics” (hereafter pharmacology) on the basis of the scientific papers 
listed in the Scopus multidisciplinary database. This primary objective is reached by 
answering the following questions (in the section on results). What weight does the subject 
area “pharmacology, toxicology and pharmaceutics” carry in world-wide science? What is 
the percentage contribution made by the various regions of the world to the subject area 
“pharmacology, toxicology and pharmaceutics”? Can certain regions be identified as leaders 
on that basis, as in other scientific contexts? Are emerging countries present in the field? Do 
the most productive countries also publish the largest number of journals? What features 
characterise the scientific output of companies that publish pharmacological papers?  

2. Methodology  
2.1 Database 

The possible sources of information for scientometric research include multi-disciplinary 
databases such as Thomson Reuters’ Web of Science, Elsevier’s Scopus and resources such 
as Google Scholar, as well as specialised services such as Medline. These sources analyse 
research results in the form of scientific papers published in international journals and their 
subsequent citation by the rest of the scientific community. 

Scopus, the Elsevier database created in 2004, lists over 18 000 journals edited by over 5 000 
publishers1. When it first appeared, it was analysed by many authors and compared to other 
resources in a whole stream of papers (Fingerman, 2005; LaGuardia, 2005). It was chosen for 
the present study because of its broad subject area and linguistic coverage; in the 
understanding that world-wide scientific production is more fully represented in Scopus 
than in other databases (Sciverse Scopus, 2011). In addition, as a resource suitable for 
research conducted after 1996, it is particularly apt for a subject area such as pharmacology 
(Gorraiz and Schloegl, 2008). 

Scopus’ strong points as a source of information are reinforced by an open access, on-line 
tool known as SCImago Journal and Country Rank (SJR, 2007). As its name infers, this 
system of scientific information, drawing from Scopus contents from 1996 to 2010, ranks 
journals and countries using data intended for world-wide scientific assessment. The tool 
provides open access to both data and indicators by region or country, with international 
coverage. It proved to be particularly useful for the aims pursued in the present study.  

2.2 Indicators 

Two sets of bibliometric indicators were used in this study: one to determine the 
quantitative characteristics of scientific output and the other to analyse its quality, i.e., the 
qualitative characteristics of citations and journals (Rehn, 2007). The indicators included in 
each group are described below. 

This study calculated the number of scientific papers published by the units analysed (world, 
region, country or industry) over the time span defined. All of the various possible types of 
papers (such as articles, reviews and notes to the editor,) were included in the output indicator. 
                                                                 
1 Available from http://www.info.sciverse.com/scopus/scopus-in-detail/facts/. 20/08/2011 
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When papers were co-authored by researchers from institutions in different countries, a 
complete computational approach was adopted. The growth rate, when provided, indicates 
the rise or decline in world-wide output in 2009 with respect to the baseline year, 1996.  

A number of indicators were used to obtain an approximate view of the quality of world 
scientific output in the field of pharmacology. The number of citations received refers to the 
total number of times papers published by the unit analysed were cited during the period 
studied. This indicator provides an overview of the scientific impact of the articles published 
by the unit in question. The number of citations per paper was calculated as the mean number of 
citations received by all the papers published by the unit analysed in the period studied.  

The domestic citations were separated from the total to determine the proportion of the 
output that was used as a reference in the same geographic area (region or country) and 
consequently, by simple subtraction, the proportion involving knowledge transfer to other 
areas. The results are shown as the percentage of the citations used for research conducted 
in the same geographic area. The normalised citation indicator is the relative number of times 
papers produced by a specific unit were cited, compared to the world-wide mean for papers 
of the same type, age and subject area. 

While citations denote the subsequent use of papers once published, the references list the 
literature cited in papers published by a journal at any given time. The number of references 
per paper was found by dividing the total number of references by the number of papers 
published by the unit. 

A country’s H-index, in turn, specifies the number of papers (h) produced in that country 
and receiving at least h citation. It relates a country’s scientific productivity (output) to its 
scientific impact (citations). The international collaboration indicator is the percentage of 
papers with author affiliations in more than one country. This indicator measures 
institutions’ international networking capacity. In this chapter a journal’s % output in Q1 is 
the percentage of scientific papers published by an institution in what are classified as the 
most influential journals in the respective category, i.e., the periodicals in the first quartile or 
Q1, the upper 25 %, based on their SJR value.  

Another qualitative indicator used, homonymous with the aforementioned scientific 
information system (SCImago Journal and Country Rank), was the Scimago Journal Rank 
(SJR), used as an alternative to the traditional impact factor (I.F.). This indicator, which 
measures the visibility of the journals in the Scopus® database, is established by the 
SCImago2 research team on the grounds of the well-known Google PageRankTM algorithm. 
It differs from the I.F. in two ways: citations are computed over 3 rather than 2 years; and 
article citations are weighted, with citations in more visible or prominent journals carrying 
greater weight than citations in lower-ranking journals (González-Pereira et al., 2009). 

3. Results  
3.1 World-wide science and pharmacology 

World-wide scientific output, as listed in the Scopus database for the period running from 
1996 to 2009, came to 21 100 138 papers. The total citations received by those papers during the 
                                                                 
2 http://www.scimago.es/. 20.08.2011 
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same period amounted to 217 388 448, for a mean of 10.03 citations per paper. The absolute 
numbers for pharmacology, as one of the 27 subject areas established by Scopus, were logically 
much smaller. The totals were 564 914 papers and 6 266 408 citations. The mean number of 
citations in pharmacology was therefore higher than the world average, at 11.09. The growth 
rate for this subject area was 4.76 %, reflecting the growth in its scientific output.  

Figure 1 shows the percentage contribution of the Scopus subject areas to world-wide 
scientific output during the period studied. Medicine played a predominant role in the 
international scientific scenario, with a mean yearly contribution of over 20 %. Decision 
science and dentistry stood at the other extreme, with a mean yearly output of 0.35 %, 
shown on the figure as very thin lines. The mean yearly contribution of pharmacology to 
international scientific output in the period was 2.7 %, shown in red on the right half of the 
graph. When pooled, all the subject areas with relative outputs of under 4 %, which include 
pharmacology, earth and planet sciences, immunology and microbiology, accounted for 
34.83 % of the scientific papers published world-wide. 

 
Fig. 1. World output by subject areas (%) (Scopus, 1996-2009) 

3.2 Pharmacology by region  

While scientific output by region is an important indicator to determine regional 
contributions to pharmacology, quantitative information alone is incomplete and must be 
supplemented with data on the impact of these papers on the scientific community. Table 1 
gives the vales of some of the indicators described earlier for a number of regions, along 
with colour bar graphs for readier interpretation. 
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Region Output Citations Domestic citations %Domestic citations Citations per paper

North America 155373 2714951 2209503 81.38 17.47
Western Europe 159512 2383236 1671534 70.14 14.94

Asia 113741 1095409 626665 57.21 9.63
Eastern Europe 21951 178157 57830 32.46 8.12
Latin America 18122 164264 78623 47.86 9.06
Pacific Region 11802 161126 45651 28.33 13.65

Middle East 10256 105817 27329 25.83 10.32
Southern Africa 2167 23987 7406 30.88 11.07
Central Africa 2035 11101 4650 41.89 5.46
Northen Africa 827 7559 1808 23.92 9.14  

Table 1. Pharmacological scientific output, citations and domestic citations by region 
(Scopus, 1996-2009) 

The behaviour of the domestic citations indicator merits comment. In North America, these 
citations accounted for over 80 % percent of the total. The number of domestic citations was 
likewise very high in Western Europe; in both regions most of the citations were found in 
articles published in the same country as the paper cited. Consequently, in these two 
regions, the large number of domestic citations led to an inordinately large number of total 
citations.  

The regions with smaller numbers of citations also had a smaller proportion of domestic 
citations. In other words, their output was acknowledged primarily by other regions, while 
domestic citations were less frequent. The region that best illustrates this observation is 
Northern Africa, where only 23.92 % of the citations received were domestic.  

The number of citations per paper was also highest in North America and Western Europe, 
with the Pacific Region ranking a close third. Central Africa’s low scientific output in 
pharmacology was only scantly acknowledged, with only 5.46 citations per paper on 
average. Asia, Eastern Europe, Latin America and Northern Africa had similar citations per 
paper values, which ranged from 8 to 9. 

The pharmacological output by regions over the period 1996 to 2009 is shown in Figure 2. 
The three most productive regions in that period were Western Europe (red), North 
America (blue) and Asia (green). Asia had a higher growth rate in the latter years of the 
period and was the most productive region in 2009. This rise may have been the result of 
greater participation in the pharmacology, particularly in countries that in those years began 
to adopt a very active role in the field. 

3.3 Countries and pharmacology 

The basic unit for the regions listed above was defined as the individual country. A total of 
194 countries published pharmacological research in the period studied. The analysis 
conducted of their output provided greater insight into the values found for the regional 
indicators.  
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Fig. 2. Pharmacological scientific output by region (Scopus, 1996-2009) 

The ten most productive countries accounted for around 71 % of world-wide pharmacological 
output in the period studied. These ten countries are listed in Table 2, which shows their total 
output in the period, the number of total and domestic citations received, the citations per 
paper and the H index. The list is headed by the United States, which had the largest output 
and number of citations, although the number per paper should be interpreted bearing in 
mind the impact of the large number of domestic citations identified. At 293, its H index was 
likewise high, indicating that 293 papers were cited in 293 other articles. 

Table 3 ranks the countries whose overall data for the entire period are given in Table 2, 
year by year across the period. Grey shading indicates that the country changed its position 
from the preceding year and maroon shading that the country joined the top ten in the year 
in question.  

The regional study showed the enormous progress in Asia in the latter years of the period. 
That growth was the result of greater participation in the subject area by Asian countries. 
Although until 2005 Japan was the second largest producer in pharmacology, from 2006 
onward it was overtaken by an emerging neighbour: China. In the three earliest years China 
ranked tenth; in the intermediate years it gradually climbed to higher positions and finally 
reached second place in 2006. While still among the most productive countries, Japan's 
position slid, denoting its tendency to contribute less and less to pharmacological output. In 
the last year of the series, 2009, four of the ten most productive countries were Asian (China, 
India, Japan and South Korea).  

The United States maintained its lead throughout the period. That leadership and Canada’s 
contribution, from lower but still productive positions, made North America the sole region 
with an output comparable to Asia’s in the latter years. All the other most productive 
countries in pharmacology were from Western Europe: United Kingdom, Germany, Italy 
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and France, and the Netherlands and Spain in some years. Only one Latin American country 
was among the most productive during the period: Brazil, in 2007.  

Country Output Citations Domestic 
citations

Citations per 
paper

H Index

United States 154941 2516137 1221126 17.38 293
Japan 47322 543692 164265 11.38 139
United Kingdom 40531 644728 143933 16.9 195
China 36079 178269 80870 6.34 84
Germany 34443 442517 106046 13.49 157
India 23323 144862 59885 9.22 91
Italy 22593 304775 75527 14.88 128
France 21925 320578 64831 15.28 148
Canada 18667 297798 61608 17.18 143
Spain 14232 165910 41389 12.66 101  

Table 2. Pharmacological scientific output, domestic citations, citations per document and H 
index for the 10 most productive countries (Scopus, 1996-2009) 

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

USA USA USA USA USA USA USA USA USA USA USA USA USA USA
Japan Japan Japan Japan Japan Japan Japan Japan Japan Japan China China China China
U.K. U.K. U.K. U.K. U.K. U.K. U.K. U.K. U.K. China Japan Japan U.K. India
Germany Germany Germany Germany Germany Germany Germany Germany Germany U.K. U.K. U.K. Japan U.K.
France France France France France France Italy China China Germany Germany Germany India Japan
Italy Italy Italy Italy Italy Italy France France Italy Italy India India Germany Germany
Canada Canada Canada Canada China China China Italy France India Italy Italy Italy Italy
Spain Spain Netherlands China Canada Canada Canada Canada Canada France France France France France
Netherlands Netherlands Spain Netherlands Spain Netherlands India India India Canada Canada Canada Canada Canada
China China China Spain India Spain Netherlands Spain Netherlands Spain Spain Brazil South Korea South Korea

 
Table 3. Country position by output (Scopus, 1996-2009) 

Figures 3 and 4 show the relationship between international collaboration and citations per 
paper in countries publishing at least 1 000 papers. The position occupied by the countries in 
each region is shown in both figures, but only Western European and North American 
countries are depicted in Figure 3. All the Asian, Eastern European and Latin American 
countries are shown in Figure 4, although only the BRIC countries (Brazil, Russia, India, 
China) are labelled.  
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Fig. 3. International collaboration and citations per paper in North American and Western 
European countries (www.scimagoir.com), 2003-2009. 

 
Fig. 4. International collaboration and citations per paper in BRIC countries 
(www.scimagoir.com), 2003-2009. 

The country in Figure 3 with the smallest number of citations per paper and least intense 
international collaboration was Turkey. With 6.18 citations per paper and an international 
co-authorship percentage of 16.12, it stood at the low end of its region, Western Europe, and 
had lower citation values than Latin America or Eastern Europe. In Western Europe, 
Sweden and Belgium were the two countries both in that region and the world with the 
highest international collaboration indices and a mean of 12 citations per paper. Both, as 
well as other countries, also had higher values than the USA (in terms of international 
collaboration) and Canada. 
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Measuring their scientific status in terms of citations per paper and international 
collaboration values, the BRIC countries still have room for improvement. Three of those 
four countries were positioned very close to the origin on the graph. Of the four, only Brazil 
showed values close to the results recorded for Turkey.  

3.4 Pharmacology in journals 

The analysis of the journals that published pharmacological papers included the data for the 
periodicals that published at least one such paper in 2009. Under that criterion, a total of 482 
journals were identified, 61 of which had been recently added to the database and 
consequently lacked the data needed to calculate their SJR. 

Of the remaining 421 (that had published more than one paper and had an SJR index), 110 
were edited in the United States, although a fair number were also published in other 
countries: Netherlands (87), United Kingdom (75), Germany (25), China (12), India (12), 
Japan (11), Spain (11), France (8), Switzerland (7) and New Zealand (6).  

The remaining journals were published in a total of 33 countries, each with less than six 
journals.  

10 top journals by SJR value SJR Ouput (2009)
Citations 
(3years)

Citations per 
paper (2years)

Refs
Ref per 

doc
Country

Annual Review of Pharmacology and Toxicology 3.56 19 1429 22.94 2367 124.58 United States
Pharmacological Reviews 3.3 19 1433 17.16 6531 343.74 United States
Nature Reviews Drug Discovery 2.68 202 5827 15.67 7865 38.94 United Kingdom
Trends in Pharmacological Sciences 1.64 84 2588 9.56 5718 68.07 Netherlands
Drug Resistance Updates 1.52 16 530 11.79 1836 114.75 United States
DNA Repair 1.44 169 2237 4.15 10528 62.3 Netherlands
Pharmacology and Therapeutics 1.22 104 3367 9.23 20152 193.77 United States
Current Opinion in Pharmacology 1.14 117 2138 7.57 6206 53.04 Netherlands
Advanced Drug Delivery Reviews 1.1 143 4030 12.34 15219 106.43 Netherlands

10 top journals by total documents in 2009 SJR Ouput (2009)
Citations 
(3years)

Citations per 
paper  

(2years)
Refs

Ref per 
doc

Country

Bioorganic and Medicinal Chemistry Letters 0.21 1546 10591 2.72 39742 25.71 Netherlands
Pharmaceutical Journal 0.03 1058 124 0.1 972 0.92 United Kingdom
Deutsche Apotheker Zeitung 0.02 967 11 0.02 1440 1.49 Germany
Bioorganic and Medicinal Chemistry 0.2 910 7859 2.88 34194 37.58 Netherlands
Chemosphere 0.15 905 11704 3.41 32003 35.36 Netherlands
European Journal of Pharmacology 0.27 619 6875 2.76 26762 43.23 Netherlands
British Journal of Pharmacology 0.6 616 6819 5.29 28480 46.23 United Kingdom
Medical Hypotheses 0.12 612 1835 1.55 16902 27.62 United States
Japanese Journal of Cancer and Chemotherapy 0.03 611 163 0.09 889 1.45 Japan
International Journal of Pharmaceutics 0.19 528 5930 3.33 17075 32.34 Netherlands  

Table 4. Pharmacology journals: SJR, output, citations, citations per paper, references, 
references per paper and country of publication (Scopus), 2009 
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The large and unwieldy original table was abbreviated to build Table 4, which gives the 
values for only the journals with the 10 highest SJR and the 10 scientific journals that 
published the largest number of pharmacological articles in the last year of the series. Note 
that none of these journals appears on both lists.  

Of the scientific journals with the highest SJR, two were published in the US, Annual Review 
of Pharmacology and Toxicology and Pharmacological Review, and one in the United Kingdom, 
Nature Reviews and Drug Discovery. These three journals had SJR scores of 3.56, 3.3 and 2.68, 
respectively. That means that they received large numbers of citations, but also that since 
they are weighted by journal prestige to calculate the indicator, those citations appeared in 
other high quality journals. Neither of the US journals was very productive, with only 19 
papers each in 2009, compared to a much larger output by the English periodical, which 
published a total of 202 articles.  

The scientific journals with the highest output in pharmacology were The Netherlands’ 
Bioorganic and Medicinal Chemistry Letters, with 1 546 papers, followed by the UK’s 
Pharmaceutical Journal, with 1 058 and Germany’s Deutsche Apotheker Zeitung, with 967. Their 
SJR indices were lower than for the journals mentioned in the preceding paragraph, however, 
with scores of 0.21, 0.03 and 0.02, respectively. In other words, in the period calculated for the 
SJR index (three years), either the absolute number of citations received by this group of more 
productive journals was very low or the citations were published in lower quality journals. 

Each country’s contribution to pharmacological scientific output can be analysed from two 
perspectives: as specified earlier, by the contribution made by its scientists through their 
published papers, or by the journals edited in the country. These two factors are compared 
in Figure 5. Each country’s scientific output is shown in red and its publishing activity in 
blue. Many countries, such as the United States, show similar percentages for both types of 
contribution, while in others the values vary widely. A case in point is The Netherlands, 
whose scientific output was a mere 2 % while its journals published over 20 % of the 
pharmacological articles.  

 
Fig. 5. Percentage of pharmacology-related journals and papers published by country 
(Scopus, 2009) 
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3.5 Scientometric indicators for pharmaceutical companies  

The pharmaceutical industry, in addition to being one of the most profitable, is also one of 
the most globalised and fastest growing lines of business. Moreover, its large investment in 
research makes it an innovation-intensive activity. This innovation is the result of the direct 
or indirect interaction of a large number of actors: different types of companies, research 
institutes, financial institutions, public bodies and authorities, public and private 
universities, research centres, regulating bodies, governments, health systems, consumers 
and physicians, to name a few. 

The industry comprises three categories of companies. The first covers (primarily North 
American and European) multinational companies that operate globally and invest huge 
sums in R&D, which is centralised in some cases and decentralised with laboratories in 
many countries and on many continents in others. The second category consists of small 
companies that supply their domestic markets with drugs that require no substantial R&D 
investment. The third includes firms that specialise in biotechnology and invest 
considerable sums in research despite their small size. 

In 2010, biopharmaceutical companies invested an estimated 67.4 billion dollars in pursuit 
of new drugs (Figure 6). The total R&D spending by Pharmaceutical Research and 
Manufacturers of America (PhRMA) members, including industry majors such as 
AstraZeneca, Bayer, Boehringer, Ingelheim, Bristol-Myers, Squibb, Eli Lilly, Genzyme, 
GlaxoSmithKline, Hoffmann-La Roche, Merck, Novartis, Pfizer, and Sanofi-Aventis, as well 
as non-members, are shown in the figure.  

  
Fig. 6. Biopharmaceutical company R&D and PhRMA member R&D: 1995–2010 (Sources: 
Burrill and Company, analysis for PhRMA, 2005–2011 (Includes PhRMA research associates 
and non-members); PhRMA, PhRMA Annual Member Survey, 1996-2010)  
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Figure 7 shows the R&D spending by PhRMA members in and outside the United States. 
The total R&D investment by pharmaceutical companies has continued to rise. In 2010 
PhRMA members invested 49.4 billion dollars, up 6 % from 2009 and 90 % since 2009.  

PhRMA members spent most of their R&D budgets (76.1 %) in the United States, Western 
Europe (16.6 %) and Japan (1.5 %), while spreading the rest across other countries around 
the world (PhRMA, 2011). 

 
Fig. 7. R&D spending by Pharmaceutical Research and Manufacturers of America (PhRMA) 
members, 1975-2010 (PhRMA, 2011) 
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18.21 for Hoffmann-La Roche in Switzerland). These findings suggest substantial differences 
in the visibility or quality of firms’ scientific knowledge. 

Organisation Country Output
Citations 
per paper

International 
collaboration

Normalised 
Citation

% Output in 
Q1

Pfizer Inc. USA 2476 12.4 18.54 1.55 79.36
Merck & Co., Inc. USA 1759 14.34 18.08 1.74 83.63
Eli Lilly and Company USA 820 16.13 25.24 1.68 81.1
GlaxoSmithKline. United States USA 788 15.17 29.7 1.77 86.68
GlaxoSmithKline. United 
Kigdom GBR 781 13.76 42.77 1.74 85.66
Bristol-Myers Squibb Company USA 677 12.97 13 1.58 87.59
Novartis CHE 595 16.82 66.72 1.8 77.98
Abbott Laboratories United 
States USA 571 14.75 12.61 1.65 88.27
Amgen USA 497 12.27 16.9 1.59 77.46
F. Hoffmann-La Roche. Ltd. USA 452 14.81 21.46 1.84 83.19
Pfizer Ltd GBR 379 14.8 43.54 1.73 79.16
Bayer AG DEU 362 10.46 36.74 1.34 64.36
Johnson & Johnson 
Pharmaceutical Research USA 356 13.45 18.54 1.68 87.64
AstraZeneca R&D SWE 294 14.64 57.82 1.8 87.07
F. Hoffmann-La Roche. Ltd. CHE 272 18.21 55.15 1.86 83.09
Sanofi-Aventis. S.A. FRA 224 15.64 43.75 1.55 66.52
Laboratoires SERVIER FRA 200 17.16 37.5 1.71 91.5
Novartis Pharma SA. East 
Hanover USA 192 16.2 34.9 1.89 73.96
AstraZeneca Pharmaceuticals. LP USA 188 15.77 30.85 1.69 75
Sanofi-Aventis Deutschland 
GmbH DEU 167 9.26 26.35 0.95 57.49
Schering-Plough Research 
Institute USA 165 12.8 12.73 1.46 86.67
AstraZeneca GBR 161 18.47 40.37 1.81 77.64
Novartis Institutes for 
Biomedical Research USA 161 12.93 60.87 1.77 84.47
Laboratoires Pierre Fabre. S.A. FRA 155 10.18 23.23 1.17 81.94
Novo Nordisk A/S DNK 153 12.77 46.41 1.32 77.12
Dr. Reddy's Laboratories Ltd. IND 150 8.47 7.33 0.88 59.33
H. Lundbeck A/S DNK 150 18.11 45.33 1.73 91.33
GlaxoSmithKline. Italy ITA 127 11.52 66.14 1.57 81.89
Dow Chemical Company USA 125 7.86 34.4 0.9 66.4  

Table 5. Bibliometric performance indicators for pharmaceutical firms, 2003-2009 
(www.scimagoir.com)  

Pharmaceuticals is generally agreed to be one of the industries whose research is most 
intensely internationalised, defining that to mean the proportion of the research conducted 
outside the headquarters country. The industry’s business has become more international 
since the nineteen nineties as a result of the convergence of a number of processes. New 
industrial activities have cropped up around biotechnological research, primarily in the US; 



 
Pharmacology  352 

market dynamics with a view to capitalising on research incentives has favoured the 
location of new laboratories in different countries; global excellence centres with research 
responsibilities have been created; and inter- and intra-firm networking has been intensified. 

When companies were ranked in descending order of the percentage of their papers 
involving international collaboration, two different patterns emerged, one for European and 
the other for North American companies. The percentages were higher in the former than in 
the latter. Several explanations can be given for this difference between countries on the two 
sides of the Atlantic. The United States is the critical location for pharmaceutical alliances as a 
result of the quality of the research conducted there, but especially of the size of its research 
base, i.e., the number and size of universities, companies and research departments. Other 
factors that distinguish the European and US include the latter’s easy financing and marketing 
terms and fairly large number of start-up incubators and venture capitalists. 

The result is that companies based in the US have lower percentages of internationally co-
authored papers than European companies: Abbott Laboratories 12.67 %, Schering-Plough 
Research Institute, 12.73 %, Bristol-Myers Squibb Company, 13 %.  

Switzerland’s Novartis, by contrast, co-authored 66.72 % of its papers with other countries. 
Its US subsidiary had a collaboration rate of 69.87 %, while the figure for the French firm 
Sanofi-Aventis was 43.75 %. 

The final indicator analysed was normalised citation, which measures a company’s impact 
on the scientific community as a whole and compares the quality of the research conducted 
by organisations of different sizes. The highest score was obtained by Swiss Novartis’ North 
American subsidiary, with a mean citation value 89 % higher than the world-wide mean 
(1.89). It was followed by its parent company, which had a mean citation value 86 % higher 
than the world-wide mean, and the Swiss subsidiary of North America’s F. Hoffman La 
Roche, with a score of 84 %. The lowest values were recorded for Dow Chemical’s 
pharmaceuticals division (US) and the Dr. Reddy laboratories in India, whose citation 
values were below the international average. 

4. Conclusions 
This chapter reports on a multi-level analysis of scientific results in pharmacology. The 
findings confirmed that despite its scant weight in world-wide science, pharmacological 
scientific output is characterised by high quality and has citation per paper values higher 
than the mean for international scientific output as a whole. 

Two regions of the world have traditionally occupied the leading positions in terms of 
pharmacological scientific output, North America and Western Europe. Moreover, the 
impact of this output is high, measured in terms of citations in other papers. When only 
citations outside the home region are considered, however, other regions, such as Northern 
Africa, prove to have higher values. The regions with the largest absolute number of 
citations also have the highest percentage of domestic citations. By contrast, since the 
regions with smaller numbers of citations in absolute terms receive fewer domestic citations, 
the acknowledgement coming primarily from countries outside their own region carries 
much heavier weight. 
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During the period studied, certain emerging countries such as Brazil or India joined the list 
of top ten producers, while China, which was already on the list, climbed almost to the 
summit. As might be expected, the countries in the most productive regions occupied the 
highest positions throughout the period analysed, but the appearance of these BRIC 
countries should prompt reflection on their scientific potential in the field of pharmacology. 

The most productive journals, i.e., the ones that publish the largest number of 
pharmacological articles, do not generally earn high SJR impact values. These values are 
attained by journals publishing smaller numbers of papers. Consequently, journal quality 
and the number of papers published are inversely related. An analysis relating papers 
published and journals edited in each country showed that intense pharmacological 
publishing is not necessarily attendant upon the presence of numerous researchers working 
in the field (The Netherlands). US publishing in pharmacology, by contrast, is as 
predominant in the area as its research community.  

Companies carry specific weight in pharmacology. Their investment and innovative 
capacity are mirrored by the scientific results attained, primarily by US and European 
pharmaceutical laboratories. 
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1. Introduction 
The misuse of mephedrone (4-methylmethcathinone) has been increasing greatly in Western 
countries over the last two years or so, especially in the club and dance scenes. This period 
has also been marked by claims that the substance has been implicated in a rising number of 
deaths in the USA and Western Europe, especially the United Kingdom (UK).  

This chapter explores the context(s) and evolution of mephedrone use in the UK, and the 
circumstances in which these fatalities occurred. Particular attention is paid to the settings in 
which these incidents took place, their symptomatology and physical characteristics; 
intervention/treatment opportunities; and toxicological and pathological findings. These 
results are related to the known pharmacological facts regarding mephedrone, its possible 
interactions with alcohol and other psychoactive drugs, and suggested clinical interventions 
and treatment(s).  

The relationship between mephedrone, other methcathinones, and other emerging novel 
psychoactive substances, as well as established stimulants is also examined. These 
developments are important as novel substances used for recreational use become more 
globally accessible through the use of the Internet. 

2. Recreational use 
Mephedrone (4-methylmethcathinone;  ‘Plant Food’, ‘Meow Meow’, ‘Miaow’, ‘Drone’, 
‘Meph’, ‘Bubbles’, ‘Spice E’, ‘Charge’, ‘M-Cat’, ‘Rush’, ‘Ronzio’, ‘Fiskrens’ and ‘MMC 
Hammer’) ( Schifano et al, 2011) is the most popular of the cathinone derivatives, which also 
include butylone, flephedrone, MDPV, methedrone, methylone, pentylone, and other 
compounds (ACMD, 2010; Morris, 2010). It has been readily available for purchase both 
online and in head shops as a ‘legal high’, and more recently as a ‘research chemical’; its 
circulation has been promoted by aggressive web-based marketing (Deluca et al., 2009). 
Mephedrone elicits stimulant and empathogenic effects similar to amphetamine, 
methylamphetamine, cocaine and MDMA (Winstock et al., 2010). However, as we write, 
relatively few formal related papers and experimental/clinical data have been published 
(Dargan et al., 2010; Winstock et al., 2010; Winstock et al., 2011).  
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The synthesis of mephedrone was first described over 80 years ago (Saem de Burnaga 
Sanchez, 1929). However, the first Internet reference to it occurred reportedly in May 2003 
(Power, 2009), but both its availability for purchase online (Camilleri et al., 2010; Roussel et 
al., 2009) and its related popularity only started in 2007 (Deluca et al., 2009). Data collected 
by the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA) indicate that 
during the first quarter of 2010, there were detections in some 20 EU Member States, with 
most of them reporting small- to medium-sized seizures (Europol-EMCDDA, 2010). During 
the second quarter of 2009, the UK Forensic Science Service received submissions of three 
times as many samples of mephedrone for analysis than it had in the previous 12-month 
period (ACMD, 2010; Ghodse et al., 2010). Since mephedrone appeared comparatively 
recently on the market, it does not feature in most drug use household surveys, and it is 
uncertain how many people present with a history of mephedrone misuse. Most available 
data originate from self-reported surveys and small focus group research.  

The main settings for mephedrone use appear to be nightclubs, parties and people’s homes 
(Newcombe, 2009). A survey of readers of the dance magazine ‘Mixmag’ found that 41.7% 
of respondents had ever tried mephedrone and 33.2% had used it during the previous 
month (Winstock et al., 2011). Dargan et al. (2010) assessed both the prevalence and 
frequency of use of mephedrone by students in Tayside (Scotland) in February 2010. Some 
20.3% reported previous use of mephedrone; 23.4% reported using only using mephedrone 
on one occasion previously and 4.4% reported daily use. A total of 48.8% of users had 
sourced mephedrone from street-level dealers and 10.7% from the Internet. Heightened 
awareness and interest in mephedrone was reflected by a rise in the number of both 
telephone inquiries and visits to both the TOXBASE and FRANK web sites (ACMD, 2010; 
James et al., 2010). The 2011 sweep of the British Crime Survey, which covers households in 
England and Wales, found that 4.4% of adults aged 16 to 24 years had used mephedrone in 
the last year, compared to only 0.6% of those aged 25 to 59 years (Smith & Flatley, 2011). The 
rate for the younger age-group is similar to that for cocaine. The majority of respondents 
who had taken mephedrone in the last year had also taken another drug. It is, therefore, 
likely that it is existing users of drugs that are taking mephedrone rather than new users 
drawn to drug taking. 

The emergence of mephedrone on the UK recreational drug scene may be linked to 
decreasing purity in the UK of both MDMA (ecstasy) and cocaine (Mulchandani et al., 2010; 
Fleming, 2010; Measham et al., 2010; NTA, 2010). As a consequence, drug users may have 
switched to mephedrone, as it was seen as cheaper and more powerful than the currently 
available ‘traditional’ stimulants (Deluca et al., 2009). Its availability over the Internet and its 
status as a ‘legal high’ (and therefore presumed not to be harmful) may have boosted its 
appeal (Daly, 2010; Ramsey et al., 2010).  

3. Legal status 
Mephedrone is not scheduled under the 1971 United Nations Convention on Psychotropic 
Substances. In Australia, New Zealand, and the USA mephedrone is considered as an 
analogue of other illegal substances already  and can be controlled by laws similar to the 
Federal Analog Act. In March 2010, the EMCDDA and Europol submitted a joint report on 
mephedrone to the Council of the European Union, the European Commission and the 
European Medicines Agency (EMA), presenting the case for a formal risk assessment of the 
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drug  (Europol-EMCDDA, 2010). The risk assessment report, which was submitted to the 
European Commission and the Council of the European Union on 26 May 2010, examined 
the health and social risks of the drug, as well as information on international trafficking 
and the involvement of organised crime. Furthermore, the report considers the potential 
implications for placing the drug under control in the EU. On the basis of this report — and 
on the initiative of the European Commission — on 2 December 2010, the Council decided 
that mephedrone is to be subject to control measures (EMCDDA, 2011).  

In the UK, where mephedrone had been attracting great attention from both the mass media 
and the Government, the Advisory Council on the Misuse of Drugs (ACMD) submitted a 
report to the Home Office on the cathinone derivatives, recommending their inclusion in the 
Misuse of Drugs Act 1971 as a Class B drug (ACMD, 2010). The Home Office announced on 
30 March 2010 that this recommendation would be enforced from 16 April 2010 (Home 
Office, 2010). 

4. Chemistry  
Mephedrone is a semi-synthetic compound belonging to the chemical class of cathinone 
derivatives (or substituted cathinones). Cathinone is a natural amphetamine-like alkaloid 
found in the fresh leaves and stems of the African shrub Khat (Catha edulis) (Kalix, 1992). 
The systematic name of mephedrone is 2-(methylamino)-1-(p-tolyl)propan-1-one(2S)-2-
(methylamino)-1-(4-methylphenyl)propan-1-one, in accordance with the International 
Union of Pure and Applied Chemistry. The structure of mephedrone differs from cathinone 
by methylation of the amino group and the benzene ring present (Gustaffsson and Escher, 
2009; Osorio-Olivares et al., 2003). The cathinones are beta-keto derivatives of 
phenethylamines, and hence analogues of amphetamines (Chemspider, 2010). Since they are 
mainly synthetic in origin, beta-keto amphetamines are also known as ‘bk designer drugs’. It 
is relatively easy to produce mephedrone in nonprofessional laboratories via bromination of 
4-methylpropiophenone followed by reaction with methylamine or by oxidation of 4-
methylephedrine (Archer, 2009; Europol-EMCDDA, 2010).  

Although mainly sold in powder and crystal forms, mephedrone may be commercially 
available in tablets and included within vegetable-based capsules. It has been reported 
that mephedrone is sometimes sold in some countries as either ecstasy or ‘synthetic’ 
cocaine (Deluca et al., 2009; Schifano et al., 2011). Furthermore, it may be found mixed 
with adulterants, such as caffeine, paracetamol and even cocaine, amphetamine and 
ketamine (Camilleri et al., 2010), as well as with other methcathinones (as revealed by 
information supplied to the National Programme on Substance Abuse Deaths by coroners 
– see below). 

5. Pharmacology 
Given the affiliation of cathinone derivatives to beta-keto amphetamines, mephedrone 
would be expected to act as a Central Nervous System stimulant. In vitro studies on the 
effects of the cathinone derivatives methcathinone and methylone confirm that the main 
mechanism of action is very similar to that of amphetamine, being characterised by a 
predominant action on plasma membrane catecholamine transporters (Cozzi et al., 1999). 
The presence of the ring substituent on the phenethylamine core modifies the 
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pharmacological properties by giving the compound some MDMA-like effects (Europol-
EMCDDA, 2010). Cathinones’ potencies are mostly lower than those of amphetamines as 
beta-keto amphetamines show a reduced ability to cross the blood–brain barrier due to the 
presence of the beta group (Nagai et al., 2007; Gygi et al., 1996). 

N-demethylation to the primary amine, reduction of the keto moiety to the respective 
alcohol, and oxidation of the tolyl moiety to the corresponding alcohols and carboxylic acid 
is the major metabolic pathway for mephedrone, followed by N-dealkylation.  

6. Routes of administration, dosage, use in combination with other drugs, 
effects 
The most common routes for recreational use include insufflation (snorting) and oral 
ingestion. Because of its solubility in water, mephedrone is reportedly used by rectal 
administration or injected intravenously. Other typical methods of intake include oral 
ingestion as capsules or tablets; swallowing mephedrone powder wrapped up in cigarette 
paper (bombing); or mixed with water.  Insufflation is likely to be the most common 
modality as, when snorted, mephedrone elicits its effects within a few minutes, with the 
peak being reached in less than 30 min followed by a rapid comedown. According to online 
users, the mephedrone dosage for snorting may range between 25 and 75 mg, with a lower 
threshold at 5–15 mg and levels in excess of 90 mg considered a high dosage (Sumnall and 
Wooding, 2009). Dosing is more frequent when taken intranasally; this route is allegedly 
associated with greater abuse liability than the oral route (Winstock et al., 2010, 2011). On 
average, the most common oral dosages are higher than the snorting ones (Sumnall & 
Wooding, 2009), in the range 150 to 250 mg.  

Time of onset may be from 45 min to 2 h and may vary in association with the amount of 
food in the stomach. Because of this, users suggest taking mephedrone on an empty 
stomach. Psychoactive effects may last longer (up to 2–4 h) with oral ingestion; side-effects 
might be milder and the need to re-dose less urgent. Some users employ both insufflation 
and oral ingestion in combination to obtain faster onset and long-lasting effects (Deluca et 
al., 2009). Users report that rectal administration is characterised by faster onset of the effects 
and requires lower doses, e.g. 100 mg on average than oral ingestion (Deluca et al., 2009). 
Although not typically advised, because this may increase the drug’s addictive liability 
levels (Deluca et al., 2009), mephedrone may also be injected either intramuscularly (Wood 
et al., 2010a) or intravenously, at one half or two-thirds of the oral dose (Deluca et al., 2009). 
According to online user fora, mephedrone may be taken in combination with a number of 
stimulants, sedatives and psychedelics (Deluca et al., 2009; Schifano et al., 2011).  

As mephedrone has the capacity to induce tolerance on repeated dosing, an increasing 
number of user reports have stated a quick progression to either regular drug use and/or 
uncontrolled bingeing behaviour (known as ‘fiending’), with 1–4 g of mephedrone 
consumed in a session to prolong the duration of its effects (Deluca et al., 2009; Europol-
EMCDDA, 2010; Dargan et al., 2010). A recent survey carried out by a drug-related web site 
has unveiled an average monthly use of 11.16 g for each mephedrone consumer (Drugs-
forum, 2010). Although withdrawal symptoms are not commonly reported, users often 
display strong cravings for mephedrone (Newcombe, 2009). 
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The effects of mephedrone have been compared by users variously to those of cocaine, 
amphetamine and MDMA. Self-reported subjective effects may include (Winstock et al., 
2011; Deluca et al., 2009): intense stimulation and alertness, euphoria; empathy/feelings of 
closeness, sociability and talkativeness; intensification of sensory experiences; moderate 
sexual arousal; and perceptual distortions (reported with higher dosages only). 

7. Adverse effects  
Dargan et al. (2010) report that some 56% of those who had used mephedrone may complain 
of at least one unwanted effect associated with mephedrone use. These may include 
(ACMD, 2010; Deluca et al., 2009; James et al., 2010; Wood et al., 2009, 2010b): loss of 
appetite, nausea, vomiting and stomach discomfort; tremors, headache (very common), 
dizziness/light-headedness, seizures, nystagmus, pupil dilation, blurred vision, numbness 
of tactile sensitivity (reported at higher dosages); anxiety, confusion, dysphoria, aggression, 
depression, long-lasting hallucinations, paranoid delusions, short-term psychosis, short-
term mania, insomnia and nightmares, impaired short-term memory, poor concentration, 
tachycardia, elevated blood pressure, respiratory difficulties, chest pain. Possibly due to 
vasoconstriction, users have anecdotally described cold/blue fingers. Of particular interest 
are recent reports of clinical significance: severe refractory left ventricular failure (Chhabra 
et al., 2010); and acute myocarditis (Nicholson et al., 2010). Further unwanted effects may 
include: difficulties in urination, possible nephrotoxicity, anorgasmia; changes in body 
temperature regulation, with hot flushes and sweating; immunological toxicity (vasculitis, 
infections and ulcerations); posterior reversible encephalopathy syndrome (Omer & 
Doherty, 2010); and finally serotonin syndrome (Garrett & Sweeney, 2011). 

Most of the above untoward effects seem to be similar to those already documented for 
amphetamine, methylamphetamine and MDMA (Schifano et al., 2010), implicitly 
supporting a sympathomimetic activity of mephedrone. Conversely, symptoms of 
depression and anhedonia could be tentatively associated to a putative depletion of 
serotonin and dopamine as a consequence of drug use (ACMD, 2010), similarly to what may 
occur with other stimulants (Schifano, 1996). It is impossible to determine a ‘safe’ dose for 
mephedrone since negative side-effects may present in association with any dosage taken. 
Furthermore, similar dosages may have dramatically different consequences in different 
individuals (Dickson et al., 2010). 

8. Fatalities  
During the last few months of 2009 and the first few months of 2010, the UK media were 
constantly reporting fatalities allegedly related to mephedrone consumption, but only a 
proportion of them had by that time been formally confirmed. A report on a mephedrone-
related fatality first appeared in Sweden, referring to an 18-year-old female death which 
occurred in December 2008. No other drugs, apart from mephedrone, were identified by the 
toxicological screenings (Gustaffson & Escher, 2009). Previously, a Danish teenager found in 
possession of mephedrone died in May 2008, although toxicology reports were inconclusive 
(Campbell, 2009). The first mephedrone-related death in the USA involved the combined 
use of mephedrone and heroin (Dickson et al., 2010). More recently, the first cases from the 
Netherlands (Lusthof et al., 2011) and the Republic of Ireland (EMCDDA, 2011:85) have 
been reported. 



 
Pharmacology 

 

360 

Given the potentially large numbers of consumers involved in the use of mephedrone across 
both the EU and the UK (EMCDDA, 2011), the main aims of this study were to report and 
analyse information relating to the socio-demographics and clinical circumstances of all 
recorded mepherone-related deaths for the whole of the UK, both when the index drug was 
taken on its own and when in combination with other drugs. The rationale for doing this is 
to make accessible a corpus of material which will help inform treatments and interventions 
so as to reduce deaths associated with the use of this drug and other methcathinones. 

9. Methodology for identifying potential mephedrone-related fatalities 
In the UK and Islands all sudden, unexpected or violent deaths - as well as deaths in 
custody - are formally investigated by Coroners (or their equivalent in the Islands), or 
Procurators Fiscal in the case of Scotland. Most drug-related deaths are subject to these 
processes, typically by way of a coronial inquest (Corkery, 2002).   

Since its establishment in 1997, the National Programme on Substance Abuse Deaths (np-
SAD) has been regularly receiving coroners' information on drug-related deaths amongst 
both addicts and non-addicts in the UK, the Channel Islands and the Isle of Man. The 
average annual response rate from coroners in England and Wales to np-SAD has been 
between 89% and 95% (Ghodse et al., 2010). Since 2004, information has also been received 
from the Scottish Crime &Drug Enforcement Agency and the General Register Office for 
Northern Ireland. To date, details of some 25,000 deaths have been received. The 
information reported here on deaths associated with mephedrone consumption are based 
on all relevant cases recorded in the Special Mortality Register of the np-SAD based at St 
George’s Hospital Medical School, University of London.  

To be recorded in the np-SAD database as a drug-related death, at least one of the following 
criteria must be met: (a) presence of one or more psychoactive substances directly 
implicated in death; (b) history of dependence or abuse of drugs; and (c) presence of 
controlled drugs at post-mortem. Full details of the np-SAD data collection form and its 
surveillance work can be found in the Programme’s annual report (Ghodse et al., 2010). 
Ethical approval is not required in the UK for studies whose subjects are deceased. 
However, confidentiality arrangements are in place with each of the respective data 
providers. 

A range of documents are contained in coronial inquest files, although the variety differs 
from case to case. Typically, the coroner has access to: statements from witnesses, family and 
friends; General Practitioner records (if the deceased is registered with one); reports from 
ambulance, police or other emergency services; hospital Emergency Department and clinical 
ward reports; psychiatric and substance abuse team reports; as well as post mortem and 
toxicology reports. Internet searches of toxicological as well as newspaper and other media 
websites revealed information on further cases. The media reports available for some cases 
were used to supplement the information provided on the np-SAD data collection form, 
especially where access to the full coronial files was not possible.  

In addition to its routine surveillance activities, the Programme also provides real-time 
information on the emergence of novel substances or new ways of taking existing 
substances to the UK Early Warning System and the Advisory Council on the Misuse of 
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Drugs (ACMD). This information comes both from notifications of deaths and from ‘alerts’ 
or other information provided by the various agencies and networks, national and 
international, with which the Programme maintains contacts. Regular searches of media 
reports are also undertaken. 

Through these channels (including coroners, forensic toxicologists – principally the London 
Toxicology Group, Drug & Alcohol Action Teams, and the Scottish Crime  & Drug 
Enforcement Agency) the Programme became aware of the emerging issue of the use of 
methcathinones, especially mephedrone, and similar substances (including chemicals), and 
of their potential adverse health consequences. It was decided to take a pro-active approach 
to monitor the situation especially in respect of the potential role of these new substances in 
causing or contributing to death. For those cases not formally reported to the Programme, 
contact was made with the relevant coroners to request the submission of an np-SD form so 
as to obtain the appropriate information. Information on these cases was added to the 
database when forms were received by the Programme team.  

The np-SAD database was searched using the terms 'mephedrone' and ‘4-
methylmethcathinone’ to identify potentially relevant cases. The database fields searched 
were those holding data on: drugs present at post-mortem; drugs implicated; cause(s) of 
death; accident details; and 'other relevant information'. The data presented here relate to all 
concluded cases for which forms had been submitted to the Programme by 31 August 2011. 
Details of some of these cases have previously been published (Torrance & Cooper, 2010; 
Wood et al., 2010b; Maskell et al., 2011; EMCDDA, 2011:78-85). 

Analyses were performed using IBM® SPSS® Statistics, version 18 for Windows™. 
Demographic details, risk factors, and categorical data were expressed as frequencies and 
percentages within groups; ages were compared using Levene’s Test for Equality of 
Variances (two-tailed). The results for statistical tests were regarded as significant at or 
below the 5% probability level.  

10. Results 
A total of 125 alleged or suspected mephedrone-associated fatalities have been identified by 
the np-SAD team (Fig. 1). However, in 25 cases (20.0%) mephedrone was not found at post 
mortem and for 13 cases (10.4%) the toxicology results are still pending. For those 87 cases 
(69.6%) where mephedrone was identified at post mortem, inquests have been concluded in 
60 cases. These were considered as confirmed fatalities meeting the above inclusion criteria, 
and on which the present analysis will focus.  

10.1 Demographics 

The mean age of the sample was 28.7 years (SD 11.3), range 14-64 years old. The mean age 
for males was 28.9 years compared to 28.0 years for females; this difference was not 
statistically significant (t = 0.27 (two-tailed for equality of means) p = 0.79 (95% CI = -5.87 to 
+7.72). Where known, most victims were described as 'White' (Table 1). Where place of birth 
was given, 39 were born in the UK and Islands and 8 overseas. Many were in employment 
(n = 25), but one-quarter (n = 16) were unemployed, and 11 were students.  
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Fig. 1. Flow-chart of UK deaths associated with mephedrone 
 

Demographic 
variable 

Characteristics 

Age (years): 
male (n=45) 
 
female (n=15) 
 
all (n=60) 

 
mean = 28.9, median = 24.9, minimum = 17.1, maximum = 63.8, range 
= 46.8, SD = 11.1. 
mean = 28.0, median = 24.9, minimum = 14.8, maximum = 55.1, range 
= 40.3, SD = 12.2. 
mean = 28.7, median = 24.9, minimum = 14.8, maximum = 63.8, range 
= 49.0, SD = 11.3. 

Age-group (years) < 15 = 1; 15-24 = 30; 25-34 = 16; 35-44 = 6; 45-54 = 5; 55-64 = 2; >64 = 0. 
Ethnicity White = 50; Black = 0; Asian = 1; Other (Filipina) = 1; Not known = 8. 
Country of birth England = 32, Wales = 2, Scotland = 1, Northern Ireland = 2, Guernsey 

= 2; overseas = 8; unknown/unavailable = 13. 
Employment status non-manual = 9; manual = 14; unemployed = 16; self-employed = 2; 

invalidity/sickness = 1; student = 11; housewife = 0; unknown = 7. 
Living 
arrangements 

alone = 11; with parents = 20; with partner = 14; with partner and 
children = 2; with friends = 4; no fixed abode = 2; self & children = 1; 
Other = 1; unknown = 5. 

Addict status non-addict = 10; addict/drug abuser = 27; unknown = 23. 

Table 1. Socio-demographics of 60 UK deaths associated with mephedrone reported to np-
SAD 



 
Mephedrone-Related Fatalities in the United Kingdom: Contextual, Clinical and Practical Issues 

 

363 

Just over half (33) died in their home or that of a friend and 12 in hospital (Table 2). The 
verdict/conclusion returned by the coroners or procurators fiscal in 35 instances was 
accidental death or misadventure; (non-dependent) abuse of drugs in 5 cases, suicide in 10 
cases, homicide in one case, natural causes in one case, and an open verdict in 8 cases. Forty-
four of these deaths occurred in England; nine in Scotland, four in Northern Ireland, two on 
Guernsey, and one in Wales. 

Twenty-seven were known to be as 'addicts' (either dependent on or misusing drugs), and 
10 were not addicts; for 23 cases the information was not known. Only 11 of the deceased 
were known to have been prescribed psychoactive drugs: these included diazepam, 
antidepressants, antipsychotics, antiepileptics, methadone, and opioid analgesics, often in 
combination. 

Demographic 
variable 

Characteristics 

Place of death at home = 28; friend's home = 5; hospital = 12; open 
space/woodland/river = 7; other = 7; unknown = 1. 

Country of death England = 44; Wales = 1; Scotland = 9; Northern Ireland = 4; 
Guernsey = 2; Jersey = 0; Isle of Man = 0. 

Day of week of death 
(this is not 
necessarily day of 
consumption) 

Sunday = 13; Monday = 12; Tuesday = 10; Wednesday = 8; Thursday 
= 2; Friday = 5; Saturday = 10. 

Month of death Sep 2009 = 1; Oct 2009 = 1; Nov 2009 = 1; Dec 2009 = 5; Jan 2010 = 7; 
Feb 2010 = 7; Mar 2010 = 9; Apr 2010 = 6; May 2010 = 3; Jun 2010 = 1; 
Jul 2010 = 7; Aug 2010 = 2; Sep 2010 = 0; Oct 2010 = 2; Nov 2010 = 2; 
Dec 2010 = 0; Jan 2011 = 0; Feb 2011 = 2; Mar 2011 = 0; Apr 2011 = 2; 
May 2011 = 2; Jun 2011 = 0; Jul 2011 = 0; Aug 2011 = 0. 

Verdict (legal 
conclusion) 

accident/misadventure = 35; (non-dependent) abuse of drugs = 5; 
open/undetermined = 8; suicide = 10; killed unlawfully = 1; other = 
1. 

Manner of death 
(intentionality) 

natural = 1; accidental = 41; suicidal = 11; homicidal = 1; 
undetermined = 6. 

Table 2. Circumstances of 60 deaths associated with mephedrone reported to np-SAD 

The first known death in the UK occurred in September 2009. The number steadily rose to 7 
both in January and February 2010, peaked at 9 in March, falling to 6 in April, and declining 
in the next couple of months to one in June.  However, there was a further peak of 7 cases in 
July, followed by two deaths in August and another 2 in both October and November. There 
then followed a period of a few months without any reported fatalities, but the most recent 
deaths occurred in April and May 2011 (Fig. 2). There were twice as many deaths on 
Saturdays, Sundays, Mondays and Tuesdays (n = 45, average 11.2 per day) compared to the 
other days of the week (n = 15; average of 5.0 per day). It should be noted that the day of 
death was not necessarily the day that mephedrone was consumed, as in a few cases death 
occurred several days later in hospital – in one case three weeks after the event.   
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Fig. 2. Evolution of suspected deaths (n = 125) and cases with confirmed positive toxicology 
for mephedrone submitted to np-SAD as at 31 August 2011 (n = 60) 

10.2 Events leading to death 

As might be expected given the typical purpose of using mephedrone to experience its 
psychoactive effects, many deaths occurred following recreational consumption of the drug 
(Table 3), often in the deceased’s or another’s home. However, some deaths (road traffic 
collisions, drowning, hypothermia, etc.) occurred as the result of accidents through 
impaired judgement due to mephedrone use. In two cases, the deceased had been engaged 
in sexual activity.  

There was a significant number (n = 18) of deaths involving violent means, and especially 
hanging (13 cases). In several of these cases, mephedrone was considered by the 
pathologist/coroner/Procurator Fiscal to have played a role although it was not being 
specifically mentioned in the cause of death field. Mephedrone withdrawal was considered 
a contributory factor in one suicide by hanging. There were also three fatal road traffic 
accidents following consumption of mephedrone (and other drugs), and one homicide when 
the deceased was killed for his supply of mephedrone (about 500 g).  

10.3 Cause(s) of death 

The effects (‘adverse’, poisoning, intoxication, toxicity) of mephedrone, including other 
substances, were recorded in the cause of death for 24 cases (Table 4). Consumption of 
mephedrone led to a seizure in one case, and cardiac arrest in another. In a further case, 
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cardiac arrest was caused by multiple drug toxicity (including mephedrone) and/or excited 
delirium. In two cases the ingestion of mephedrone with other drugs led to hypoxic brain 
injury (one with cerebral oedema). Health issues were present in a number of cases. These, 
along with mephedrone (and other substances) contributed to death; for example, 
cardiovascular conditions - 4, bronchopneumonia - 3.  

Found unresponsive/dead after taking mephedrone (and other substance) – 14 
Found hanging after paranoiac/suicidal behaviour - 6 
Found hanging following depression relationship broke up – 1 
Found hanging following row with girlfriend over his drug misuse - 1 
Self-suspension when intoxicated with alcohol and cocaine – 1 
Found hanging after no apparent untoward behaviour – 1 
Found dead after cutting own throat – 1 
Suicide by gun-shot following consumption of mephedrone, other methcathinone(s) and 
cocaine – 1 
Had consumed mephedrone and other substances, jumped from bridge where relative had 
previously committed suicide – 1 
Committed suicide by drug overdose, including mephedrone – 2 
Following family argument, took fatal levels of amitriptyline and methadone, consumed 
mephedrone – 1 
Reported missing after argument with partner, found dead next day on running track with 
suicide note, had consumed prescribed medications and mephedrone - 1  
Had taken mephedrone, but was stabbed and his large supply of mephedrone was stolen, 
bled to death – 1 
Took drugs (including mephedrone and cocaine), started behaving bizarrely, aggressively 
and abusively; police tried unsuccessfully to calm him down and had to arrest him; 
collapsed whilst under restraint and suffered cardiac arrest - 1  
Attended party, collapsed with cardiac arrest, died in hospital – 1 
Attended party, collapsed with breathing difficulties, died in hospital – 1 
Attended party, took mephedrone ‘bomb’, collapsed with very high temperature which 
prevented blood from clotting, causing abdominal haemorrhages, never regained 
consciousness - 1 
Took mephedrone and other substances, collapsed with chest pains – 2 
Took mephedrone and other methcathinones, together with cocaine, which caused fatal 
heart attack – 1 
Took cocaine and mephedrone at party, collapsed and died following day - 1 
Had consumed mephedrone but died from heroin and alcohol toxicity – 1 
Found dead after consuming Datura, dihydrocodeine, alcohol and mephedrone - 1 
Had consumed mephedrone and other stimulants, attempted to swim across river but 
drowned - 1 
Had taken mephedrone and other drugs, driving vehicle involved in fatal road traffic 
accident – 3 
Following consumption of alcohol and mephedrone, felt sick, collapsed, died in hospital – 1 
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Took alcohol and mephedrone, collapsed and unrouseable, died in hospital - 1 
Collapsed after taking mephedrone, died in hospital 3 weeks later from acute liver failure – 1 
Attended party where took mephedrone and heroin, collapsed died in hospital 3 weeks 
later – 1 
Died in hospital after taking mephedrone – 1 
Indulged in sexual activity, self-injected mephedrone, had seizure and collapsed – 1 
Had taken large amounts of methcathinones, engaged in auto-erotic asphyxiation with 
plastic bag over head, but accidentally suffocated - 1  
Consumed amphetamine & mephedrone, vomited, felt cold & sleepy; taken to hospital 
where, despite treatment, suffered liver problems & multi-organ failure – 1 
Found unresponsive in bed, death certified at scene; had been feeling unwell, on 
medication for chronic abdominal & back pain – 1 
Admitted to Emergency Department previous day with drug overdose, had been partying 
but later found hanging – 1 
Aspirated blood following mixed drug (including mephedrone) intoxication - 1 
Had consumed GHB and mephedrone; found dead beside bed at home by a friend – 1 
Not known – 2 

Table 3. Events leading to death 
 

1a Hanging – 10 
1a Hanging; 2 Mephedrone withdrawal – 1 
1a Hanging; 2 alcohol and mephedrone use – 1 
1a Hanging; 2 using mephedrone - 1 
1a Shotgun wound to head; 2 Use of mephedrone, methylone and cocaine – 1 
1a Blood loss following fatal stabbing to thigh [inflicted by third party] – 1 
1a Exsanguination; 1b Neck laceration cutting left jugular vein [self-inflicted] – 1 
1a Multiple injuries; 1b Blunt force trauma; 1c Vehicular collision (driver) – 1 
1a Ruptured inferior vena cava with haemorrhage in abdominal cavity & cervical spine 
fracture; 1b Road traffic accident; 2 Cirrhosis of liver & misuse of drugs – 1 
1a Multiple injuries [road traffic accident] – 1 
1a Multiple injuries [fall from height] – 1 
1a Drowning; 2 Multiple drug overdose – 1 
1a Hypothermia; 1b Drug overdose [quetiapine, lorazepam, venlafaxine, mephedrone] - 1 
1a Adverse effects of mephedrone - 1 
1a Poisoning by mephedrone – 1 
1a Mephedrone toxicity - 1 
1a Mephedrone poisoning; 2 Coronary artery disease – 1 
1a Adverse effects of mephedrone; 2 Atherosclerotic coronary artery disease; myocardial 
fibrosis – 1 
1a Mephedrone intoxication – 2 
1a Cardiac arrest following ingestion of mephedrone – 1 
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1a Seizure; 1b Effect of mephedrone – 1 
1a Cardiac arrest, cause unascertained between multiple drug toxicity [mephedrone, 
MDPV, fluoromethcathinone] and/or Excited Delirium – 1 
1a Aspiration of blood; 1b Mixed drug intoxication [inc. mephedrone] - 1 
1a Adverse effects of methadone and mephedrone – 1 
1a Overdosage of mephedrone (meow meow) compounded by cocaine; 2 Cocaine abuse - 1 
1a Mixed MDMA and mephedrone toxicity – 1 
1a Combined toxic effects of amphetamine and mephedrone – 1 
1a Patchy bronchopneumonia & pulmonary oedema; 1b Cardiac ischaemia, contributed to 
by mephedrone, citalopram and diazepam - 1 
1a Ischaemic heart disease; 1b Illicit use of cathinones - 1 
1a Toxic effects of drugs [inc. mephedrone] – 1 
1a Fatal drug intoxication [inc. mephedrone] – 1 
1a Mixed drug toxicity [inc. mephedrone] – 1 
1a Hypoxic brain injury; 1b Mixed drug overdose [inc. mephedrone] - 1 
1a Hypoxic brain injury; 1b Cerebral oedema; 1c Ingestion of psychoactive drug [inc. 
mephedrone] – 1 
1a Toxic effects of alcohol and cocaine – 1 
1a Heroin and alcohol toxicity - 1 
1a GHB intoxication – 2 
1a Acute alcohol poisoning – 1 
1a Morphine (heroin) toxicity - 1 
1a Morphine toxicity (on balance of probability) – 1 
1a BZP and TFMPP toxicity – 1 
1a Illicit methadone misuse – 1 
1a Combined effects of alcohol and GBL intoxication – 1 
1a Combined toxic effects of alcohol, dihydrocodeine and atropine/hyoscine (from Datura 
Stramonium) together with postural asphyxia - 1 
1a Systemic sepsis, resulting in cardiac arrest; 1b Bronchopneumonia; 1c Beta haemolytic 
Streptococcal Group A infection – 1 
1a Medication toxicity; 2 Acute & chronic debilitating back pain, early stage 
bronchopneumonia - 1 
1a Combined methadone and alcohol overdose – 1 
1a Amitriptyline/Methadone overdose - 1 
1a Asphyxia [plastic bag suffocation] – 1 
(Where cause of death sections of the death certificate specifically mentioned mephedrone 
or where it was included in verdict. Mephedrone was implicated on its own in 18 cases, 
with other substances in 18 cases. In many of the hanging causes, mephedrone was 
considered to have played a contributory role although not recorded in the cause of death.) 

Table 4. Cause of deaths associated with mephedrone reported to np-SAD 
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10.4 Drugs implicated 

Mephedrone was specifically mentioned as being present at post-mortem in 59 cases. The 
drug was formally included in the cause of death in 18 cases and implicitly (e.g. polydrug 
toxicity given in the cause of death without specifying particular drugs, but mephedrone 
was found in post-mortem analysis or mentioned by the pathologist as contributing to 
death) in 10 further cases. In a further case, the drug was not mentioned either as being 
present at post-mortem (death occurred 3 weeks after mephedrone consumption) or in the 
cause of death although stated by witnesses to have been consumed.  

Where details of the drugs present at post-mortem (or ante-mortem) were given, mephedrone 
alone was used on eight occasions, solely with alcohol in four cases, and in combination with 
further substances in 18 cases (Table 5). In 15 cases mephedrone was ingested with stimulants, 
and with diazepam in 13 cases. It is noteworthy that other newly emerging psychoactive 
substances were also here identified, including: GBL/GHB, ketamine, and piperazines, as well 
as other methcathinones (n = 8), especially MDPV. Prescribed medications were also present: 
opioids including methadone; hypnotics/sedatives; antidepressants; antipsychotics; and 
antiepileptics.  
 

(Mephedrone was present in 59 cases, including 2 ante-mortem. It had been consumed in 
all cases in the period leading up the incident causing death.) 
 
Mephedrone sole mention – 8 
Mephedrone with alcohol – 4 
Mephedrone and alcohol and other drugs  -  18 
Mephedrone with cannabis – 4 
Mephedrone with stimulants – 15 
Mephedrone with diazepam - 13 
Mephedrone with opiates – 12 
Mephedrone with piperazines – 7 
Mephedrone with GBL/GHB – 5 
Mephedrone with ketamine – 2 
Mephedrone with other methcathinones – 8 
Mephedrone with antidepressants – 5 
Mephedrone with antipsychotics - 2 
Mephedrone with antiepileptics - 1 
Mephedrone with hypnotics/sedatives (exc. Diazepam) – 3 

Table 5. Summary of drug combinations and positive toxicological findings for deaths 
associated with mephedrone reported to np-SAD 

10.5 Toxicology 

Full details of mephedrone levels are given in Table 6; actual levels were quantified in 36 cases 
(Table 6). Overall: (n = 36) mean = 1.586mg/l, range = <0.01 – 22.0mg/l; mono-mephedrone 
cases (n = 10) mean = 1.996mg/l range = <0.01 – 12.15mg/l; combined mephedrone cases (n = 
26): mean = 1.429mg/l; range = 0.03 – 22.0mg/l. These figures exclude one combined 
mephedrone case with a level of >2000mg/l. 
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Case  
No.  

Mephedrone 
present 

Mephedrone 
levels  

Second drug 
present 

Third drug 
present 

Fourth drug 
present 

Fifth drug 
present 

Sixth drug 
present 

1 Yes bl 0.04mg/l methadone diazepam olanzapine chlorproma-
zine 

 

2 Yes bl <0.01mg/l 
ur + 

     

3 Yes bl 0.76mg/l alcohol GBL diazepam & 
metabolites 

  

4 Yes bl 1.3mg/l 
ur + 

     

5 Yes bl 0.07mg/l, 
0.15mg/l ur 
16mg/l 

alcohol diazepam    

6 Yes bl 0.41mg/l, 
0.42mg/l 

diazepam citalopram    

7 Yes bl + alcohol cocaine & 
metabolite 

lignocaine   

8 Yes bl 16ug/l alcohol     
9 Yes bl detected alcohol cocaine cocaethylene levamisole lignocaine 
10 Yes bl 2.1ug/ml alcohol     
11 Yes bl 0.21ug/ml 

ur + 
GBL TFMPP ketamine methylamph

etamine 
diazepam 

12 Yes bl 2.24mg/l, 
ur + 

TFMPP alcohol    

13 Yes bl 1.0mg/l MDMA     
14 Yes bl 0.32mg/l      
15 Yes bl 0.88mg/l , 

ur +, 
stomach + 

paracetamol     

16 Yes bl 22mg/l alcohol amphetamine diazepam   
17 Yes bl 0.04mg/l, 

0.19mg/l, ur 
64.8mg/l, 
stomach 
2.65mg/l 

     

18 Yes bl 
0.108mg/l, 
0.08mg/l 

alcohol diazepam    

19 Yes bl 3.3mg/l, 
stomach +, 
hair 
4.2ng/mg, 
4.7ng/mg 

     

20 Yes bl > 
2.0mg/ml 

ampheta-
mine 

BZP TFMPP  chlorpheni-
ramine 

 

21 Yes bl 9.01ug/ml, 
ur 
0.01ug/ml, 
stomach + 

morphine cannabis    
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Case  
No.  

Mephedrone 
present 

Mephedrone 
levels  

Second drug 
present 

Third drug 
present 

Fourth drug 
present 

Fifth drug 
present 

Sixth drug 
present 

22 No - morphine     
23 Yes AM serum 

0.042mg/l, 
ur + 

     

24 Yes bl 
12.15mg/l, 
ur + 

     

25 Yes ur + cocaine methylone    
26 Yes ur + alcohol pyrovalerone BZP FTMPP  
27 Yes bl 0.31ug/ml cannabis     
28 Yes bl trace morphine quetiapine    
29 Yes bl 0.07mg/l alcohol     
30 Yes bl + alcohol BZP TFMPP paracetamol citalopram 
31 Yes bl + alcohol paracetamol citalopram zopiclone  
32 Yes AM bl +      
33 Yes bl 0.08ug/ml methylone MDPV GBL   
34 Yes bl + methadone alcohol cocaine   
35 Yes bl + recent 

use 
alcohol benzocaine    

36 Yes bl + recent 
use 

alcohol benzocaine    

37 Yes bl 0.03ug/ml cannabis     
38 Yes bl + ur + diazepam     
39 Yes bl low level diazepam cannabis    
40 Yes bl + ampheta-

mine 
    

41 Yes ur + alcohol cocaine & 
metabolites 

   

42 Yes bl 6.2mg/l diazepam & 
metabolites 

gabapentin oxycodone   

43 Yes bl + alcohol cannabis diazepam   
44 Yes bl 0.05mg/l GHB alcohol ampheta-

mine 
cocaine & 
metabolites 

methadon
e 

45 Yes bl 
0.033ug/ml, 
bile 
0.05ug/ml, 
ur 
0.24ug/ml 

     

46 Yes bl 1.7mg/l  BZP TFMPP codeine diazepam  
47 Yes bl <0.05mg/l, 

ur 11.67mg/l
alcohol venlafaxine quetiapine halperidol lorazepam 

48 Yes bl 0.51mg/l alcohol     
49 Yes bl <0.3125, 

ur + 
alcohol MDPV cocaine levamisole quinine 
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Case  
No.  

Mephedrone 
present 

Mephedrone 
levels  

Second drug 
present 

Third drug 
present 

Fourth drug 
present 

Fifth drug 
present 

Sixth drug 
present 

50 Yes bl 0.17mg/l MDPV MDMA MDA cocaine diazepam 
51 Yes ur + methylam-

phetamine
amphetamine GHB ketamine  

52 Yes n/k alcohol morphine cocaine fluoxetine  
53 Yes bl 0.04mg/l, 

ur +
alcohol dihydroco-

deine
atropine hyoscine 

butylbromide 
diazepam 

54 Yes bl 
<0.005mg/l

morphine nitrazepam buprenor-
phine

mirtazapine  

55 Yes bl 0.21mg/l cocaine levamisole alcohol  
56 Yes n/k methadone amitriptyline nitrazepam  
57 Yes ur 

<0.005mg/l
flephedrone MDPV ibuprofen unidentified 

compounds 
 

58 Yes n/k MDPV MDPBP pentylone cocaine 
metabolites 

 

59 Yes bl 0.05mg/l, 
ur 0.05mg/l

MDPV fluoromethcat
hinone

diazepam  

60 Yes bl 1.94mg/l BZP TFMPP diazepam  

Table 6. Combinations of post mortem drugs in deaths associated with mephedrone (levels) 
reported to np-SAD 

11. Discussion 
The existence of the Special Mortality Register maintained by the National Programme on 
Substance Abuse Deaths fulfills several major roles: it provides a unique UK-wide historic 
repository of unparalleled detailed information on drug-related deaths and deaths of drug 
addicts since 1997; the provision of a nation-wide surveillance capability for monitoring 
substance-related deaths; and the provision of information on the epidemiology of such events. 

This paper contributes to the knowledge-base on mephedrone by providing 
supplementary/complementary information on the epidemiology of its use in the UK 
through the provision of centralised collation of post mortem toxicological results. 
Furthermore, this report has provided an analysis of the only UK-wide, mephedrone-
specific mortality dataset. Although not all cases have yet been fully investigated, to the best 
of our knowledge this is the most comprehensive and detailed study of deaths associated 
with mephedrone in the literature.  

11.1 User profile 

One in five of ‘mephedrone fatalities’ turned out here not to be actually related to 
mephedrone, since the drug was actually not identified at post mortem. This might be 
understood in the context of the high levels of both media attention and public concerns 
surrounding the unprecedented rapidity of the appearance of mephedrone in the UK 
recreational drug market (Davey et al., 2010). However, some of these cases turned out to 
involve other methcathinones such as MDPV. 

Typical mephedrone victims in this study were young (78% under 35 years of age); male 
(75%); White (96% where ethnicity was known); either in full time employment, 
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unemployed or students; and with a previous history of drug misuse (73% where known). 
With an average age of 29 years and nearly four-fifths under the age of 35, the age profile of 
this dataset is much younger than cases typically reported to np-SAD (Ghodse et al., 2010).  

Mephedrone misuse in the UK is likely to have started as early as 2007 (Davey et al., 2010), 
and the first mephedrone-related fatality recorded on the np-SAD database occurred in 
September 2009. Although further studies are needed to confirm present observations, it 
seems from the information presented here that reports of mephedrone fatalities dropped in 
the months following the announcement by the Home Office on 30 March 2010 that the 
chemical, together with other related substances, was going to become a Controlled Drug. 
However, there was a further peak in July 2010, as well as additional deaths occurring in 
February, April and May 2011. This suggests that mephedrone, as well as other illegal 
methcathinones, are still being consumed in the UK.  

The excess number (doubling) of observed mephedrone-associated fatalities between 
Saturdays and Tuesdays, compared to other days of the week, might be explained by its 
more frequent intake over the weekend, confirming once again its recreational drug profile. 

An issue of particular concern and, to the best of our knowledge, something previously 
unreported is that 16 victims (about 1 in 3 cases of the current sample) either hanged 
themselves (13 cases), or used particularly violent means to terminate their own lives. In 10 
cases, the coroner gave a verdict of suicide and in 8 further cases an open verdict was returned. 
In most of these cases, mephedrone was considered to have played a contributory role. 
Although a full psychiatric history is not typically made available to np-SAD, it is worth 
emphasizing that, out of the whole sample, antipsychotics were here identified at post mortem 
in 2 cases and antidepressants in 5 cases. Therefore, it can be postulated that mephedrone 
(either on its own, or in a polydrug misuse combination) has the potential to cause and/or 
exacerbate psychosis and/or depression, thus facilitating the occurrence of bizarre 
behaviour/self harm with particularly violent means. In one instance, the possibility of Excited 
Delirium was recorded. Although the present report comments on only 60 cases, the suicide 
rates in our other UK studies of stimulant-related fatalities were quantitatively less significant, 
being in the range of 3-6%: amphetamine-type drugs (Schifano et al., 2010); MDMA/ecstasy 
(Schifano et al., 2010; Schifano et al., 2003b); cocaine (Schifano & Corkery, 2008). The rate for 
khat-related fatalities was about 31% (sample size = 13) (Corkery et al., 2010).   

Contributory clinical (e.g. sepsis; bronchopneumonia; pre-existing atherosclerotic 
cardiovascular conditions) and environmental (e.g. involvement in traffic accidents, 
drowning, hypothermia) factors were here identified at post mortem in respectively 5 and 5 
mephedrone fatalities. These observations are overall consistent with the existing literature 
on stimulant misuse and may reflect the sympathomimetic actions of mephedrone and the 
accident-proneness or risk-taking behaviour of stimulant, including mephedrone, misusers 
(Schifano et al., 2011).  

Mean mephedrone blood levels at post mortem were of either about 1.43mg/l (in polydrug 
cases) or 2.00mg/l (mono-intoxication fatalities), which is broadly in line with previous, 
small scale, anecdotal observations (Dickson et al., 2010; Lusthof et al., 2011). 

11.2 Mephedrone use with other substances 

Although mephedrone was here identified on its own in the cause of death in only one-third 
of cases (n = 18, 30%), this finding confirms some of the concerns recently expressed 
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regarding the acute toxicity potential of the drug itself (James et al., 2011; Maskell et al., 
2011; Schifano et al., 2011; Torrance & Cooper, 2010; Wood et al., 2010; Regan et al., 2010). It 
could be argued that the fact there are such a relatively large number of deaths in a 
comparatively short period (two years) underlines the need to inform consumers of its 
potential to cause death on its own. 

Conversely, most mephedrone victims died of polydrug, and especially alcohol, 
consumption. Anecdotally, it appears that alcohol is taken in association with stimulants to 
get a stronger/better ‘high’. Similarly, other stimulants such as MDMA/ecstasy, whilst in 
the presence of alcohol, show more significant physiopathological effects (Pacifici et al., 
2002; Schifano et al., 2003a). In 15 cases mephedrone was ingested with stimulants.  Cocaine, 
amphetamines, other methcathinones and/or ecstasy tablets may be taken to maintain 
arousal and a state of alertness, since the stimulant desired effects of mephedrone fade away 
in a few hours (Schifano et al., 2011). However, co-ingestion of two stimulants could 
increase, in a synergic way, both the dopaminergic and serotonergic stimulation, and this is 
likely to increase mephedrone toxicity effects and harm potential (Schifano et al., 2011). In 
other cases, arguably to modulate its stimulant effects, mephedrone was associated in this 
study with opiates (12 cases) and/or diazepam (13 cases). This is likely to be consistent with 
the observation made here that, where known, about 3 out of 4 victims had a history of drug 
misuse. It is noteworthy that other newly emerging psychoactive substances (including: 
GBL/GHB, ketamine, piperazines, as well as other methcathinones) were also found in 
several cases in conjunction with mephedrone; this is in line with the literature (Deluca et 
al., 2009; Schifano et al., 2011). In all of these polydrug abuse cases, the precise role of 
mephedrone in causing fatality was due to simultaneous drug use and remains unclear. 
Conversely, the use of stimulants might afford some protective effects to those who 
overdosed with sedatives.  

11.3 Treatment and prevention of fatalities 

The patterns of drug use evidenced by post mortem toxicology results are similar to those 
reported by surveys and online users’ fora; polysubstance use is common, especially the co-
ingestion of alcohol, stimulants and other ‘legal highs’. The pathologies (including 
psychopathologies) exhibited in many of these cases exhibit close similarities to those 
previous noted for amphetamine, cocaine, MDMA and khat. The implication of these 
findings is that similar advice to that already given for adverse events caused by other 
stimulants should be provided to clinicians, the emergency services and first-aiders. It is 
suggested that the treatment for more life-threatening conditions might be broadly similar 
to that for amphetamine poisoning. Individuals with less severe symptoms should be 
assessed and managed as for any psychoactive drug user; they may simply need 
reassurance, support and observation. People with underlying cardiac, neurological and 
psychiatric conditions, especially those on medication, are likely to be at greatest risk of 
serious adverse events (Winstock et al., 2010). 

Although our knowledge of mephedrone’s potential neurotoxicity or long-term 
consequences of its use is still very limited, it is sensible to offer the following advice: 
avoiding regular use to avoid developing tolerance; not using the drug in combination with 
other stimulants or large amounts of alcohol and other depressants; not injecting the drug; 
remaining well hydrated when using the drug; and avoiding becoming overheated. Brief 
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motivational interventions and appropriately adapted psychosocial intervention may be 
employed to treat mephedrone addiction (Winstock et al., 2010). 

11.4 Limitations  

A number of limitations need to be borne in mind in respect of this study: (a) not all 
suspected cases may have been identified; (b) remaining 'positive' cases are awaiting further 
inquiries or inquest; (c) the fact that mephedrone may have been involved in death cannot 
be confirmed until the relevant Coroner or Procurator Fiscal has concluded her/his inquest 
or other formal inquiry; (d) the presence of mephedrone in post mortem toxicology does not 
necessarily imply that it caused or contributed to a death; (e) not all completed cases have 
been formally notified to the Programme for recording. Hence, the number of identified 
cases reported here is likely to be an underestimation. 

It is thought unlikely that the changes in fatality rates over time observed here are related to 
parallel changes in coroner methods, which would in turn affect surveillance. Data 
collection methods have remained unchanged. However, greater awareness of the 
phenomenon, improved case identification methods, and the devopment of new approaches 
in forensic toxicology and the range of substances now routinely screened for may have led 
to more potential cases being notified and registered.  

Further limitations of the present report may include: lack of analytical attention to the role 
of the possible triggering environmental factors (i.e. overcrowding; hot settings etc); lack of 
total geographical coverage of coroner’s jurisdictions; possible incomplete information 
relating to the prescription of psychoactive medications; and lack of information for some 
fatalities on the concentration of mephedrone detected in body fluids, so that some victims 
might have had only traces of the substance. Finally, since mortality rates (e.g. number of 
deaths out of number of mephedrone intake occasions) were not here calculated, it may be 
difficult to determine the true extent of risks associated with mephedrone consumption. 
However, in at least one case death occurred on the first use of mephedrone (albeit in 
combination with amphetamine). 

12. Conclusions 
This chapter has highlighted the dangers associated with mephedrone consumption, 
especially with regard to recreational use. This study represents the most detailed analysis 
to date of the largest number of mephedrone-related fatalities world-wide. It is hoped that it 
will thereby make a major contribution to the evidence-base being built up on this drug, and 
therefore, to reducing drug-related deaths.      

Although identified on its own in only a minority of cases, present data confirm concerns 
regarding the acute toxicity potential of the drug. It is of concern that about 1 in 3 cases of 
the current sample used particularly violent means to terminate their own lives.  

The number of mephedrone intake occasions was not calculated here, and so it may be 
difficult to determine the true extent of risks associated with mephedrone consumption. It 
may be possible to compare the lethality of mephedrone with other substances building on 
methods developed by King and Corkery (2010).  
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Further studies of a similar nature should be conducted in other countries, to see if the 
clinical and toxicity patterns associated with mephedrone use described here are confirmed. 
Notwithstanding the possible biases outlined above, the number of cases reported here may 
however suggest a significant level of caution when ingesting mephedrone for recreational 
purposes. 

The limited information yet available on mephedrone underlines the need for basic  pre-
clinical and in-vitro research (and the necessary funding to carry it out) on the 
pharmacology, metabolism, etc. of methcathinones so as to provide evidence-based 
interventions and treatments. 
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1. Introduction 
1.1 Renal toxicity 

Renal toxicity associated with commonly prescribed drugs lengthens hospital stay, worsens 
prognosis, and limits the potential benefits obtained from therapy (Peracella, 2011; Servais et 
al., 2008). 

Proximal tubule preservation is a clue in strategies aimed to prevent nephrotoxicity. The 
proximal tubule is a target for filtered drugs that are reabsorbed by solvent drag or 
pinocytosis, but also for drugs that are secreted into the luminal side. 

Proximal tubules recover more than 60% of total filtered load, i.e., a single molecule of toxin 
that is filtered and reabsorbed will pass through the proximal tubule cell more than 50 times 
per day. Such a high degree of exposure implies a risk of cell damage causing a variety of 
clinical syndromes, from proximal acidosis and acquired Fanconi syndrome to tubular cell 
necrosis (Oh, 2010). This spectrum of diseases is known as acute kidney injury (AKI), which 
also includes cell death by apoptosis, anoikis, necrosis, or cell dysfunction (Lorz et al., 2006). 

Nephrotoxicity can often be expected with certain drugs, such as vancomycin, gentamicin, 
foscarnet, cisplatin, cyclosporine A (CsA), and tacrolimus. Less often, the toxic effect is 
unexpected and not predictable, as is the case with iodinated contrast agents and 
paracetamol. 

1.2 Cell death mediation 

Intrinsic pathway–mediated apoptosis and extrinsic pathway–mediated apoptosis are both 
involved in toxic proximal tubule cell death (Pabla & Dong, 2008; Servais et al., 2008; Xiao et 
al., 2011). With most of toxins, cell death is followed by detachment and anoikis. 
Paracetamol is a notable exception to this behavior. Caspases activation, mitochondrial 
depolarization, release of cytochrome C from mitochondria, cell membrane modification, 
and nucleosome formation are all hallmarks of apoptosis that are regularly observed in 
toxin-damaged proximal tubules (Camano et al., 2010). Nitric oxide, soluble oxygen radicals, 
and proinflammatory cytokines are released by damaged proximal tubules, thus amplifying 
the lesion. 
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1.3 Nephrotoxicity prevention strategies 

Overhydration is the most common maneuver to prevent toxic concentrations in urine and, 
consequently, inside the cell. However, nephrotoxicity usually requires dose adjustment or 
drug withdrawal, thus limiting effectiveness.  

Other strategies aimed at inhibiting cell drug transport or interfering with mediation of 
apoptosis also tend to interfere with the therapeutic targets and, consequently, limit the 
effectiveness of therapy (Pabla & Dong, 2008; Servais et al., 2008). 

During the last 5 years, our work on nephrotoxicity has enabled us to better understand the 
role of proximal tubule behavior in the adaptation of the kidney to toxic aggressions 
(Camano et al., 2010; Camaño-Paez et al., 2008; Neria et al., 2009; Perez et al., 2004; Tejedor et 
al., 2007). 

Therefore, not surprisingly, the search for alternative protective strategies against toxic 
damage to the proximal tubule is an important area of investigation today.  

1.4 Ability of cilastatin to prevent drug toxicity targeting the proximal tubule 

Cilastatin is an inhibitor of brush border dehydropeptidase I (DHP-I), which is present in 
renal proximal tubular epithelial cells (RPTECs). It was initially designed to inhibit 
hydrolysis and uptake of the carbapenem antibiotic imipenem, thus enabling it to be more 
easily recovered from urine (Birnbaum et al., 1985; Norbby et al., 1983). However, cilastatin 
is also able to inhibit uptake of CsA and cisplatin by RPTECs by decreasing in a dose-
dependent way the toxic effect of CsA and cisplatin on RPTECs (Camano et al., 2010; Perez 
et al., 2004). Clinical studies also support this protective role of cilastatin against CsA-
induced nephrotoxicity (Carmellini et al., 1997, 1998; Gruss et al., 1996; Markewitz et al., 
1994; Mraz et al., 1987, 1992; Tejedor et al., 2007). Experimental evidence suggests that 
cilastatin binding to brush border DHP-I could interact with apical cholesterol lipid  rafts 
(Camano et al., 2010; Perez et al., 2004; Tejedor et al., 2007). 

The aim of this brief report is to determine whether cilastatin is able to interfere with the direct 
toxic effect of several known nephrotoxic drugs on cultured RPTECs. We investigated the 
effect of cilastatin on the toxicity of gentamicin, vancomycin, iodinated contrast agent, 
amphotericin B, foscarnet, cisplatin, mannitol, chloroform, paracetamol, CsA and tacrolimus. 

We describe for the first time the effects of a drug that specifically targets the renal proximal 
tubule brush border and seems to be able to reduce accumulation and toxicity of the main 
nephrotoxic drugs by inhibiting internalization of brush border–bound lipid rafts. 

2. Methods 
2.1 Drugs 

We used commercially available parenteral formulations of gentamicin (powder, Guinama, 
Alboraya, Spain), vancomycin (powder, Combino Pharm, Barcelona, Spain), iodinate 
contrast agent (iopamidol, Laboratorios Farmacéuticos Rovi, Madrid, Spain), amphotericin B 
(Bristol Myers Squibb, Madrid, Spain), foscarnet (Foscavir, AstraZeneca, Madrid, Spain), 
cisplatin (Pharmacia, Barcelona, Spain), mannitol 20%, (Osmofundin®, Braun Medical S.A., 
Barcelona, Spain), chloroform (Scharlau, Barcelona, Spain), CsA (Sandimmun Neoral®, 
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Novartis Farmaceutica S.A., Spain), tacrolimus (Prograf®, Fujisawa S.A., Spain), and 
paracetamol (Perfalgan, Bristol Myers Squibb). The concentrations used were similar to the 
pharmacologically active recommended plasma level.  

Crystalline cilastatin was provided by Merck Sharp & Dohme S.A. (Madrid, Spain). A dose 
of 200 µg/ml was chosen, because it is cytoprotective and falls within the reference range for 
clinical use (Camano et al., 2010; Perez et al., 2004). 

All drug dilutions were performed with sterile culture medium and cilastatin, and the tested 
drugs were added simultaneously. 

2.2 Primary cultures of renal proximal tubule epithelial cells 

Porcine RPTECs were obtained as previously described (Camano et al., 2010; Perez et al., 
2004). Briefly, the cortex was sliced and incubated for 30 minutes at 37°C with 0.6 mg/ml of 
collagenase A (Boehringer Mannheim, Germany) in Ham’s F-12 medium. Digested tissue was 
then filtered through a metal mesh (250 µm), washed 3 times with Ham’s F-12 medium, and 
centrifuged using an isotonic Percoll gradient (45% [v/v]) at 20,000g for 30 minutes. Proximal 
tubules were recovered from the deepest fraction, washed, and resuspended in supplemented 
DMEM/Ham’s F-12 at a 1:1 ratio (with 25 mM HEPES, 3.7 mg/ml sodium bicarbonate, 2.5 
mM glutamine, 1% non-essential amino acids, 100 U/ml penicillin, 100 mg/ml streptomycin, 5 
x 10–8 M hydrocortisone, 5 mg/ml insulin-transferrin-sodium selenite media supplement, and 
2% fetal bovine serum). Proximal tubules were seeded at a density of 0.66 mg/ml and 
incubated at 37°C in a 95% air/5% CO2 atmosphere. Culture medium was renewed every 2 
days. RPTECs were used after they had reached confluence (80%). 

2.3 Cell death studies 

2.3.1 Nuclear morphology  

Cell nuclei were visualized following DNA staining with the fluorescent dye DAPI (Sigma-
Aldrich, Missouri, USA). Briefly, cells were seeded on cover slips in a 24-well plate, fixed in 
4% formaldehyde for 10 minutes, and permeabilized with 0.5% Triton X-100. They were 
then rinsed with PBS and incubated with DAPI (12.5 µg/ml) for 15 minutes. Excess dye was 
removed. Cells imaging was performed with the 40X PL-APO 1.25 NA oil objective of a 
Leica-SP2 confocal microscope (Leica Microsystems, Heidelberg, Germany). DAPI was 
excited with a 405 nm laser-diode. Emission between 420 nm and 490 nm was collected 
following the manufacturer’s recommendations. Six fields with ~200 cells per field were 
examined in each condition to estimate the percentage of nuclei with an apoptosis-like 
appearance.  

2.3.2 Nucleosomal quantification 

To evaluate DNA fragmentation in the context of apoptosis, RPTECs were incubated for 48 
hours under specific conditions with the nephrotoxic compounds selected. At the end of this 
period RPTECs were lysed and centrifuged at 200g for 10 minutes to remove cell debris. 
DNA and histones present in the soluble fraction were quantified using an enzyme-linked 
immunosorbent assay (Cell Death Detection ELISAPLUS kit, Boehringer Mannheim, Germany), 
as previously described (Camano et al., 2010; Perez et al., 2004).   
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2.3.3 Cell viability assay 

The cell survival assay relies on the capacity of cells to reduce 3-(4, 5- dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide (MTT) (Calbiochem, California, USA) to colored 
formazan in metabolically active cells. RPTECs were seeded onto 96-well plates and 
incubated with toxins alone or in combination with cilastatin. Twenty-four hours later, 0.5 
mg/ml of MTT was added, plates were incubated for 3 hours in the dark at 37ºC, and 100 
µL of 50% dimethylformamide in 20% SDS (pH 4.7) was added. Plates were incubated at 
37ºC overnight, and absorbance was measured at 595 nm. All assays were performed in 
triplicate.  

Alternatively, MTT assays were performed in real time, following MTT reduction on single 
cells, with an Olympus IX70 inverted microscope fitted to a spectrofluorometer SLM 
AMINCO 2000. MTT was measured by reading cell absorbance at 570 nm. 

2.4 Cell viability: Quantification of colony-forming units  

RPTECs were treated for 24 hours with CsA, tacrolimus or paracetamol in the presence or 
absence of cilastatin (200 µg/ml). Adherent cells were washed in saline serum,  
harvested with trypsin-EDTA, seeded in Petri dishes (100 mm), and cultured for 7 days in 
drug-free complete medium. Surviving adherent cells were fixed for 5 minutes  
with 5% paraformaldehyde/PBS and stained with 0.5% crystal violet/20% methanol for 2 
minutes. Excess dye was rinsed with PBS. Finally, the intracellular dye was eluted  
with 50% ethanol/50% sodium citrate 0.1 M (pH 4.2) and quantified by spectrometry  
at 595 nm.  

2.5 Cellular drug transport and accumulation  

RPTECs incubated for 24 hours with increasing concentrations of CsA, tacrolimus or 
paracetamol in the presence or absence of cilastatin (200 µg/ml), were scraped and lysed in 
400 µL of lysis buffer at 70ºC (2.22% [w/v] SDS; 19.33 % [v/v] glycerol [87% v/v]; 790 mM 
Tris HCl pH 6.8 in dH2O, phenylmethylsulfonyl fluoride, and protease inhibitors). Cell 
lysates were heated at 100ºC for 5 minutes, homogenized in ice, and centrifuged at 12,000g 
for 5 minutes at 4ºC. The supernatant was analyzed for total protein content and the 
presence of nephrotoxins. The concentrations of CsA, tacrolimus and paracetamol were 
measured using fluorescence polarization immunoassay technology on a TDX Chemistry 
Analyzer (Abbot Laboratories, USA) in accordance with the instructions provided by the 
manufacturer. The calibrators and controls supplied with each kit were applied, and the 
results were expressed as ng drug/µg protein.  

2.6 Localization of lipids rafts by immunofluorescence 

To study the interaction of cilastatin with cholesterol lipid rafts, we used FITC-conjugated 
cholera toxin B (Molecular Probes, Oregon, USA), as its internalization is mediated by  
lipid rafts. 

RPTECs cultured on glass coverslips were preincubated with culture medium alone or 
cilastatin 200 µg/ml for 15 minutes. The cells were then incubated with 10 µg/ml FITC-
labelled cholera toxin B for 1 and 2.5 hours. Cells were washed with PBS and fixed in 4% 
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formaldehyde in PBS for 10 minutes before being rinsed with PBS. The nuclei were 
counterstained with DAPI. After washing, cells were mounted in fluorescent mounting 
medium (Dako North America, Inc., Carpinteria, California). Images of the distribution of 
cholera toxin immunolocalization across membranes were obtained with the 20X PL-APO 
0.7-numerical aperture objective of a Leica-SP2 confocal microscope (Leica Microsystems). 

2.7 Dehydropeptidase I and IV activity assays 

RPTECs were incubated overnight with Gly-Phe-p-nitroanilide (DHP-I substrate; Sigma- 
Aldrich) 1mM in PBS for DHP-I activity determination or with Gly-Pro-p-nitroanilide (DHP-
IV substrate; Sigma-Aldrich) 1 mM for DHP-IV activity determination. Both activities were 
measured in the presence or absence of cilastatin (200 µg/ml). P-Nitroanilide was quantified 
in aliquots from supernatants by measuring at 410 nm absorbance. 

2.8 Statistical analysis 

Quantitative variables were expressed as the mean ± standard error of the mean (SEM). 
Differences were considered statistically significant for bilateral alpha values less than 0.05. 
Factorial ANOVA was used when more than 1 factor was considered. When a single factor 
presented more than 2 levels and the model showed significant differences between factors, 
a post-hoc analysis (least significant difference) was performed. When results are shown, 
they represent a minimum of at least 3 repeats. When possible, a quantification technique 
(e.g. dye recovery) was used to illustrate reproducibility. When figures illustrated an effect, 
paracetamol was chosen as the example. 

3. Results 
3.1 Cilastatin as a broad nephroprotective drug: reduction of toxin-induced proximal 
tubular cell death 

After 48 hours of exposure to the drugs tested, apoptosis of RPTECs measured as 
nucleosomal DNA fragmentation and migration from nuclei to cytosol was quantified and 
compared with apoptosis under the same conditions, although in the presence of cilastatin 
(Fig. 1). RPTECs exposed to toxins present different increases in the number of nucleosomes 
recovered from cytosol. Cilastatin significantly partially or totally prevented these changes 
in most of the selected drugs (Fig. 1).  

When the magnitude of cilastatin protection was plotted against the magnitude of basal cell 
death under every treatment tested, a clear linear trend was observed (r=0.839, p<0.0005). 
None of the drugs tested differed significantly from this trend (Fig. 2). 

We made a detailed study of the effect of 3 of these drugs: CsA, tacrolimus and 
paracetamol. A more selective qualitative estimation of apoptotic cell death was also 
obtained in adherent cells treated with CsA, tacrolimus, and paracetamol and stained 
with DAPI (Fig. 3). Incubation with toxins led to cell shrinkage with significant nuclear 
condensation, fragmentation, and formation of apoptosis-like bodies (see arrows). 
Cilastatin was able to reduce nuclear damage in all cases. Apoptosis-like nuclei are 
quantified in Fig. 3B, C, and D. 
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Fig. 1. Effect of cilastatin on nephrotoxin-induced apoptosis. Renal proximal tubular 
epithelial cells were exposed to CsA (1 µg/ml), gentamicin (20 mg/ml), tacrolimus (50 
ng/ml), vancomycin (600 µg/ml), cisplatin (10 µM), iodinated contrast (1 mg/ml), foscarnet 
(1 mM), mannitol (100 mosm/l), amphotericin B (10 µg/ml), chloroform (100 µg/ml), and 
paracetamol (300 µg/ml) with and without cilastatin (200 µg/ml) for 48 hours. 
Oligonucleosomal DNA fragmentation was detected by ELISA. Data are represented as the 
mean ± SEM of at least 3 separate experiments. ANOVA model: p<0.0001. *p<0.05 vs. same 
data with cilastatin.  

 

 
Fig. 2. Reduction in nucleosomal enrichment induced by cilastatin over basal nucleosomal 
enrichment induced by each toxin. Individual experimental data are provided. There is a 
common trend for all the data, suggesting a common behavior, with cilastatin protection 
being proportional to basal damage. Linear regression of “cilastatin-induced reduction” vs. 
“basal nucleosomal enrichment”, slope=0.82, r=0.839, adjusted r2=0.695, p<0.0005. 
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Fig. 3. Effects of cilastatin on the nuclear morphology of renal proximal tubular epithelial 
cells (RPTECs) during treatment with toxins. RPTECs were cultured in the presence of 
paracetamol (30, 300 and 600 µg/ml), cyclosporine (CsA, 10, 100, and 1000 ng/ml) and 
tacrolimus (5, 50, and 500 ng/ml) with or without cilastatin (200 µg/ml) for 24 hours. A, 
Example of nuclear staining with DAPI to determine whether an apoptotic-like nuclear 
morphology was present. Arrows point to fragmented, apoptotic nuclei. B, C and D, 
Quantitative approach to staining for paracetamol, CsA and tacrolimus, respectively. Data 
are represented as the mean ± SEM of at least 3 separate experiments. ANOVA models 
p<0.0001. * cilastatin effect, p<0.05; dose effect,  p<0.05. 

We quantified the functional impact of CsA, tacrolimus and paracetamol treatments on cell 
survival by measuring the percentage of adherent cells still able to reduce MTT to formazan 
after exposure to increasing doses of toxins. After 24 hours of incubation with toxins, the 
amount of surviving cells able to reduce MTT decreases progressively as the concentrations 
of CsA, tacrolimus, and paracetamol increase. However, in the presence of cilastatin, all 
surviving cells keep their capacity to reduce MTT (Fig. 4). Cilastatin is able to counteract 
both the structural and functional damage induced by toxins. 
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Fig. 4. Effect of cilastatin on toxin-induced loss of cell viability determined by the ability to 
reduce MTT (see Methods). Renal proximal tubular epithelial cells were exposed to toxins 
and toxins + cilastatin (200 µg/ml) for 24 hours. Results are expressed as the percentage of 
the value obtained relative to control (without toxins and cilastatin) of at least 3 separate 
experiments. ANOVA: for CsA, *dose effect, p≤0.05; cilastatin effect, p<0.05; for 
tacrolimus, *dose effect, p<0.05; cilastatin effect, p≤0.04; for paracetamol, *dose effect, 
p≤0.05; cilastatin effect, p≤0.05. 

3.2 Cilastatin prevents toxin-induced mitochondrial damage 

The effect of cilastatin on mitochondria may be observed very early after CsA, tacrolimus, or 
paracetamol is added to cell culture plates. In Fig. 5, an inverted IX-80 microscope was fitted 
with a black chamber, a photomultiplier, and a spectrofluorimeter (SML Aminco) to obtain 
absorbance readings at specific wavelengths on single (or small groups of) cells in culture. 
This set-up allows real time follow-up of colorimetric in vivo reactions. 

Recording the first seconds after MTT addition shows the initial kinetics of MTT reduction 
and formazan precipitation, thus offering a first approach to the activity of the 
mitochondrial chain in intact cells. Although not suitable for detailed kinetic studies, this 
method allows a quick check of mitochondrial oxidative activity. 

RPTECs exposed to toxins showed a quick and deep depression in the reduction of MTT 
activity compared with controls (Fig. 5). Coincubation with cilastatin partially recovers this 
effect, although the effect was less visible for paracetamol. Differences are observed even 
during the first 5 minutes of drug additions. 
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Fig. 5. Effect of cilastatin on toxin-induced mitochondrial damage. Changes in the 
mitochondrial oxidative capacity of RPTECs were assessed by MTT reduction at 570 nm. 
The graphs show formation of formazan as detected in isolated cells in real time with no 
treatment (control) and CsA (cyclosporin, 1000 ng/ml), tacro (tacrolimus, 500 ng/ml) and 
para (paracetamol, 600 µg/ml) with or without 200 µg/ml cilastatin, after the incubation 
times on the X-axis. 

3.3 Cilastatin improves long-term recovery and viability of RPTECs after exposure to 
CsA, tacrolimus, and paracetamol 

To know the long-term viability of surviving RPTECs after 24 hours of exposure to CsA, 
tacrolimus, or paracetamol, we tested the ability of those cells to proliferate into new cell 
colonies. Colony-forming units (CFUs) were quantified as specified in Methods. The CFUs 
count decreased after 24 hours of treatment with CsA, tacrolimus, and paracetamol, and this 
decrease was clearly dose-dependent (Fig. 6). If the cells were exposed to toxins in the 
presence of cilastatin, the number of CFUs was significantly greater after 7 days of recovery 
for every CsA, tacrolimus, and paracetamol concentration studied. The intracellular dye was 
extracted, and absorbance was quantified al 595 nm (Fig. 6B, C and D). 

3.4 Cilastatin reduces intracellular accumulation of CsA, tacrolimus, and paracetamol 

In many cases, nephrotoxicity is largely dependent on the intracellular concentration of 
drug reached. As cilastatin is a ligand of the brush border membrane, we investigated 
whether it affected toxin uptake by RPTECs. To test this hypothesis, we measured the 
intracellular content of CsA, tacrolimus, and paracetamol by TDX analysis, as described in 
Methods. Cellular CsA, tacrolimus and paracetamol content increased progressively in a 
dose-dependent manner when RPTECs were incubated for 24 hours in the presence of 
different concentrations of toxins (Fig. 7). Coincubation with cilastatin consistently reduced 
accumulation of CsA, tacrolimus and paracetamol in the cells for every concentration 
studied (Fig. 7). These results confirm that adding cilastatin to primary cultures of proximal 
cells decreases cellular toxin accumulation. This effect may be involved in the reduced 
impact of CsA, tacrolimus, and paracetamol on damage to and survival and death of 
RPTECs. 
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Fig. 6. Cilastatin preserves long-term recovery of toxin-treated RPTECs. A, RPTECs were 
incubated with paracetamol, CsA (cyclosporin), or tacrolimus in the presence or absence of 
200 µg/ml cilastatin for 24 hours. The number of colony-forming units was determined by 
staining with crystal violet after 7 days (the figure shows the experiment with paracetamol). 
B, C, and D, Quantification of crystal violet staining for paracetamol, CsA and tacrolimus, 
respectively. Data are expressed as mean ± SEM; of 3 separate experiments. ANOVA model, 
p<0.0001. p<0.05 vs. control;  *p≤0.05 vs. same data with cilastatin. 

 

 
Fig. 7. Effects of cilastatin on accumulation of toxins by RPTECs. Intracellular accumulation 
was measured in the lysates of RPTECs treated with nephrotoxins for 24 hours, in the 
presence or absence of cilastatin (200 µg/ml), using a specific fluorescence polarization 
immunoassay (TDX). Cilastatin was shown to prevent entry of all nephrotoxins into 
RPTECs. Values were expressed as means ± SEM of drug concentrations (n=4 different 
experiments). ANOVA model, p<0.0001; *, cilastatin effect p<0.05; , dose effect p<0.05. 
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3.5 Effect of cilastatin on lipid rafts distribution 

According to these results, which suggest that cilastatin interferes with intracellular 
administration of the nephrotoxins tested, cilastatin appears to be able to inhibit an 
intracellular nephrotoxin accumulation pathway as a result of its binding to renal DHP-I. 
We explored the possibility that cilastatin, through its interaction with DHP-I and when 
anchored to cholesterol lipid rafts by a glycosyl-phosphate-inositol (GPI) group (Adachi et 
al., 1990; Parkin et al., 2001), could block transport through lipid rafts or interfere with the 
cholesterol lipid raft–dependent endocytic pathway. The expression and cell membrane 
localization of cholera toxin, which specifically binds to its ganglioside GM1 receptor 
present in cholesterol lipid rafts, were assessed using confocal microscopy in RPTECs 
treated for very short periods. In Fig. 8, cholera toxin is identified on the cell surface after 15 
minutes incubation, but it disappeared from the membrane after 1 hour (top) and 
accumulated in a perinuclear position. In the presence of 200 µg/ml cilastatin and after 1 
hour of treatment, cholera toxin was still attached to the membrane, suggesting interference 
with the cholera toxin internalization site. No significant changes in FITC-cholera toxin 
staining patterns were observed at 2.5 hours in the presence of cilastatin. 

 
Fig. 8. Blockade of circulation of cholesterol rafts by cilastatin. This picture shows the change 
in cholera toxin fluorescence internalization over time in control cells and cells incubated in 
the presence of cilastatin (200 µg/ml). Bar, 20 µm.  

4. Conclusion 
We report that cilastatin, a powerful and specific inhibitor of DPH-I, is able to reduce both 
intracellular accumulation and induction of apoptosis by antibiotic, cytotoxic, 
anti-inflammatory, antiretroviral, anesthetic, and immunosuppressive drugs. These findings 
expand our previous results with cisplatin (Camano et al., 2010) and CsA (Perez et al., 2004; 
Tejedor et al., 2007). 
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Cilastatin inhibits the activity of DPH-I, but not of DPH-4, in the brush border of renal 
RPTECs (Fig. 9).  

 
Fig. 9. Effect of cilastatin on the activity of dehydropeptidase I and IV. Activities were 
determined by the hydrolysis of specific substrates. Results are expressed as a percentage of 
enzyme activity compared to untreated controls (100% activity) and as the mean ± SEM of 3 
experiments. ANOVA model, p<0.0001. * p<0.01 vs. the same data without cilastatin. 

Although this inhibition is probably irrelevant in the degree of nephroprotection observed—
none of the nephrotoxins studied have a chemical structure that could potentially be 
affected by dipeptidase activity—binding to DPH-I may partially explain this protection. 

DPH-I is anchored to brush border lipid rafts (Pang et al., 2004; Parkin et al., 2001). Binding 
of FITC-labelled B-cholera toxin to lipid rafts leads to their rapid internalization. However, 
internalization does not occur in the presence of cilastatin.  

This mechanism is probably behind the reduction observed in the intracellular concentration 
of the different drugs analyzed. 

We previously showed that cilastatin modifies brush border membrane fluidity by 
interfering with membrane-bound cholesterol (Perez et al., 2004). 

The drugs tested in Fig. 1 have many different chemical structures, and their mechanisms of 
cell permeation are not well established in some cases. However, for all those drugs, 
intracellular concentrations were measured and cilastatin always reduced intracellular 
accumulation. By inhibiting lipid raft–dependent vesicle circulation, cilastatin seems able to 
reduce luminal entry of drugs, even if they are not substrates for DPH-I activity. 

This interference with drug entry may explain the almost instantaneous protection observed 
in the real-time experiments of MTT reduction. MTT reduction relies on mitochondrial 
oxidative chain integrity. When single cell oxidative capacity is recorded in real time, 
addition of the toxin inhibits MTT reduction activity relative to the single control cell, and 
this is evident from the first seconds. Cilastatin partially protects against this effect. The 
quick time course of the effect strongly suggests that a mechanism of cilastatin inhibits drug 
intake by the cell. 

However, other mechanisms may be implicated in the broad renal protection observed. We 
recently published that, when exposed to toxic concentrations of cisplatin, RPTECs increase 
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expression of Fas and Fas L. Fas targets brush border lipid rafts (Dimanche-Boitrel et al., 
2005), binds its ligand, and triggers the extrinsic pathway of apoptosis. Internalization of 
Fas/Fas L seems a necessary step (Camano et al., 2010). 

Cilastatin reduced cisplatin-induced cell apoptosis but not cell necrosis (Camano et al., 
2010). When the extrinsic apoptosis pathway was checked, the initial step blocked by 
cilastatin was Fas L/Fas internalization (Camano et al., 2010). 

Cilastatin reduces apoptosis (nuclear damage, nucleosome formation, MTT reduction 
capacity) and ameliorates surviving cell recovery. Both reductions in drug intake by 
proximal cells and blockade of lipid raft internalization are probably involved in these 
protective actions (Fig. 10). 
 

 
Fig. 10. Diagram of the possible protective mechanism of cilastatin. Cilastatin is a 
dehydropeptidase-I inhibitor used in human clinical practice combined with imipenem. 
Dehydropeptidase inhibition affects the structure of lipid rafts by preventing hydrolysis of 
the lactam ring and inhibits the absorption of imipenem and other nephrotoxic drugs, thus 
reducing their renal toxicity.  

Protection by cilastatin depends on its interaction with DPH-I, an enzyme that is found 
almost exclusively in proximal tubules. Therefore, cilastatin-induced nephroprotection is 
specific for tissue and cell type, but not for the drug tested. 

More research is necessary to confirm the mechanism of protection, the ability to protect in 
animal models of acute renal failure, and the absence of an effect on the pharmacological 
targets of tested drugs. Nevertheless, cilastatin offers a new protective strategy, as it is a 
tissue-specific designed drug, with unexpected tissue-specific antiapoptotic actions. 
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1. Introduction 
The application of preparations to the skin for medical purposes is as old as the history of 
medicine itself, with references to the use of ointments and salves found in the records of 
Babylonian and Egyptian medicine.(López-Castellano & Merino, 2010) The historical 
development of permeation research is well described by Hadgraft & Lane, 2005. Over time, 
the skin has become an important route for drug delivery in which topical, regional or 
systemic effects are desired (Domínguez-Delgado, et al., 2010). Nevertheless, skin 
constitutes an excellent barrier and presents difficulties for the transdermal delivery of 
therapeutic agents, since few drugs possess the characteristics required to permeate across 
the stratum corneum in sufficient quantities to reach a therapeutic concentration in the 
blood. In order to enhance drug transdermal absorption different methodologies have been 
investigated developed and patented (Rizwan et al., 2009). To date many chemical and 
physical approaches have been applied to increase the efficacy of the material transfer across 
the intact skin. These are termed ‘Novel’ due to recent development with satisfactory results 
in the field of drug delivery (Patel et al., 2010). Improvement in physical permeation-
enhancement technologies has led to renewed interest in transdermal drug delivery. Some 
of these novel advanced transdermal permeation enhancement technologies include: 
iontophoresis, electroporation, ultrasound, microneedles to open up the skin and the use of 
transdermal nanocarriers (Díaz-Torres, 2010; Escobar-Chávez & Merino, 2010a). 
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2. Chemical enhancers 
Chemical percutaneous enhancers have long been used to increase the range of drugs that can 
be effectively delivered through the skin (López-Castellano & Merino, 2010). To date, a 
plethora of chemicals have been evaluated as enhancers, but their inclusion in topical or 
transdermal formulations is limited due to fact that the underlying mechanisms of action of 
these agents remain unclear. Although different chemicals are employed by the industry as 
percutaneous enhancers, some of which have several desirable properties, to date none has 
proved to be ideal. An ideal chemical penetration enhancer should have the following 
attributes (Barry, 1983; López- Castellano & Merino, 2010): a) It should be non-toxic, non-
irritating and non-allergenic, b) It should work rapidly, and its activity and duration of effect 
should be both predictable and reproducible, c) It should exert no pharmacological activity 
within the body, d) It should work unidirectionally, e) When removed, the skin’s barrier 
properties should return both rapidly and fully, f) It should be compatible with both excipients 
and drugs, and g) It should be cosmetically acceptable and, ideally, odourless and colourless. 

2.1 Percutaneous penetration routes of drugs 

There are three major potential routes of percutaneous penetration: appendageal, 
transcellular (through the stratum corneum), and intercellular (through the stratum 
corneum) (Figure 1). There is a weight of evidence that suggests that passage through the 
intact stratum corneum constititutes the predominant route by which most molecules 
penetrate the skin, as the appendageal route is characterized by a limited available fractional  

 
Fig. 1. Processes of percutaneous absorption 
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area of 0.1%. In this way, diffusion through the skin is controlled by the particular 
characteristics of the stratum corneum. In order to obtain a sufficient drug flux and, in turn, 
the therapeutical objectives in question, an alternative is to use chemical percutaneous 
enhancers. These substances alter some of the properties of the stratum corneum. (López-
Castellano & Merino, 2010) 

2.2 Direct effects on the skin due to the use of transdermal penetration enhancers 

The lipid–protein-partititioning theory sets out the mechanisms by which enhancers alter 
skin lipids, proteins and/or partitioning behaviour (Barry, 1991): i) They act on the stratum 
corneum intracellular keratin by denaturing it or modifying its conformation, causing 
subsequent swelling and increased hydration; ii) They affect the desmosomes that maintain 
cohesion among corneocytes; iii) They modify the intercellular lipid domains to reduce the 
barrier-like resistance of the bilayer lipids. Disruption to the lipid bilayers can be 
homogeneous when the enhancer is distributed evenly within the complex bilayer lipids, 
but the accelerant is more likely to be heterogeneously concentrated within the domains of 
the bilayer lipids and iv) They alter the solvent nature of the stratum corneum, thus aiding 
the partitioning of the drug or a co-solvent into the tissue.(López-Castellano & Merino, 2010) 

2.3 Indirect effects on the skin due to the use of transdermal penetration enhancers 

Chemical enhancers can produce: a) Modification of the thermodynamic activity of the 
vehicle. The permeation of a good solvent from the formulation, such as ethanol, can 
increase the thermodynamic activity of a drug; b) It has been suggested that, by permeating 
through the membrane, a solvent can ‘drag’ the permeant with it, though this concept is 
somewhat controversial and requires confirmation; c) Solubilising the permeant within the 
donor, especially when solubility is very low, as in the case of aqueous donor solutions, can 
reduce depletion effects and prolong drug permeation.(López-Castellano & Merino, 2010) 

2.4 Classification of percutaneous chemical enhancers 

The classification of percutaneous enhancers is frequently based on the chemical class to which 
the compounds belong. Table 1 shows the principal classes of percutaneous enhancers.  
 

CHEMICAL CLASS COMPOUNDS
Water Water

Sulfoxides and similar chemicals Dimethyl sulfoxide, Dodecyl methyl sulfoxide 
Ureas Urea

Alcohols Ethanol, Caprylic alcohol, Propylene glycol 
Pyrrolidones and derivatives N-methyl-2-pyrrolidone, 2-pyrrolidone 

Azone and derivatives Azone® (1-dodecylazacycloheptan-2-one) 
Dioxolane derivatives SEPA® 

Surfactants (Anionic, Cationic, Nonionic, 
Zwitterionic) 

Sodium lauryl sulfate, Cetyltrimethyl amonium 
bromide, Sorbitan monolaurate, Polisorbate 80, 

Dodecyl dimethyl ammoniopropane sulfate 
Terpenes Menthol, Limonene

Fatty acids Oleic acid, Undecanoic acid 

Table 1. Principal classes of percutaneous enhancers. 
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2.5 Determination of permeation enhancement 

The great majority of studies of the effects of enhancers on skin permeability have been 
carried out by means of in vitro diffusion experiments in which various kinds of diffusion 
cells have been used. The most well-known of these cells are the Franz diffusion systems. 
These cells have two receptor compartments - donor and receptor (donor positioned above 
receptor) – between which the skin is placed. In general, the skin is pretreated with a 
solution of the chemical enhancer to be evaluated. The transdermal flux (J) of drugs can be 
estimated from the slope of the linear region (steady-state portion) of the accumulated 
amount of drug in the receptor compartment versus time plot. Permeation enhancing 
activity, expressed as enhancement ratio of flux (ERflux), is determined as the ratio between 
the flux value obtained with the chemical enhancer and that obtained with the control. A 
number of variables can strongly influence the permeation enhancement of drugs. The most 
important are the skin used in the experiments, temperature, humidity, enhancer 
concentration, vehicle employed and degree of saturation of the drug in the donor and 
receptor compartments. (López-Castellano & Merino, 2010) 

2.6 Uses in topical/transdermal formulations 

Some examples of drugs delivered throughout the skin using chemical enhancer are shown 
in Table 2.  

Drug Chemical enhancer 
Sodium salicylate (Hadgraft et al., 1985; Smith & Irwin, 2000); Sodium 
naproxen (Escobar-Chavez et al., 2005); Ibuprofen (Philips & Michniak,1995; 
Shen et al., 2007); Nonivamide acetate (Fang et al., 1997); Meloxicam (Zhang 
et al., 2009); Flurbiprofen (Ma et al., 2010); Naloxone (Xu et al., 2007); 
Furosemide (Agyralides et al., 2004); Methotrexate (Allan, 1995); Sumatriptan 
succinate (Balaguer-Fernandez et al., 2010).

Azone® 

Sodium naproxen (Escobar-Chavez et al., 2005); Sodium diclofenac (Escribano 
et al., 2003); Lidocaine (Cazares-Delgadillo et al., 2005); Testosterone 
(Hathout et al., 2010); Mometasone furoate (Senyiğit et al., 2009); Ketorolac 
(Amrish et al., 2009).

Transcutol ® 

Haloperidol (Vaddi et al., 2009); Indomethacin (Ogiso et al., 1995); Leuprolide
(Lu et al., 1992). 

Urea 

Tizanidine hydrochloride (Mutalik et al., 2009); Minoxidil (Mura et al., 2009); 
Metopimazine (Bounoure et al., 2008); Nortriptyline hydrochloride (Merino et 
al., 2008; Escobar-Chavez et al., 2011).

Alcohols 

Lidocaine (Lee et al., 2006); Bupranolol (Babu et al., 2008); Propanolol 
(Amnuaikit et al., 2005); Acyclovir (Montenegro et al., 2003).

Pyrrolidones 

Tizanidine hydrochloride (Mutalik et al., 2009); Daphnetin (Wen et al., 2009); 
Nitrendipin (Mittal et al., 2008).

Fatty acids 

Diclofenac (Kigasawa et al., 2009); Nortiptyline hydrochloride (Merino et al., 
2008); Verapamil hydrochloride (Güngör et al., 2008); Minoxidil (Mura et al., 
2009) 

Terpenes 

Retinol (Mélot et al., 2009); Morphine (Monti et al., 2001); Arginine 
vasopressin (Nair&Pachangula, 2003); Insulin (Pillai & Pachangula, 2003); 
Enoxacin (Fang et al., 1998).

Surfactants 

Table 2. Examples of drugs delivered throughout the skin using chemical penetration enhancers. 
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3. Sonophoresis 
Absorption of ultrasonic energy leads to tissue heating, and this has been used with 
therapeutic intent in many conditions. More recently it has been realized that benefit may 
also be obtained from the non-thermal effects that occur as ULTS travels through tissue. 
ULTS therapies can broadly be divided into ‘‘high’’ power and ‘‘low’’ power therapies 
where high power applications include high intensity focused ULTS and lithotripsy, and 
low power encompasses sonophoresis, sonoporation, gene therapy and bone healing. There 
are three distinct sets of ULTS conditions based on frequency range and applications: 1) 
High frequency (3–10 MHz) or diagnostic ULTS, 2) Medium frequency (0.7–3 MHz) or 
therapeutic ULTS, and 3) Low frequency (18 to 100 KHz) or power ULTS. 

3.1 The ultrasound 

The term ultrasonic refers to sound waves whose frequency is >20 KHz. The intensity (I, 
expressed in W/cm2), or concentration of power within a specific area in an ULTS beam, is 
proportional to the square of the amplitude, p, which is the maximum increase or decrease 
in the pressure relative to ambient conditions in the absence of the sound wave. The 
complete relationship is: I= p2/2ρc, where ρ is the density of the medium and c is the speed 
of the sound (in human soft tissue, this velocity is 1540 m/s). The intensity is progressively 
lost when a sound wave passes through the body or is deviated from its initial direction, a 
phenomenon referred to as attenuation. In homogeneous tissue, the attenuation occurs as a 
result of absorption, in which case the sound energy is transformed into heat and scattered. 
The sound waves are produced in response to an electrical impulse in the piezoelectric 
crystal, allowing the conversion of electrical into mechanical or vibrational energy; this 
transformation requires a molecular medium (solid, liquid, or gas) to be effective. The ULTS 
beam is composed of two fields, the ‘‘near field,’’ in the region closest to the transducer face, 
and the ‘‘far field,’’ corresponding to the conical diverging portion of the beam (Figure 2). 
The parameters controlling this configuration of the ULTS beam are principally the 
frequency and the size of transducer. 

3.2 Mechanisms of action 

3.2.1 Cavitation effects 

Cavitation is the formation of gaseous cavities in a medium upon ULTS exposure. The 
primary cause of cavitation is ULTS-induced pressure variation in the medium. Cavitation 
involves both the rapid growth and collapse of a bubble (inertial cavitation), or the slow 
oscillatory motion of a bubble in an ULTS field (stable cavitation). Collapse of cavitation 
bubbles releases a shock wave that can cause structural alteration in the surrounding tissue 
(Clarke et al., 2004) ULTS can generate violent microstreams, which increase the 
bioavailability of the drugs (Tachibana & Tachibana, 1999). Tissues contain air pockets that 
are trapped in the fibrous structures that act as nuclei for cavitation upon ultrasound 
exposure. The cavitational effects vary inversely with ULTS frequency and directly with 
ULTS intensity. Cavitation might be important when low-frequency ULTS is used, gassy 
fluids are exposed or when small gas-filled spaces are exposed. Cavitation occurs due to the 
nucleation of small gaseous cavities during the negative pressure cycles of ULTS, followed 
by the growth of these bubbles throughout subsequent pressure cycles (Tang et al., 2001). 
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Fig. 2. Enhanced permeation by disruption of lipid barrier and cavitation by use of ULTS.  

3.2.2 Thermal effects 

Absorption of ULTS increases temperature of the medium. Materials that possess higher 
ULTS absorption coefficients, such as bone, experience severe thermal effects compared 
with muscle tissue, which has a lower absorption coefficient (Lubbers et al., 2003). The 
increase in the temperature of the medium upon ULTS exposure at a given frequency varies 
directly with the ULTS intensity and exposure time. The absorption coefficient of a medium 
increases directly with ULTS frequency resulting in temperature increase.  

3.2.3 Convective transport 

Fluid velocities are generated in porous medium exposed to ultrasound due to interference 
of the incident and reflected ULTS waves in the diffusion cell and oscillations of the 
cavitation bubbles. Fluid velocities generated in this way may affect transdermal transport 
by inducing convective transport of the permeant across the skin, especially through hair 
follicles and sweat ducts.  

3.2.4 Mechanical effects 

ULTS is a longitudinal pressure wave inducing sinusoidal pressure variations in the skin, 
which, in turn, induce sinusoidal density variation. At frequencies greater than 1 MHz, the 
density variations occur so rapidly that a small gaseous nucleus cannot grow and 
cavitational effects cease. But other effects due to density variations, such as generation of 
cyclic stresses because of density changes that ultimately lead to fatigue of the medium, may 
continue to occur. Lipid bilayers, being self-assembled structures, can easily be disordered 
by these stresses, which result in an increase in the bilayer permeability. This increase is, 
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however, non-significant and hence mechanical effects do not play an important role in 
therapeutic sonophoresis. Thus cavitation induced lipid bilayer disordering is found to be 
the most important cause for ultrasonic enhancement of transdermal transport. 

3.3 Advantages and disadvantages of sonophoresis 

Sonophoresis is capable of expanding the range of compounds that can be delivered 
transdermally. In addition to the benefits of avoiding the hepatic first-pass effect, and higher 
patient compliance, the additional advantages and disadvantages that the sonophoretic 
technique offers can be summarized as follows in Table 3. 
 

Advantages Disadvantages 
Enhanced drug penetration (of selected drugs) over 
passive transport. 

Can be time-consuming to administer. 

Allows strict control of transdermal penetration rates. 
Permits rapid termination of drug delivery through 
termination of ULTS. 
Skin remains intact, therefore low risk of 
introducing infection. 
Less anxiety provoking or painful than injection 

Minor tingling, irritation, and burning 
have been reported (these effects can 
often be minimized or eradicated with 
proper ULTS adjustment (Maloney et 
al., 1992). 
SC must be intact for effective drug 
penetration. 

In many cases, greater patient satisfaction.  
Not immunologically sensitizing.  
Less risk of systemic absorption than injection.  

Table 3. Advantages and disadvantages of using sonophoresis as a physical penetration 
enhancer. 

3.4 Applications of ultrasound 

Table 4 summarizes the research on sonophoresis uses in the transdermal administration of 
drugs. 
 

Anesthetics 
Research Outcome References 

Topical skin penetration of lidocaine Increase in the concentration of 
lidocaine transmitted into rabbit 
subdermal tissues when topical 
application was followed by use of 
ULTS 

Wells et al., 
1977. 

Double blind, vehicle-controlled, 
crossover trial in healthy volunteers 
for lidocaine cream 

No increase in absorption of lidocaine 
cream by using ULTS 

McEnlay et 
al., 1985. 

Trial in healthy volunteers for 
lidocaine oil 

Other variables include differences in 
ULTS frequencies and drug 
concentrations. 

Novak et al., 
1964. 
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Skin lidocaine penetration 250 kHz induced the highest 
penetration of lidocaine. 

Griffin & 
Touchstone, 
1972. 

Anesthetic effect of lidocaine in legs 
of hairless mice 

ULTS in conjunction with a topical 
aqueous lidocaine solution was rapidly 
effective in inducing an anesthetic effect 
in the legs of hairless mice

Tachibana et 
al., 1993 

Sonophoresis of topical benzocaine 
and dibucaine 

No detectable increase in the rate of 
anesthetic penetration

Williams et 
al., 1990. 

Administration of lidocaine 
hydrochloride trandermally on 
healthy volunteers applying 0.5 
MHz ULTS. 

0.5 MHz ULTS in sonophoresis for 
conduction anesthesia using lidocaine 
hydrochloride for a nerve block, it is 
more effective than the 1 Mhz that is 
widely used in clinical situations

Kim et al., 
2007. 

Permeation of procaine 
hydrochloride through cell 
monolayers applying therapeutical 
ULTS. 

Extent and velocity of the permeation of 
procaine hydrochloride through MDCK 
monolayer can be controlled by 
sonophoresis

Hehn et al., 
1996. 

Analgesic and anti-inflammatory 
drugs 
Effect of intensity, mode, and 
duration of ULTS application on the 
transport of three non steroidal anti-
inflammatory drugs (NSAIDs) 
across cellulose membrane and 
hairless rabbit-skin

Demonstrated the synergistic effect of 
temperature and ULTS operation 
parameters on drug transport of 
NSAIDs 

Meshali et 
al., 2008. 

Effect of an ULTS (1 MHz) on 
transdermal absorption of 
indomethacin from an ointment in 
rats 

Intensity and duration of application 
play an important role in the 
transdermal sonophoretic delivery; 
intensity of 0.75 W/cm2 for 10 min was 
most effective for delivering 
indomethacin

Miyazaki et 
al., 1992. 

Study of  the influence of 
ultrasound on percutaneous 
absorption of ketorolac 
tromethamine in vitro across hairless 
rat skin 

A significant increase in permeation of 
ketorolac through rat skin was 
observed with the applied sonication at 
3 W/cm2 when compared with 
permeation at 1 and 2 W/cm2. 

Tiwari et al., 
2004. 

To determine if a ketorolac 
tromethamine (KT) gel solution 
could be administered in vivo via 
phonophoretic transdermal delivery 
using pulsed ULTS by examining its 
anti-inflammatory effects in a rat 
carrageenan inflammation model. 

The transdermal application of KT gel 
using sonophoresis had significant anti-
hyperalgesic and anti-inflammatory 
effects. These findings suggest that the 
transdermal administration of a KT gel 
using sonophoresis with pulsed ULTS 
might be useful for treating acute 
inflammation and pain.

Yang et al., 
2008. 

Application of ultraphonophoresis 
of 5% ibuprofen nurofen gel to 
affected joints of 20 patients.

Analgesic efficacy of transcutaneous 5% 
gel nurofen in osteoarthrosis. 

Serikov et al., 
2007. 
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Examination of therapeutic effects 
of sonophoresis with ketoprofen in 
gel form in patients with 
enthesopathy of the elbow. 

Positive effects of sonophoresis using a 
pharmacologically active gel with 
ketoprofen were shown to be highly 
significant in assessments, objective 
(clinical examination) and subjective 
(interview). The pain symptoms in the 
elbow resolved in most of the patients. 

Cabak et al., 
2005. 

Quantitative study of sodium 
diclofenac (Voltaren Emulgel, 
Novartis) phonophoresis in humans

Previously applied therapeutic ULTS 
irradiation enhances the percutaneous 
penetration of the topical diclofenac gel, 
although the mechanism remains 
unclear 

Rosim et al., 
2005. 

Investigation of in vitro penetration 
and the in vivo transport of 
flufenamic acid in dependence of 
ULTS. 

Using this in vitro model it is possible to 
compare the transdermal delivery of 
commercial flufenamic ointment in 
volunteers. 

Hippius et 
al., 1998. 

Antibiotics  
Effect of ULTS on the delivery of 
topically applied amphotericin B 
ointment in guinea pigs. 

Amphotericin B content in the skin and 
subcutaneous fatty tissues was much 
higher when the drug was delivered in 
the presence of ULTS. 

Rornanenko 
& Araviiskii, 
1991. 

Administration of tetracycline in 
healthy rabbits using 
electrophoresis and sonophoresis 
 
 

It was found that the tissue levels of 
tetracycline administered with the 
modified methods of electro and 
sonophoresis increased with an increase 
in the current density or ULTS 
intensity, the procedure time and 
antibiotic concentration. 

Ragelis et al., 
1981. 

Immunosuppressives  
Investigated the topical transport of 
Cyclosporin A using low-frequency 
US throughout rat skin 

The enhanced skin accumulation of 
Cyclosporin A by the combination of 
low-frequency ULTS and chemical 
enhancers could help significantly to 
optimize the targeting of the drug 
without of a concomitant increase of the 
systemic side effects. 

 
Liu et al., 
2006. 

Evaluation of the efficacy of low 
frequency sonophoresis (LFS) at 
25KHz produced by a sonicator 
apparatus for treatment of alopecia 
areata, melasma and solar lentigo. 

The study showed that LFS, a not 
aggressive technique, enhanced 
penetration of topic agents obtaining 
effects at the level of the epidermis, 
dermis and appendages (intradermal 
delivery), giving better results in the 
treatment of some cosmetic skin 
disorders. 

Santoianni et 
al., 2004. 
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Anticancer drugs  
Application of a method using 
ULTS and nano/microbubbles to 
cancer gene therapy using prodrug 
activation therapy. 

Dramatic reductions of the tumor size 
by a factor of four. 

 
Aoi et al., 
2007. 

Investigation of competitive 
transport across skin of 5-
fluorouracil into coupling gel under 
the influence of ULTS, heat-alone 
and Azone® enhancement. 

Ultrasonication produced a decrease in 
percutaneous drug penetration. This 
effect was due to the diffusive loss of 
the hydrophilic substance 5-fluorouracil 
from the skin surface. 

Meidan et 
al., 1999. 

Insulin  
To determine if the 3x1 rectangular 
cymbal array perform significantly 
better than the 3x3 circular array for 
glucose reduction in hyperglycemic 
rabbits. 

Using the rectangular cymbal array, the 
glucose decreased faster and to a level 
of -200.8±5.9 mg/dL after 90 min. 

Luis et al., 
2007. 

To demonstrate ultrasonic 
transdermal delivery of insulin in 
vivo using rabbits with a novel, low-
profile two-by-two ULTS array. 

For the ULTS-insulin group, the glucose 
level was found to decrease to -132.6 ± 
35.7 mg/dL from the initial baseline in 
60 min 

Lee et al., 
2004. 

The purpose of this study was to 
demonstrate the feasibility of ULTS-
mediated transdermal delivery of 
insulin in vivo using rats with a 
novel, low profile two-by-two US 
array based on the "cymbal" 
transducer. 

For the 60-min ULTS exposure group, 
the glucose level was found to decrease 
from the baseline to -267.5 ± 61.9 
mg/dL in 1 h. Moreover, to study the 
effects of ULTS exposure time on 
insulin delivery, the 20-min group had 
essentially the same result as the 60-min 
exposure at a similar intensity. 

Smith et al., 
2003. 

Corticosteroids  
Determination of the effect of ULTS 
on the transcutaneous absorption of 
dexamethasone. 

A sonophoretic effect occurred with 
dexamethasone when its application 
saturated the skin. 

Saliba et al., 
2007. 

To determine if ULTS enhances the 
diffusion of transdermally applied 
corticosteroids. 

The effects of sonophoresed 
dexamethasone  can be measured in 
terms of reduced collagen deposition as 
far down as the subcutaneous tissue but 
not in the submuscular or subtendinous 
tissue 

Byl et al., 
1993. 

Comparison of effectiveness of 0.4% 
Dexamethasone sodium phosphate 
(DEX-P) sonophoresis (PH) with 
0.4% DEX-P iontophoresis (ION) 
therapy in the management of 
patients with knee joint 
osteoarthritis 

Significant improvement in total 
WOMAC scores was observed in 15 
(60%) and 16 (64%) patients in the PH 
and ION groups respectively, 
indicating no significant difference in 
the improvement rate. 

Akinbo et al., 
2007. 
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Designing a sonophoretic drug 
delivery system to enhance the 
triamcinolone acetonide (TA) 
permeability. 

The highest permeation of TA was 
observed under the ULTS treatment 
conditions of low frequency, high 
intensity, and in continuous mode.

Yang et al., 
2006. 

Cardiotonics 
The sonophoresis of digoxin in vitro
through human and hairless mouse 
skin. 

There was no enhancement of digoxin 
absorption across human skin by ULTS.

Machet et al., 
1996. 

Vasodilators 
Skin penetration enhancement effect 
of ULTS on methyl nicotinate in 10 
healthy human volunteers.

ULTS treatment applied prior to methyl 
nicotinate led to enhanced 
percutaneous absorption of the drug

McEnlay et 
al., 1993. 

Hormones 
Effect of permeation enhancers and 
application of low frequency (LUS) 
and high frequency ultrasound 
(HUS) on testosterone (TS) 
transdermal permeation after 
application of testosterone solid 
lipid microparticles (SLM). 

Skin exposure to HUS or LUS before 
application of 1% dodecylamine for 30 
min had no superior enhancement 
effect over application of either LUS or 
HUS alone. Application of drug loaded 
SLM offered skin protection against the 
irritation effect produced by TS and 1% 
DA.

El-Kamel et 
al., 2008. 

Cicatrizants 
The effectiveness of sonophoresis on 
the delivery of high molecular 
weight (MW) hyaluronan (HA) into 
synovial membrane using an animal 
model of osteoarthritis (OA).

Synovial fluid analysis revealed 
increased absorption and fluorescence 
microscopy showed deeper penetration 
of both HA1000 and HA3000. 

Park et al., 
2005. 

Calcein 
The skin permeation clearance of 
model hydrophilic solutes, calcein 
(MW 623) and-labeled dextrans 
[MW 4400 (FD-4) and MW 38000 
(FD-40)], across the skin under the 
influence of ULTS.

Good correlations were observed 
between the 3H2O flux and solute 
clearances and, unexpectedly, the slope 
values obtained from linear regression 
of the plots were consistent for all 
solutes examined.

Morimoto et 
al., 2005. 

Oligonucleotids
Assessment of the potential of low 
frequency ULTS (20 kHz, 2.4 
W/cm2) in delivering 
therapeutically significant quantities 
of anti-sense oligonucleotides into 
skin. 

Microscopic evaluations using revealed 
heterogeneous penetration into the 
skin. Heterogeneous penetration led to 
the formation of localized transport 
pathways, which occupied about 5% of 
the total exposed skin area.

Tezel et al., 
2004. 

Stimulants 
The effect of low-frequency 
sonophoresis on fentanyl and 
caffeine permeation through human 
and hairless rat skin. 

Discontinuous ULTS mode was found 
to be more effective in increasing 
transdermal penetration of fentanyl 
while transdermal transport of caffeine 
was enhanced by both continuous and 
pulsed mode.

Boucaud et 
al., 2001. 
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Calcium  
Manipulation of the Ca2+ content of 
the upper epidermis by 
sonophoresis across hairless mouse 
SC. 

Sonophoresis at 15 MHz did not alter 
barrier function. 

Menon et al., 
1994. 

Panax notoginseng  
Effect of a therapeutic US coupled 
with a Panax notoginseng gel for 
medial collateral ligament repair in 
rats. 

This study reveals a positive ultrasonic 
effect of Panax notoginseng extract for 
improving the strength of ligament 
repair. 

Ng et al., 
2008. 

Other applications 
i)To study the mechanisms of penetration 
due to US throughout the skin 

 

To demonstrate the calcein 
permeability through the localized 
transport regions (LTRs) from the 
exposure to the 
ULTS/ Sodium lauryl sulphate 
(SLS) system. 

LTRs and the non-LTRs exhibit 
significant decreases in skin electrical 
resistivity relative to untreated skin, 
suggesting the existence of two levels of 
significant skin structural perturbation 
due to ULTS exposure in the presence 
of SLS. 

Kushner IV 
et al., 2004. 

To shed light on the mechanism(s) 
by which low-frequency ULTS (20 
KHz) enhances the permeability of 
the skin. 

Significant fractions (30%) of the 
intercellular lipids of SC were removed 
during the application of low frequency 
sonophoresis. 

Alvarez-
Roman et al., 
2003. 

Investigation of short time 
sonication effects of human skin at 
variable intensities and on the 
dynamics of fluorescein transport 
across the skin. 

A short application of ULTS enhanced 
the transport of fluorescein across 
human skin by a factor in the range of 
2–9 for full thickness skin samples and 
by a factor in the range of 2–28 000 for 
heat-stripped SC samples 

 
Cancel et al., 
2004. 

Use of quantum dots as a tracer and 
confocal microscopy and 
transmission electron microscopy 
(TEM) as visualization methods, on 
low frequency sonophoresis. 

ULTS significantly increased the 
frequency of occurrence of the otherwise 
scattered and separated lacunar spaces 
in the SC. A significant increase in 
lacunar dimensions was observed when 
1% w/v sodium lauryl sulfate was 
added to the coupling medium. 

 
Paliwal et al., 
2006. 

ii)Kelloids  
ULTS therapy with a water-based 
gel alone 

"Complete flattening" of keloids in two 
young men when 1 MHz at 0.8 W/cm 2 
was applied for approximately 4 
minutes. 

Walker, 1983. 

iii) Tumours  
Optimization of ULTS parameters 
for in vivo bleomycin delivery 

An effective antitumor effect was 
demonstrated in solid tumors of both 
murine and human cell lines. 

Larkin et al., 
2008. 
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Table 4. Research on uses of sonophoresis to administer different drugs through the skin 

4. Iontophoresis 
Transdermal iontophoresis consists of the application of a low density current and low 
voltage (typically 0.5 A/cm2) via an electrical circuit constituted by two drug reservoirs 
(anode and cathode) deposited on skin surface. During application of the current, the drug 
is repelled by the corresponding electrode and pushed through the stratum corneum. A 
substance can pass through the skin by electromigration, electroosmosis or passive 
diffusion. The latter of the three mechanisms is a result of changes caused by the electric 
field to the permeability of the skin, and its effects are negligible compared with those of the 
other two mechanisms. When ions are repelled by the electrode of the same charge and 
attracted by the electrode of the opposite charge is electromigration. When neutral 
substances are transported with the solvent flow is electroosmosis, which at physiological 
pH favours the movement from the anode to the skin.  

The advantages and disadvantages that the iontophoretic technique offers are summarized 
in Table 5. 

4.1 Mechanisms of action 

Skin is a complex membrane and controls the movement of molecules across it in the 
presence of an electric field. Skin has an isoelectric point (pI) of 4–4.5. Above this pH, the 
carboxylic acid groups are ionized. Therefore, at higher pH values, the skin behaves as a 
permselective membrane which especially attracts cations that have been repelled by the 
anode, thus favouring the passage of molecules by electromigration (Merino et al., 1999). 
The movement of small sized cations (mainly Na+) generates a solvent flow that promotes 
the passage of non-charged molecules through the skin. This process is identified as 
electroosmosis (Delgado-Charro and Guy, 1994). Electrical mobility decreases with 

Investigation of high-intensity 
focused ULTS (HIFU) exposure of 
(111) In-MX-B3. 

The HIFU exposure shortened the peak 
tumor uptake time (24 vs. 48 h for the 
control) and increased the peak tumor 
uptake value (38 vs. 25 %ID/g for the 
control). The HIFU effect on enhancing 
tumor uptake was greater at earlier 
times up to 24 h. 

Khaibullina 
et al., 2008. 

Supurative wounds  
Treatment of suppurative wounds 
with ULTS. 

sonophoresis of ethylenediaminetetra 
acetic acid with the quinoxaline 
antibiotic dioxidine was effective in 
accelerating wound purification an 
delimination of necrotic issues 

Levenets et 
al., 1989. 

Treatment of suppurative wounds 
with ULTS. 

Sonophoresis of a 1% papain solution 
together with dimethyl sulfoxide was 
an effective method for treating 
purulent wounds and inflammatory 
infiltrates. 

Matinian et 
al., 1990. 
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molecular weight, and, as a consequence, the electroosmotic contribution becomes 
increasingly important for larger molecules (Guy et al., 2000). The dependence of 
iontophoretic flux on the intensity of the current applied has been clearly demonstrated by 
Faraday's law (Sage et al., 1992): where Ja is the flux (in moles per unit time), ta is the 
transport number, Za is the valence of ion a, I is the current applied (Amperes), and F is 
Faraday's constant (Coulombs/mol). The transport number, ta, is the fraction of the total 
current transported by a specific ion, and is a measure of its efficiency as a charge carrier: 
ta=Ia / I. It follows that knowledge of a compound's transport number allows the feasibility 
of its iontophoretic delivery or extraction to be predicted. The sum of the transport numbers 
of all the ions present during iontophoresis equals 1 (Σti=1), illustrating the competitive 
nature of electrotransport.  
 

Advantages Disadvantages 
Enhance penetration of ionized and unionized 
molecules. Moreover, improving the delivery of 
polar molecules as well as high molecular weight 
compounds (e. g. peptides and oligonucleotides). 
Enabling continuous or pulsatile delivery of drug 
(depending on the current applied). 
Permitting easier termination of drug delivery. 
Offering better control over the amount of drug 
delivered since the amount of compound delivered 
depends on applied current, duration of applied 
current, and area of skin exposed to the current. 
Restoration of the skin barrier functions without 
producing severe skin irritation. 
Ability to be used for systemic delivery or local 
(topical) delivery of drugs. 
Reducing considerably the inter and intraindividual
variability, since the rate of drug delivery is more 
dependent on applied current than on stratum 
corneum characteristics. 

Can be time-consuming to administer. 
The actual current density in the follicle 
maybe high enough to damage growing 
hair. SC must be intact for effective 
drug penetration. 

Table 5. Advantages and disadvantages of using iontophoresis as a physical penetration 
enhancer. 

4.2 Types of iontophresis 

4.2.1 Direct iontophoresis 

Direct iontophoresis can be anodal if the drug is neutral or positively charged and cathodal 
if the drug is negatively charged. Although cations have better properties for iontophoresis, 
anions can also increase their transdermal drug flux with respect to passive diffusion. 

4.2.2 Reverse iontophoresis 

Reverse iontophoresis across the skin is a potentially useful alternative for non-invasive 
clinical and therapeutic drug monitoring. During current application, reverse iontophoresis 
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allows the movement of neutral and positively charged entities into the cathode while 
negatively charged entities move into the anode. The main problem with this is that skin 
contains some of the entities to be analyzed, which implies that there is a period of time 
within which it is necessary to withdraw skin reserves and after which it is possible to 
correlate extracted levels of the analytes with levels in the blood (Leboulanger et al., 2004).  

4.3 Applications of iontophoresis 

The most extended uses of iontophoresis are the treatment of palmoplantar hyperhidrosis 
and the diagnosis of cystic fibrosis. However, iontophoresis is also used for the topical 
delivery of others drugs such as lidocaine, acyclovir and dexamethasone. The only system 
commercially available at present is the fentanyl iontophoretic transdermal system. It is 
indicated for the shortterm management of acute postoperative pain in adult patients 
requiring opioid analgesia during hospitalization. Currently, the iontophoretic delivery of 
apomorphine for the treatment of idiopathic Parkinson’s disease is being evaluated in 
human subjects. Peptide drugs including various series of amino acid derivatives and 
tripeptides, thyrotropin release hormones, LHRH and analogues, vasopressin and calcitonin 
can also be administered by means of this technique. One peptide that has focused the 
attention of researchers in the field of iontophoresis is insulin.  

5. Electroporation 
Electroporation is the phenomenon in which cell membrane permeability to ions and 
macromolecules is increased by exposing the cell to short high electric field pulses. The 
increase in permeability is attributed to the electric field induced “breakdown” of the cell 
membrane and the formation of nano- scale defects or “pores” in the membrane – and hence 
electro-“poration”. Electroporation can be of two types - reversible and irreversible. In 
irreversible electroporation the electric field is such that the membrane permeabilization 
leads to cell death. This may be caused by either permanent permeabilization of the 
membrane and cell lysis (necrosis) or by temporary permeabilization of a magnitude which 
can cause a severe disruption of the cell homeostasis that can finally results in cell death, 
either necrotic or apoptotic. In reversible electroporation the electric pulse causes only a 
temporary increase in permeability and the cell survives. The reversible electroporation 
mode has numerous applications in biotechnology and medicine both, in vitro and in vivo. 
Irreversible electroporation has applications in the food industry, for sterilization and in 
medicine for tissue ablation (Ball et al., 2010). 

5.1 Mechanisms of transdermal electroporation 

The theory postulates two paths for electroporation induced transdermal transport, through 
pores formed in the multiple lipid bilayers connecting corneocytes and through appendage 
cells. Small lipid-soluble molecules can partition into the SC, and then diffuse across the 
lipid bilayer membranes, but water soluble molecules, particularly charged molecules, 
cannot penetrate significantly by this route. High voltage pulsing (> 50V) creates aqueous 
pathways (“pore”) through stratum corneum (SC) lipid bilayer membranes, and short 
pathway segments are formed across 5--6 lipid bilayer membranes which connect adjacent 
corneocyte interiors forming transcellular straight-through pathways. Moderate voltage (= 5 
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to 50V) pulses appear to electroporate cell linings of the appendages. Temperature is 
considered to play a role in the permeabilization.  

5.2 Advantages and disadvantages of electroporation for transdermal drug delivery 

The advantages and disadvantages that the electroporation technique offers are summarized 
in Table 6. 
 

Advantages Disadvantages 
Enhanced drug penetration (of selected drugs) over 
passive transport. 
Allows strict control of transdermal penetration rates.
Versatility: electroporation is effective nearly with all 
cells and species types (Sung et al., 2003). 
Efficiency: a large majority of cells take in the target 
DNA or molecule (Huang et al., 2005). 
Permits rapid termination of drug delivery through 
termination of electroporation. 
The procedure may be performed with intact tissue 
(Heller et al., 1996). 
Less anxiety provoking or painful than injection. 
In many cases, greater patient satisfaction. 

Cell damage: If the pulses are of the 
wrong length or intensity, some 
pores may become too large or fail 
to close after membrane discharge 
causing cell damage or rupture 
(Murthy et al., 2004). 
The transport of material into and 
out of the cell during the time of 
electropermeability is relatively 
nonspecific (Murthy et al., 2004). 

Not immunologically sensitizing.  

Table 6. Advantages and disadvantages of using electroporation as a physical penetration 
enhancer. 

5.3 Applications of electroporation 

The field of skin electroporation is made of two aspects. The first deal with electroporation 
in a conventional sense in relation to the cells of the skin and the second is unique and 
relates to transdermal effects. The concept of transdermal electroporation may be traced to 
fundamental research on the breakdown of flat lipid bilayer membranes. Prausnitz et al., 
(1993) addresses the fact that transdermal transport normally occurs primarily through the 
intracellular lipids organized in bilayers. Small molecular weight lipophilic drugs can be 
effectively delivered by passive transdermal delivery. However, the stratum corneum does 
not permit passage of polar/hydrophilic molecules and macromolecules. The paper 
suggests that microsecond to millisecond electroporation type pulsed electric fields applied 
across the skin produce, in a manner similar to that found in studies on flat lipid bilayers, 
trans bilayer aqueous pores. It reports that electroporation produces transient structural 
changes in the skin resulting in an up to four orders of magnitude increase in transdermal 
mass transfer flux of polar molecules in human skin in vitro and animal skin in vivo.  

6. Microneedles 
The use of microneedles is another method for bypassing the stratum corneum barrier, 
which have been introduced as a form of transdermal drug delivery. They can penetrate the 
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upper layer of the skin without reaching the dermis, to be an efficient method to deliver drugs 
transdermally in an almost painless method. The drug diffuses across the rest of the epidermis 
into the dermis where it is absorbed into the blood circulation. Nowadays different types of 
microneedles have been designed by other researchers as well, varying in their materials of 
fabrication, shapes, dimensions, modes of application, etc. (Chabri et al., 2009). 

6.1 Microneedle types and their methods of transdermal delivery 

Microneedles are available as both solid and hollow microneedles made of various materials 
(Figure 3). Till date, five methods of transdermal delivery mediated by microneedles have 
been attempted (Gill & Prausnitz, 2007): Poke with patch approach: It can be inserted into the 
skin to pierce the stratum corneum and create micro conduits through which drug can enter 
into the lower layers of the epidermis (Henry et al., 1998). Coat and poke approach: It involves 
coating the drug to be delivered around the surface of the microneedle. By inserting the 
microneedles through the skin, the drug coating dissolves off in the skin fluid and the 
dissolved drug diffuses through the skin into the blood microcirculation. The coating 
methods are used to roll coating, spray coating and dip coating (Gill & Prausnitz, 2006). Dip 
and scrape: The dip and scrape method involves placing the array in contact with the drug 
solution and then scraping multiple times across the skin to create microabbrassions 
(Mikszta et al., 2002). Dissolving microneedles: It is referred to microneedles made from a 
biodegradable polymeric material with the drugs encapsulated inside them. In this method, 
the drug is released in a controlled manner as the microneedle dissolves off when inserted 
into the skin (Lee W. J et al., 2007). Injection through hollow microneedles: This occurs where 
the microneedles are designed with holes at the centre or with side openings through which 
drugs are microinjected into the lower layers of the skin and then diffuses across the viable 
skin until it reaches the blood vessels in the dermis (Griss & Stemme, 2003).  

Solid microneedles: These are easier to fabricate, have better mechanical strength and 
sharper tips as compared to hollow microneedles (Rhoxed et al., 2008a). Solid silicon 
microneedles have been widely used for the transdermal drug delivery studies (Donnelly et 
al., 2009; Haq et al., 2009). However, silicon is expensive, not biocompatible and brittle. 
Therefore it breaks easily during the penetration across skin (Chen et al., 2008). Polymer has 
been used as an alternative material because it is a cheaper and stronger material which 
could reduce tissue damage (Fernandez et al., 2009). Polymer increases the bluntness of the 
microneedle tip due to the low modulus and yield strength of polymer. Polymer 
microneedles have a main limitation with its mechanical properties which could cause 
needle failure during the penetration across skin (Park et al., 2007). Bevelled tip 
microneedles have been fabricated using biodegradable polymers (Park, 2004). Metal is the 
third material used to manufacture microneedles. It is mechanically strong and relatively 
cheap to produce.  

Hollow microneedles: The purpose of this type of microneedles is to deliver drugs through 
the bore at the needle tip. This reduces the sharpness of needle tip which affect the 
penetration of this needle into skin. These issues have been resolved recently including 
openings at the side in the microneedles rather than at the bottom (Roxhed et al., 2008). 
These microneedles have their tip closed initially; however they can be opened on insertion 
into the skin where the tip dissolves in the high saline solution in the interstitial fluid. The 
tips can also be opened as a result of applied pressure. It has been proposed the use of 
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rotary drilling and mechanical vibration as methods to enhance insertion of hollow 
microneedles and the fluid infusion flow rate (Wang et al., 2006).  

 
Fig. 3. Two dimensional view of hollow and solid microneedle.  

6.2 Microneedles manufacturing 

The methods that have been adopted for microneedle fabrication include wet etching, deep 
reactive ion etching (DRIE) (Teo et al., 2005), microinjection moulding (Sammoura et al., 
2007), isotropic etching, isotropic etching in combination with deep etching and wet etching 
respectively, dry etching, isotropic and anisotropic, photolithography, thin film deposition 
(Moon & Lee, 2003), laser cutting (Martanto et al., 2004), and inclined LIGA process 
(Perennes et al., 2006). Studies have shown that factors such as microneedle geometry, 
coating depth on solid microneedle and skin thickness affect the drug delivery efficiency 
using microneedles (Al-Qallaf et al., 2009a; 2009b). To ensure that both the insertion and 
delivery occur at the right location, they should be sharp enough and at least 100μm in 
length (Stoeber & Liepmann, 2000).  

6.3 Microneedles applications 

Vaccination against virus: Researchers have recently presented microneedle patches as a 
better alternative for immunization. The vaccine can be coated unto microneedle array and 
presented as a simple patch which can allow patients to immunize themselves without the 
necessity for intense medical training (Stoeber & Liepmann, 2005). Cutaneous fluid extraction 
and glucose monitoring: A prototype of a disposable microneedle based glucose monitoring 
devices has been designed in which, the fluid extraction chamber attached to the 
microneedle can be connected to a sensing device which measures and indicates the glucose 
concentration in the body (Zimmermann et al., 2003). Acne treatment: The treatment is 
limited by the low rate of penetration of drugs through the stratum corneum. So, 
experiments have been carried out by applying the TheraJectMATTM dissolving 
microneedles containing API in a GRAS matrix to the surface of human skin with acne 
(Kwon, 2006). Delivery of nanoparticles: It was showed that the delivery of particles of 1μm in 
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diameter is enhanced when the skin is pre-treated with microneedles by adopting the poke 
with patch approach. Therefore, it seems to us that the delivery of micro and nano-particles 
is important in order to facilitate controlled/ delayed delivery after the drug is inserted into 
the skin (McAllister et al., 2003). Insulin delivery: Microneedles have been shown to deliver 
insulin with a significant biological effect as the blood glucose concentration was reduced by 
substantial amount using microneedles.  

7. Nanocarriers 
Nanocarriers are so small to be detected by immune system and they can deliver the drug in 
the target organ using lower drug doses in order to reduce side effects. Nanocarriers can be 
administrated into the organisms by all the routes; one of them is the dermal route. The 
nanocarriers most used and investigated for topic/transdermal drug delivery in the 
pharmaceutical field are liposomes, dendrimers, nanoparticles and nanoemulsions (Table 7). 
 

Nanocarrier Size Preparation Methods Characteristics References 
Nanoparticles  10-1000 nm In situ polymerization, 

emulsification- 
evaporation, 
emulsification-diffusion, 
emulsification-diffusion 
by solvent displacement

Solid or hollow 
particles wich have 
entraped, binded or 
encapsulated drugs. 

Domínguez-
Delgado et 
al., 2011; 
oppimath  et 
al., 2001  

Solid lipid 
nanoparticles  

50-1000 nm High-pressure 
homogenization. 

Similar to polymeric 
nanoparticles but 
made of solid lipids.

Almeida & 
Souto, 2007 

Inorganic 
nanoparticles 

<50nm Sol-gel technique Nanometric particles, 
made up of inorganic 
compounds such as 
silica, titania and 
alumina. 

García-
González, 
2009  

Liposomes  25 nm-
100 μm 

Sonication, extrusion, 
mozafari method  

Vesicles composed of 
one or more 
concentric lipid 
bilayers, separated by 
water or aqueous 
buffer compartments.

El Maghraby 
et al., 2008 

Dendrimers  3–10 nm Polymerization Macromolecular high 
branched structures. 

Menjoge et 
al., 2010 

Quantum dots  2-10nm Colloidal assembly, 
viral assembly, 
electrochemical 
assembly.

Made up of organic 
surfactants, precursors 
and solvents. 

Rzigalinski & 
Strobl, 2009 

Lipid globules 1-100 nm Emulsification 
espontaneous systems. 

Multicomponent fluid 
made of water, a 
hydrophobic liquid, 
and one or several 
surfactants resulting 
in a stable system.

Dan et al., 
2010 
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Nanocarrier Size Preparation Methods Characteristics References 
Lipid 
microcylinders  

<1 μm Self emulsification Self organizing system 
in which surfactants 
crystallize into tightly 
packed bilayers that 
spontaneously form 
cylinders  

Dodla & 
Bellamkonda
, 2008 

Lipid 
microbubbles  

<2 μm Sonication Gas filled microspheres 
stabilized by 
phospholipids, 
polymers or low 
density proteins.   

Tartis et al., 
2008 

Lipospheres  0.2-100 μm Melt method, multiple 
microemulsion, 
cosolvent method  
 

Solid lipid core 
stabilized by a 
monolayer of 
phospholipids 
molecules embedded 
in the particle surface.

Fang et al., 
2007 

Ethosomes  <400 nm Cold method, hot 
method 

Non invasive delivery 
carriers that enable 
drugs to reach the deep 
skin layers and/or the 
systemic circulation.  

Elsayed et 
al., 2006 

Aquasomes  60-300 nm Self-assembling of 
hydroxyapatite by  co-
precipitation method  

The particle core is 
composed of 
noncrystalline 
calcium phosphate or 
ceramic diamond, and 
it is covered by a 
polyhydroxyl 
oligomeric film. 

Rojas-Oviedo 
et al., 2007 

Pharmacosomes <200 nm Hand-shaking method, 
Ether-injection method 

Pure drug vesicles 
formed by 
amphiphilic drugs  

Jin et al., 
2006 

Colloidosomes  200 nm –
1.5 µm 

Self-assembly of colloidal 
particles at the interface 
of emulsion droplets  

Hollow capsules with 
elastic shells.  

Rossier-
Miranda et 
al., 2009 

Niosomes  10-1000 nm Self-assembly of 
nonionic surfactant 

Bilayered structures 
made of non-ionic 
surfactant  vesicles.  

Hong et al., 
2009 

Nanoemulsions 20-200 nm High-pressure, 
homogenization, 
microfluidization, 
phase inversion 
Temperature. 

Submicron emulsions 
o/w or w/o 

Elnaggar et 
al., 2009 

Table 7. Examples of Nanocarriers used for transdermal drug delivery 
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7.1 Liposomes 

Liposomes are hollow lipid bilayer structures that can transport hydrophilic drugs inside 
the core and hydrophobic drugs between the bilayer (Bangham, 1993). They are structures 
made of cholesterol and phospholipids. They can have different properties depending on 
the excipients included and the process of their elaboration. The nature of liposomes makes 
them one of the best alternatives for drug delivery because they are non-toxic and remain 
inside the bloodstream for a long time. Liposomes can be surface-charged as neutral, 
negative or positive, depending on the functional groups and pH medium. Liposomes can 
encapsulate both lipophilic and hydrophilic drugs in a stable manner, depending on the 
polymer added to the surface (Rodriguez-Justo & Morae et al., 2011). There are small 
unilamellar vesicles (25 nm to 100nm), medium-sized unilamellar vesicles (100 nm and 
500nm), large unilamellar vesicles, giant unilamellar vesicles, oligolamellar vesicles, large 
multilamellar vesicles and multivesicular vesicles (500 nm to microns). The thickness of the 
membrane measures approximately 5 to 6 nm. These shapes and sizes depend of the 
preparation technique, the lipids used and process variables. Depending on these 
parameters, the behavior both in vivo and in vitro can change and opsonization processes, 
leakage profiles, disposition in the body and shelf life are different due to the type of 
liposome (Rodriguez-Justo & Morae et al., 2011).  

Liposomes preparation techniques follow three basic steps with particular features 
depending on safety, potential scale up and simplicity: 1) Lipid must be hydrated, 2) 
Liposomes have to be sized and 3) Nonencapsulated drug has to be removed. The degree 
of transdermal drug penetration is affected by the lamellarity, lipid composition, charge 
on the liposomal surface, mode of application and the total lipid concentrations (Cevc & 
Blume, 1992). Some examples of drugs delivered throughout the skin by using liposomes 
are melatonin (Dubey et al., 2007b), indinavir (Dubey et al., 2010), amphotericin B 
(Manosroi et al., 2004), methotrexate (Dubey et al., 2007a), ketoprofen (Maestrelli et al., 
2005), estradiol (Essa et al., 2004), clindamicyn hydrochloride and lignocaine (Sharma et 
al., 1994).  

7.2 Dendrimers 

Dendrimers are monodisperse populations that are structurally and chemically uniform. 
They allow conjugation with numerous functional groups due to the nature of their 
branches. The amount of branches increases exponentially and dendrimers growth is 
typically about 1 nm per generation (Svenson & Tomalia, 2005). The dendrimers 
classification is based on the number of generations. After the creation of a core, the 
stepwise synthesis is called first generation; after that, every stepwise addition of monomers 
creates the next generation. This approach allows an iterative synthesis, providing the 
ability to control both molecular weight and architecture. 

The kind of polymer chosen to construct the dendrimer by polimerization is very important 
with regard to the final architecture and features. In addition, the use of branched 
monomers has the peculiarity of providing tailored loci for site-specific molecular 
recognition and encapsulation. Notably, 3D and fractal architecture, as well as the 
peripheral functional groups, provide dendrimers with important characteristic physical 
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and chemical properties. In comparison with linear polymers, dendritic structures have 
“dendritic voids” that give these molecules important and useful features. These spaces 
inside dendrimers can mimic the molecular recognition performed by natural proteins. 
Furthermore, dendrimers have a high surface-charge density due to ionizable groups that 
help them to attach drugs by electrostatic forces, regardless of the stoichimetry. This 
dendrimer-drug association provides drugs with better solubility, increasing their transport 
through biological membranes and sometimes increasing drug stability. The number of 
molecules that can be incorporated into dendrimers is related to the number of surface 
functional groups; therefore, later-generation dendrimers are more easily incorporated into 
dendritic structure. However, not all the functional groups are available for interaction due 
to steric volume, molecule rotation or stereochemistry effects. Dendrimers can have positive 
and negative charges, which allows them to complex different types of drugs (Kabanov et 
al., 1998). The main problems with this kind of transdermal carrier are poor biodegradation 
and inherent cytotoxicity (Parekh, 2007). In order to reduce their toxicity, dendrimers have 
been linked to peptides and which are formed from amino acids linked via peptide-amide 
bonds to the branches of dendrimers in the core or on the surface. When they are bio-
transformed, dendrimer-peptide systems produce amino-acid derivatives. Finally, the 
synthesis of these structures is less expensive and purification does not present any 
difficulty (Niederhafner et al., 2005). Due to their form and size, these molecules can carry 
drugs, imaging agents, etc. Dendrimers interact with lipids present in membranes, and they 
show better permeation in cell cultures and intestinal membranes (Cheng et al., 2008). 
Dendrimers also act like solubility enhancers, increasing the permeation of lipophilic drugs; 
nevertheless, they are not good carriers for and hydrophilic drugs. 

7.3 Nanoparticles 

Nanoparticles are smaller than 1,000 nm. Nowadays, it is possible to insert many types of 
materials such as drugs, proteins, peptides, DNA, etc. into the nanoparticles. They are 
constructed from materials designed to resist pH, temperature, enzymatic attack, or other 
problems (Huang L. et al., 2010; Wei et al., 2010). The nanoparticle technology can be 
divided into three stages: first generation (involves those nanoparticles that had only one 
component in their structure and these delivery systems are able to transport drugs in the 
blood until they reach the target), second generation (implies nanoparticles made of one 
main component and additional substances and these complexes are able to cross barriers 
and reach difficult targets such as the brain) and third generation is represented by 
nanoparticles that can be made of nanoparticles with one main component combined with a 
second component to reach a specific target (Cui et al., 2005; Herffernan & Murthy, 2005). 
Moreover, nanoparticles can be classified as nanospheres or nanocapsules (Figure 4). 
Nanospheres are solid-core structures and nanocapsules are hollow-core structures (Yoo et 
al., 2005). Nanoparticles can be composed of polymers, lipids, polysaccharides and proteins 
(Goswami et al., 2010; Li et al., 2009). Nanoparticles preparation techniques are based on 
their physicochemical properties. They are made by emulsification-diffusion by  
solvent displacement, emulsification-polymerization, in situ-polymerization, gelation, 
nanoprecipitation, solvent evaporation/extraction, inverse salting out, dispersion 
polymerization and other derived from these one. 
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a)                                             b) 

Fig. 4. a) Nanospheres and b) nanocapsules. 

7.4 Nanoemulsions 

Nanoemulsion are isotropic dispersed systems of two non miscible liquids, normally 
consisting of an oily system dispersed in an aqueous system (o/w nanoemulsion), or an 
aqueous system dispersed in an oily system but forming droplets or other oily phases of 
nanometric sizes (100 nm). They can be stable (methastable) for long times due to the 
extremely small sizes and the use of adequate surfactants. Nanoemulsions can use 
hydrophobic and hydrophilic drugs because it is possible to make both w/o or o/w  
nanoemulsions (Sonneville-Aubrun, et al. 2004). They are non-toxic and non-irritant systems 
and they can be used for skin or mucous membranes, parenteral and non parenteral 
administration in general and they have been used in the cosmetic field. Nanoemulsions can 
be prepared by three methods mainly: high-pressure homogenization, microfluidization and 
phase inversion temperature. Transdermal delivery using nanoemulsions has been reduced 
due to the stability problems inherent to this dosage form. Some examples of drugs using 
nanoemulsions to transdermal drug delivery are gamma tocopherol, caffeine, plasmid DNA, 
aspirin, methyl salicylate, insulin and nimesulide (Shakeel & Ramadan, 2010).  

8. Conclusions 
Transdermal drug delivery has several potential advantages over other parenteral delivery 
methods. Apart from the convenience and noninvasiveness, the skin also provides a 
“reservoir” that sustains delivery over a period of days. Furthermore, it offers multiple sites 
to avoid local irritation and toxicity, yet it can also offer the option to concentrate drugs at 
local areas to avoid undesirable systemic effects. However, at present, the clinical use of 
transdermal delivery is limited by the fact that very few drugs can be delivered 
transdermally at a viable rate. This difficulty is because the skin forms an efficient barrier for 
most molecules, and few noninvasive methods are known to significantly enhance the 
penetration of this barrier.  

In order to increase the range of drugs available for transdermal delivery the use of  
chemical and physical enhancement techniques have been developed in an attempt to 
compromise skin barrier function in a reversible manner without concomitant skin 
irritation. Recently, several alternative physical methods have emerged to transiently break 
the stratum corneum barrier and also the use of chemical enhancers continues expanding. 
The projectile methods use propelled microparticles and nanoparticles to penetrate the skin 
barrier. Microneedle arrays are inserted through the skin to create pores. “Microporation” 
creates arrays of pores in the skin by heat and radio frequency ablation. Also, ultrasound 
has been employed to disrupt the skin barrier. All these methods have their own advantages 
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and drawbacks, but a reality is that new developments are expected in the future to make 
these methods even more versatile. 
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1. Introduction 
The clarification of metabolic dynamics in lesion areas is important. Many approaches, such 
as high performance liquid chromatography mass spectrometry, gas chromatography mass 
spectrometry, immunohistochemistry, are used to define disease-related abnormalities. 
Matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS) is 
attracting attention as a new valuable tool. MALDI-IMS is a two-dimensional MALDI mass 
spectrometric technique used to visualize the spatial distribution of molecules without 
extraction, purification, separation, or labeling of biological samples (Cornett et al., 2007; 
Zaima et al., 2010b). MALDI-IMS has revealed the characteristic distribution of several 
biomolecules, including proteins (Caprioli et al., 1997; Groseclose et al., 2007; Morita et al., 
2010), peptides (Chansela et al., 2011; Stoeckli et al., 2002), amino acids (Goto-Inoue et al., 
2010b; Zaima et al., 2010a), lipids (Hayasaka et al., 2009; Murphy et al., 2009; Zaima et al., 
2011a), and carbohydrates (Goto-Inoue et al., 2010b), in various tissues. The versatility of 
MALDI-IMS has opened a new frontier in several fields, such as pharmacology, medicine, 
agriculture, biology, and pathology. In this review, we describe the methodology and 
applications of MALDI-IMS for biological samples. 

2. MALDI-MS 
MALDI-MS was developed from laser desorption/ionization mass spectrometry (LDI-MS). 
The first LDI-MS experiment for high-mass molecules was reported in 1987 (Tanaka et al., 
1987). In this experiment, a powder of cobalt metal in glycerol was used for the observation 
of ions with a mass to charge (m/z) ratio of 34,000. Soon afterward, MALDI-MS results of 
serum albumin (67,000 Da) were reported using nicotinic acid as the matrix (Karas & 
Hillenkamp, 1988). It was reported that MALDI-MS can detect a wide range of molecules 
ranging from small (m/z <1000) to large molecules (m/z >1,000,000) (Yates, 1998). The schema 
of MALDI-MS is shown in Figure 1. 

In routine MALDI-MS analysis (i.e., non-imaging analysis), the analyte can be mixed with 
an excess of matrix. On the other hand, molecular imaging of tissue sections using MALDI-
IMS requires the tissue surface to be homogeneously covered by a matrix. On-tissue 
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application of matrix results in the in situ extraction of molecules from biological tissues. The 
cocrystal of matrix and analyte molecules in tissue is irradiated with a pulsed laser of 
appropriate energy, leading to desorption and ionization of the matrix and analyte 
molecules. The fragmentation of analyte molecules is prevented by the incorporation of the 
analyte molecules into matrix crystals. The role of the optical absorption of the matrix in the 
transfer of energy from the laser beam to the analyte molecules is governed by Beer’s law, as 
described previously (Karas et al., 1985). However, the mechanisms underlying the 
formation of charged matrix and analyte molecules in the MALDI process are not fully 
understood. 

 
Fig. 1. Schema of MALDI-MS. 

The matrix molecules absorb the laser energy and facilitate desorption and ionization of 
analyte molecules in the tissue. The homogeneous matrix cover is important for MALDI-
IMS, because a heterogeneous distribution of matrix results in different ionization 
efficiencies of analyte molecules based on their location.  

3. Methodology of MALDI-IMS 
The important experimental steps for visualizing endogenous molecules or administered 
pharmaceutical agents in tissue using MALDI-IMS are sample preparation (such as fixation, 
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sectioning, and washing), choice of matrix and matrix application, measurement, and data 
analysis. To obtain meaningful biological images, all steps need to be carefully controlled. In 
this section, the basic experimental MALDI-IMS procedures are described. The schema of 
MALDI-IMS is presented in Figure 2. 

 
Fig. 2. Schema of MALDI-IMS.  

After biological study (a), the tissue of interest should be appropriately isolated (b). A thin 
section of isolated tissue is mounted on a glass slide (c), coated with matrix (d), and measured 
by a mass spectrometer (e). The resultant mass spectra (f) can be used for a data mining 
approach (g). Molecules of interest can be visualized (f) and identified by MS/MS on tissue (f). 

3.1 Biological sample preparation 

The samples for MALDI-IMS come from a variety of biological sources, including organs, 
whole animal body dosed with a pharmaceutical compound, or pathological tissues. 
Optimization of the sample preparation procedure according to the chemical and physical 
properties of analytes is important. Here, the basic sample preparation steps for MALDI-
IMS are described. 

3.1.1 Sample condition for MALDI-IMS 

Collection and treatment procedures need to be sufficiently fast to prevent rapid tissue 
degradation, because the sample degradation process starts immediately after the cessation 
of blood flow. The most preferred sample for MALDI-IMS is a chemically unmodified fresh-
frozen one. Fresh-frozen samples can be prepared using dry ice, liquid nitrogen, or liquid 
nitrogen-chilled isopentane, and can be preserved in a deep freezer until required. The 
samples should be well sealed to prevent drying during storage, and it is important to 
ensure that the tissue section morphology is well preserved before MALDI-IMS. 
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3.1.2 Fixation and embedding 

Fixation of samples, such as formalin fixation, is preferably avoided because the protein 
crosslinking introduced by formalin fixation makes MALDI-IMS analysis difficult. 
However, many medical samples are routinely formaldehyde-fixed and paraffin-embedded 
(FFPE) just after dissection. To address this problem, the on-tissue proteolytic digestion 
method, in which proteins are denatured and digested by enzymes, has been developed 
(Djidja et al., 2009; Groseclose et al., 2007; Lemaire et al., 2007; Morita et al., 2010). The on-
tissue proteolytic digestion method includes a paraffin removal step using xylene and 
ethanol. In the paraffin removal step, lipophilic molecules are lost; therefore, FFPE samples 
cannot be used for lipid imaging. When the samples are formaldehyde-fixed without 
paraffin-embedding, lipid imaging can be performed (Zaima et al., 2011c). However, the 
detected ion intensities of lipids in formaldehyde-fixed samples are lower than those in 
fresh-frozen ones are. 

Embedding of the tissue samples in supporting material, such as an optimal cutting 
temperature (OCT) compound, allows the maintenance of tissue morphology and precise 
sample sectioning. However, supporting materials are often ionized during MALDI-MS 
analysis and sometimes act as ion suppressors of molecules of interest (Schwartz et al., 
2003). Therefore, samples should not be embedded if precise sample sections can be 
prepared without embedding. When it is difficult to prepare a sample section, the use of 
carboxymethylcellulose (CMC) or gelatin as embedding material is recommended. Sodium 
CMC (2%) is reported to be used as an alternative embedding compound that does not 
interfere with the detection sensitivity of biomolecules in MALDI-IMS analysis (Stoeckli et 
al., 2006; Zaima et al., 2010a). Chen et al. reported that gelatin provides a cleaner signal 
background than OCT (Chen et al., 2009). Researchers should ensure compatibility between 
the supporting material and the biomolecules of interest.  

3.1.3 Sectioning 

The basic sectioning procedure for MALDI-IMS samples is same as that for pathological 
examination. Sections for MALDI-IMS can be prepared using a cryostat. The sample stage 
temperature is typically maintained between -5 and -20°C. To obtain high quality sections 
from tissues with high fat content (e.g., brain), or atherosclerotic lesions, breast tissue, or 
lipid storage disease samples lower temperatures are required. In general, 5–20-μm-thick 
sections are prepared for the analysis of low-molecular-weight molecules. The use of thinner 
tissue sections (2–5 μm thick) has been recommended for the analysis of high-molecular-
weight molecules (range, 3–21 kDa) (Goodwin et al., 2008). Sections are usually thaw-
mounted on a stainless steel conductive stage or on commercially available indium-tin oxide 
(ITO)-coated glass slides. We recommend the use of ITO-coated glass slides because these 
transparent slides enable microscopic observation of the section after MALDI-IMS. Use of 
adhesive film is suitable for samples for which thaw-mounted preparation of sections is 
challenging (e.g., bone or whole-body sections) (Stoeckli et al., 2006; Zaima et al., 2010a). The 
procedure for sectioning using adhesive film is shown in Figure 3. The prepared section 
should be immediately dried in a vacuum desiccator to avoid moisture condensation that 
could cause delocalization of analyte molecules in the tissue. Moisture condensation can be 
avoided by placing the prepared section in a dry and cold container until return to room 
temperature. 
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Fig. 3. Procedure for sectioning using adhesive film.  

Attachment of adhesive film to the sample block (a). The end of the adhesive film must be 
anchored with tweezers to prevent adhesion of the film to the sample stage (b). After the 
sample section is obtained (c), the sample section on the adhesive film is attached to a glass 
slide (d).  

3.1.4 Washing 

Washing is required for peptide or protein analysis because their detection is often 
prevented by large amounts of easily ionized lipid species. Lipid removal simplifies mass 
spectra in the range of m/z 400–1000; thus, lipid removal enables the detection of low-mass 
peptides that are usually masked by lipid peaks. The washing method should be optimized 
for the target imaging molecules. Several washing protocols using organic solvents have 
been reported (Aerni et al., 2006; Andersson et al., 2008; Groseclose et al., 2007; Lemaire et 
al., 2006; Schwartz et al., 2003). 

Washing is also used for removing the matrix from the tissue section after MALDI-IMS 
analysis. The matrix can be removed using the solvent that is used for preparing the matrix 
solution. For example, 2,5-dihydroxybenzoic acid (DHB) can be rapidly removed by 
methanol. Matrix removal enables the microscopic observation of a tissue section followed 
by pathological staining, such as hematoxylin and eosin (HE) staining, toluidine blue 
staining etc.  



 
Pharmacology  

 

442 

3.2 Matrix application 

The matrix plays a central role in MALDI-MS soft ionization (Karas & Hillenkamp, 1988; 
Karas & Kruger, 2003). Biomolecules are softly ionized in the cocrystal with the matrix, 
which absorbs the laser beam energy and protects biomolecules from the disruptive energy. 
Protonated ion ([M + H]+) or deprotonated ion ([M − H]−) molecules are generally detected. 
Sodium adduct ion ([M + Na]+) and potassium adduct ion ([M + K]+) are often observed by 
biological sample analysis. It is very important to choose appropriate matrices for obtaining 
meaningful biomolecular images. An overview of the matrices used for IMS can also be 
found in other reviews (Chughtai & Heeren, 2010; Kaletas et al., 2009).  

3.2.1 Choice of matrix 

The choice of matrix used for MALDI-IMS depends on the mass range and chemical properties 
of the analytes. Among the many kinds of matrices, sinapinic acid (3,5-dimethoxy-4-
hydroxycinnamic acid [SA]) is generally used for high-molecular-weight molecules, such as 
proteins, while α-cyano-4-hydroxycinnamic acid (CHCA) is often used for medium-molecular-
weight molecules, such as peptides. 2,6-dihydroxyacetophenone (DHA), DHB, or 9-
aminoacridine (9-AA) is generally used for low-molecular-weight molecules, such as 
pharmaceutical compounds, lipids, or metabolites (Hattori et al., 2010; Hayasaka et al., 2009; 
Khatib-Shahidi et al., 2006; Sugiura et al., 2009; Woods & Jackson, 2006).  

The development of new matrices is still being reported. We and other research groups 
recently reported the use of nanoparticles as new matrices (Hayasaka et al., 2010; McLean et 
al., 2005; Moritake et al., 2009; Su & Tseng, 2007; Sugiura & Setou, 2010). For example, iron 
oxide nanoparticles enable the visualization of sulfatide and phospholipid distribution (Ageta 
et al., 2009; Taira et al., 2008), silver nanoparticles can be used for the analysis of fatty acids 
(Hayasaka et al., 2010), and gold nanoparticles are appropriate for the sensitive detection of 
glycosphingolipids, such as sulfatides and gangliosides (Goto-Inoue et al., 2010a).  

3.2.2 Matrix application 

There are various methods for applying the matrix onto the section, such as deposition, 
spraying, and sublimation. The matrix application method also influences analyte extraction 
efficiency. Compared to other methods, the deposition of matrix solution using automatic 
depositing robotic devices, such as a chemical inkjet printer (ChIP-1000; Shimadzu 
Corporation, Kyoto, Japan), increases signal sensitivity, but decreases spatial resolution (Aerni 
et al., 2006; Chansela et al., 2011; Morita et al., 2010). The other limitation of the inkjet printer is 
capillary clogging, which occurs when highly concentrated matrix solutions are used. 
Spraying is the most frequently used method in MALDI-IMS. Using this method, an entire 
tissue section can be homogeneously coated with relatively small crystals in a short time 
without special equipment. For its operation, several instruments, including Thin layer 
chromatography (TLC) sprayers and artistic airbrushes, are available; we use a metal airbrush 
with a 0.2-mm nozzle because of its simple and easy-to-handle design. This method requires 
skillful operation because some airbrush parameters are hand-operated. If there is an excess of 
matrix solution on the tissue, an inhomogeneous crystal can be formed with analytes that have 
migrated from their original location; on the other hand, if not enough matrix solution is 
sprayed and it evaporates without sufficiently moisturizing the tissue section, analytes cannot 
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be adequately extracted from the tissue section. The operation should be performed at a 
constant room temperature and humidity. Beginners are recommended to practice spraying 
until homogeneous matrix spraying can be reproducibly achieved. Sublimation is a new 
method for applying matrix to tissue sections (Hankin et al., 2007). Using this technique, a 
matrix can be applied uniformly over a large sample plate in a few minutes without solvents. 
Additionally, previous reports demonstrated that this method increases analyte signal and 
that the fine microcrystals formed from the condensed vapor reduce the image resolution 
limitation caused by crystal size (Dekker et al., 2009; Vrkoslav et al., 2010).  

3.3 Measurement and data analysis 

3.3.1 Measurement 

MALDI-IMS should be performed as soon as possible after matrix application, regardless of 
the coating method. The procedure to obtain a good spectrum in MALDI-IMS is almost the 
same as that for traditional MALDI-MS; mass range, detector gain, and laser power must be 
optimized. From the mechanical setting perspective, there are 3 differences between 
MALDI-MS and MALDI-IMS. The first difference is the above-mentioned matrix 
application. The second difference is the need for focusing of the laser beam. To obtain 
meaningful biological images by MALDI-IMS, the laser spot size should be reduced to 10–50 
μm. The third difference is that a two-dimensional region must be set for analyses. The scan 
pitch, which signifies the distance between laser irradiation spots, must be fixed. The 
limitation of the scan pitch, which decides the spatial resolution of the image, depends on 
the laser spot size and mechanical movement control of the mass spectrometer sample stage. 
We have developed a new instrument (Mass Microscope) that can move the sample stage by 
1 μm, and in which the finest size of the laser diameter is approximately 10 μm (Harada et 
al., 2009). The measurement time depends on the number of data spots, the frequency of the 
laser, the number of shots per spot, and the time required to move the sample stage. For 
example, when researchers select the region of interest as a 1 × 1 mm2 area with a 10-μm 
scan pitch (10,000 data points), it takes about 1 h to complete the measurement using a mass 
microscope equipped with a 1000-Hz laser (100 shots/data point). 

MALDI-IMS ionizes numerous compounds in a tissue at the same time. Sometimes, we detect 
multiple molecules with the same m/z value. In such cases, a new imaging technique, “MS/MS 
imaging,” is effective. Using this technique, we can separate each ion derived from their 
specific fragment ions. Some reports have described the use of MS/MS imaging for IMS of 
endogenous metabolites and an exogenous drug (Khatib-Shahidi et al., 2006; Porta et al., 2011). 
Additionally, the combination of ion-mobility separation with MALDI-IMS provides a unique 
separation dimension to further enhance the capabilities of IMS (Jackson et al., 2007; McLean et 
al., 2007; Stauber et al., 2010). It can be used to produce images without interference from 
background ions of similar mass, and this can remove ambiguity from imaging experiments 
and lead to a more precise localization of the compound of interest.  

3.3.2 Data analysis 

A large amount of data (a few gigabytes) is obtained from MALDI-IMS; therefore, 
visualization software packages that can rapidly and efficiently analyze enormous spectra 
have been developed. BioMap (a free software; Novartis, Basel, Switzerland), FlexImaging 
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(Bruker Daltonics, Bremen, Germany), and ImageQuest (Thermo Fisher Scientific, CA, USA) 
are generally used for visualization. For biomarker analysis of the MALDI-IMS dataset, data 
mining should be used (Hayasaka et al., 2011; Zaima et al., 2011b; Zhang et al., 2004). Data 
mining software effectively reduce the number of biomarker candidates (Hayasaka et al., 
2011; Zhang et al., 2004). We previously reported the use of principal component analysis 
(PCA) to discover different biomolecules in starvation-induced fatty livers and normal livers 
(Zaima et al., 2009). Hierarchical clustering was also used to analyze the data obtained from 
gastric cancer and non-neoplastic mucosa tissue sections (Deininger et al., 2008). Several 
studies have reported the discovery of biomarkers using MALDI-IMS (Bakry et al., 2011; 
Ducret et al., 2006; Hong & Zhang, 2011; Solassol et al., 2009; Zaima et al., 2011b). 

4. Instruments 
The requirement for performing IMS is the availability of an x-axis-y-axis moving stage with 
electronic controls. Most modern MS instruments produced by major MS hardware companies 
(i.e., Shimadzu, ThermoFisher Scientific, Bruker Daltonics, Applied Biosystems, Waters) can be 
adapted for MALDI-IMS. Time of flight (TOF) is the most widely used technology. TOF 
analyzers allow the separation of ionized accelerated molecules according to their m/z ratio. 
TOF-MS offers suitable performance for MALDI-IMS, namely, good transmission ratio (50–
100%), sensitivity, mass range, and repetition rate. However, TOF-MS lacks the capability to 
perform effective tandem MS experiments. This disadvantage of TOF-MS was overcome with 
the introduction of hybrid analyzers, such as a combination of quadrupole mass analyzer and 
TOF (so-called qTOF), combination of quadrupole ion trap (QIT) and TOF (so-called QIT-
TOF), combination of ion mobility spectrometry (IMS) and TOF (so-called IMS-TOF), or a 
combination of two TOF mass spectrometers (so-called TOF-TOF). These combination systems 
revolutionized the application of TOF-MS systems for structural analysis with tandem MS. In 
general, the first system is used to select a precursor ion for fragmentation, while the second 
TOF system is employed for fragment analysis. Other mass analyzers (and their 
combinations), such as linear ion trap (LIT) (Landgraf et al., 2009; Wiseman et al., 2006; Zaima 
et al., 2010a), triple quadrupole (QqQ) (Hopfgartner et al., 2009; Porta et al., 2011), and Fourier 
transform ion cyclotron resonance (FTICR) (Taban et al., 2007), are used for MALDI-IMS. The 
advantages of commercially available LIT instruments are miniaturization, capability of 
sample analysis on nonconductive glass slides, MALDI performance at intermediate pressure, 
and superior performance on multistage MS. The QqQ system allows quantitative analysis 
and single or multiple reaction monitoring (SRM/MRM). The FTICR system offers very high 
mass resolving power and high mass measurement accuracy. 

5. Applications of MALDI-IMS 
5.1 Imaging mass spectrometry-based histopathologic examination 

Recently, we applied MALDI-IMS for pathologic examination of atherosclerotic aorta (Fig. 
4). We named it imaging mass spectrometry-based histopathologic examination (IbHE) 
(Zaima et al., 2011c). IbHE revealed the characteristic distribution of biomolecules in smooth 
muscle cells, lipid-rich regions, and calcified regions of an atherosclerotic lesion obtained 
from aortic roots of apolipoprotein E (ApoE)-deficient mice. We found that 
phosphatidylcholine (PC), which contains arachidonic acid (20:4) (m/z 804.5), was 
distributed in the smooth muscle cells of the atherosclerotic lesion. Cholesterol linoleate (CE 



 
Application of Matrix-Assisted Laser Desorption/Ionization Imaging Mass Spectrometry 

 

445 

18:2) (m/z 671.6) and cholesterol oleate (CE 18:1) were characteristically distributed in lipid-rich 
regions, and the ion at m/z 566.9 was localized in the calcified region. These biomolecules were 
hardly detected in the normal aortic roots of ApoE-deficient mice. We applied this method to 
other vascular diseases, such as varicose veins, arteriovenous fistulae, abdominal aortic 
aneurysm, and triglyceride deposit cardiomyovasculopathy, and observed the characteristic 
distribution of biomolecules (Tanaka et al., 2010; Tanaka et al., 2011). In the analysis of several 
vascular diseases with atherosclerotic lesions, we often observed ectopic TG distribution. 
Although the role of TG in the evolution of atherosclerosis remains unknown, there is a 
possibility that TG plays an important role in the evolution of some kinds of atherosclerosis, as 
we previously found that characteristic atherosclerosis accumulated TG in aortic lesions, while 
the accumulated cholesterol was normal (Hirano et al., 2008). The reexamination of vascular 
diseases by IbHE may result in new findings, because IbHE can visualize the localization of 
low-molecular-weight molecules, which are rarely visualized by other techniques. We believe 
IbHE is of considerable value as a new histopathological examination because IbHE can 
visualize metabolic abnormalities in disease. 

 
Fig. 4. Representative molecular images of specific ions in a mouse atherosclerotic lesion. 

Visualization of biomolecules in atherosclerotic roots (a-j). Scale bar, 100 μm. Specific ion 
images of region 1 (a and b) and the combined image of m/z 671.6 and 673.6 (c). Specific ion 
images of region 2 (d and e) and the combined image of m/z 804.5 and 832.5 (f). Specific ion 
images of region 3 (g) and the monochrome image of m/z 566.9 (h). Comparison of HE staining 
(i) and the merge images of regions 1, 2, and 3 (j). An image of non-atherosclerotic aortic roots 
of mice at 12 weeks of age (k-m). Scale bar, 200 μm. HE staining after IMS (k). Oil red O 
staining (l). Immunostaining of α-actin, which is a marker for smooth muscle cells (m). Merge 
image of CE (18:2) and CE (18:1) (n). Merge image of PC (diacyl 16:0/20:4) and PC (diacyl 
18:0/20:4) (o). Ion image of m/z 566.9 (p). “Reprinted from Atherosclerosis, 217. 2, Zaima et al., 
Imaging mass spectrometry-based histopathologic examination of atherosclerotic lesions, 430., 
Copyright (2011), with permission from Elsevier.” 
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5.2 IMS for exogenous drugs 

MALDI-IMS is a powerful tool for visualizing the distribution of exogenous drugs and their 
metabolites. Porta et al. reported the visualization of the distribution of cocaine and its 
metabolites down to a concentration of 5 ng/mg in intact single hair samples from chronic 
users (Porta et al., 2011) (Fig. 5). 

 
Fig. 5. Imaging of cocaine in hair samples H7 and H5. (H7 and H5 are sample names used in 
this article) 

Optical image of hair sample H7 (a). MALDI-SRM/MS image based on the SRM trace of COC 
(m/z 305 > m/z 182) for five replicates of single hair samples from individual H7 (b) and 
single hair analysis from individual H5 (c). The quantitative results from LC-SRM/MS routine 
analysis were as follows: 130 ng/mg (H7, whole sample); 4.9 ng/mg (H5, segment 0–10 mm), 
and 8.5 ng/mg (H5, segment 10–50 mm). SRM; selected reaction monitoring. “Reprinted with 
permission from Porta et al., 2011. Copyright 2011 American Chemical Society.” 

MALDI-IMS is also applicable to pharmacokinetic analysis. As a Food and Drug 
Administration (FDA)-mandated pharmacokinetic test, whole-body autoradiography 
(WBA) is widely performed to determine spatial and quantitative information about a drug 
compound. Although much information can be acquired by WBA, it has several limitations. 
First, WBA requires the compound of interest to be radioactively labeled. Furthermore, the 
detected signal does not distinguish between the original radiolabeled compound and its 
metabolites that have retained the radiolabel. To complement the disadvantage of WBA, 
MALDI-IMS and WBA have recently been used together. The combination of MALDI-IMS and 
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WBA makes it possible to obtain more reliable data for absorption, distribution, metabolism, 
and excretion of drugs (Atkinson et al., 2007; Caprioli et al., 2008; Clench et al., 2008; Stoeckli et 
al., 2006). The application of MALDI-IMS to pharmacokinetics in a whole-body mouse section 
was first reported by Rohner et al. in 2005 (Rohner et al., 2005). In this study, they showed a 
good correlation between WBA and MALDI-IMS data. Figure 5 shows the simultaneous 
visualization of drug and metabolites in a whole-rat sagittal tissue section (Khatib-Shahidi et 
al., 2006). Khatib-Shahidi et al. visualized the temporal distribution of dosed olanzapine (brand 
name Zyprexa) (8 mg/kg) and its metabolites. In this study, MALDI-IMS was further 
extended to detect proteins from organs present in a whole-body section.  

 
Fig. 6. Detection of drug and metabolite distribution at 6 h post-dose in a whole-rat sagittal 
tissue section by a single IMS analysis. 

Optical images of a 6 h post-olanzapine (OLZ)-dosed rat tissue section across 4 gold MALDI 
target plates (A). Organs are outlined in red. MS/MS ion image of OLZ (m/z 256) (B). 
MS/MS ion image of N-desmethyl metabolite (m/z 256) (C). MS/MS ion image of 2-
hydroxymethyl metabolite (m/z 272) (D). Scale bar, 1 cm. “Reprinted with permission from 
Khatib-Shahidi et al., 2006. Copyright 2006 American Chemical Society.”  
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6. Conclusions 
MALDI-IMS can be applied to pathological examinations leading to the discovery of 
potential targets for new drugs, and for the distributional analysis of exogenous drugs in 
animal and human tissues. We recently used MALDI-IMS in the discovery of metabolites 
that have pharmacological effects on natural resources. MALDI-IMS will become an 
essential tool for molecular imaging in pharmacology in the near future. 
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1. Introduction 
The interest in automation technologies applied to anaesthesia has been grown 
exponentially in last decade. The main difference with other fields of automation is that the 
presence of a human supervisor has been never questioned. In spite of this, the use of 
automation tools to monitor and control the main variables during surgery notably helps 
the anaesthetist during surgery. The basic functions of the automation systems in 
anaesthesia are monitoring and control of the main variables of the process. This leads to 
two expected benefits. First, the anaesthetist will be freed of some routinary tasks so that he 
can concentrate more on the state of the patient. On the other hand, using these tools 
contributes to improve the global performance of the process in terms of safety, costs 
reduction and patient comfort. 

During the surgery operation three main variables have to be regulated: hypnosis, analgesia 
and muscle relaxation. To achieve this, drugs have to be properly administered to the 
patient. In recent years many efforts have been made in the development of new drug 
delivery technologies (Bressan et al., 2009). Most of the difficulties to calculate the proper 
drug rate to each patient were the inexistence of precise methods to monitor the anaesthetic 
state of the patient. In the past, patient monitoring was performed just by observing several 
patient signs (sweat, head lifting, movement, etc.). Nowadays the way that anaesthesia is 
monitored has changed considerably.  

Concerning hypnosis regulation, many efforts have been made to provide the 
anaesthesiologist with reliable methods for monitoring. In particular, the introduction of the 
Bispectral Index (BIS) to measure the depth of anaesthesia was one of the key elements in 
the development of new ways of drug administration (Sigl and Chamoun, 94). 

The other main problem in designing control algorithms to regulate hypnosis arises from 
the complexity of the patient response to drug infusion. This response can be divided in two 
subsystems. One is the Pharmacokinetics (PK) that refers to the adsorption, distribution, 
biotransformation and excretion of the drug. And the other is the Pharmacodynamics (PD) 
that describes the equilibrium relationship between concentration in the body and visible 
effect produced in the patient. In practice a linear model has been accepted to describe the 
PK and a nonlinear model for the PD part.  
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First works involved with anaesthesia control were focused in checking the performance of 
a fully automated controller compared with the results obtained in a process guided by an 
anaesthetist. In (Sakai et al., 2000) and (Morley et al., 2000) it is showed that proposed PID 
controller can assure intraoperative hemodynamic stability and a fast recover of the patient 
from the hypnosis effects of the drug using closed-loop techniques. In these works and in 
the works of Absalom (Absalom et al., 2002a, Absalom et al., 2002b, Absalom et al., 2003), it 
can be shown that the performance of the closed-loop system was as efficient as the 
observed in the process guided by the specialist, without demonstrating any clinical 
advantages over the manual techniques. 

In the last decade, a lot of research related with automatic control of anaesthesia has been 
made. Most of them use the intravenous drug propofol as the hypnotic agent. It is important 
to mention the works that follow a signal-based control, as PID (Liu et al., 2006; Dumont et 
al., 2009) and fuzzy controllers (Gil, 2004), and the works that follow a model-based control. 
In this way, many different proposals have been made depending on the controller 
structure, the controlled variable and the prediction model used. In (Struys. et al., 2001; 
Sawaguchi et al., 2003; Furutani et al., 2005) the drug concentration in brain is used as 
controlled variable. In (Ionescu et al., 2008) and (Niño et al., 2009), were EPSAC tecniques 
are used as controller structure, in (Screenivas et al., 2008), were robust characteristics are 
added in the design of the controller, and in (S. Syafiie et al., 2009), were nonlinear 
techinques are used, the authors use predictive control techniques. In (Screenivas et al., 
2009) a comparative study between predictive control and PID techniques applied to the 
control of anaesthetic is done. 

The focus of this chapter will be in the regulation of depth of consciousness of patients 
under general anaesthesia with intravenous propofol.  

2. Anaesthetic process: The control problem 
The main variables that describe the anaesthetic process are depicted in figure 1. In this 
figure an input-output description of the system is shown. As can be observed, manipulated 
variables are anaesthetics, relaxants or serums. Perturbations in the system are signals that 
can occur at any time (surgical stimulation, blood loss, etc.). The output variables can be 
measurable and not measurable. The main interest in anaesthesia is focused in non- 
measurable variables: hypnosis, analgesia and muscular relaxation. Although these 
variables are not directly measurable, there are methods to estimate them that are used in 
clinical practice. These methods are based on the use of alternative variables whose 
behaviour allows the estimation of the non-measurable ones. 

Hypnosis is a general term indicating loss of consciousness and absence of the memory of 
the intervention after awake. Currently, the techniques that have been considered more 
efficient for this are based in the processing of the patient electroencephalogram (EEG), 
(Kazama et al., 1999; Struys et al., 2000). 

The description of the BIS dynamics has been done mainly with physiological based models. 
These models consist of a PK part to describe the drug distribution in the internal organs 
and a PD part to describe the drug effect on the physiological variables of interest.  
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The drug distribution in the body depends on transport and metabolic processes, which in 
many cases are not clearly understood. However, dynamical models based on conservation 
laws that capture the exchange of material between coupled macroscopic subsystems or 
compartments, are widely used to model these processes.  

 

 

 

 

 

 

Fig. 1. Input-output description of the anaesthetic process. 

2.1 The compartmental model 

Figure 2 shows a model based in three compartments: central, fast and slow. The central 
compartment is the volume in which initial mixing of the drug occurs, and thus can be 
thought to include the vascular system (blood volume) and for some drugs the interstitial 
fluid. The fast peripheral compartment represents a compartment of the body that absorbs 
drug rapidly from the central compartment, and thus can be thought of as comprising 
tissues of the body that are well-perfused (such as muscles and vital organs). Finally the 
slow peripheral compartment is used to mathematically represent a compartment into 
which re-distribution occurs more slowly, and thus can be thought of as including tissues 
with a poor blood supply (such as adipose tissue). 
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Fig. 2. Compartmental model. 

The drug is infused in central compartment and then distributed to the slow and fast 
compartment and eliminated trough metabolism. Defining the drug concentration variable 
of the i-th compartment as Ci, the propofol distribution can be described as:  
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where u(t) represents the drug infusion rate in the central compartment and Vi is the volume 
of the i-th compartment. The dynamics of the compartmental model is defined by the 
following diffusion constants: k10 (rate constant for drug metabolism), k12 (rate constant for 
re-distribution of drug from central to fast peripheral compartment), k21 (rate constant for re-
distribution of drug from fast to central compartment), k13 (rate constant for redistribution of 
drug from central to slow compartment) and k31 (rate constant for redistribution of drug 
from slow to central compartment). Common PK models for propofol are the Marsh model 
(Marsh et al., 1991) and the Schnider model (Schnider et al., 1998). Differences between both 
models can be seen in table 1. 

From the point of view of hypnosis control, the variable of interest is not the blood 
concentration but the concentration in the place where the effect on the controlled variable is 
produced (effect site concentration). Thus, when there is a simultaneous measure of the drug 
concentration in blood and its effect on the brain, drug latency can be observed that produces a 
temporal displacement between the peak of blood concentration and the drug effect.  
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To include this dynamics in the model a fourth compartment is added. This compartment is 
known as effect site. It is assumed that this compartment is attached to the central 
compartment and has negligible volume. The diffusion constant of the effect site is ke0. 
 

 Marsh Model Schnider Model 
V1 0.228 L/Kg 4.27L 

k10(min-1) 0.119 0.0443+0.0107*(BW-77)-0.0159*(LBM-
59)+0.0062*(HT-177) 

k12(min-1) 0.112 0.302-0.0056*(Age-53) 
k13(min-1) 0.0419 0.196 
k21(min-1) 0.005 1.29-0.024*(Age-53) 
k31(min-1) 0.0033 0.0035 
ke0(min-1) 1.21 0.456 

Table 1. Comparison of Marsh and Schnider models for PK of propofol. BW stands for Body 
Weight, LBM is Lean Body Mass and HT is Height. 

On the other hand, the drug’s pharmacodynamics, that represents the BIS in terms of the 
effect site concentration, is governed by:   

 ( )eBIS f C  (5) 

The f function is usually taken as an EMAX model whose profile suits the described process:  
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 max max 0BIS BIS BIS    (8) 

BIS0 corresponds to the awake state, BISmax represents the minimum achievable BIS and EC50 
represents the concentration in the effect site for which the effect is half the maximum value, 
 represents the sensitivity of the patient to mall concentration variations in the effect site. 
This parameter can be seen as index that measures the degree of nonlinearity of the model.  

2.2 The control problem 

From the perspective of the control system three level of complexity can be distinguished. 
The basic procedure is the open-loop practice in which the anaesthetist, according to the 
parameters of the patient (age, weight, sex, ASA) directly uses predefined infusion rates of 
drugs. According to the response observed through his vital signs the drug rates can be 
modified (the anaesthetist is the controller).  

In the next level, it appears the Target Controlled Infusion systems (TCI). In TCI the infusion 
rate is calculated from models of the pharmacokinetic of the patient, as can be seen in figure 
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3. Thus, the objective in TCI is to achieve a pre-set target plasma concentration. According to 
the model of the patient the TCI system (normally implemented in the infusion pump) 
delivers the adequate drug doses to achieve the objective. 

 

 
Fig. 3. Hypnosis control with TCI 

There is a clear weakness in TCI related to the fact that the real plasma concentration cannot 
be online measured to compute the infusion rate. That is, TCI is also an open-loop control 
strategy. Closed-loop strategies appear to solve this problem. The main idea in closed-loop 
control is to use information of the state of the patient to automatically adjust the drug 
dosing. Many efforts have been made to provide the anaesthetist with more reliable 
methods for monitoring this state. In particular, the introduction of the Bispectral Index 
(BIS) to measure the depth of anaesthesia was one of the key elements in the development of 
new ways of drug administration (Sigl and Manchoun, 94). BIS has been demonstrated to 
correlate well with the depth of consciousness of the patient. Thus, it can be used as a 
feedback system to the controller in order to compute the adequate infusion rate, as can be 
seen in figure 4. 

 
Fig. 4. Hypnosis control with closed-loop controller. 

The controller algorithm used for anaesthesia control can be based on signals or in models. 
Signal based controllers are basically PID algorithms. The key feature of this algorithm is 
that no model is necessary to compute the infusion rate. Instead, the measured BIS is used to 
compute an error signal from which the drug dose is calculated. Model based controllers are 
an alternative to PID controller. The advantage of model-based controller is its ability to 
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predict the behaviour of the patient and anticipate the changes in drug infusion to avoid 
undesirable responses. 

In order to develop an adequate model-based control strategy, it is necessary to obtain a 
suitable model for the patient behaviour. One common practice is to simplify the model 
by means of linear approximations around a nominal state (corresponding to BIS target). 
On the other hand, models are also necessary for offline simulation of the controller 
structure. The most accepted models for patient representation are those based on 
compartments to represent the pharmacokinetic together with a nonlinear modelling that 
describes the PD. 

3. Implementation of the closed-loop control of anaesthesia 
The main elements that constitute the control system are depicted in figure 5. As can be 
observed there is a computer that centralizes the monitoring and control task in the system. 
The BIS monitor is a passive analyser of EEG, that allows monitor the deep of anaesthesia, 
and has the first objective of adjust in real time the dose of drugs administered to one 
patient to the actual need. The BIS correlated well with the level of responsiveness and 
provided an excellent prediction of the level of sedation and loss of consciousness for 
propofol and midazolam. In this work the Aspect® A-2000 monitor was used. The 
communication with the computer was implemented via a RS-232 serial interface. 
Concerning the actuator, the Graseby® infusion pump was used for drug infusion in the 
patient. The pump is also governed via a RS-232 serial interface.  

 

 
 

Fig. 5. Main elements of the closed-loop control system. 

Apart from sending commands to the pump, the program in the PC reads continuously its 
state to detect eventual failures of any of the elements in the control loop, like missing BIS 
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signal, excessive infusion rate in the pump syringe changes, etc. The program in the 
computer has all the routines to monitor and control the system. 

The goal is to make a manual induction with propofol and remifentanil and maintain the 
BIS target during the maintenance of anaesthesia. Remifentanil infusion was adjusted 
manually and rocuronium was administered in bolus as needs. The operation conditions 
and the population in which the study was performed are explained in next section. 

4. PI control 
First control algorithm implemented was a PI controller. This algorithm has been 
extensively used in several automated closed loop systems. The administration of the drug 
is made based in the error between the BIS target and the current BIS, and the accumulated 
error during the operation. Both actions are regulated by gains, which are adjusted in an 
empirical way trying to get a smooth transitory and a stable response of the patient.  

The goal is to make a manual induction with propofol and remifentanil and maintain a BIS 
target during the maintenance of anaesthesia. Reminfentanil infusion was adjusted 
manually and rocuronium was administered in bolus as needs. In the real proofs, a BIS 
target (BISr) of 50 is considered while the measurement and actuation period is 5 seconds. 
Before starting its operation, the software checks that all the security alarms are 
programmed. 

This study was approved by the Ethical and Research Committee of the Hospital 
Universitario de Canarias and has written informed consent of the patients. The study was 
performed on a population of 15 patients of 30-60 years. In the real proofs with patients, a 
BIS target of 50 is considered while the measurement and actuation period is 5 seconds. 
Before starting its operation, the software checks that all the security alarms are 
programmed. In the operating room, the patient was connected to the BIS monitor, and the 
anaesthesia system was started in monitor mode. After the patient had breathed 100% 
oxygen for 3 min, the system was switched to manual mode, and anaesthesia was induced 
by means of nearly 2mg/Kg propofol manual bolus. Once the patient achieves a BIS closed 
to 50, the system is switched to automatic and the interest control algorithm is responsible to 
regulate the BIS around the objective. 

The adjustment of the controller gains was made in an empirical way trying to get a smooth 
transitory and a stable response. This task was done following standard procedures in 
online process control engineering. For this, it was necessary the presence of a control expert 
together with the anaesthesiologist in the operating theatre. Thus, after several trials 
adequate values for PI controller where found to be Kp=0.67, Ki=0.055. This set of values 
was tested in the whole population of the study with satisfactory results. Figures 6 and 7 
present the evolution of the anaesthesia for two different patients: patient 1 and patient 2. As 
can be observed, in both cases the system remains stabilised around the reference value with 
an oscillation of near 10 units in the worst case (patient 2).  

The results obtained with the population submitted to proofs show the patient remains 
stabilised around the reference value with an oscillation of near 10 units in the worst 
case. 
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Fig. 6. Results of anaesthesia automatic control on patient 1. 
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Fig. 7. Results of anaesthesia automatic control on patient 2. 
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The study revealed that although results are satisfactory, eventually the performance of the 
controller could decrease. There are two main factors that contribute to this. First of all, the 
variability between patients implies that the nominal PI parameters chosen are not the best 
choice for all the patients. Together with this, the dead time present in the system also 
contributes to reduce the phase margin of the closed loop system. The origin of this time-
delay is the period of time since the drug is infused until it causes the adequate effect in the 
patient. The main effect observed is that the evolution of the BIS is quite oscillatory (see 
figure 7) around the reference value. 

5. Dead-time compensation 
In previous section it can be viewed that PI controller usually gives a response with 
oscillations around the BIS reference value. In this section, the control algorithm is modified 
in order to compensate these oscillations and get a better transitory. The results shown in 
this paper are in simulation after having adjusted the patient dynamical model.  

The first method implemented to improve the results obtained with the fixed PI controller is 
to compensate the dead-time present in the system. To do this, a dead-time compensator 
based on the Smith Predictor theory (Smith, 72) is proposed to act with the PI controller. The 
basis of the Smith Predictor is to consider the feedback of the controlled variable BIS without 
delay. As this is variable is not available, the predictor estimates this value and uses this 
estimation as the feedback signal. To correct the deviations between this estimation and the 
real value, a correction term, resulting from the error between the estimation and the 
measured BIS, is added to the feedback signal, as can be seen in the figure 8. 

 
Fig. 8. PI Controller with Smith Predictor for patient hypnosis control. 

The basics of this compensation algorithm consider the formulation of the Smith Predictor 
for linear systems. To apply the Smith Predictor to the nonlinear model of the patient, a first-
order plus a time-delay approximation of the patient model is considered. A delay between 
90 and 120 seconds is considered.  
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5.1 Model adjustment 

In order to make the simulations proofs of the proposed algorithm, a physiology model of 
the patient dynamics was designed. As it was told, the model has two parts: 
pharmacokinetics and pharmacodynamics. The parameters adjustment was made in 
simulation using the real results obtained from a female, 56 years old patient, 84 Kg. weight, 
160 cm. height. 

After obtaining a satisfactory manual adjustment, the values for the pharmacokinetics 
model are k10=0.006, k12=11.0; k21=14.04, k13=10.02, k31=283.50 and ke0=0.0063. The 
values for the pharmacodynamics model are EC50=610.0, =1.5, BIS0 =100 and BISmax=0.  

To validate the model the simulated response is compared with the real one. The obtained 
results, shown in figure 9a), prove the goodness of the model. 
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Fig. 9. a) Simulated BIS output (dotted) and real patient BIS output (solid) obtained under 
the action of a PI controller. b) PI controlled output (dotted) and PI with delay-time 
compensation output (solid). 

5.2 Smith predictor (dead-time compensation) 

The proposal here is to improve the performance of the closed-loop system by means of a 
compensation of the system time-delay. The origin of this time-delay is the period of time 
between from the infusion pump starts until the drug is distributed along the central 
compartment. The majority of the works in the literature do not explicitly consider the 
presence of this time-delay in the proposed models. In fact, in model equations (1)-(4), time-
delay is not considered. But in real proofs, some delays between 1 and 2 minutes have to be 
considered to have a realistic model of the dynamics. Under this hypothesis, a time-delay 
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compensator based on the Smith Predictor theory has been proposed to be added to the PI 
controller. 

5.3 Results with PI controller with dead-time compensation 

As it is well known, the basics of this compensation algorithm consider the formulation of 
the Smith Predictor for linear systems. To apply the Smith Predictor to the nonlinear model 
of the patient, a first-order plus a time-delay approximation of the patient model is 
considered. Thus, the configuration employed can be seen in figure 8. A delay between 90 
and 120 seconds is considered in the simulations. In figure 9b the results obtained with the 
patient are shown. The evolution of the BIS signal with the Smith Predictor (in solid line) is 
much better than with the PI controller (in dotted line), and does not show oscillations 
around the reference BIS value. 

5.4 Self-adaptive dead-time compensation 

The main advantage of the time-delay compensation for the PI controller is a better 
performance in the transitory of the BIS signal. This advantage is conditioned to obtain a 
good fist-order approximation of the system. However, this model has to be changed in at 
least two situations. First, when the operation point changes due to a change in the BIS 
reference for the same patient. Second, when the controller is applied in a different patient, 
whose physiologic model has to be estimated. 

In order to improve the efficiency of that controller, an adaptation of the first-order model 
patient is added. The aim of this algorithm is to make the time-delay compensator 
independent of the model assumed for the patient. In order to obtain a simple adaptive 
algorithm that guarantees the closed-loop stability, model reference adaptive controller – 
MRAC- (Aström and Wittenmark, 94) is used, as can be seen in figure 10. 

 
Fig. 10. PI with Smith Predictor controller inserted in the adaptive control scheme MRAC. 
The error between the system output and the model reference output is used to update the 
parameters of the PI with Smith Predictor controller. 
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Following this control scheme, the controller parameters are adjusted by an adaptation law 
that depends on the error between the system output (BIS) and the model reference output 
defined for this closed-loop. Minimising a certain cost-function involving this error, an 
adaptation law of the adjustable controller parameters is obtained. In this case, the 
adjustable parameters are the static gain and the time constant of the approximated first-
order model used in the Smith Predictor.  

5.5 Results with the PI controller with self-adaptive dead-time compensation 

Several simulation experiments has been made for the patient simulated in previous 
sections, choosing as the reference model a second-order model with poles, expressed in the 
z-plane discrete formulation, in z=0.98 and z=-0.75.  

The results are shown in figure 11a), where the evolution of the BIS under the self-adaptive 
compensator algorithm is drawn in solid line and compared with the results obtained in 
figure 9b) –PI and PI+compensator controllers-. In figure 11b) the evolution of the static gain 
under this self-adaptive scheme is shown. As it can be observed, some extra oscillations are 
produced with respect to the previous algorithm, which corresponds to the period of time in 
that the parameter is adapting.  
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Fig. 11. a) PI controlled system output (dotted), PI with Smith Predictor controlled output 
(dashed), and self-adaptive time-delay compensation controlled output (solid) compared for 
the same patient. b) Evolution of the static gain of the first-order approximation model of 
the time-delay compensation. 
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Once the optimal values for the parameters are reached, the performance of the system is 
very similar to the previous controller. In that case, the static gain took a value of -0.037. In 
this case, the stabilising value for this parameter is near the half. However, the performance 
is also satisfactory. Moreover, no assumptions over the system had to been made, which is 
the main advantage of this new algorithm. 

Comparing the results obtained with the previous algorithm, some extra oscillations are 
produced, which corresponds to the period of time in that the parameter is adapting. Once 
the optimal values for the parameters are reached, the performance of the system is very 
similar to the previous controller. Moreover, no assumptions over the system had to been 
made, which is the main advantage of this control algorithm. 

6. PI control with self-adaptive gains 
Another method to avoid the problem of the oscillations around the BIS reference value 
occurred with the PI controller is using an adaptive scheme to obtain the gains of the PI 
controller. The method is based on assuring a desired performance of the closed loop, by 
emplacing its poles as required, in order to obtain a smooth transition to the BIS reference 
value. 

This method is part of a kind of adaptive controllers, known as self-tuning regulators –STR-
(Aström and Wittenmark, 94). They are based on two steps. First, an identification of the 
system is made in order to get the dynamics in each instant of time. This assures that the 
controller takes into account the variations in the dynamics of the system. Second step is to 
compute the control law assuming that the identification results are true. The variety of STR 
schemes differs in the method used to compute the control law. In this work, an adjustable 
PI controller is used, which gains are tuned by trying that the closed loop performance of 
the system be as similar as possible to a desired reference model. This is obtained by 
emplacing the poles of the reference model into the desired values to get a satisfactory 
response of the system.  

STR controllers have two different parts. The most important part is that they provide an 
observer in order to identify the dynamics of the system to control. This is an essential point 
due to the results of the system identification are taken into account to compute the adaptive 
control law. In this case, a recursive least-squares method based is used to provide the 
parameters of the dynamics of the observed system.  

The second part of the controller is to compute the control law to apply to the system. The 
results of the identification part are taken to obtain the control action. In this way, the 
controller takes into account the variations of the dynamics of the system, if they occur. 
Another advantage of this scheme is its flexibility to be applied to different systems, with 
the same dynamics but with different parameters, because the identification process adapts 
the controller to the new situation. 

In this case, a pole placement controller is used. Considering the dynamics of the patient as 
a first order system, and using a PI controller with adaptive gains, the closed loop 
performance results in a second order system, which dynamics are set by emplacing its 
poles to the desired values for the closed loop system. Next subsections describe these two 
parts of the proposed controller. 
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6.1 Patient dynamics identification 

To obtain the dynamics of the patient, a stochastic recursive least-squares method is 
employed. It consists of an observer of the discrete system that tries to minimize the 
following cost function: 

 21 ( )
2

J k  (9) 

where ε(k) is the residual error between the output of the system, BIS(k), and the observed 
model, being k the instant of time. 

Consider the following first order model as an approximation of the patient dynamics, with 
u(k) being the drug infusion rate of applied to the patient, and BIS(k) the BIS value obtained: 

 1 1( ) ( 1) ( 1)BIS k a BIS k b u k     (10) 

It can be expressed by: 

 ( ) ( )Ty k k   (11) 

  ( ) ( 1) ( 1) Tk BIS k u k      (12) 

  1 1
Ta b   (13) 

In each instant of time, the values of output and input of the system are measured. The 
iterative process to obtain the best parameters  that reproduce the performance of the 
patient is given by the equations: 

 ( ) ( ) ( ) ( 1)Te k y k k k     (14) 

 ( ) ( 1) ( ) ( ) ( )k k W k k e k      (15) 

where: 

 ( ) c
W k

k
  (16) 

being c a constant. 

6.2 Pole placement controller 

The control law considered for the system is obtained by applying a PI controller. This 
controller has two gains to adjust: the proportional gain, Kp, and the integer gain, Ki. The 
discrete version of this controller is given by: 

 
1

1( )
1c

z
G k

z
  







 (17) 
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where the relation with the gains is given by: 

 
2p i
T

K K    (18) 

 
2p i
T

K K     (19) 

being T the sampling time of the system. Considering for the patient the model (10) and for 
the controller the expression (17), the poles of the closed loop are given by the roots of the 
following polynomial: 

  1 1 1 1 1
1 1( ) (1 )(1 )D z a z z b z z           (20) 

Consider the following specification for the closed-loop: 

 1 1 1
1 2( ) (1 )(1 )Q z q z q z      (21) 

where q1 and q2 are the location of the desired poles for the system. It is easy to obtain from 
(20) and (21) the resulted gains of the PI controller: 

  1 2 1
1

1 1 q q a
b

 
     (22) 

  1 2 1
1

1
q q a

b
    (23) 

The parameters of the system are obtained in each instant of time form the identification 
process (15). With the values (22) and (23), the gains of the PI controller are obtained, using 
(18) and (19), by: 

 
2pK

 
  (24) 

 iK
T

 
  (25) 

6.3 Results with the PI self-adaptive controller 

The results shown here correspond to a female of 40 years old, 70 Kg. weight and 170 cm 
height. The Schnider model presented in section 2 gives an accurate response with the real 
values obtained for the patient, where the following parameters for (6)-(8) equations are 
chosen: BIS0=95, BISmax=8.9, EC50=4.94 μg/ml and γ=2.69. Initially, the patient is infused 
with a bolus of 1.45 mg/Kg during 2 minutes in order to carry the patient near the desired 
value for the degree of hypnosis. The reference value is BISr=50. After that, the compensated 
adaptive controller starts controlling the system.  

To define the controller, the following assumptions are considered. First, the model for the 
patient is chosen as: 
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 ( ) 0.812 ( 1) 25.389 ( 1)BIS k BIS k u k      (26) 

For the second-order reference model, the poles are located in 0.997±0.0027j that correspond 
to a system with natural frequency 0.05 rad/sec and delta coefficient 0.75. For initiating the 
identification algorithm (15), the parameters used in (26) are chosen. c constant in (16) is set 
to 0.005. 

Figure 12 shows the evolution of the BIS and the parameters of the PI controller in this case. As 
it can be seen, after the application of the initial bolus, the PI controller varies its gains and the 
patient remains its degree of freedom around the desired value of 50, but with oscillations.  

 
Fig. 12. Results of the PI self-adaptive controller. First graph shows the BIS evolution with 
respect to BISr and second graph are the gains evolution of the PI controller. 

 
Fig. 13. Results of the compensated self-adaptive PI controller. First graph shows the BIS 
evolution with respect to BISr and second graph are the gains evolution of the PI controller. 
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To avoid these oscillations in the stationary, the compensation of the time delay by means of 
a Smith predictor is done in this case. To do that, the time delay considered is 1 minute. 
Figure 13 shows the results obtained in this case. The oscillations around the objective value 
are considerably reduced and the performance of the closed loop systems results better than 
in previous case. 

7. Model Predictive Control (MPC) 
As an alternative to signal based controllers proposed before, it is shown an algorithm that 
uses explicitly the model of the patient to compute the drug infusion rate. The objective is to 
improve the performance of other techniques as those based in PI controllers. Figure 14 
shows the structure of the proposed controller. As can be observed, the drug infusion rate is 
computed as a sum of two terms: 

 ( ) nu t u u   (27) 

The first term (un) is obtained by inverting the model of the patient and is computed to take 
the BIS variable to the nominal value (BISr=50, xn). That is, from the target BIS (BISr) and 
using the model of the patient (PK+PD) it can be obtained the infusion rate that leads the 
BIS signal to the desired value. To do this, the inverse dynamics of the system model is 
evaluated, assuming that the system is approximated by (1)-(5). Taking matrix notation for 
this model, it can be expressed by: 

 x Ax Bu    (28) 

where  1 2 3
T

ex C C C C . 

 

 
 

Fig. 14. Structure of the proposed model-based predictive controller. 
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Assuming that the target state is an equilibrium state 1 2 3
T

n n n n enx C C C C    , the 
nominal input can be obtained by solving: 

 0n nAx Bu   (29) 

enC  is computed by using the EMAX model (6), (7) and (8): 

 50
1exp ln

1enC EC 
 
       

 (30) 

with: 

 0

max 0

rBIS BIS
BIS BIS

 



 (31) 

Finally, to compute the nominal input nu  and the nominal state nx  equation (29) is solved 
to obtain the following solution: 

 1'nx M N  (32) 

where 1 2 3'
T

n n n n nx C C C u     and: 
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 (34) 

In Fig. 15, a simulation of the BIS in a patient with only this nominal input (un) is presented.  

As can be observed, the BIS tends to the nominal value (BISr=50) if only this input is applied. 
In practice, several considerations have to be taken into account. The first one is related to 
the modeling errors in the patient dynamics. In the simulation presented here no modeling 
errors were considered. In the real implementation, a deviation of the response of the 
system with respect to this ideal trajectory will be observed. On the other hand, as can be 
observed, the response exhibits a sluggish behavior that in real practice is undesirable. That 
is why this action is complemented with an additional term that tries to correct the 
deviations of the system from the nominal trajectory and also improves the transient 
response of the BIS curve.  
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Fig. 15. Simulation of the BIS in a patient applying only the nominal input un. 

This action is computed considering that the deviations of the BIS from the nominal value 
can be described by a linear approximation: 

 x A x B u     (35) 

 BIS C x D u     (36) 

where nx x x    and rBIS BIS BIS   .  

Then the control law uk can be obtained from an optimization problem (model based 
predictive controller). The problem can be formulated as obtaining the control law uk so 
that a specified cost function is minimized under a receding horizon strategy. Consider for 
example the following index: 

    
1

2 2

1 1
ˆ( ) ( ) ( | ) ( ) ( 1)

N NU

k
j j

J j w k j y k j t j u k j  
 

         (37) 

where N is the prediction horizon and NU is the control horizon. The problem is to find the 
sequence uk+j so that Jk is minimized. Assuming a receding horizon strategy, only the first 
value of the sequence is applied and the procedure is repeated at k+1. In this optimization, 
constraints can also be included, although the computational complexity is greatly 
increased.  

Figure 16 shows a simulation of this strategy. Initial condition was BIS=39. As can be 
observed, the response of the system is now much faster than that observed in figure 14 and 
achieves a very acceptable error quite soon.  
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Fig. 16. Simulation of the model-based controller of figure 14 on a patient. Nominal input 
(dashed line) and nominal+predictive controller (solid line). 

8. Conclusion 
In this chapter both results on modelling and control of patients under general anaesthesia 
with propofol is presented. First results presented refer to the synthesis of linear models for 
use in model-based controllers. The anaesthetic process was segmented into several phases, 
according to the state of the surgery (consciousness, hypnosis, intubation, incision, etc.). The 
propofol infusion rate in ml/h was used as the input variable u(t), while the BIS represented 
the output. Validation of the proposed model was done with real data patients.  

For simulation purposes a PK/PD model based on compartmental approaches as obtained. 
The model was adjusted using information of real data from patients. The obtained model 
was used to simulate the response of the patients with the different controllers.  

Concerning hypnosis control, this chapter presents a review of the state of the art of the 
closed-loop control of anaesthesia. Then, a description of approaches based on signal 
feedback and model based controllers are presented. 

The chapter proposed an advanced PI controller with several important features. First, an 
adaptive module is included that adapts the controller to the specific patient behaviour. On 
the other hand, the controller incorporates a dead-time compensation system that improves 
notably the performance of the controller. The performance of this compensation is 
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improved by self-adapting the approximation of the patient model used in the Smith 
Predictor scheme. 

The last part of the chapter is devoted to the design of model-based controllers. In 
particular, a model-based predictive controller is presented that corrects efficiently the 
transient evolution of the BIS, offering a smooth evolution of this signal to the reference 
value. 
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1. Introduction 
The migration of human groups around the world and the cultural mix of these people has 
instigated more researches in the field of ethnobotany/ethnopharmacology in recent years 
(Pieroni & Vandebroek, 2007). Brazil is an example of blending traditional knowledge 
combined with the use of natural resources to the cure of various diseases and, therefore, have 
been the subject of several surveys including ethnobotanical and ethnopharmacological. Given 
the enormous biological diversity and biochemistry in the several biomes around the world 
and also in Brazil, it is very difficult to find randomly a molecule on which it is possible to 
develop a competitive drug, acting on a mechanism known and has significant 
pharmacological properties (FAPESP, 2011). Therefore, the ethnobotany/ethnopharmacology 
are among the main strategies used for selecting plants to be investigated in laboratorial 
studies, those with great chances of success (Spjut & Perdue, 1976; Balick, 1990 as cited in 
Rodrigues, 2005), and is one of the fastest ways to obtain a safe product and pharmacologically 
active (Giorgetti et al., 2007).  

The ethnobotany looks at how people incorporate the plants in their cultural traditions and 
folk practices (Balick & Cox, 1997) or, according to Alcorn (1995), is the study of the 
interrelationships between humans and plants in dynamical systems (as cited in Rodrigues 
et al., 2005). 

The ethnopharmacology was originally defined as a science that sought to understand the 
universe of natural resources (plants, animals and minerals) as drugs used in the view of 
human groups (Schultes, 1988). However, over time this discipline has evolved and is 
defined by the INTERNATIONAL SOCIETY FOR ETHNOPHARMACOLOGY as:  

“Interdisciplinary study of the physiological actions of plants, animals and others substances used in 
indigenous medicines of past and present cultures”. 

This concept is also currently applied in the case of medicinal substances from non-
indigenous people, thus expanding the diversity of information generated in studies 
ethnopharmacological. The relationship of the biological wealth of the world's diverse 
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ecosystems, sometimes aided by the traditional knowledge of people who directly depend 
on these places to survive, is ancient for an extensive possibilities of discovering medicinal 
formulas for curing various diseases. The multiple possibilities resulting from this 
combination, natural biodiversity and cultural diversity, give richness and complexity in 
terms of knowledge about the flora and their therapeutic potential, some studies as: Pieroni 
& Vandebroek (2007) and Garcia et al., (2010) show that this relationship is even more 
intrinsic when there is displacement of human groups to a new environment. 

Brazil offers a favourable environment for studies focused on migration and medicinal 
plants/animals because it possesses a large area of 8,514,876.599 km² (IBGE, 2011) and boasts 
high indices of cultural and biological diversity. In Brazil, the use of herbs for medicinal 
purposes is a common practice and very diverse, result of intense mixing that occurred during 
colonization (Europeans and Africans – sixteen to the eighteen century), added with the 
ancient knowledge of indigenous people, who ever inhabited these lands (Giorgeti et al., 2007). 

Brazil is inhabited by mestizo groups derived from the miscegenation of Indian, Black, 
European and Asiatic people, 232 indigenous ethnic groups (Instituto Socioambiental, 2011) 
and 1,342 Quilombola groups (descendants of Afro-Brazilian people) (Fundação Cultural 
Palmares, 2011). Brazil has the richest flora in the world, with nearly 56.000 species of plants 
(Ribeiro, 1996; Schultes, 1990). For these and other reasons Brazil may be considered a 
laboratory in situ for a variety of processes that are studied by researchers from diverse 
fields, including the development of pharmaceutical drugs (Rodrigues, 2007).  

However, at present moment, marked by the destruction of natural ecosystems, not only the 
biodiversity of plants and animals are affected, but also human groups that depend of 
environments to survive (Davis, 1995). 

According to Simões and Lino (2004), the original Atlantic Forest covered approximately 1.3 
million km2, spanning 17 Brazilian states from south to northeast; however, it currently 
covers only 14 states, and its area has been reduced to 65,000 km2. Despite alarming 
fragmentation, the Atlantic Forest still contains more than 20,000 plant species (8,000 
endemic) and 1,361 animal species (567 endemic). It is the richest forest in the world in 
wood plants per unit area; the southern Bahia, for example, holds a record of 454 different 
species/ha (IBAMA, 2011). 

Because of this reality, ethnobotanical and ethnopharmacological surveys make an 
important role in collecting and valuing traditional knowledge of people about the 
medicinal use of biodiversity in which they live. This assumption, undoubtedly, is the key to 
preserve the biodiversity of these sites, as well as cultural traditions, once the ignorance on 
the potential pharmacological importance for the society becomes absent. While migration 
has become an integral part of modern globalization is as old as human society (Thomas et 
al., 2009; Waldstein, 2008). There are many reasons why people decide to leave home and 
live somewhere else, some having reasons within the place of origin, others with perceived 
opportunities available from the new environment (Findley & De Jong, 1985; Suzuki, 1996). 
Whatever the reason for the displacement, the migrants experience some difficulties and 
opportunities due to its displacement to a new location that those who stay behind may not 
experience (Lacuna-Richman, 2006). Numerous studies have related information on 
medicinal plants from human groups who migrated from Haiti to Cuba (Volpato et al., 
2009); from Mexico to the U.S.A. (Waldstain, 2006, 2008); from Africa to South America 
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(Voeks, 2009); from Africa to Brazil (Carney & Voeks, 2003); from Suriname to the 
Netherlands (van Andel & Westers, 2010); from Colombia to London (Ceuterick et  al., 
2008); from Germany to eastern Italy (Pieroni et al., 2004); from Albania to southern Italy 
(Pieroni et al., 2002a, 2002b); and from Europe and Africa to eastern Cuba (Cano & Volpato, 
2004; Pieroni & Vandebroek, 2007). However, few studies have focused on migration within 
a country, such as that described by Rodrigues et al. (2005) and Garcia et al. (2010) regarding 
migrants from northeastern Brazil who currently occupy the southeast. 

Migration between regions encourages contact with the rich biological and cultural diversity 
and allows interpersonal interactions that contribute to the transformation of local medicinal 
therapies. As described by Garcia et al. (2010), where the influence of displacement of 
people from the Northeast and Southeast Brazil to Diadema (São Paulo) resulted in: 
maintenance, incorporation, replacement and/or discontinued use of natural resources in 
their medicinal pharmacopoeia. Migrants bring along their traditions, lifestyles, world and 
health views, such your supporting systems, including knowledge about the use of natural 
resources to health care and nutrition. These attitudes and practices are held to different 
ways in the host society (e.g., Nguyen, 2003) and may fall into partial or total disuse, 
depending of the availability of raw material (Garcia et al., 2010). 

This chapter is an attempt to demonstrate the importance that the field 
ethnobotanist/ethnopharmacological meets in search of new bioactive molecules and how 
the knowledge about the medicinal use of natural resources can be more diverse and 
enriched after the displacement of human groups between regions. More broadly and 
generally, this chapter will also address details of the work done by Garcia et al. (2010) 
where the authors tried to understand, and comprehend more clearly the extent to which 
the displacement of people within a country can influence the traditional knowledge about 
medicinal use of natural resources. We hope this work can contribute significantly to future 
multidisciplinary research to develop new drugs.  

2. Brazilian biodiversity and cultural richness 
The Brazilian Atlantic Forest region (Figure 1) was the first to be occupied by European 
settlers in post-Columbian times (Rodrigues et al., 2008).  “Ipe-roxo” (Tabebuia 
heptaphylla), “cidrão” (Hedyosmum brasiliensis), “marcela” (Achyrocline satureioides), 
“estévia” (Stevia rebaudiana), “hortelã-do-mato” (Peltodon radicans), “espinheira-santa” 
(Maytenus spp), “pata-de-vaca” (Bauhinia forficata), “carqueja” (Baccharis trimera), “guaco” 
(Mikania spp) and “erva-baleeira” (Cordia verbenacea) are some plant species with high 
chemical and pharmacological potential of the Atlantic Forest biome. 

Brazil is very rich in biodiversity, endemism and traditional communities. Is inhabited by 
diverse ethnic groups, including: Indigenous Ethnic Groups, Quilombo communities, 
Mestizos, Caiçaras, Fishermen, Rafters, Rubber Tappers, Raizeiros, among other, and the 
mostly the result of interbreeding between native Indians, Europeans and African elements 
(Giorgetti et al., 2007).  

Native inhabitants of the Atlantic Forest, including non-indigenous, are still in this region, 
for example, the Caiçaras: people of mixed origin, descendants of European and Native 
Americans (Rodrigues and Carlini, 2006; Hanazaki et al., 2009). Descendants of Europeans, 
Africans and Asians settled in Brazil during the colonization and this culminated with 
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cultural miscegenation of many Brazilian communities and ethnic groups, enriching them 
culturally. All of these groups have traditionally relied on human resources to treat their 
illnesses and have at their disposal a rich flora.  

 
Fig. 1. The six main biomes of Brazil, (IBAMA, 2011) 

According to Rodrigues (2005), human groups that live in the forests are still substitutes for 
laboratory animals, especially in regions where medical treatment is lacking. 

The cultural diversity that exists in Brazil is the result of the migration process and 
miscegenation that begun in the sixteenth century. In this period, were made the first 
records of the Brazilian medicinal flora (Camargo, 2000; Giulietti et al., 2005; Rodrigues et 
al., 2008). Little was known about Brazil at the time of the discoveries. The first Jesuits, 
explorers, scientists, and settlers who arrived in Brazil, reported a lot of characteristics 
observed on the new environment (Kury, 2001 as cited in Giorgetti et al., 2007).  

The first European explorers that arrived in Brazil found a large number of medicinal plants 
used by indigenous tribes who lived here. Knowledge of local flora was merged those 
brought from Europe. Those that migrated from Africa (1530-1888) play an important role in 
traditional popular knowledge in Brazil until today (Rodrigues, 2007). The Africans who 
came to Brazil adapted your traditions to the new environment (Rodrigues, 2007).  

Due the fusion among human groups from different sites of the world and because of the 
colonization of the Americas, some plants of temperate climate were brought and 
introduced in tropical locations (Rodrigues et al., 2008), which made these regions, 
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especially South America, a biologically rich and diverse field, with emphasis on the 
Brazilian forests. This mixture of traditions associated with the weight of diversity vegetal 
has led to a traditional medicine and herbal treatment methods and of different researchers 
(e.g., such as Garcia et al., 2010; Ming, 1995; Pio Correa, 1926).  

Sometimes, researchers focus on ethnobotanical knowledge and practices at one moment in 
time, where little attention has been given to the “drivers” of change over time, and thus the 
migration becomes widely accepted as one of the principle means by which vegetal genetic 
material, associated knowledge and practices are diffused on the globe 
(Carney, 2001; Carrier, 2007; Niñez, 1987 as cited in Volpato et al., 2008). 

In this context, the main forces that guide the changes in the traditional medicinal 
knowledge, as cited by Volpato (2009) are: (a) the adaptation of the original knowledge to 
the new (host) environment; and (b) the development of strategies to obtain the original 
remedies (Pieroni et al., 2005b; Volpato et al., 2007).  

3. Displacement of human groups 
Ethnomedicine/ethnopharmacology normally does not cease to carry with the changes in a 
new social context, and it can continue to influence the choices of care and health practices. 
The life experiences of migrants in new land, in general, and their professional life in 
particular, significantly influence in their attitudes and care about the range of health care 
seeking (Han & Ballis, 2007). 

People, who move from their region of origin to live in somewhere else, are subject to 
various factors that may influence their health and pharmacopoeias. For example, a group of 
people moving from the Northeast to the Southeast of Brazil were faced with a new routine 
of life, different customs, new diseases and most importantly, a distinct vegetation. This last 
factor induces the need to seek pharmacological learning about local natural biodiversity, 
which can enrich the knowledge of the information ethnopharmacological.  

Bharat et al. (2008) mentions that before Lepcha tribe get in Sikim southwest of Tibet, they 
migrated to Thailand, Burma, Bhutan and Assam during the course of migration, they could 
collect important information along the way, which was about the use of wild plants 
available in these sites and important pharmacological characteristics of plants associated 
with the welfare of humanity local as well as the efficiency that these drugs had to save his 
life. In turn, in Sikkim, they encountered many new plant species and developed their 
pharmacological knowledge about them.  

As cited by Ososki et al. (2007), ethnobotanical knowledge is dynamic and may evolves with 
the exchange, transfer and ownership of information among people adapted to new 
environments (Lee et al., 2001; Voeks and Leony, 2004). There is often an exchange of 
knowledge, medicinal plants and cultural traditions when human groups migrate between 
urban and rural settings (Ososki et al., 2007). Knowledge about the use of medicinal plants is 
sometimes the only option for many human groups in the treatment of diseases. 

Some substances become even promising when they are constantly used by human groups, 
considering the distances travelled and the consequent exposure to different cultures and 
vegetal resources(Lee et al. 2001; Ososki et al. 2007). 
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4. Ethnopharmacological survey among migrants living in the Southeast 
Atlantic Forest of Diadema, São Paulo, Brazil – A case of study (Adapted of 
Garcia et al., 2010) 
4.1 Methodology  

4.1.1 Fieldwork 

One of the authors (D. Garcia) spent 14 months (September 2007 to November 2008) in the 
municipality of Diadema, São Paulo, SP, Brazil (23°41’10"S, 46°37’22"W), selecting, 
observing and interviewing migrants living in the Atlantic Forest remnants. Diadema is 
occupied by 394.266 inhabitants (IBGE, 2011), most of whom are migrants from other 
regions of Brazil. The Atlantic Forest remnants found in this city are rich in plants that are 
either native or introduced by the influence of those migrants present both in urban and 
rural areas. Migrants who had relevant knowledge regarding the use of plants and animals 
for medicinal purposes were selected for interviews following the purposive sampling 
method (Bernard, 1988). After identifying potential interviewees, the researcher visited them 
to determine whether they did indeed possess knowledge on medicinal plants and whether 
they wanted to take part in this study. This ethnopharmacological study was approved by 
the Ethics Committee of Universidade Federal de São Paulo (UNIFESP’s Ethics Committee 
on Research 1969/07) and Conselho de Gestão do Patrimônio Genético (No. 02000.001 
049/2008-71). The interviewees also signed consent forms granting permission to access 
their knowledge and collect botanical and zoological material. Personal and 
ethnopharmacological data from the interviewees were obtained through informal and 
semistructured interviews (Bernard, 1988) that addressed the following topics: personal 
details and migration history (name, sex, age, religion, marital status, place of birth, 
migration, main occupation, grade of schooling) as well as ethnopharmacology (name of 
natural resource, use, part used, formula, route of administration, contraindications, 
dosages, restrictions of use). Each medicinal plant was collected in the presence of the 
person who described it during the interviews, in accordance with the methods suggested 
by Lipp (1989). The plants’ scientific names were determined by specialists from the 
Instituto de Botânica do Estado de São Paulo (IB), and vouchers were deposited at the 
Herbário Municipal de São Paulo (PMSP). The animals collected were placed in glass vials 
containing 70% ethyl alcohol, and their subsequent identification and deposit were 
performed by zoologists from the Museum of Zoology, Universidade de São Paulo 
(MZUSP) and the Bioscience Institute from Universidade de São Paulo (IB-USP). When 
interviewees cited plants and animals that were used only in their cities of origin, i.e., not 
available in Diadema, photos from the literature and other information (e.g., popular name, 
habits and habitat) were used to identify them to at least the genus level. These organisms 
are marked with asterisks throughout the text and in Table 1. The Herpetofauna of the 
Northeast Atlantic Forest (Freitas & Silva, 2005) and The Herpetofauna of Caatingas and 
Altitudes Areas of the Brazilian Northeast (Freitas & Silva, 2007) were used as identification 
guides. For plants, the authors also consulted Medicinal Plants in Brazil - Native and Exotic 
(Lorenzi & Matos, 2008). 

4.1.2 Database survey 

For the plants and animals identified to the species level, the authors searched the 
bibliographic databases PUBMED (2011) and SCIFINDER (2011) to determine whether they 
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had been targets of previous pharmacological studies. To determine the origin of each plant 
species, was consulted the Dictionary of Useful Plants: exotic and native (Pio Corrêa, 1926). 

4.1.3 Dynamics of use  

During the field work, the authors made an effort to understand the dynamics of use for 
each resource and classified them into the following four categories: maintenance of use 
(resource used for the same purpose in the migrant’s city of origin and in Diadema), 
replacement (resources that were replaced when migrants arrived in Diadema because the 
original product was not available in Diadema or was less effective than the new resource), 
incorporation (resources used for the first time in Diadema to treat diseases common to 
larger cities, such as hypertension, diabetes and anxiety, which were not common in their 
homeland), and finally discontinued use (resources that are no longer used in Diadema, 
usually because they are not available). 

4.1.4 Data analysis 

The level of homogeneity between plant information provided by different migrants was 
calculated using the Informants’ Consensus Factor, Fic (Trotter & Logan, 1986). This term is 
calculated as Fic = Nur - Nt /(Nur - 1), where Nur is the number of use reports from 
informants for a particular plant-usage category and Nt is the number of taxa or species 
used for that plant usage category across all informants. Values range between 0 and 1, with 
1 indicating the highest level of informant consent. For instance, if certain taxa are 
consistently used by informants, then a high degree of consensus is reached and medicinal 
traditions are viewed as well-defined (Heinrich, 2000). 

4.2 Results and discussion  

4.2.1 Migrant interviews 

Despite the fact that Diadema is composed by thousands of migrants, the authors could 
observed that only a few had retained traditional knowledge pertaining to medicinal plants 
and animals. During this time the authors observed that in many cases, this knowledge has 
fallen into disuse because of: a) a cultural adaptation to the new city, b) the ease of 
conventional medical care, c) forest degradation, which restricts use of local plants and 
animals, furthermore d) many migrants have shown concern to participate in the study, 
since in the past they suffered persecution from government agencies and physicians, who 
eventually restrained their medical practice. The five selected interviewees migrated from 
northeast and southeast Brazil and established themselves in Diadema in the 1940s. Three 
were born in the northeast: two in Pernambuco state (coded as PE1 and PE2) and one in 
Sergipe state (SE1). The two remaining migrants were born in the southeast: one in Minas 
Gerais state (MG1) and one in inland São Paulo state (SP1) (Figure 2). All interviewees were 
Catholic, married and retired, with the exception of PE1 and PE2 who sell medicinal plants. 
Their average age was approximately 68 years old (ranging from 53 to 80 years old), and 
their level of education was semi-illiterate to illiterate. They learned about the medicinal 
uses of plants and animals from their parents and grandparents (Brazilian natives, European 
and African descendants) in their homelands. All interviewees arrived in the city of 



 
Pharmacology 

 

486 

Diadema as adults, and some had migrated through different regions of Brazil, 
accumulating knowledge on natural resources from human and biological sources. In 
Diadema, they acquired knowledge from neighbours, books, media (radio, television, 
magazines), and personal experiences. 

4.2.2 Plants: Dynamics of use  

The migrants described their knowledge of 85 plant specimens. As can be seen in Table 1, 78 
of them were available in Diadema and were collected, resulting in 65 plant species, the 
remaining 13 could only be identified to the generic level. The plants belong to 37 taxonomic 
families, with Asteraceae (16 species), Lamiaceae (8) and Euphorbiaceae (7) as the most 
common. Previous studies have shown that Asteraceae species are the group most 
commonly reported to have potential pharmacological properties, not only in the Atlantic 
Forest (Almeida & Albuquerque, 2002; Begossi et al., 1993; Di Stasi et al., 2002) but also in 
other Brazilian biomes such as the Amazon Forest (Rodrigues, 2006) the pantanal wetlands 
(Rodrigues & Carlini, 2004) and the cerrado savannahs (Rodrigues & Carlini, 2005). In a 
review focusing on plants with possible action/ effects on the central nervous system that 
were indicated by 26 Brazilian indigenous peoples occupying different Brazilian biomes 
(Rodrigues et al., 2005), Asteraceae was the second most commonly cited family. The same 

 
Fig. 2. Location of the Municipality of Diadema, in São Paulo state, southeastern Brazil 
(black square). Interviewees' migration from their cities of origin to Diadema, being PE  
(Pernambuco state), SE (Sergipe), MG (Minas Gerais) and SP (São Paulo), and the distance of 
the displacement (in Km) in each case (adapted of Garcia et al., 2010). 
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pattern has been detected in other countries, such as Mexico (Díaz, 1977). One factor that 
may explain the common use of this taxonomic family is the large number of species 
belonging to it - about 20,000 (Woodland, 1997). Asteraceae also has a wide geographical 
distribution, both in Brazil and throughout the world (Schultes & Raffaulf, 1990), which 
facilitates its use by various cultures. From the 65 species identified, it was observed that 33 
are native to Brazil while the other 32 are exotic, demonstrating the great floral diversity of 
the region, which was influenced by European and African people during the civilizing 
process in Brazil. Furthermore, of the 78 specimens recorded, 54% (42) are spontaneous or 
were already available in Diadema when interviewees arrived there, while 46% (36) were 
grown by the migrants, acquired in free markets, or brought from other regions of the 
country during migration. Below, the authors describe the four ‘dynamics of use’ categories 
observed during this study. 

4.2.3 Maintenance of use 

According to the interviewees, 68 of the 78 specimens cited in the present study, were used 
in their homelands (highlighted with □ in Table 1). The maintenance of their uses was 
possible since most of them were available in Diadema, though some were brought from 
their homelands. SE1 brought four plants from Aquidabã - Sergipe state, for pain relief 
because they are not available or are more potent than the ones found in Diadema: 
“bálsamo” (Sedum sp.), “anador” (Alternanthera sp.), “eucalipto/vick” (Eucalyptus globulus 
Labill.) and “novalgina” (Achillea millefolium L.). 

4.2.4 Incorporation of use 

Fourteen of the 78 specimens listed in Table 1 came to be used by migrants when they 
arrived in Diadema (highlighted with Δ in Table 1). These incorporations occurred in several 
ways: through information given by neighbours; through local media, e.g., television, radio, 
magazines; or through personal efforts, guided by plant organoleptic properties or even by the 
theory of signatures. This theory, formulated by Paracelsus (XVI century), assumes that 
characteristics and virtues of herbs can be recognised by their external appearance or 
“signature” (picture, shape, colour). Finally, observing the relationship between animals and 
plants can be a valuable guide. PE1 noted that dogs consume “sete-sangria” (Cuphea 
carthagenensis (Jacq.) J. F. Macbr.) when they have diarrhoea; and because it seemed to alleviate 
their symptoms, he started to use this plant for the same purpose. The migrants incorporated 
several plants after their arrival in Diadema to treat typical diseases of larger cities: “cipó-cruz” 
(Serjania sp.) to combat high cholesterol; and “guanxuma” (Sida rhombifolia L.) and “guiné” 
(Petiveria alliaceae L.) for anxiety. Also included in this category was knowledge concerning 
local toxic plants, e. g., alamanda-amarela (Allamanda cathartica L.) and azaléia (Rhododendron 
simsii Planch.), detailing the risks associated with their consumption. 

Similar results were recorded by Volpato et al. (2009), where the use of some plants have 
been incorporated in Cuban pharmacopoeia by the Haitians. This occurred, according to the 
authors, as a result of factors such as cultural contact and exchange of information between 
migrants and host, and personal experimentation or imitation of local practices by migrants. 
The same authors conclude that Haitians contributed to what is today considered as 
traditional Cuban medicine by introducing into the dominant Cuban community practices 
and uses of plants. 
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4.2.5 Replacement of use 

Three plants used by migrants in their cities of origin were replaced because they were not 
available or were less effective than plants present in Diadema (highlighted with # in Table 
1). Most of these replacements were made according to the criteria listed in the previous 
section. The interviewee MG1 explained that in his homelands, he used “quebra-pedra”* 
(Phyllanthus cf. caroliniensis Walter - Euphorbiaceae) for kidney stone disturbance, but when 
he arrived in Diadema, he found another plant, “sofre-do-rim-quem-qué” (Cissus sp.), that 
seemed to have a stronger effect. 

Another interviewee, PE1, reported that the bark and seeds of “amburana-de-cheiro"* 
(Amburana cf. cearensis (Allemão) A.C. Sm. - Fabaceae s.l.) were widely used for anti-
inflammatory therapy in Pernambuco state but had to be replaced by “mentruz” 
(Chenopodium ambrosioides L.) because the former was not found in Diadema. In addition, 
SE1 had to replace “pau-de-sapo"* (Pouteria cf. melinoniana Boehni - Sapotaceae), whose 
leaves were used for chronic wounds, with “carrapicho” (Acanthospermum australe (Loefl.) 
Kuntze). The vernacular names of some plants are registered trademarks of allopathic 
medicines and active ingredients, e.g., Novalgina® (Achillea millefolium) and Vick® 
(Eucalyptus globulus) for sinusitis, and Anador® (Alternanthera sp.), which is used as a 
sedative and for general pain. Contact between migrants and allopathic medicine thus led 
to the ‘baptisms’ of these plants, following the observation that both, the commercially 
available products and herbal source have similar effects, as reported by Pires et al., 
(2009). 

Biocultural adaptation, negotiation and cultural identity are key-issues for issues 
anthropological in the displacement of human groups between regions (Belliard & Ramírez-
Johnson, 2005; Janes & Pawson, 1986). Research in culturally homogeneous places and/or 
non-urban has shown that to follow the pattern of changes in traditional knowledge and use 
of plant among migrants must involve the degree the process of acculturation (Bodeker et 
al., 2005; Nesheim et al., 2006 as cited in Pieroni & Vandebroek, 2007). This dynamic 
interaction between migrants and host societies may result in changes pharmacopeial 
adapted with plants exchanged(Pieroni & Vandebroek, 2007). 

4.2.6 Discontinued use 

According to MG1, the following plants used in his homeland fell into disuse because they 
were not found in Diadema, although he tried to acquire them from local commercial 
sources: “quina"* (Strychnos cf. pseudoquina A. St. Hil - Loganiaceae), whose root is used to 
combat pain in the stomach and intestine; bark oil of “jatobá"* (Hymenaea cf. courbaril L. - 
Fabaceae s.l.), used for combat wounds; “batata-de-purga"* (Operculina cf. macrocarpa (L.) 
Urb - Convolvulaceae), whose tuber is ingested as a purgative and to clean the blood; bark 
and leaf of “jalapa"* (Mirabilis cf jalapa L. - Nyctaginaceae), used to clean the blood; tea of 
“junco"* (Cyperus cf. esculentus L. - Cyperaceae), whose root is used for inflammation; bark 
or seed of “emburana"* (Amburana cf. cearensis - Fabaceae s.l.), used for migraine and 
sleeping; and bark of “angico"* (Anadenanthera cf. colubrine (Vell.) Brenan - Fabaceae s.l.), 
prepared as a tea for pain in the body and fever. These plants were not described in Table 1, 
since they could not be collected and identified as well. 
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In a study performed by Waldstein (2008), it became clear that there is great influence of the 
host culture (USA) on the lifestyles of immigrants (Mexicans). The study reports that 
immigrants go through an intense process of acculturation and loss of traditional 
knowledge over the years, adopting the lifestyle of the host country. One of the problems 
that can affect traditional knowledge is the possibility of loss due to migration of people to 
industrialized regions (Pieroni et al., 2005). Due to contact with a new routine of life and, 
often, different environments (flora, fauna, culture, food, language, religion) people moving 
between regions, usually adapt more to the new location (those more culturally flexible) or 
not (those culturally less flexible) variable which makes the loss or incorporation of 
traditional knowledge about medicinal use of natural resources. For newcomers to the host 
country, it seems that the adoption of values, language, beliefs, traditions of the dominant 
group are constant, but, alternatively, some groups reject this and maintain their traditional 
customs(Ceuterick et al., 2007). The use of traditional foods, for example, is often seen as a 
symbol of maintenance ethnic identity and a cultural trait very resistant to change (Nguyen, 
2003 as cited in Ceuterick et al., 2007). 

4.2.7 Plants used for therapeutic purposes 

Of the 78 plants, 10 carry some restrictions, as they can be toxic depending on the dose, 
route or part utilized (Table 1). The uses described in Table 1 are written just as they were 
reported by the interviewees. The 68 plants used exclusively for medicinal purposes were 
cited for 41 complaints, which were grouped into 12 functional categories according to 
bodily system, as detailed in Table 3. Thus, gastrointestinal disturbances include the 
following complaints (numbers of medicinal plants reported): endoparasitosis (1), ulcer (1), 
diarrhoea (1), bellyache (2), heartburn (1), intestinal infections (1), liver pain (3). This 
category also includes plants used to improve digestion (1), to treat tables of haemorrhoid 
(1), as laxatives (10) and to purify the stomach (2), comprising a total of 24 plants employed 
in 44 formulas. The most relevant categories of use, measured by number of species 
employed, were gastrointestinal disturbances (30.8% of plants), inflammatory processes 
(24.4%) and respiratory problems (23.1%). As seen in Table 4, the group of illnesses 
representing immunological problems obtained the highest informant consensus factor 
value (Fic = 0.66), while the other categories presented Fic values lower than 0.5. These low 
values reflect the diversity of knowledge displayed by migrants, which can probably be 
attributed to different cultural influences during their migrations through Brazilian 
territory. Furthermore, the small number of interviewees may have resulted in low values of 
Fic. The parts of the plants most often used in the formulas were leaves (45.4%) and other 
aerial parts (22.7%). The most common formula was the infusion (37.8%), followed by in 
natura (17.6%) and syrup (10.1%). The most cited route of administration was ingestion 
(51.3%), followed by inhalation (8.4%) and topical (3.4%). 

4.2.8 Plants with restrictions on use and/or toxic 

Among the 10 specimens with restrictions on use, 6 were designated as only toxic: 
“alamanda-amarela” (Allamanda cathartica), “algodão-do-mato” (Asclepias curassavica L.), 
“amendoim-bravo/burra-leiteira” (Euphorbia heterophylla L.), “azaléa” (Rhododendron simsii), 
“comigo-ninguém-pode” (Dieffenbachia sp.) and “impatiens” (Impatiens hawkeri). The 
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interviewees explained that depending on the dose, the latex of “alamanda- amarela” and 
“amendoim-bravo” can cause discomfort or even blindness. According to Oliveira et al. 
(2003), the leaves of Dieffenbachia picta Schott contain calcium oxalate, which damages the 
oral mucosa and provokes pain and oedema, while the leaves of Allamanda cathartica contain 
cardiotonic glycosides and induce intense gastrointestinal disturbances. Although reported 
as toxic, the latex of two other plants can be used at low doses to treat breast and stomach 
cancer: “avelóz” (Euphorbia tirucalli L.) and “jarnaúba” (Synadenium grantii Hook. F.), 
respectively. The sap of “embaúba” (Cecropia pachystachya Tréc.) was indicated as toxic, but 
its fruits are used to combat bronchitis. Finally, the seeds of “pucunã” (Fevillea passiflora 
Vell.) are toxic, being indicated as abortive. In a recent study, Rodrigues (2007) also 
described plants with restrictions of use as reported by three Brazilian cultures: the Krahô 
Indians use two plants as abortives in a single prescription: “aprytytti” (Acosmium 
dasycarpum (Vogel) Yakovlev) and “ahkryt” (Anacardium occidentale L.) (Anacardiaceae); 
their barks are boiled, and the beverage is ingested in at dawn. It is an extremely bitter 
beverage, rich in tannin and therefore extremely astringent. 

4.2.9 Pharmacological data 

As can be seen in Table 1, 57 species (73.1%) were featured in previous pharmacological 
studies. For 30 of these species (52.6%), the uses cited by the migrants showed some 
similarity to the investigated effects/actions, demonstrating concordance between popular 
knowledge and academic science (marked with an asterisk in Table 1). 

4.2.10 Animals used for therapeutic purposes and dynamics of use 

From the five interviewees, only one (PE2) offered knowledge on the medicinal uses of 12 
animals. They belong to four taxonomic classes: Reptilia (6 species), Insects (3), Mammalia (2) 
and Amphibia (1). However, the interviewee has used only two animals since he arrived in 
Diadema, the other ten animals fell into disuse because they are not available in this city. 
The two animals were collected, identified and deposited in the Museum of Zoology-USP: 
ant (Atta sexdens L.) and cockroach (Periplaneta americana L.). These species belong to the 
maintenance of use category (highlighted with □ in Table 2). The other ten species therefore 
belong to the discontinued use category (highlighted with Ο in Table 2) which could not be 
collected. Their identifications were made by PE2 through consulting images from books (as 
described in Methodology). For three animals (snake, alligator and giant water bug) PE2 
could only hesitantly confirm their identity, probably due to the great diversity of these 
animals in Brazil. Therefore, they are denoted in Table 2 as probably belonging to one of 
three possible genera. The animals were used in 14 different medicinal formulas, with the 
skin most commonly used (33.3%), followed by whole animal (20.0%), bone (13.4%), fat 
(6.7%), rattle (6.7%), tooth (6.7%), anthill (6.7%) and turtleshell (6.7%). Some studies 
conducted in Brazil show that concomitant data corroborate and sustain these uses (Alves, 
2009; Costa-Neto, 2005; Ferreira et al., 2009; Santos-Fita & Costa-Neto, 2007; Torres et al., 
2009). The formulas were cited for the treatment of nine complaints, which were grouped 
into six functional categories, as shown in Table 5. The most commonly cited formula was 
powder (66.7%), followed by in natura (20%). The most frequent route of administration was 
ingestion (78.6%). The most common complaint involved respiratory problems (58.4%; 7 
animals) followed by central nervous system (8.3%), inflammatory processes (8.3%), 
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Scientific name or only genus 
(family/class) Voucher 

Popular name 
dynamic of 
use 

Complaint (part used) - formula - 
route of administration 

Abedus sp., Belostoma sp. or 
Diplonychus sp. 
(Belostomatidae/Insecta)* 

Water 
cockroach 
(barata 
d’água)° 

Bronchitis and asthma (whole animal) 
- powder - ingested 

Atta sexdens L. 
(Formicidae/Insecta)  
Garcia 001 

Ant (formiga) 
 

Epilepsy (anthill) - in natura - ingested 

Chironius sp., Liophs sp. 
(Colubridae/Reptilia)* or 
Bothops sp. 
(Viperidae/Reptilia)*

Snake (cobra)° Bronchitis (skin) - powder - ingested 

Crocodilus sp., Cayman sp. or 
Paleosuchus sp. 
(Alligatoridae/Reptilia)* 

Alligator 
(jacaré)° 

Apoplexy (skin) - syrup of skin 
powder - ingested 
Bronchitis (bone) - powder - ingested 

Crotalus cf. durissus L. 
(Viperidae/Reptilia)* 

Rattlesnake 
(cascavel)° 

Back pain (fat) - in natura - ingested 
Bronchitis (rattle) - tie it in the neck - 
topic 
Heart problems (tooth) - put it in the 
pocket of shirt

Geochelone sp. 
(Testudinidae/Reptilia)*

Turtle 
(tartaruga)°

Bronchitis and asthma - (turtleshell) - 
powder - ingested

Hydrochoerus cf. hydrochaeris L. 
(Hydrochaeridae/ Mammalia)*

Capybara 
(capivara)°

Bronchitis and asthma - (skin) - 
powder - ingested

Iguana cf. iguana L. 
(Iguanidae/Reptilia)*

Iguana 
(iguana)°

Osteoporosis and rheumatism (bone) - 
powder - ingested

Periplaneta americana L. 
(Blattidae/Insecta) 
Garcia 002 

Cockroach 
(barata)  

Bronchitis and asthma (whole animal) 
- powder - ingested 

Placosoma sp.  
(Gymnophthalmidae/Reptilia)*

Lizard 
(calango)°

Wounds in the body (skin) - powder - 
ingested

Rhinella sp. 
(Bufonidae/Amphibia)* 

Cururu frog 
(sapocururu)° 

Cancer of skin (whole animal) - in 
natura: tie it on the cancer for some 
time each day - topic 

Tolypeutes sp. 
(Dasypodidae/Mammalia)* 

Armadillo-ball 
(tatubola)° 

Wounds in the body (skin) - powder - 
ingested 

Marked by () the two animals whose use had been maintained, while 10, marked by (°) are those 
whose uses have fallen into disuse. * Animals that couldn’t be collected because were not available in 
Diadema. 

Table 2. The 12 animals indicated by migrant PE2, their popular and scientific names, 
complaints (part used), formula and route of administration (adapted of Garcia et al., 2010). 
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Category of use Complaints (number of plants cited) Total 
number of 
plants 

1- Gastrointestinal
disturbances 

To combat worms (1), ulcer (1), diarrhoea (1), 
bellyache (2), heartburn (1), intestinal 
infections (1), liver pain (3), to improve 
digestion (1), hemorrhoid (1), as laxative (10) 
and for stomach purify (2)

24 

2- Inflammatory
processes 

As anti-inflammatory (3) and healing (6), to 
treat sty/conjunctivitis (2), inflammation in 
the mouth/throat (3), rheumatism (2), sinusitis 
(2) and gingivitis (1)

19 

3- Respiratory 
problems 

To combat cough (1), bronchitis (15) and as 
expectorant (2) 18 

4- Anxiolytic/ 
hypnotics 

As sedative (11) 11 

5-Osteomuscular
problems 

To ease back pain (1), muscles pain (6), hip 
pain (1), prevent osteoporosis (1) and to treat 
lesions in bone (1) 

10 

6- Dermatological
problems 

To combat external allergies (2), wounds in the 
body (5) and inhibits the growth of skin stains 
(1)

8 

7- Genitourinary
disturbances 

As diuretic (5), to combat kidney stone (2) and 
treating urine with blood (1) 8 

8- Endocrine system To reduce cholesterol (1) and diabetes (3) 4 
9- Cardiovascular
problems 

Treat heart problems (1) and as blood purifier 
(2) 3 

10- Immunological
problems 

To combat breast cancer (1) and stomach 
cancer (1) 2 

11- Analgesics Earache (2) 2 
12- Fever To combat fever (1) 1 
Total 110* 

*Some plants have been cited for more than one complaint, so the total number of plants above (110) is 
higher than the ones indicated by the interviewees. 

Table 3. The 12 categories of use comprising the 41 complaints, their total and partial 
number of plants cited by the five migrants (adapted of Garcia et al., 2010). 

dermatological problems (8.3%), analgesics (8.3%), cardiovascular problems (8.3%) as shown 
in Table 5. The high humidity of the region (with annual rainfall between 1.000 and 1750 
mm) (IBAMA, 2011) is known to lead to bronchitis, cough and asthma. This may explain 
why so many plants and animals were used to treat respiratory disturbances in Diadema, 
which has been shown in studies of the Sistema Único de Saúde (2011) to be the second 
largest cause of death in Diadema - 14,4%. Many animals have been used for medical 
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purposes since antiquity (Antonio, 1994; Conconi & Pino, 1988; Gudger, 1925; Weiss, 1947). 
Despite the existence of several ethnopharmacological studies suggesting the bioactive 
potential of Brazilian fauna (Alves & Delima, 2006; Alves & Dias, 2010; Alves & Rosa, 2005; 
Costa-Neto, 2002, 2006; Hanazaki et al., 2009; Rodrigues, 2006), only marine animals have 
been investigated by chemical and pharmacological methods (Berllink et al., 2004; Gray, 
2006; Kossuga, 2009). No pharmacological data was found in the literature for the five 
animals identified in the present study: rattlesnake (Crotalus cf. durissus L.), capybara 
(Hydrochoerus cf. hydrochaeris L.), iguana (Iguana cf. iguana L.), ant (Atta sexdens) and 
cockroach (Periplaneta americana). The lack of information available on medicinal animal 
products leads us to conclude that this is a largely unexplored topic in Brazil and that future 
pharmacological studies should confirm the potential therapeutic value of these species. 
 

SN Category of use Plant 
specimen

% All 
Species 

Use 
citation 

% All use 
citation Fic 

1 Gastrointestinal disturbances 24 30.77 44 25.29 0.46 
2 Inflammatory processes 19 24.36 28 16.09 0.33 
3 Respiratory problems 18 23.07 31 17.82 0.43 
4 Anxiolytic/hypnotics 11 14.10 19 10.92 0.44 
5 Osteomuscular problems 10 12.82 13 7.47 0.25 
6 Dermatological problems 8 10.26 11 6.32 0.3 
7 Genitourinary disturbances 8 10.26 13 7.47 0.41 
8 Endocrine system 4 5.13 5 2.87 0.25 
9 Immunological problems 2 2.56 4 2.30 0.66 

10 Cardiovascular problems 3 3.84 3 1.72 0 
11 Analgesics 2 2.56 2 1.15 0 
12 Fever 1 1.28 1 0.57 0 

Table 4. Values of Informant consensus factor (Fic) for each category of use, considering the 
plants cited by the five Diadema’s migrants (adapted of Garcia et al., 2010). 
 

Category of use Complaints (number of animals) 
1-Respiratory problems bronchitis (7), asthma (4) 
2-Central nervous system epilepsy (1) 
3-Inflammatory processes rheumatism (1) 
4-Dermatological problems wounds in the body (1), skin cancer (1) 
5-Analgesics back pain (1) 
6-Cardiovascular problems treat heart problems (1), hemorrhage (1) 
Total 18* 

* some animals have been cited for more than one complaint, so their total number above (18) is higher 
than the number of animals indicated: 12. 

Table 5. The 6 categories of use comprising the 9 complaints, their respective number of 
animals mentioned by the migrant PE2 (adapted of Garcia et al., 2010). 
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5. Conclusion 
The ethnobotanical/ethnopharmacological survey among migrants becomes important in  
that it rescues the knowledge and values that are rapidly disappearing with the death of  
older migrants and destruction of biomes around the world (Ososki et al. 2007; Reyes-Garcia 
et al. 2005). 

The studies that rescue a large number of uses for different categories (for exemple:  
gastrointestinal disorders, inflammation, fever and others), can expand several lines of 
pharmacological and phytochemical investigations. In addition, it may be more important 
for the development of new drugs with large pharmacological/phytochemicals effects and 
safer, as well some therapeutic uses mentioned by the migrants were confirmed by previous 
studies in the literature. 

The study of case in Diadema (São Paulo – Brazil) the migrant interviewees demonstrated a 
large knowledge about the toxic and medicinal properties of some plants and animals. 
Migration contributed to increase of knowledge regarding the use of natural resources, 
mainly through the processes of incorporation and/or resource replacement. 

The seven plants [Impatiens hawkeri W. Bull., Artemisia canphorata Vill., Zea mays L., Equisetum 
arvensis L., Senna pendula (Humb. & Bonpl. ex Willd.) H.S. Irwin & Barneby, Fevillea passiflora 
Vell. and Croton fuscescens Spreng] showed maintenance of use among migrants and have 
not been studied by pharmacologists yet. These species should be highlighted in further 
investigations because the maintenance of use during human migrations can be indicative of 
bioactive potential. 

The interviewed migrants had passed through several Brazilian cities and were exposed to 
distinct vegetation and cultures. In this migration, they have passed on and incorporated 
knowledge in an intensive exchange where formulas and uses are mixed and re-invented as 
a result of contact between cultures. 

This chapter is an attempt to demonstrate based on some scientific papers, the importance of 
the field (ethnobotanical/ethnopharmacological) in search of new bioactive molecules and 
how the information about the use of natural resources for health promotion may be more 
diverse and enriched when human groups displace among regions. We hope this text can 
assist as a basis for future multidisciplinary research to development new drugs. 
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1. Introduction 
Natural products have been the most successful source of drugs ever (Tulp & Bohlin, 2005). 
Historically, the most important natural sources have been plants. Research progressed 
along two mayor lines: ethnopharmacology and toxicology. These strategies have produced 
many valuable drugs and are likely to continue to produce hit-lead compounds. However, 
actually exist numerous unconventional natural sources, ecologically sustainable, of 
potentially medicinal compounds without research.  

The development of pharmaceutical and fine chemistry in Cuba and the synthetic or natural 
product-oriented generation of new pharmacological and molecular entities, in the II decade 
of XXI century, it´s sustained in several basic conceptual and methodological principles: 

 Structure (including isosteric perception) of compounds generates and define 
properties, which in their order, determinate application and functionality in the related 
chemical-pharmacological space (SPAF) 

 Sustainability – Scalability (scaling-up facilities) –Applicability in real time (SSA-rt) 
  Maximum of atomic efficiency (click and green chemistry); maximum of analytical 

efficiency and maximum of environmental efficiency (MAE3) 
 Chemical bioprospecting of the Cuban biodiversity oriented to discovery of new 

ecological molecular fragments-templates with interesting pharmacological properties 
for their application in therapeutical treatments of several pathologies of CNS including 
neuroprotection, neuroregeneration after stroke and ischemia.  
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 Integration of in silico screen to natural products or their mixtures with minimal 
complexity 

Taking this into account, in Cuba (2008-2011) it has been attempted, starting from natural 
products of the forest industry and raw renewable materials ecologically sustainable, such 
as rosin, colophony and resinic acids isolated from endemic botanic species belonging to 
gen. Pinus (Pinaceae) the development and application of new heterogeneous catalytic 
procedures, optimization of design and synthesis of new pharmacological agents 
structurally based on sodium resinate  and dehydroabietic acid (DHAA), with a great added 
value, as therapeutics for medical treatment of pathologies of CNS, including GABA 
agonist-antagonists, cannabinoid analogues and sedative molecular systems. 

Cuban resin acids, an ecological sustainable natural product, derived form Cuban forestry 
industry, have been shown to have broad and highly active biological properties, potent 
microbiocidal and fungicidal actions and potential neuroprotective effects on central 
nervous system (CNS). In this communication, we studied this novel ecologically 
sustainable source of potentially therapeutic compounds using, as starting raw material, 
resins from endemic Cuban Pinus specie and show their effect on central nervous system in 
rodents. 

2. Materials and methods 
2.1 Chemicals and drugs 

2.1.1 Oleoresin, colophony and starting resin acids 

The Cuban oleoresin, was milked and collected by incision of the bark from mature trees 
(Pinus caribbaea 7-13 years) planted in Viñales Forestry Station, 168 Km West of Havana, 
serpentine soil) located in the Western zone of the Cuban archipelago. It was submitted to 
distillation as reported previously (Franich & Gadgil, 1983). The main components, a 
mixture of colophony (resin acids), turpentine oils and neutral fraction were separated. The 
acid fraction was submitted to identification of abietane acids (mixture of abietic, 
dehydroabietic, levopimaric & pimaric acid) and directly used in pharmacological tests. 

For the preparation of extracts, approximately 500 mg of colophony were grinding in an 
agate mortar into 2-mm pieces, extracted with 4 ml methanol, filtered through glass wool, 
and the extracts stored at −10°C. Extracts were filtered through 0.45-μm Teflon syringe 
filters prior to HPLC and used in the next steep for obtaining the sodium salt. 

The sodium salt (sodium resinate-SR) was prepared as reported in: CU/2006-0144 patent. 
Crystallized from a mixture of water: ethanol (8: 2 v/v) 

2.2 Chromatography conditions  

Analytical HPLC-PDA (Kanuer Smart Line-2005): Column: LichroCART 250 x 0.44 cm RP-
18, 5µm particle size (Lichropher 100); mobile phase: acetonitrile-water in gradient 
conditions (40% to 100%) during 45 min, held at 100% for further 2 min; temperature: 25 0C; 
flow rate: 1mL/min; sample injection 10 µL; detection: 200 nm to 505 nm. Data were 
analyzed with ChromGate 3.1 (Germany) for LC 3D software.  
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2.3 Structural elucidation 

The structural elucidation was based on FTIR spectroscopy (spectrophotometer FT-IR Jasco, 
FT/IR-460 Plus, Japan, in a range of 280-7200 cm-1 with a sensibility of 0,1 cm-1) and NMR 
spectrometry (1H y 13C) at room temperature, using a spectrometer Brucker AC-250 MHz, at 
28 0C in DMSO-d6 ,using as internal reference TMS, given all the signals in ppm (δ). 

Diazepam (DZP, Quimefa, Cuba), pentylenetetrazole (PTZ, Sigma, USA, CAS), picrotoxin 
(PTX, Sigma, USA, CAS), haloperidol (Esteve S.A, España), amphetamine-sulphate (Sigma, 
USA, CAS), were used in this study. Solvents were analytical grade and were purified by 
distillation before used. All drugs and their solutions were prepared immediately before use. 

2.4 Synthesis of dehydroabietic acid (DHAA) 

2.4.1 Catalytic disproportion of colophony using piritic ash as catalyst (0,5 % (m/m)  
at 230 C) 

500 grams of previously hydrothermally treated colophony is heated during 30 min (130 0C) 
in a glass pyrex reactor (750 mL) equipped with thermometer and stirrer. 1,0 gram of pyritic 
ash is added and the reaction temperature increased to 230 0C. The reaction mixture is 
maintained at this temperature during 3 h under intense stirring (1500 rpm). (The residual 
concentration of abietic acid is 0,5–0,8 %). 100 grams of disproportionated colophony in 100 
mL of alcohol is filtered through SiO2-Al2O3. The solution is heated to 70 0C and then added 
18 grams of 2-aminoethanol, and 250 mL of hot water (60-900C). The resulting solution is 
kept at 70 0C during 10 min., under gentle stirring, then the reaction mixture is extracted 
with iso-octane, toluene or a mixture of heptane/ciclohexanone 7/3 v/v ( 3v x 75 mL). The 
selective crystallization of the quaternary ammonium salt dehydroabietic acid-2- 
aminoethanol starts at 50 0C. The solution is cooled to 4 0C, collecting crystals which are 
soluble in cool 50 % ethanol (250 mL) Yield: 51,0 grams with 89,5 % of purity related to 
dehydroabietic acid (98,5 % overall purity). The obtained salt is dissolved 160 mL of hot 
ethanol and acidified with aqueous HCl (12 %, pH 4-5) and allowed to stand during 8h at 
room temperature. The pure dehydroabietic acid is collected, washed, re-crystallized from a 
mixture of 75 % ethanol/water v/v. and dried 3 h. Yield 39,3 % (overall 98,2 %) 

2.5 Animals 

2.5.1 Pharmacological studies 

Male albino mice (Swiss, 18–22 g) in anticonvulsant activity, elevated plus-maze, 
amphetamine and thiopental-induced sleep, open field activity and aggressive behaviour 
test and male rats (Wistar, 150–200 g) in amphetamine-induced behavioural stereotypy test 
were used. 

2.5.1.1 Acute toxicity study 

Six female rats (Wistar, 150–200 g) were used for evaluating the acute toxicity of test 
compounds. 

All animals (Laboratory of Biological Control. CIDEM, Havana, Cuba) were housed in 
groups of five under standard laboratory conditions of temperature, humidity and lighting 
(12:12-h light/dark). Animals had free access to food and water, except during experiment. 
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They were deprived of food but not water 6 h before the drug administration and each 
group consisted of ten animals. All experiments were carried out between 8:00 am and 11:00 
am in accordance with the Institutional Animal Ethical Committee approved the study and 
animal care was in conformity with Canadian Council for Animal Care guidelines 

SR was administrated in three doses levels (100, 200 y 400 mg/Kg) in all experiment except 
the elevated plus-maze behaviour test (50, 100 y 150 mg/Kg). The volume of injection in 
mouse was 0.4 ml/20 g and in rat was 1 ml/100 g. The SR was dissolved in distilled water 
and administered orally.  

2.5.2 Pharmacological and toxicity evaluation 

2.5.2.1 Open field activity 

Thirty minutes after the administration of vehicle or test compound a mouse was placed in 
the centre of a round open field of 30 cm diameter and 25 cm high and the open field 
activity were measured during 6 minutes recording how many times the animal stay in the 
centre of cage and the number of rising (Sukma et al., 2002; Tyler, 1982). 

2.5.2.2 Aggressive behavior 

A group of animal was isolated in individually cage and other group remained grouped 
during six week. The aggressive behaviors were evaluated through an intruder mouse into 
the isolated mice’s home cage and were recorder the aggressive activity (biting attacks and 
wrestling) in isolated mice was measure as total fighting time during a 20 min period (Tyler, 
1982).   

2.5.2.3 Thiopental-induced sleep 

Animals were divided into three groups: control (distilled water), diazepam (1 mg/kg)-
treated and SR-treated groups. Thiopental sodium (30 mg/kg) was injected 
intraperitoneally 30 min after administration of vehicle or test compound. An animal was 
placed on its back on a warmed (35 ºC) pad. The number of sleeping animals and the 
duration of loss of righting reflex were recorded. The duration from loss of righting reflex 
until a mouse regained its righting reflex was measured (Carlini et al., 1986). 

2.5.2.4 Drug-induced convulsion 

Mice were divided in groups of ten each. The animals were pre-treated with SR 30 min 
before the administration of PTZ (85 mg/kg, s.c.) or PTX (10 mg/kg, s.c.). The 
anticonvulsive effect was assessed by measuring the numbers of convulsing mice and 
deaths, and the latency of the appearance of the first episode of clonic seizure. The cut off 
time was set as 30 min. after the convulsant administration (Costa & Greengard, 1975; 
Fischer & Vander, 1998). 

2.5.2.5 Elevated plus-maze behavior 

The elevated plus-maze consisted of two closed arms (30_/5_/15 cm) and two open arms 
(30_/5 cm) emanating from a common central platform (5_/5 cm). The two pairs of identical 
arms were opposite each other. The entire apparatus was elevated to a height of 54 cm 
above floor level. Thirty minutes after test compound administration, the mouse was placed 
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at the centre of the maze with its head facing an open arm and allowed to explore the maze 
for 5 min. Entry into an arm was defined as placement of all four paws into an arm and were 
recorded: number of entries into each type of arm, the percentage of time spent and the 
percentage of arm entries in open arms (Sukma et al., 2002). 

2.5.2.6 Amphetamine-induced behavioral stereotypy 

Amphetamine (1.5 mg/Kg) was injected subcutaneously 30 min after administration of 
vehicle or test compound in rats and the animals were collocated in individually cage to 
recorder the behavioral stereotypy each 5 min during 1 h. (Kuczenski  et al., 1999).  

2.5.2.7 Amphetamine -induced sleep in mice 

Mice were divided in four groups of ten each. The animals were pre-treated with SR 30 min 
before the administration of amphetamine 5 mg/Kg (p sc). An animal was placed on its 
back on a warmed (35 ºC) pad and the number of sleeping animals and the duration of loss 
of righting reflex were recorded. 

2.5.2.8 Acute oral toxicity study 

A single dose of SR (2000 mg/kg) or distilled water was administered orally (10 mL/Kg) in 
equal number female (n=3) animals; and rats were returned to an ad libitum diet immediately 
after dosing. All animals were monitored continuously for 12 h after dosing for signs of 
toxicosis and daily for changes additional behavioural or clinical signs. The animal weights 
were recorded weekly. Rats were euthanized on day 14 by ether inhalation, and selected 
organs removed and examined macroscopically for toxicant-induced changes (OECD, 2001).  

2.5.2.9 Statistics 

Drug effects were assessed by single factor analysis of variance followed by the Student-
/Newman-/Keuls post-hoc test. The level of significance was set at p<0.05. 

3. Results and discussion 
The Cuban pine oleoresin, was milked and collected by incision of the bark from mature 
trees Pinus caribbaea. After distillation the main components and mixture of colophony 
(resinic acids), turpentine oils and neutral fraction were separated and hydrothermally 
treated to minimize the amount of fatty lineal and branched acids. Colophony was 
analyzed, treated with stecheometrical amount of NaOH, to obtain the desired sodium 
resinate and submitted directly, after crystallization from a mixture water: ethanol (30:70 
v/v), to neuropharmacological evaluations. 

The oleoresin collected from Pinus caribbaea is hydrothermally treated and purified through 
redox-acid/base protocols described in (Cuban patents CU 20060144 & CU20060252), 
generating a practically pure mixture of rosin-colophony as a mixture of resinic acids (RA, 
FTIR- cm-1: 3426(O-H), 2931(Csp3-H y Csp2-H), 2869 (s CH2) y 2929 (as CH2), 1694(C=O), 
1385-1366(δs-CH3), 1450(δas-CH3), 1150-1180 isopropyl system, zone 950-970 olefinic 
fragments, 830-770 trisubstituted olefins; NMR,,ppm: 6 zones observed: 0.5-0,8 methyl 
groups, 1.0-1.2 methyl groups, 1.3-2.0 methylenic groups, 5.0-6.0 olefinic zone exo- and 
endocyclic bonds, 6.8-7.3 aromatic protons, 11.9-12.5 COOH) that was used directly in the 
evaluation of its neuropharmacological profile. This mixture (50-52 % of abietic acid), 
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without further purification, was used for obtaining dehydroabietic acid (DHAA) by 
heterogeneous catalytic disproportionation-aromatization treatment of colophony with 
pyritic ash (Fe2O3/FeS/Ba2+/SiO2, 2300C, stirring, air, 95%) and the selective precipitation of 
the 2-aminoethanol salt of DHAA (molar ratio 1:1, 500C, 89 %) in aqueous ethanol solution. 
The pure DHAA was obtained after acidification (pH 4-5; 98%, TLC: Silicagel G60-254, 
eluent: n-hexane/ethyl acetate 7:3 v/v, 2 drops of isopropanol; chromophoric agent 
vainilline/H2SO4, mp. 171.5-172.30C and applied column chromatography; NMR,ppm, 1H-
13C selected signals: 9,78-OH/184,32-COOH; 7,15 C-11H/C-11 124,90; 6,95 C-12H/C-12 
124,20; 6,88 C-14H/C-14 127,0).  

The most widely protocol used for resin acid analysis and their derivatives is gas 
chromatography (GC) of the methyl esters (Zinkel & Engler, 1977) with detection by flame 
ionization (FID) or mass spectrometry (MS). However, this method has disadvantages for 
us, including instability of the derivatized samples (Latorre et al., 2003), hazards of 
methylating reagents (potentially explosive and carcinogenic), and tedious work-up of raw 
biological material required. 

Taking this in consideration, in our laboratory, have been developed a simple analytical 
methodology for resin acid analysis by high-performance liquid chromatography (HPLC) in 
gradient conditions. We report a simple protocol for the analysis of abietanes derivatives by 
reversed-phase HPLC with several advantages including: (1) no sample derivatization is 
required; (2) extraction and chromatographic conditions are mild, (3) all components of the 
HPLC mobile (acetonitrile and water) phase are volatile and therefore recovery of 
compounds from fractionated sample is simplified. These benefits are particularly 
advantageous in biological studies that require rapid analysis of abietane acid mixtures and 
screenings for neuroprotective bioactivity.  

The results are shown in Fig. 1 

 
Fig. 1. Abietanes (resin acids present in the Cuban colophony) HPLC analysis of methanol 
extract obtained from distilled oleoresin. 1= Levopimaric, 2= Palustric, 3= Abietic, 4= 
Dehydroabietic 
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The fundamentals (conceptual and methodological) for the analytical technique described 
here rely on both the optimal combination of wavelengths for detection and the 
chromatographic resolution of the peaks. Abietanes have distinctive spectra that we used 
here, together with chromatographic separation, to distinguish and quantify the resin acids 
by HPLC. The spectra (220-540 nm) of the individual chromatographically separated 
components (Fig.1), show λ max values of 255 nm (levopimaric), 251 nm (palustric), 266 nm 
(abietic), and 269, 278 nm (dehydroabietic). The information related is shown in Fig. 2.  

 
Fig. 2. Spectral chromatogram of analyzed mixture of resin acids present in Cuban colophony 

The developed HPLC analysis revealed the main components of the Cuban colophony, a 
starting raw material for preparing sodium resinate (Fig. 3). 
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Fig. 3. Main resin acids present in the Cuban colophony. (abietic acid 40 %; dehydroabietic 
acid 22 %; palustric acid 18 %; levopimaric acid 18-20 %).  
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The colophony was administered in 3 dosis levels (100, 200 y 400 mg/Kg) in all experiments, 
except in the case of bioassay of labyrinth in cross (50, 100 y 150 mg/Kg). The DHAA dosis 
levels were 50, 100 and 200 mg/Kg. The injection volume of administration in mice was 0.4 
ml/20 g and 1mL/100 g in rats. The colophony (sodium salt-SR) was dissolved in distillated 
water and administered orally. 

3.1 Open field activity 

SR (100, 200 and 400 mg/kg, po.) reduced locomotor activity and rearing in a dose-
dependent manner during the observation period. The observations are given in Table 1. 
Doses of 400 mg/Kg of SR showed similar behaviour to diazepam (DZP) 1 mg/Kg 
(standard anxiolytic drugs).  

The present study demonstrated that SR prepared from natural and pre-treated (hydro-
thermally and by acid-basic reaction) resin extracted from Cuban Pinus reduced 
spontaneous locomotor activity in mice. Usually the rodents show an exploratory behaviour 
when they are collocated in a novel place. However, if the animals are pre-treated with 
depressant central nervous system drugs, the locomotor activity is decreased. This result is 
typical for sedative drugs. 
 

Tested groups mean±S.E.M 
Distilled water 24,5 ± 4,20a 
SR 100 mg/Kg. 20,2 ±  3,38 b 
SR 200 mg/Kg. 19,6 ± 2,22 b 
SR 400 mg/Kg. 12,9 ± 4,48 c 
DZP 1 mg/Kg. 10,5 ± 3,39 c 

Table 1. Effects of SR (100, 200 and 400 mg/kg, po.) on spontaneous locomotor activity. 
Groups with unequal letters differ to each other for p 0.05. 

3.2 Aggressive behavior 

Social isolation induces aggressive behavior in several strains of mice. The isolation-induced 
aggression is proposed to be useful as an animal model for assessing inhibitory activity on 
central nervous system. Different neurotransmitters such as serotonin, noradrenaline, 
dopamine and gamma-aminobutyric acid (GABA) are considered to be involved in 
mediating aggressive behaviour; there are conflicting results on brain neurotransmitter 
metabolism (Matsuda et al., 2001; Sakaue et al., 2001). Table 2. shows the effects of SR on 
aggressive behaviour in isolated mice. Test compound reduces an aggressive behaviour in a 
dose-dependent manner. A similar result to open field test in between 400 mg/Kg of SR and 
diazepam 1 mg/Kg doses was obtained.  This behaviour was reported by Valzelli in 1973 as 
a classic pattern for central nervous system depressor (Valzelli, 1973). Our results show an 
anti-aggressive behaviour in orally SR-treated mice. This result can be mediated by 
inhibitory effects on brain biogenic amines action or excitatory neurotransmitter release and 
suggests the inhibitory effect of SR on the central nervous system. 
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Tested groups mean±S.E.M 
Distilled water 24.90 ± 4.15 a 
SR 100 mg/Kg. 17.60 ± 3.38 b 
SR 200 mg/Kg. 16.75 ± 2.94 b 
SR 400 mg/Kg. 12.90 ± 4.48 c 
DZP 1 mg/Kg. 10.50 ± 3.39 c 

Table 2. Effects of SR (100, 200 and 400 mg/kg, po.) on aggressive behaviour (biting attacks 
and wrestling) in isolated mice Groups with unequal letters differ to each other for p0.05. 

3.3 Thiopental-induced sleep 

SR as well as diazepam, a standard reference drug, increased the number of sleeping 
animals and prolonged the thiopental-induced sleeping time in mice. 

All SR doses increase the number of sleeping animals (Table 3) compared with the control, 
doses of 200 and 400 mg/Kg caused sleep in all animals.    

SR (400 mg/Kg) and diazepam (1 mg/Kg) prolonged thiopental induced sleep in the similar 
manner (Table 4). 
 

Tested groups Percentage of sleeping animal 
Distilled water 12.50
SR 100 mg/Kg. 56.25
SR 200 mg/Kg. 100
SR 400 mg/Kg. 100
DZP 1 mg/Kg. 100

Table 3. Effect of SR on percentage of sleeping animal. 
 

Tested groups mean±S.E.M 
Distilled water 2,25 ± 6.16 a
SR 100 mg/Kg. 8,25 ± 8.65 b
SR 200 mg/Kg. 33,75 ± 8.83 c
SR 400 mg/Kg. 40,00  ± 0 d
DZP 1 mg/Kg. 40,00 ±  0 d

Table 4. Effect of SR on sleeping time (min). Groups with unequal letters differ to each other 
for p0.05. 

3.4 Drug-induced convulsion 

Numerous excitatory drugs such as PTZ and PTX, can induce convulsion via GABA receptor 
antagonism, due to, the anxiolytic-like drugs (ex. diazepam) might be inhibit the drug-
induced convulsion via inhibition of GABA-ergic inter-neurons. 
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To further investigate the inhibitory effect of SR on the central nervous system, drugs that 
can excite or block excitation in the central nervous system were used. Diazepam (4 mg/kg, 
po.) was highly effective in delaying the occurrence of clonic convulsion (Table 5 and 6) 
even in protecting animals against convulsion induced by PTX and PTZ. However the 
different doses of SR tested were unable to protect animals against convulsion and death, 
and unable to increase the latency of the clonic convulsion induced by pro-convulsivant 
drugs. Our findings show an ineffective action of SR to avoid the PTZ and PTX-induced 
convulsion. These results suggest that the sedative effects of test compound might not be 
mediated via GABA or glycine systems.  
 

Tested groups 
Latency of 

first 
convulsion 

Latency of 
first clonic 
convulsion 

Time of 
death 

Percentage 
of animals 
with clonic 
convulsion 

Percentage 
of death 

PTX 5 mg/Kg + 
Distilled water 12.0 ± 1.94a 20.66 ± 4.55a 22.66 ± 5.03a 80 30 

PTX 5 mg/Kg +  
SR 100 mg/Kg. 12.0 ± 6.00a 17.0 ± 4.36a 23.0 ± 8.48a 70 20 

PTX 5 mg/Kg +  
SR 200 mg/Kg. 15.90 ± 8.60a 20.2 ± 4.76a 26.0 ± 1.41a 80 20 

PTX 5 mg/Kg +  
SR 400 mg/Kg. 16.8 ± 6.37a 21.62 ± 5.70a 24.0 ± 2.91a 80 20 

PTX 5 mg/Kg +  
DZP 4 mg/Kg 23.0 ± 3.21b 26.0   3.80b 28.1 ± 2.12b 20 0 

Table 5. Effect of SR on clonic convulsion induced by PTX. Groups with unequal letters 
differ to each other for p0.05. 
 

Tested groups 
Latency of 

first 
convulsion 

Latency of 
first clonic 
convulsion 

Time of 
death 

Percentage 
of animals 
with clonic 
convulsion 

Percentage 
of death 

PTZ 85 mg/Kg + 
Distilled water 7.30 ± 1.66 a 11.66 ± 3.07 a 14.80 ± 3.83 a 60 50 

PTZ 85 mg/Kg +  
SR 100 mg/Kg 6.00 ± 2.45 a 11.50 ± 1.52 a 13.17 ± 3.97 a 60 60 

PTZ 85 mg/Kg +  
SR 200 mg/Kg 7.27 ± 1.35 a 13.16 ± 2.23 a 13.0 ± 3.16 a 60 40 

PTZ 85 mg/Kg +  
SR 400 mg/Kg 7.90 ± 2.28 a 11.50 ± 3.45 a 13.33 ± 1.86 a 60 40 

PTZ 85 mg/Kg +  
DZP4 mg/Kg 25.0 ± 2.18 b 27.1  3.26 b 29.0 ± 1.18 b 20 0 

Table 6. Effect of SR on clonic convulsion induced by PTZ. Groups with unequal letters 
differ to each other for p0.05. 
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3.5 Elevated plus-maze behavior 

Rodents usually avoid open arms and prefer enclosed arms in an elevated plus-maze. Time 
spent in open arms and numbers of entries into open arms are indexes of neophobic anxiety 
in animals. Standard anxiolytic drugs such as diazepam increase open-arm exploration, as 
reflected by increases in the time spent and the number of entries into the open arms 
(Pellow, 1985).  

Diazepam exhibited the conventional profile of anxiolytics in the elevated plus-maze test; it 
increased the percentage of open arm entries and time spent in open arms (Table 7). 
However, SR did not significantly modify the percentage of either time spent or arm entries 
in open arms at any of the doses tested.  
 

Tested groups 
Time spent 

in open 
arms 

Time spent 
in close 

arms 

Open arm 
entries 

(%) 

Open close 
entries 

(%) 

Number of 
open arm 

entries 
(counts) 

Number of 
closed arm 

entries 
(counts) 

Distilled water 8.2 ±  
8.02 a 

198.9 ± 
44.70 a 

14.81 ± 
12.45 a 

85.18 ± 
12.45 a 

1.80±  
1.62 a 

8.9±  
2.33 a 

SR 50 mg/Kg 9.12 ±  
7.07 a 

112.56 ± 
30.25 a 

16.23 ± 
14.36 a 

87.26 ± 
10.25 a 

1.93±  
0.98 a 

8.03±  
2.15 a 

SR 100 mg/Kg 9,6 ±  
14,35 a 

85.4 ±  
42,77 a 

18,68 ± 
23,70 a 

81,31 ± 
23,70 a 

1.50±  
2.01 a 

7.6±  
3.60 a 

SR 150 mg/Kg 10.08 ± 
8.23 a 

93.15 ± 
29.15 a 

17.59 ± 
9.23 a 

83.26 ± 
15.15 a 

1.75±  
1.29 a 

7.98±  
2.23 a 

DZP 0.5 mg/Kg 55.23 ± 
 5.56 b 

70.18 ± 
7.83 b 

65,17 ± 
12.18 b 

34,83 ± 
6.65 b 

19.05±  
2.15 b 

10.18± 
1.98 a 

Table 7. Effect of SR on the elevated plus-maze test in mice ( see Table 6). Groups with 
unequal letters differ to each other for p0.05. 

3.6 Amphetamine-induced behavioral stereotypy 

Psycho stimulants (such as, amphetamine a simpatic-mimetic amine) administration in rats 
increase dopamine levels in different brain zones, induce stereotyped behaviours, 
characterized by repetitive sniffing, biting, grooming, and head movements. The dopamine 
receptor antagonist or sedative drugs can be reducing its behaviour (Ralph et al. 2001). Table 
8 shows behavioral stereotypy after subcutaneously administration of amphetamine, 1.5 
mg/Kg (p.sc). Rats treated with SR reduced its behaviour in a dose-dependent manner 
compared with the water-treated group and amphetamine. The observed results reveal that 
colophony decreases the stimulant effect either for an antagonism of dopaminergic 
transmission, inhibition of dopamine releasing, blocking of its post-synaptic receptor or by 
an activation of some inhibitory transmission with the decrease of excitation caused by the 
dosis of employed amphetamine. The data suggest that the colophony has not a 
characteristic profile of active antidepressants. It was confirmed by the evaluation of 
amphetamine (5 mg/Kg)-induced sleeping and its extension in time. 
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Tested groups mean±S.E.M 

Distilled water 10.45 ± 3.70a 

SR 100 mg/Kg. + amphetamine 1,5 mg/Kg. 22,71 ± 4.90b 

SR 200 mg/Kg. + amphetamine 1,5 mg/Kg. 23,92 ± 5,75b 

SR 400 mg/Kg. + amphetamine 1,5 mg/Kg. 20,70 ± 5,85b 

Distilled water + amphetamine 1,5 mg/Kg. 31,64 ± 5,98c 

Haloperidol 5 mg/Kg. + amphetamine 1,5 mg/Kg. 12,28 ± 2,56a 
 

Table 8. Effect of SR on behavioural stereotypy induced by amphetamine. Groups with 
unequal letters differ to each other for p0.05. 

3.7 Amphetamine -induced sleep in mice 

Mice treated with different doses of SR exhibited similar behaviour against amphetamine -
induced sleep in mice compare with water-treated group (Table 9).  

 

Tested groups Media ± D.S 

Distilled water + amphetamine 5 mg/Kg 189.90 ± 9.65 

SR 100 mg/Kg. + amphetamine 5 mg/Kg 190.00 ± 11.51 

SR 200 mg/Kg. + amphetamine 5 mg/Kg 195.86 ± 5.05 

SR 400 mg/Kg. + amphetamine 5 mg/Kg 190.22 ± 7.07 
 

Table 9. Effect of SR on sleep induced by amphetamine in mice. 

Although SR showed a sedative effect in evaluated tests (thiopental-induced sleep, open 
field activity, aggressive behaviours and amphetamine-induced behavioral stereotypy). The 
interaction of SR with convulsant drugs, confirms that the sedative effect of test compound 
might not be related via the GABA or glycine systems. 

In this context, recently our group found that abietic and dehydroabietic acids might be 
responsible of the sedative effects of the SR (Unpublished result).  

3.8 Acute oral toxicity study 

The death of any animal was not observed during the study. The major adverse effects were 
related with CNS depression (motor impairment and sedation), but these symptoms 



Unconventional Raw Natural Sustainable Sources for Obtaining Pharmacological  
Principles Potentially Active on CNS Through Catalytic, Ecologically Clean, Processes 

 

531 

disappeared within 4 h. With this exception, no outward behavioral abnormalities were 
noted during the 2-week post-treatment period. The body weight gains were observed in 
the similar manner in both groups (Figure 4). Macroscopic alterations were not observed in 
selected organs and tissues removed (stomach, liver, kidney, brain, spleen and lungs). The 
administration of SR didn't cause significant toxic symptoms for what classifies in 5 category 
of the GHS or not classified (mortality> 2000 mg/kg). 
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Fig. 4. Effect of SR 2000 mg/Kg on acute oral toxicity test. 

Taking into consideration the structural similarity, grosso modo,(molecular modeling are 
underway and are unpublished results yet) between secondary metabolites, DHAA, 
related derivatives and cannabinoids, the observed pharmacological effects could be 
attribute to a potential antagonism with glutamate receptors and/or inhibition of 
noradrenalin-dopamine releasing. The acute toxicity study revealed that no toxic effects 
were observed, and any symptom (increase of cleaning-up behavior, exploration, 
decreasing of frequency of movement, etc) disappeared after 4 hrs. In the autopsy were 
not detected any macroscopic or anatomic effect on organs. 

In the case of dehydroabietic acid (DHAA) generated by disproportionation-
aromatization of resinic acids the results reveal a dosis depending effect on decreasing of 
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exploratory activity, typical for sedative pharmaceutical compositions. It co-
administration (50 mg/Kg) with thiopental, at experimental dosis, increase the number of 
sleeping animals (65%), a typical depressing action on CNS. The administration of DHAA, 
at all dosis evaluated, didn’t protect animals for PTZ induced convulsions. The 
experimental data obtained in the Labyrinth in cross model didn’t show any relevant 
results. In the Amphetamine-induced stereotipia model DHAA decreases the stimulant 
action produced by the subcutaneously administration of 1,5 mg / Kg of amphetamine, in 
the hypothetically pathways described above. The acute toxicity (DL50 > 5000 mg/Kg) 
study showed that DHAA had not any toxic effects at dosis concentrations used and 
could be classified in the GSH in the 5 category.  

It is noteworthy that synthetic DHAA has a sedative action on CNS and could be employed 
as starting raw material for designing of new molecular and pharmacological entities 
potentially useful in the development of formulation for therapy of CNS pathologies where 
de sedative effect is needed.  

Topological studies for determining any QSAR correlation between colophony and 
derivatives and cannabinoids are underway. 

4. Conclusion 
The oleoresin, a raw material isolated from Cuban Pinacea (gen. Pinus, Pinus caribbaea), 
constitutes a sustainable resource for developing potentially useful pro-drugs and 
pharmacologically active substances as resínic acids, sodium resinate (SR) and 
dehydroabietic acid. The analytical protocol developed (all in one wavelengths-retention 
time) for common abietanes present in Cuban colophony is simple, time-saving, eco-
friendly, employing robust reversed-phase HPLC and offer the possibility to determine 
and quantify the main diterpenic acids (resínico acids) in the natural and modified 
mixture. The catalytic synthesis of dehydroabietic acid (DHAA) as a principal active 
pharmaceutical component from colophony for the potential treatment of neuro-
psiquiatric dysfunctions and generation of exogenic cannabinoid analogues has been 
developed under ecological conditions using piritic ash as re-usable catalyst 
(disproportionation-aromatization) at meso-scale with minimal environmental impact. 
The neuropharmacological profile (including acute oral toxicity) of SR in rodent 
behavioural tests was determined; SR reduced spontaneous locomotor activity and 
aggressive behaviour, increased the number of sleeping animals and prolonged the 
thiopental-induced sleeping time indicating a the sedative effect of test compound and it 
might not be related via the GABA or glycine systems. The SR is unable to protect animals 
against convulsion and death induced by pentylenetetrazole and picrotoxin. The SR (2000 
mg/Kg p.o) didn't cause significant toxic symptoms in rats. This finding indicates that the 
SR can constitute a non conventional source of pharmacological molecular entities with 
central nervous system depressant activity. The synthetic DHAA has a sedative action on 
CNS and its acute toxicity (DL50 > 5000 mg/Kg) reveals that DHAA had not any toxic 
effects at dosis concentrations used and could be employed as starting design structural 
point for developing molecular entities and series leads with potentially remarkable 
pharmacological properties. 
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1. Introduction 
Hemin is a cofactor in which an atom of iron is coordinated to the nitrogens of four pyrrole 
groups that make up the protoporphyrin IX ring (see figure below).   

 

Many types of enzymes in living systems use hemin as a prosthetic group to catalyze 
oxidation/reduction reactions or for the binding/transport of reactive molecules (e.g. 
oxygen). For instance, several cytochromes of the mitochondrial electron transport chain are 
“heme” enzymes as are the major drug/xenobiotic-metabolizing enzymes of the 
endoplasmic reticulum, the cytochromes P450 (CYP or P450). The heme group of the P450s 
allows these enzymes to use redox chemistry to bind molecular oxygen and cleave the O-O 
bond, thus forming a reactive, high-valent oxygen species that can insert oxygen into 
otherwise stable carbon-hydrogen bonds of drugs/xenobiotics (White and Coon, 1980). The 
unfavorable thermodynamics of this type of reaction has caused the P450s to be likened to 
“catalytic blowtorches” (Schlichting et al., 2000), and the process is essential for the 
elimination and clearance of many lipophilic compounds ingested from the environment. 
Catalase is an important protective heme enzyme that is responsible for degrading 
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hydrogen peroxide. Furthermore, the heme enzymes, nitric oxide synthase and 
cyclooxygenase, have important signaling roles in the regulation of various cellular 
processes such as inflammation. However, in terms of the sheer abundance in higher living 
systems, hemoglobin is the most important heme enzyme as it uses the cofactor to transport 
oxygen in blood circulation to facilitate oxidative/phosphorylation and energy generation 
in distal tissues.  Because the heme proteins interact with reactive oxygen species (ROS), 
they are susceptible to ROS-mediated damage, which in turn, results in the accumulation of 
free or unused heme.  

1.1 The toxicity of heme 

The reactive nature of hemin does not come without a cost. The free (not enzyme bound) 
form of the cofactor has been shown in vitro to increase the peroxidation of lipids and the 
fragmentation and cross-linking of DNA and protein resulting from oxidative stress (Kumar 
and Bandyopadhyay, 2005;Vincent, 1989). One likely explanation for these findings can be 
drawn from two of the basic reactions of reactive oxygen chemistry, the Fenton reaction and 
the Haber-Weiss reaction. In the Fenton reaction (below), superoxide anion reduces free 
molecular iron. 

 O2- + Fe+3                         O2 + Fe+2 (Fenton Reaction) 

In the Haber-Weiss reaction, the reduced iron can interact with hydrogen peroxide, 
resulting in cleavage of the O-O bond to form hydroxyl anion and hydroxyl radical 
(Vincent, 1989). 

 Fe+2 + H2O2                      Fe+3 +  HO- + HO (Haber-Weiss Reaction) 

Using the Haber-Weiss system as an analogy, it is likely that the free hemin functions in a 
manner similar to that of free iron as a means to produce hydroxyl radical. The hydroxyl 
radical has been shown to be much more destructive to proteins and DNA than both 
hydrogen peroxide and superoxide (Davies et al., 1987;Jackson et al., 1987). 

It also has been proposed that hemin interacts with hydrogen peroxide to form a putative, 
hypervalent iron-oxygen species analogous to the reactive intermediate of peroxidase 
enzymes referred to as Compound I  (Vincent, 1989).  

 Fe+2 + H2O2                    Fe+3:O· + H2O (Peroxidase-like Reaction) 

Because hemin is much more lipophilic than free iron, the oxidative stress associated with 
free hemin is more destructive to membrane lipids and organelles (Balla et al., 1991). In this 
respect, the putative iron-oxo species resulting from the reaction of hemin and hydrogen 
peroxide could be even more deleterious than hydroxyl radical as suggested by the fact that 
free radical scavengers of hydroxyl radical (e.g. dimethyl sulfoxide) did not protect lipids 
and proteins from damage when incubated with hemin and hydrogen peroxide (Vincent, 
1989). Understandably, the propensity of hemin to damage lipid mixtures causes it to be 
extremely harmful to cellular membranes and organelles. Free hemin also has been shown 
to promote inflammatory reactions that have been associated with hepatic, renal, neuronal, 
and vascular injury (Kumar and Bandyopadhyay, 2005). In particular, several studies have 
demonstrated the contribution of hemin to the pathogenesis associated with atherosclerosis 
and ischemia/reperfusion (Wagener et al., 2001).  
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1.2 The regulation of cellular heme levels 

Because of the harmful effects of free heme accumulation, the synthesis and catabolism of 
heme in living systems is highly regulated. The rate-limiting enzyme for heme synthesis is 
α-aminolevulinic acid synthetase, and its expression and activity is highly regulated by a 
variety of agents and stress signals (Ponka, 1997). Heme catabolism is carried out by two 
enzymatic reactions. The rate-limiting step of heme catabolism is catalyzed by heme 
oxygenase (HO). This enzyme catalyzes a complicated, multi-step reaction that uses 
molecular oxygen and electrons (received from a separate redox partner, the cytochrome 
P450 reductase) to cleave the α-meso bridge of the protoporphyrin IX ring and form ferrous 
iron, CO, and biliverdin in the process (Kikuchi et al., 2005;Liu et al., 1997;Liu and Ortiz de 
Montellano, 2000) (see figure below). 

 
(HO Reaction) 

The final step of heme catabolism involves the reduction of the biliverdin formed by HO to 
bilirubin. This enzymatic step (below) is catalyzed by the biliverdin reductase (BVR). BVR 
has dual cofactor specificity as both NADH and NADPH can provide electrons to the 
enzyme. NADPH is the preferred cofactor under basic conditions, whereas NADH is more 
favorable at lower pH (< 7.0) (Noguchi et al., 1979). The activities of both HO and BVR are 
highly regulated to effectively coordinate heme catabolism with its synthesis under different 
conditions.  
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2. Cellular functions of HO-1 and HO-2 
There are two isoforms of HO, known as HO-1 and HO-2 that are expressed through two 
different genes and are immunologically distinct (Maines et al., 1986;Maines, 1988). The two 
enzymes are approximately 40% homologous as both have in common a catalytic region of 
about 24 amino acids (Rotenberg and Maines, 1991) and a hydrophobic, C-terminal tail that 
serves to anchor the enzymes to the endoplasmic reticulum. HO-1, which is 33 kDa, is 
highly inducible by a multitude of stimuli and compounds and is constitutively expressed in 
liver and spleen. HO-2 is constitutively expressed in most tissues, and is highly expressed in 
brain, kidney, and testes. The HO-2 protein is 36 kDa as it contains additional regulatory 
sequences (e.g. extra heme-binding sites) which affect its activity in a tissue-specific manner 
and which might also be regulated by CO and NO binding (Ryter et al., 2006).  

2.1 Functions of HO-2 

It is generally believed that the main role of HO-2 might be to maintain homeostatic levels of 
heme during normal cellular metabolism. In one study, HO-2 knockout mice only displayed 
mild phenotypes and did not show evidence of altered iron maintenance (Poss et al., 1995). 
The study did show that the mice displayed ejaculation abnormalities (in males) and 
increased susceptibility to hyperoxic lung damage. Illustrating the importance of HO-2 to 
brain heme metabolism, these mice also showed dramatically reduced levels of HO activity 
in the brain. In addition, another study did demonstrate oxygen toxicity and iron 
accumulation in the lungs of HO-2 knockout mice (Dennery et al., 1998). Thus, HO-1 cannot 
completely compensate for the absence of HO-2 in terms of cellular function and the 
regulation of heme levels. 

In brain, testes, and cardiovascular tissue, HO-2 activity plays a critical role in function by 
generating CO which functions as a tissue-specific signaling messenger that acts mainly 
through activation of guanylyl cyclase. In smooth muscle and endothelial tissue, CO mimics 
the effects of NO by causing relaxation and vasodilatation, respectively (Hangai-Hoger et 
al., 2007;Patel et al., 1993). CO also has anti-apoptotic and anti-inflammatory effects 
mediated through mitogen-activated protein kinases (MAPK) and not guanylyl cyclase 
(Piantadosi and Zhang, 1996). These signaling relationships will be discussed in more detail 
below in the chapter. CO also has been postulated to play a role in inhibiting P450 enzymes 
since the ferrous form of this type of heme protein forms a tight-binding complex with CO.  

2.2 Functions of HO-1 

Whereas HO-2 seems to be important in managing heme levels during normal cellular 
metabolism, HO-1 serves to maintain homeostatic levels of heme under conditions of 
cellular stress. Oxidative stress is associated with increased rates of heme protein damage 
and in turn, free heme accumulation.  Early studies with HO-1 speculated on a 
cytoprotective role for this enzyme given the following: 1) It was identified as a 32 kDa heat 
shock protein (Keyse and Tyrrell, 1989) induced by a variety of stressors that included direct 
oxidative stress; 2) it metabolized a compound (hemin) that was known to be harmful to 
cells at high concentrations (Kutty and Maines, 1984); and 3) it was induced (greater than 40-
fold in some instances (Wright et al., 2006)) in virtually all tissues following exposure to a 
variety of cellular stressors including oxidative stress, UV radiation, hyperoxia, hypoxia, 
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hyperthermia,  heavy metals, metal porphyrins, tumor factors,  insulin, endotoxin, and 
sulfhydryl-reactive compounds (Keyse and Tyrrell, 1989) (reviewed in (Ryter et al., 2006)). 
Because most of the HO-1-inducing agents also cause elevated levels of oxidative stress, it 
has been postulated that HO-1 induction represents an early, “sentinel-type” response by 
the cell to counteract the deleterious effects of oxidative stress (Otterbein et al., 2000;Poss 
and Tonegawa, 1997b).  

3. Experimental evidence for the cytoprotective role of HO-1 
3.1 In vitro evidence for the cytoprotective role of HO-1 

Most of the in vitro/in vivo evidence for HO-1 playing a cytoprotective role has examined the 
effects of inducers and inhibitors of HO-1 when cells/animals are dosed with a stressor. These 
types of studies are described in the paragraphs below. More sophisticated lines of in vivo 
evidence using gene knockout/therapy to modulate HO-1 levels will be referred to separately. 
Metal porphyrins and heavy metals are often used alternately in studies to implicate a function 
of HO in a cellular process. Whereas in most cases, both types of compounds induce the HO-1 
gene (a major exception is tin mesoporphyrin which inhibits HO-1 induction) and elevate 
protein expression, the metal porphyrins will often bind to the HO active site resulting in the 
inhibition of enzyme activity.  

Both in vitro and in vivo studies have demonstrated that the elevated expression and 
activity of HO-1 is associated with a greater tolerance to various types of stress. It was 
already mentioned how an in vitro study was used to demonstrate that HO-1 was a 32 kDa 
heat shock protein which was induced by cellular stress and protected cells from toxicities 
related to these stressors (Keyse and Tyrrell, 1989). Another interesting in vitro study used 
HepG2 cells that were transfected to constitutively express CYP2E1 to demonstrate the 
protective role of HO-1 during CYP2E1-mediated metabolism and oxidative stress (Gong et 
al., 2004). Of the P450 enzymes, CYP2E1 is especially prone to the breakdown of its 
monoxygenase catalytic cycle with the concomitant release of superoxide, hydrogen 
peroxide, and excess water (Gorsky et al., 1984). A previous study by the same lab used 
these cells to show that the oxidative stress associated with CYP2E1-mediated metabolism 
could be cytotoxic, especially after prior cellular depletion of glutathione by treatment with 
L-buthionine-(S,R)-sulfoximine (Chen and Cederbaum, 1998). In the study examining the 
role of HO-1, the cytotoxicity associated with the CYP2E1-mediated metabolism of 
arachidonic acid was not observed when HO-1 expression was up-regulated by transfection 
of the cells with an adenovirus containing the cDNA for human HO-1 (Gong et al., 2004). 
Furthermore, when the cells were treated with chromium mesoporphyrin, which acts as an 
inhibitor of HO-1, the CYP2E1-related toxicity was potentiated. The in vitro study also 
implicated CO but not bilirubin in the protective effects of HO-1, probably through the CO-
related inhibition of P450 activity (discussed below). 

In another in vitro study, the protective effect of the flavonoid, quercetin, on the 
hepatotoxicity of ethanol was attributed to its induction of HO-1 in hepatocytes because the 
effects of quercetin were abrogated by treatment with zinc mesoporphyrin (Yao et al., 2009). 
Addition of free iron increased the damage caused by ethanol, whereas CO treatment 
protected the cells from ethanol-induced toxicity. Thus, it was thought that the protection 
afforded by HO-1 induction was in part caused by the inhibition of P450-mediated 
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activation of ethanol by CO. Another study by this group indicated that HO-1 was induced 
through the MAPK/Nrf2 pathways of signal transduction (Yao et al., 2007). The in vitro 
studies of course are critical in elucidating the signaling pathways involved in heme 
metabolism. These pathways are discussed more completely below. Interestingly, the 
second enzyme responsible for heme metabolism, BVR has a very active role in the signaling 
required to modulate HO-1 levels with the ever-changing levels of heme in the cell.  

3.2 In vivo evidence for the cytoprotective role of HO-1 

Many in vivo studies have also tested for the protective role of HO-1 after exposure to 
toxins. Acetominophen is a widely-used analgesic that unfortunately has a narrow 
therapeutic index, and overdosing results in liver failure. Cytochrome P450-mediated 
metabolism is responsible for the harmful effects of acetaminophen as it converts the 
compound to a reactive quinone-imine that alkylates cellular protein and DNA. 
Interestingly, cellular glutathione effectively scavenges the reactive intermediate and 
protects against cytotoxicity. However, when an overdose occurs, the intracellular 
glutathione gets depleted resulting in the destruction of critical proteins that are necessary 
for cell function (Gibson et al., 1996). Several studies have tested for the ability of HO-1 to 
protect against acetaminophen toxicity in rats. In one of these studies, acetaminophen 
treatment resulted in HO-1 induction. To test whether the HO-1 expression was 
cytoprotective, the rats were treated with hemin to induce HO-1 prior to exposure to 
acetaminophen. These rats were indeed protected from acetaminophen hepatotoxicity 
compared to animals that were not pretreated with hemin. The study also found that 
biliverdin pretreatment was able to protect the rats from acetaminophen-induced 
hepatotoxicity (Chiu et al., 2002).  

HO-1 induction was also shown to be protective from liver damage caused by carbon 
tetrachloride (Nakahira et al., 2003) and halothane (Odaka et al., 2000). Both of these 
compounds can be activated to free radical species by P450-mediated metabolism. Treatment 
with hepatotoxic doses of these compounds resulted in the rapid accumulation of intracellular 
free heme which was followed by HO-1 induction. It was found that when the rats were pre-
treated with hemin (to induce HO-1) before halothane administration, hepatotoxicity was not 
observed. Similarly, when rats were treated with tin porphyrin 1 hour before administration of 
carbon tetrachloride to inhibit HO-1 activity, the carbon tetrachloride-induced liver injury was 
exacerbated (Nakahira et al., 2003). The findings of these studies suggest that free heme 
accumulation, presumably derived from the destruction of P450 enzymes, may be the main 
source of toxicity by these compounds. Thus, HO-1 induction was proposed to be an adaptive 
response that was critical for recovery from the toxic insults. 

Many studies have investigated the ability of HO-1 to protect against endotoxin exposure. 
Endotoxin is a lipopolysaccharide produced by gram negative bacteria. Tissue exposure to 
endotoxin results in inflammatory injury and oxidative stress (Murphy et al., 1998) 
(McCord, 1993). In two separate studies, HO-1 induction in rats by hemin (Wen et al., 2007) 
and hemoglobin (Otterbein et al., 1995) pretreatment was protective against the deleterious 
effects of a subsequent (otherwise lethal) dose of endotoxin. In contrast, the rats were more 
susceptible to endotoxin toxicity, and the protective effects of HO-1 induction were ablated 
when the animals were treated with metal porphyrins that inhibited the HO-1 activity. 
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In vivo studies also demonstrated the ability of HO-1 induction to protect against acute 
renal failure in rats following ischemia/reperfusion (Toda et al., 2002) and exposure to 
mercuric chloride (Yoneya et al., 2000). Ischemia/reperfusion involves exposing the tissue to 
a sequence of oxygen deprivation followed by reoxygenation. Reoxygenation is associated 
with high levels of oxidative stress. Thus, it is a good model to examine the protective role 
of HO-1. The kidney ischemia/reperfusion study used tin chloride to induce the HO-1. Tin 
chloride induces HO-1 in a tissue-specific manner and does not induce HO-1 in the liver but 
does induce it in the kidney, demonstrating the complicated regulation of the HO-1 gene 
(discussed below). The fundamental role of HO-1 in mediating renal protection was 
demonstrated by showing that treatment with tin mesoporphyrin, an inhibitor of HO-1, did 
not prevent renal injury in the rats (Toda et al., 1995).  

3.3 Gene knockout/therapy evidence for the cytoprotective role of HO-1 

Over the last 10-15 years, novel research studies and interesting clinical findings have 
confirmed the cytoprotective role for HO-1.  One of the seminal studies to demonstrate the 
protective role of HO-1 examined embryonic fibroblasts from HO-1 knockout mice and 
compared their attributes to those from normal wild-type animals (Poss and Tonegawa, 
1997b). The cells from the knockout mice produced higher levels of ROS and also were less 
resistant to toxicity caused by hydrogen peroxide, paraquat, heavy metals, and heme 
exposure.  The effects of HO-1 in the protection from free hemin exposure were quite 
dramatic offering 50% survival at a hemin concentration (200 μM) that was completely toxic 
to the cells from knockout mice. Another study from the same group, also compared the 
response of wild-type and HO-1 knockout mice to an intraperitoneal injection of endotoxin 
(Poss and Tonegawa, 1997a). Because the adult HO-1 knockout mice had a variety of health 
issues including anemia, iron-overloading, and chronic inflammation, younger mice (6 to 9 
weeks) that did not display these phenotypes were used to study the effects of endotoxin. In 
terms of survival, the knockout mice were significantly more sensitive to endotoxin 
treatment and demonstrated higher levels of hepatic injury including increased serum liver 
enzyme levels and liver vacuolization. Interestingly, the hepatic injury seemed to be 
spatially and temporally related to iron loading malfunctions in both Kupffer cells and 
hepatocytes. Iron also accumulated in renal proximal cortical tubules. 

Gene therapy studies to upregulate HO-1 have also been instrumental in proving that HO-1 
is protective against cellular stress. In a study to demonstrate the role of HO-1 in vascular 
protection, a retroviral vector was used to transfect the human HO-1 gene into rat lung 
microvessel endothelium (Yang et al., 1999). Cells transfected with the retrovirus had over a 
2-fold increase in HO-1 expression and activity. Furthermore, cGMP levels (probably 
regulated by CO activation of guanyly cyclase was almost 3-fold higher. These endothelial 
cells were significantly more resistant than untransfected cells to toxicity resulting from 
hydrogen peroxide and heme exposure. This protection was abolished upon treatment with 
stannic mesoporphyrin indicating the role of HO-1.  

In another gene therapy study to investigate the ability of HO-1 to protect against the 
exposure of endotoxin in lung, an adenovirus encoding HO-1 was directly inoculated into 
rat trachea (Inoue et al., 2001). As a result, HO-1 was upregulated in both airway epithelium 
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and alveolar macrophages. This therapy was found to be as effective as HO-1 induction by 
hemin pretreatment in preventing the inflammatory reaction caused by aerosolized 
endotoxin exposure. Furthermore, the protection conferred by increased HO-1 expression 
seemed to be related to higher endogenous levels of Interleukin-10 production by the 
macrophages. 

Gene therapy was also used to compare the oxidative stress resistance of cerebellar granular 
neurons isolated from wild type and transgenic, homozygous mice that were engineered to 
overexpress HO-1 (Chen et al., 2000) The transgenic mice overexpressing HO-1 generated 
lower levels of ROS and were more resistant to oxidative stress resulting from either 
glutamate or hydrogen peroxide treatment.  

3.4 Clinical evidence for the cytoprotective role of HO-1 

Finally, in a tragic clinical example, the protective role of HO-1 was profoundly 
demonstrated by an individual who did not have a functional HO-1 gene (Kawashima et al., 
2002). The six-year old male patient presented with growth retardation, anemia, elevated 
levels of ferritin and heme in serum, low serum bilirubin, intravascular hemolysis, and 
hyperlipidemia. In contrast to the HO-1 knockout mice showing toxicity from iron 
overloading, the endothelial tissue of the human patient was more severely affected causing 
a spectrum of cardiovascular maladies.  A lymphoblastoid-derived cell line from this patient 
was also extremely sensitive to hemin-induced oxidative stress (Yachie et al., 1999). 

3.5 Therapeutic potential of HO-1 modulation 

On the basis of these scientific and clinical findings, the role of HO-1 in maintaining 
homeostasis and protecting against cellular stress is now well established. In conjunction, 
the enzyme has been shown to be protective in various types of disease/injury models 
including the following: 1) inflammation (sepsis, atherosclerosis), 2) lung injury (pulmonary 
fibrosis, ventilator-induced injury), 3) cardiovascular injury/disease (myocardial infarction, 
hypertension), 4) ischemia/reperfusion, and 5) organ transplantation/rejection. There are 
now several excellent reviews that discuss the pharmacologic potential of HO-1 induction 
(Abraham and Kappas, 2008;Mancuso and Barone, 2009;Ryter et al., 2006). Unfortunately, 
this type of therapy is not straightforward as it has been observed that over-expression of 
HO-1 can be harmful from the accumulation of reactive iron (Suttner and Dennery, 1999) 
and the bilirubin that results from HO-1-mediated heme catabolism (Claireaux et al., 1953). 
Thus, HO-1 expression in this type of therapeutic treatment would need to be highly 
regulated to prevent over-expression of the enzyme. 

4. Mechanisms of cellular protection by HO-1 
Originally, it was thought that the sole mechanism by which HO-1 protected cells was 
through the catabolism of free heme and the elimination of its prooxidant activities 
(discussed at the beginning of the chapter). Ironically, it was originally thought that the 
other products of the HO-1 reaction were useless (or even toxic) by-products. Now, it is 
known that CO and biliverdin play multiple roles in protection and that there are actually 
several mechanisms by which HO-1 performs its cytoprotective functions. It is very likely 
that there are more mechanisms yet to be identified.  
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4.1 Protective roles of CO: Cell signaling mediated by CO  

The most definitive proof for the protective effects of CO has been derived from studies 
using CO-releasing molecules (Motterlini et al., 2003) as a surrogate for HO-1-derived CO. 
As indicated above, the CO formed by HO-1 has been shown to activate guanylyl cyclase to 
mediate the relaxation and dilation responses of smooth muscle and vascular endothelial 
cells, respectively (Cardell et al., 1998;Christodoulides et al., 1995). In vascular tissue, CO 
has also been shown to stimulate relaxation of endothelial smooth muscle cells by activation 
of calcium-dependent potassium channels (Williams et al., 2004) via a poorly-understood 
mechanism that does not involve guanylyl cyclase. CO has been shown to serve as a partial 
agonist to nitric oxide synthetase (NOS) and thus, may down-regulate the level of NOS-
dependent signaling (Hangai-Hoger et al., 2007;Ishikawa et al., 2005). 

Interestingly, it also was reported that cGMP-dependent signaling was able to induce HO-1 
through the cAMP responsive element in its promoter by a mechanism that was not 
elucidated (Immenschuh et al., 1998a). Logically, these cGMP-related effects may be 
initiated by HO-1-generated CO. Of course, the cAMP promoter element also allows HO-1 
to be induced directly through cAMP-dependent signaling and activation of protein kinase 
A (Immenschuh et al., 1998b).   

Many of the details about other types of signaling involving CO are poorly understood as it 
appears to be both cell type- and stressor-specific (Song et al., 2003a){Song, 2003 2563 /id}. 
Most studies have implicated the ability of CO (and CO-releasing molecules) to activate the 
P38 MAPK pathway in carrying out its anti-apoptotic and anti-inflammatory effects 
(Brouard et al., 2000;Dérijard et al., 1995;Keum et al., 2006;Otterbein et al., 2000).  

The MAPK pathways have been shown to regulate processes such as inflammation, 
differentiation, tumor promotion, proliferation, apoptosis, stress response, and ion channels 
(reviewed in (Shen et al., 2005;Wada and Penninger, 2004)). Two of the three arms of the 
MAPK pathway (JNK and p38) have been implicated in the cellular stress response. 
Downstream activation of the MAPK pathway, and specifically the JNK arm, leads to the 
dimerization and DNA binding of the stress response factors, c-Jun and c-fos. CO 
dramatically inhibited JNK MAPK signaling in murine macrophages exposed to endotoxin 
which resulted in lower production of inflammatory cytokine, IL-6 (Morse et al., 2003). 
Furthermore, c-Jun activation has been linked to cellular proliferation (Yoshioka et al., 1995) 
so this would explain part of the role of CO in mediating proliferation/transformation.  

The p38 arm of the MAPK kinase activates ATF-2 which competes with c-fos for binding to c-
Jun. This heterodimer binds with greater affinity to the HO-1 promoter than the c-fos/c-Jun 
heterodimer (Kravets et al., 2004). Furthermore, ATF-2 dimers can bind and directly activate 
the cyclic AMP responsive element (CRE) in the promoter region of HO-1 (Lee et al., 2002).  
ATF-2 activation may play a role in the activation of transcription factor, NFκB (Kaszubska 
et al., 1993). NFκB plays an essential role in the response to both apoptotic and 
inflammatory stimuli and regulates the expression of cytokines, growth factors, and cell 
cycle effector proteins (reviewed in (Bonizzi and Karin, 2004;Shen et al., 2005)). ATF-2 
involvement in the activation of NFκB could explain the anti-apoptotic/anti-inflammatory 
affects of CO (see below for more details). In support of the idea that ATF-2 and c-Jun 
oppose one another in the protective gene expression associated with HO-1 induction, c-Jun 
has been shown to inhibit activation of NFκB (Tan et al., 2009). 



 
Pharmacology 

 

544 

The ERK 1/2 MAPK regulates cellular growth and differentiation. Stimulation of the 
pathway has been shown to be protective against apoptosis (Wada and Penninger, 2004). 
However, overstimulation of ERK appears to be the major mechanism by which some 
oncogenes transforms cells (e.g. Ha-Ras (Hibi et al., 1993)). In one study of human airway 
smooth muscle cells, CO-mediated affects on guanylyl cyclase led to inhibition of ERK1/2 
MAPK (Song et al., 2003b). Thus, this effect of CO on ERK 1/2 MAPK would serve to 
prevent overstimulation of this pathway and in turn, the uncontrolled proliferation of cells. 
ERK has been shown to phosphorylate the inhibitory protein of NFκB and thus facilitate 
activation of the transcription factor (Chun et al., 2003).  

It has also been postulated that CO can activate transcription factors indirectly by 
mitochondrial-driven ROS production (Piantadosi, 2008). More specifically, it is known that 
CO is a potent inhibitor of the complex III-mediated terminal step of oxidative 
phosphorylation. The inhibition of this step of the mitochondrial electron transport chain 
results in excess ROS production which in turn, reacts with critical thiol groups of the 
phosphatases that turn off activated transcription factors. In this regard, CO-mediated, 
mitochondrial ROS production has been implicated in the prolonged activation of the 
phosphoinositide-3-kinase (PI3 kinase)/Akt pathway (Piantadosi, 2008;Pischke et al., 2005). 
Numerous studies have implicated this pathway in the protective effects of plant-derived 
antioxidants (that include induction of HO-1) by ultimately leading to the activation of the 
transcription factors, Nrf2 (Martin et al., 2004;Park et al., 2011;Pugazhenthi et al., 2007). Nrf2 
is a member of the Cap-N-Collar/basic leucine zipper family of transcription factor that 
responds directly and indirectly to oxidative stress to mediate cytoprotective gene 
transcription through the antioxidant response elements (ARE) of gene promoters (reviewed 
in (Itoh et al., 1997;Itoh et al., 2003;Kwak et al., 2004)).  Thus, CO-mediated activation of PI3 
kinase/Akt provides anti-oxidative protection. 

4.2 Regulation of important enzymes by HO-1 

It was also discussed how the CO released from HO-1 can inhibit various enzyme activities. 
The ability of the molecule to inhibit cyclooxygenase may provide an anti-inflammatory effect 
by preventing the synthesis of inflammatory prostaglandins from arachidonic acid. CO also 
inhibits cytochromes P450. This action could be cytoprotective because unproductive P450-
mediated metabolism results in the release of hydrogen peroxide and/or superoxide from the 
P450 active site. This activity is an unavoidable consequence of metabolism by these enzymes, 
and the amount of ROS produced in this manner is dependent on the substrate being 
metabolized and the specific type of P450 carrying out the reaction (Gorsky et al., 
1984;Gruenke et al., 1995;Reed and Hollenberg, 2003). Furthermore, it has been reported that 
P450-mediated metabolism can generate destructive hydroxyl radicals under certain 
circumstances (Paller and Jacob, 1994;Terelius and Ingelman-Sundberg, 1988). The oxidative 
stress generated by P450-mediated metabolism is significant as it has been estimated that the 
rate of ROS formation by the endoplasmic reticulum can be as much as 30% of that by 
mitochondria during oxidative phosphorylation (Zangar et al., 2004).  

In an idea originally proposed at the turn of the century, HO-1 may provide cytoprotection 
by indirectly inhibiting P450 activity (and its associated production of ROS) through its 
competition with P450 for binding to the P450 reductase (Emerson and LeVine, 2000). Both 
P450s and HO-1 obtain electrons needed for their respective reactions by binding to the P450 
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reductase. One of the odd aspects of the stoichiometry of these enzymes in the endoplasmic 
reticulum is that the amount of P450 enzymes far outnumber the amount of P450 reductase 
(with estimates as high as 25 P450s for every P450 reductase (Peterson et al., 1976). Thus, 
P450-mediated metabolism in the liver endoplasmic reticulum is extremely limited by the 
amount of available P450 reductase. Although the level of HO-1 in unstressed liver is very 
low, it can be induced to an amount that is comparable to that of P450s (Reed et al., 2011). 
Therefore, it seems likely that the induction of HO-1 would attenuate the rate of P450-
mediated metabolism by limiting the ability of P450 to interact with P450 reductase. A 
preliminary investigation from our lab has provided support for this effect of HO-1 
induction (Reed et al., 2011). Furthermore, recent studies in which cells were protected from 
oxidative stress by the transfection and induction of a mutant HO-1 which was not able to 
catalyze heme degradation also provides support for this type of indirect mechanism of 
cytoprotection (Lin et al., 2007;Lin et al., 2008). However as discussed below, the results with 
the shortened, inactive mutant could be explained if the mutant serves as a heme-carrier to 
shuttle heme to the nucleus in order to directly modulate gene transcription. 

Although far from proven, HO-1 also might actually interact with P450 enzymes to 
accelerate the degradation of the P450s. Several studies, including a few that were cited 
above (Nakahira et al., 2003;Odaka et al., 2000), have postulated that HO-1 induction 
following a stress event coincides with a rapid accumulation of free heme which 
presumably originates from damaged P450 enzymes. Evidence also was derived by 
observing a dramatic increase in the rate of degradation of labeled heme from P450 enzymes 
after HO-1 was induced by either hemin or endotoxin treatment (Bissell and Hammaker, 
1976). More specifically, the data suggested that HO-1 increased the degradation of the P450 
and not just the catabolism of the heme released from the P450. Again, it is not possible to 
ascertain whether the damaged P450 releases the heme or the HO-1 binds to the P450 to 
scavenge and catabolize its heme group. More direct evidence of this putative effect of HO-1 
was reported in a study finding that the incubation of purified P450s with either HO-1 and 
HO-2 caused the heme of the P450 enzymes to be degraded to biliverdin in essentially a 1 to 
1 ratio (Kutty et al., 1988). The results also were consistent with the interaction of HO-1 and 
P450 causing one P450 (two were studied in the publication) to degrade to an inactive form. 

Surprisingly, the research supporting the idea that HO-1 facilitates degradation of P450s is 
decades old but has not been followed up on and confirmed. One reason for this is the fact 
that the full-length HO-1 is very unstable and susceptible to truncation that generates an 
inactive, soluble form (28 kDa). The C-terminal part of the protein that is cleaved causes the 
HO-1 to interact with membrane lipids, and its removal alters the manner by which the 
enzyme interacts with potential membrane binding partners (Huber, III et al., 2009;Huber, 
III and Backes, 2007). Most in vitro studies of HO-1 have expressed and purified a modified, 
but active, 30 kDa form of the enzyme that lacks the C-terminal membrane-binding 
sequence and is soluble as a result. Our lab has recently modified the amino acid sequence 
of full-length HO-1 to remove a thrombin cleavage site in the C-terminal tale of HO-1 
(Huber, III and Backes, 2007). This mutant is full-length and binds to lipid vesicles. The full-
length HO-1 mutant also binds much tighter to the P450 reductase and has much higher 
catalytic efficiency than the active, soluble form of the enzyme (Huber, III et al., 2009). Thus, 
studies with this mutant will finally enable researchers to understand the enzymatic 
capability of HO-1 with respect to those of the other potential binding partners in the 
endoplasmic reticulum. The putative interaction of HO-1 with P450 may allow for very 
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efficient inhibition of the P450 by the HO-1-generated CO, providing a cytoprotective role 
by effectively removing the P450 as a contributor to cellular, oxidative stress. 

4.3 Protective role of biliverdin/bilirubin 

Originally biliverdin and the bilirubin formed by the BVR-catalyzed reduction of biliverdin 
were thought to be cellular waste products. However, it is apparent that both compounds 
have antioxidant properties and elicit various cytoprotective effects. Early studies 
implicated the antioxidant effects of these compounds by showing that they reacted with 
enzymatically generated superoxide in vitro (Galliani et al., 1985;Robertson, Jr. and 
Fridovich, 1982). Subsequent studies showed bilirubin to be a more potent antioxidant than 
α-tocopherol with respect to scavenging lipid peroxides (Neuzil and Stocker, 1993). In fact, 
both biliverdin and bilirubin were found to interact synergistically with vitamin E to 
prevent lipid peroxidation by an azo compound (Stocker and Peterhans, 1989).  The fact that 
both of these bile pigments are lipophilic, especially bilirubin, makes them typically more 
effective than water soluble antioxidants in preventing the damage of membranes and 
organelles. Bilirubin bound to albumin was also shown to be an effective antioxidant in 
plasma by protecting the oxidation of low density lipoproteins (Stocker et al., 1987). In 
addition to its ability to scavenge ROS, bilirubin also inhibits the superoxide-generating 
NADPH oxidase (Kwak et al., 1991).  

Evidence for cytoprotection mediated by the bile pigments comes from several studies. 
Bilirubin was shown to protect both neuronal cultures (Dore et al., 1999) and HeLa cells 
(Baranano et al., 2002) from hydrogen peroxide-induced toxicity. Furthermore, when 
cellular bilirubin was depleted by incubation of the cells with short antisense RNA to BVR, 
preventing the expression of BVR and in turn, its catalyzed conversion of biliverdin to 
bilirubin, intracellular levels of ROS increased and promoted apoptotic death of neuronal 
and HeLa cells (Baranano et al., 2002). It was found that the effects of bilirubin depletion had 
a greater pro-oxidant effect than depletion of cellular glutathione. In another study, 
pretreatment of cultured endothelial cells with bilirubin also protected cultured endothelial 
cells from pro-inflammatory responses after challenge by oxidized LDL and TNF-α 
(Kawamura et al., 2005). The level of protection of the endothelial cells was comparable to 
that achieved by preinduction of HO-1 with hemin. Interestingly, CO treatment of the cells 
did not protect them from these responses.  

Bilirubin and biliverdin have also been shown to be protective in animal studies. Injection of 
bilirubin into rats prevented glutathione depletion following administration of cadmium 
chloride (Ossola and Tomaro, 1995). The two bile pigments also have been shown to be 
effective in various models of ischemia/reperfusion injury (Clark et al., 2000;Fondevila et 
al., 2004). Biliverdin treatment was as effective as hemin-mediated HO-1 induction in 
protecting rats from acetaminophen toxicity (Chiu et al., 2002). Bilirubin treatment also 
protected rats challenged with endotoxin by preventing an inflammatory response in the 
animals (Wang et al., 2004). Biliverdin and bilirubin also react with reactive nitrogen species 
such as nitric oxide and peroxynitrite. Thus, the compounds can attenuate NO signaling, 
and this was believed to be the cause of the anti-inflammatory effect in the endotoxin study 
(Wang et al., 2004). Another anti-nitrosative effect of HO-1 recently discovered is the finding 
that increased HO-1 expression was associated with induction of endothelial cell superoxide 
dismutase (Kruger et al., 2005). This, in turn, would lower the amount of superoxide 
available to react with NO to form peroxynitrite.  
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Biliverdin also inhibits activation of NF-κB in HEK293 cells (Gibbs and Maines, 2007). The 
effect was observed to be specific for biliverdin and not bilirubin. In fact, overexpression of 
BVR, which converts the biliverdin to bilirubin, overcame the biliverdin-mediated inhibition 
of NF-κB. Thus, part of the anti-inflammatory effect of biliverdin may be caused by 
preventing activation of NF-κB. Biliverdin has also been shown to be a potent inhibitor of  
c-Jun N-terminal kinase and AP-1 pathway (Tang et al., 2007), and this effect has been 
associated with pro-inflammatory and pro-apoptotic responses. Bilirubin has been shown to 
modulate ERK1/2 signaling pathways (Taillé et al., 2003). Furthermore, it has now been 
shown that both biliverdin and bilirubin activate the aryl hydrocarbon receptor to induce 
expression of a spectrum of genes including CYP1A1 (Phelan et al., 1998). At this point, it is 
not fully appreciated how these cell-signaling effects mediated by biliverdin and bilirubin 
relate to cytoprotection. 

In summary, the effects of biliverdin and bilirubin are complex and are poorly understood. 
Protection by these compounds seems to derive from antioxidant properties of the 
compounds as well as anti-nitrosative effects from scavenging NO. However, many more 
mechanisms may be involved to explain their effects. In fact, the effects of these compounds 
on cell signaling pathways are only beginning to be elucidated. It should also be mentioned 
that the balance between cytoprotection and toxicity is delicate in the case of bilirubin. High 
concentrations of this compound are neurotoxic and pro-oxidative (Claireaux et al., 
1953;Stocker and Ames, 1987) adding to the complexity and importance of cellular heme 
regulation. 

4.4 Ferrous iron release: The participation of ferritin and HO-1 

You can put a rose on a herring, but it will still stink and be red. The same analogy can be 
used when trying to argue the protective “benefits” of HO-1-mediated ferrous iron 
production. Free ferrous iron will be a “smelly, red herring” with regards to 
oxidative/reductive homeostasis in the cell. As mentioned at the beginning of the chapter, 
the metal is prone to generating highly destructive hydroxyl radicals. Thus, it is a powerful 
pro-oxidant which would cause it to potentiate oxidative stress. In fact, a study which over-
expressed HO-1 through a tetracycline-inducible vector found that the mutant cells were 
much more prone to deleterious iron-overload (Suttner and Dennery, 1999). Thus, HO-1 
expression had a negative effect on cell survival in this instance. Presumably, HO-1 over-
expression also could have a negative health impact from the potential build-up of bilirubin 
levels, as described above. 

On the other hand, the metal is essential for the synthesis of heme and in turn, for all of the 
functions carried out by the heme proteins. Thus, HO-1 does provide a way for the iron in 
free heme or heme attached to damaged enzymes (which may act as even more potent pro-
oxidants than free iron) to be recycled for future heme synthesis in the cell, so its activity 
does have a net positive effect on cellular health. Furthermore, heme induction also activates 
expression of the iron-storage protein, ferritin (Eisenstein et al., 1991). Thus, during heme-
related stress, both ferritin and HO-1 are coordinately regulated (Tsuji et al., 2000). Ferritin is 
an iron storage protein that allows for the controlled release of iron to coincide with the 
metabolic needs of the cell (Ponka, 1997). 
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Interestingly, it has been suggested that there are at least two types of HO-1 inducing agents, 
heme-dependent and heme-independent (Bauer and Bauer, 2002). Subsequently, it was 
shown that heme-independent HO-1 induction did not necessarily induce ferritin (Sheftel et 
al., 2007). However, HO-1 will only produce excess free iron when there is an abundant 
supply of heme, so the ferritin will be induced in the cell when it is needed. In the study 
cited above (Suttner and Dennery, 1999) indicating iron over-load in cells overexpressing 
HO-1, the cells were transfected with an expression vector. Thus, hemin was not involved in 
the induction of HO-1 and consequently, ferritin was not induced enough to protect against 
iron overload from catalytically active HO-1.  

Although it has not been proven definitively, it has been speculated that the location of HO-
1 in the endoplasmic reticulum may facilitate the migration of free iron to the extracellular 
space and in turn, help maintain iron blood levels (Poss and Tonegawa, 1997a). Whether or 
not this putative role of HO-1 exists, the activity of the enzyme and the co-ordinate 
regulation of ferritin when HO-1 is induced through its cognate promoter give the cell a 
protective way to recycle iron and manage its levels in the cell. 

5. Mechanisms of cellular protection by BVR 
5.1 BVR-catalyzed redox cycle with lipid peroxides 

The anti-oxidant effects and other positive health benefits of bilirubin, that are attributable 
to catalysis by BVR, are obviously important means of BVR-mediated cytoprotection. The 
antioxidant effects of this compound were discussed above, but the reason for its potency 
involves metabolism by BVR. In a study examining the cytoprotective effects of bilirubin in 
neuronal cells, it was found that as little as 10 nM bilirubin (physiologic levels) protected 
against 10,000-fold higher concentrations of hydrogen peroxide (Baranano et al., 2002). From 
these results, it was postulated that BVR participates in a redox cycle with lipid peroxides in 
which bilirubin is oxidized by the lipid peroxides to biliverdin which, in turn, is reduced by 
BVR to reform bilirubin (Figure 1). Thus, BVR may have an important role in extending the 
antioxidant potency of bilirubin. It should be noted that a recent study concluded that the 
cytoprotective role of this redox cycle was limited as BVR overexpression and inhibition of 
BVR expression with antisense RNA did not seem to influence hydrogen peroxide-mediated 
cytotoxicity (Maghzal et al., 2009). 

 
Fig. 1. BVR-catalyzed redox cycle with lipid peroxides. See text for details 

5.2 BVR-mediated modulation of cell signaling 

BVR may be the most versatile protein known. Research over the last decade has revealed 
new functions for the enzyme that have broadened its role in the cytoprotective response to 
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cellular stress signals. It is now known that BVR also functions as a dual-specific kinase of 
serine/threonine and tyrosine residues in proteins, and in this capacity, BVR affects the 
signaling and cellular responses to a variety of stimuli (Reviewed in (Kapitulnik and 
Maines, 2009)). Kinases capable of phosphorylating both threonine and tyrosine residues 
have been identified as those regulating upstream events in signal transduction pathways 
(Pawson and Scott, 2005). The discovery of this function of BVR was preceded by finding 
that its ability to metabolize biliverdin was dependent on protein phosphorylation and that 
the enzyme could catalyze autophosphorylation of this residue (Salim et al., 2001).  

Subsequently, it was shown that BVR is regulated by insulin/insulin growth factor 
stimulation through receptor-mediated tyrosine phosphorylation (Lerner-Marmarosh et al., 
2005). BVR binding to this receptor competes with insulin receptor substrates (IRS) 1 and 2 
for binding to the receptor. BVR phosphorylates serine residues of the IRS which attenuates 
their affinity for the insulin receptor kinase, essentially inactivating them. Phosphorylated 
BVR can activate two protein kinase C proteins, βII and ζ, which are involved in cross-talk 
between the upstream components of the MAPK and phosphatidylinositol 3-kinase 
pathways, respectively. Protein kinase C βII also can activate BVR which partly contributes 
to the activation of BVR by stress signals (Maines et al., 2007). The activation of protein 
kinase C βII by BVR leads to activation of all three arms of the MAPK signaling. Thus, all of 
the effects of CO caused by its activation of the P38 MAPK (discussed above) also apply to 
the activation of this pathway by BVR. 

BVR-mediated signaling appears to play a critical role in the recruiting transcription factor, 
NFκB to the HO-1 promoter (Gibbs and Maines, 2007). Furthermore, NFκB has been shown 
to be activated by protein kinase Cζ which in turn, is directly activated by BVR (Lerner-
Marmarosh et al., 2007). As described in detail below, the involvement of NFκB appears to 
be important in mediating the anti-apoptotic, anti-inflammatory, and anti-proliferative 
effects associated with expression of HO-1. 

BVR has the ability to form protein complexes with itself and other proteins, and serves to 
shuttle activated transcription factors to the nucleus. The ability of BVR to function as a dual 
cofactor enzyme with different pH optima expands its range of function in the cell 
(Kapitulnik and Maines, 2009). In addition to the activation of the ERK MAPK pathway by 
BVR through protein kinase C βII, BVR has been shown to play a critical role in shuttling the 
activated ERK to the nucleus to influence gene transcription (Lerner-Marmarosh et al., 2008).  

Interestingly, BVR also binds to NFκB (Gibbs and Maines, 2007). This is intriguing because 
the HO-1 promoter does not have a prototypical response element for NFκB, and it has been 
conjectured that it must be recruited to the promoter by other transcription factors (Alam 
and Cook, 2007). Thus, through this interaction, BVR also may play a role in allowing NFκB 
to influence HO-1 gene transcription. 

In another transport capacity, BVR also complexes with heme and shuttles it to the nucleus 
where the heme can bind to regulatory elements that influence gene transcription. In fact, 
heme-mediated gene induction has been shown to be dependent on BVR in renal cells 
(Tudor et al., 2008). Interestingly, although HO-1 is most typically observed in the 
endoplasmic reticulum, instances of it being located in other parts of the cell including the 
plasma membrane (where it localizes to caveolae rafts (Kim et al., 2004)), mitochondria 
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(Converso et al., 2006), and even as a shortened, soluble component in the nucleus have 
been reported (Lin et al., 2007). The significance of these findings has yet to be elucidated, 
but they may indicate that HO-1 also can transport heme to the nucleus (discussed below) 
and may be involved in targeting BVR to different organelles to mediate signaling or the 
biliverdin/BVR redox cycle to scavenge ROS from the mitochondria (discussed above). 

5.3 BVR-mediated modulation of gene transcription through DNA binding 

Although the kinase-dependent activity described above ultimately results in the 
modulation of gene transcription, BVR also has the capacity to bind to DNA and directly 
influence gene expression through a basic leucine zipper-binding motif. BVR binds to AP-
1/CRE sites in DNA which are typically bound by c-Jun/fos heterodimers to mediate the 
stress response (Ahmad et al., 2002). In this capacity, BVR binds as homo- and hetero-dimers 
to recruit or block the binding of other transcription factors and thus, BVR can enhance or 
inhibit gene expression directly. At this point, BVR-mediated gene transcription has been 
shown to induce ATF-2 (Kravets et al., 2004). ATF-2 has also been shown to be capable of 
binding to and activating NFκB (Kaszubska et al., 1993).  

Thus, with regards to the role of BVR in recruiting NFκB to the HO-1 promoter, BVR can 
facilitate its binding directly or through the upregulation and activation of ATF-2. However, it 
is likely that NFκB would bind to the promoter in different 5’-flanking regions when bound to 
BVR and ATF-2. Most of the specific effects of BVR-DNA binding on gene expression have not 
been elucidated. But the enzyme has been shown to translocate to the nucleus of HeLa cells 
(Tudor et al., 2008) after hemin induction and in rat kidney after exposure of animals to 
nephrotoxins (Maines et al., 2001). In fact, HeLa, heme-mediated induction of HO-1 expression 
was shown to be dependent on BVR expression (Tudor et al., 2008). 

6. Assessing the dependence of HO-1-mediated cytoprotection on BVR  
Given the diverse abilities of BVR to regulate cellular processes, it has been postulated that 
the HO-1 cytoprotective response is completely dependent on BVR. The hypothesis 
proposes that the increased expression of HO-1 caused by the wide variety of inducing 
agents is mediated by the signaling and DNA binding activities of BVR. Furthermore, in a 
study examining the catalytic steps of the HO-1 reaction, it was determined that binding of 
BVR and HO-1 was required to increase the rate of release of biliverdin from the HO-1 
active site. The study found that in the absence of BVR, biliverdin release was the rate-
limiting step of the HO-1 reaction, and its presence dramatically increased turnover by HO-
1. In showing that even the catalytic activity of the enzyme was dependent on BVR, the 
study supported the idea that the HO-1 cytoprotective response was totally dependent on 
BVR. However, finding that HO-1 activity was dependent on BVR was counter-intuitive 
because the level of HO-1 can be induced many-fold by cellular exposure to stress signals 
(Wright et al., 2006).  In contrast, the expression level of BVR is typically unchanged after 
stress (although it may be inducible in kidney (Maines et al., 2001)). Thus, it would seem to 
be unproductive for the cell to induce HO-1 and have its activity be limited by the supply of 
BVR. Such a situation also would allow little opportunity for biliverdin to accumulate in 
cells. Yet, studies show that biliverdin has completely different cytoprotective roles than 
bilirubin (see above). Thus, the enzymatic data showing that BVR regulated HO-1 
enzymatic activity were baffling. 
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More recent enzymatic studies measuring steady state metabolism by HO-1 showed that 
BVR had no effect on the rate of HO-1-mediated catalysis (Reed et al., 2010). In fact, this 
study showed that the rates of HO-1-mediated heme catabolism measured by the formation 
of both biliverdin and a ferrozene:ferrous iron complex in the absence of BVR were slightly 
higher than that measured by bilirubin formation in the presence of BVR. The earlier results 
finding that HO-1 activity was dependent on BVR were attributed to the unusual conditions 
required to monitor the individual catalytic steps (namely anaerobic with limiting 
concentrations of NADPH).  

The question still remains whether the HO-1-related gene response following exposure to 
stress signals is completely dependent on BVR. The HO-1 promoter contains a variety of 
responsive elements that includes two AP-1 sites, a CRE, a Maf recognition domain (binding 
partner to Nrf2), and a partial site for NFκB binding (Alam and Cook, 2007). Understanding 
how these responsive elements recruit transcription factors to influence gene transcription is 
complicated by the fact that many of the response elements overlap and thus, may inhibit or 
enhance DNA binding by factors to adjacent elements. The transcription factors that activate 
the HO-1 promoter will vary with the types of stress to which the cell is exposed (reviewed 
in (Alam and Cook, 2007). Furthermore, studies have shown that the signaling pathways 
activated by the same stress signals also can vary in different cell types (Ryter et al., 2006).  
As a result, the transcription factors mediating a specific cytoprotective response can vary in 
different cell types. Thus, a type of HO-1-mediated cytoprotection may depend on BVR in 
some cell types but not others.  Because of these considerations, the discussion pertaining to 
the dependence of HO-1 expression on BVR will be a generalization based on the typical 
roles of the implicated transcription factors in cellular processes.  

6.1 Anti-oxidant protection 

With this perspective in mind, the various protective roles of cell signaling and gene 
transcription associated with HO-1 induction are mediated largely through activation of 
either Nrf2 or NFκB. Certainly one of the first evolutionary roles needed for survival of a 
cell would have been to develop a defense system for the oxidative stress associated with 
the activity of heme enzymes. Heme oxygenase is the only enzyme that uses its heme 
cofactor as a substrate. Furthermore, as discussed below, HO-1 can be induced directly by 
heme interaction with the HO-1 gene repressor Bach-1. Therefore, it is the only known 
eukaryotic enzyme that has a substrate that regulates a transcription factor needed for its 
expression. This scenario would suggest that heme oxygenase represents a very old link in 
the evolutionary chain. By the same line of reasoning used above to rationalize the 
evolutionary role of HO-1 function, Nrf2/anti-oxidant response must represent an early 
evolutionary adaptation to allow living organisms to survive oxidative stress. Interestingly, 
Bach-1 is an effective repressor of the HO-1 gene because it blocks Nrf2 from binding to the 
HO-1 promoter. Because heme metabolism is intimately connected to reductive/oxidative 
homeostasis in the cell, it seems plausible that Nrf2 can mediate HO-1 expression 
independently from BVR as a response (initially at least) to oxidative stress. 

One caveat to the hypothesis that the anti-oxidative response is independent of BVR is 
dictated by whether or not the shuttling of heme to the nucleus by BVR is the only 
mechanism by which this can occur (discussed above). As alluded to above, Bach 1 blocks 
the binding of Nrf2 to the antioxidant response element when Bach 1 is not bound to heme 
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(Sun et al., 2002). In support of the idea that an anti-oxidant response can be mediated 
directly by Nrf2 without involvement of BVR, HO-1 was found to be constitutively 
expressed in Bach 1 knockout mice (Sun et al., 2002). Thus, it is proposed that nuclear heme 
localization and functional Nrf2 are the essential components of the initial gene response to 
oxidative stress. In some instances, BVR has been shown to be critical for heme translocation 
to the nucleus. However, the results are mixed and may be cell type-specific. For instance, 
the same laboratory has shown that inhibition of BVR expression with small interference 
(antisense) RNA blocked the hemin-mediated induction of HO-1 cells in HeLa cells (Tudor 
et al., 2008) but had no effect in COS cells (Ahmad et al., 2002). 

Recent studies showing that shortened HO-1 also translocates to the nucleus may serve as 
another mechanism by which hemin is transported to the nucleus to directly influence gene 
transcription (Lin et al., 2007). This would allow the shuttling role of BVR to be bypassed in 
some cells and would explain results showing that increased expression of a catalytically 
inactive mutant was also able to up-regulate HO-1 expression (Lin et al., 2008). Another way 
that cells could possibly bypass BVR-mediated heme shuttling can be postulated from the 
results of a study showing that heme bound to and stabilized Nrf2 (Alam et al., 2003). This 
led to activation of Nrf2 and the heme-responsive element in the HO-1 promoter. Thus, Nrf2 
could also transport heme to the nucleus to influence gene transcription during oxidative 
stress.  Therefore, it does seem necessary to require BVR to transport heme to the nucleus for 
most cell types. 

There also are several general experimental findings that support this inutitive argument. 
First, Nrf2 is believed to be the primary transcription factor activated directly by oxidative 
stress, and its activation is associated with induction of phase II and antioxidant enzymes 
(Bellezza et al., 2010;Ishii et al., 2002;Shen et al., 2005). A multitude of studies have 
implicated Nrf2 in the induction of HO-1 during oxidative stress (Alam et al., 2003;Gong 
and Cederbaum, 2006a;Gong and Cederbaum, 2006b;Sun Jang et al., 2009). Finally, in two 
studies looking at the effects of oxidative stress (by hydrogen peroxide treatment), it was 
found that cell viability was only marginally affected (Baranano et al., 2002) or not affected 
at all (Maghzal et al., 2009) by silencing BVR (with interference RNA). The latter study also 
showed that BVR induction and over-expression also did not provide protection to the cells 
exposed to hydrogen peroxide. Thus, it may not be a coincidence that studies have not yet 
implicated a connection between BVR actions and Nrf2. In fact, the binding site for Nrf2 in 
the HO-1 promoter overlaps with one of the AP-1 sites to which BVR can bind (Alam and 
Cook, 2007). Differences between antioxidant response elements and AP-1 binding sites 
have been distinguished previously (Yoshioka et al., 1995). Thus, it appears Nrf2 binding 
and AP-1 binding by BVR might be somewhat competitive with Nrf2 binding occurring 
initially after oxidative stress and BVR replacing the transcription factor from the 
antioxidant response element after prolonged oxidative stress.  

In addition, to the demonstration of constitutive HO-1 expression in Bach-1 knockout mice, 
there appears to be a unique aspect of the HO-1 promoter which allows Nrf2 to initiate 
transcription without recruitment of other transcription factors. It has been found that the 
chromatin remodeling protein, BRG1, interacts with Nrf2 to form a Z-DNA structure which 
permits access for RNA polymerase II to initiate transcription of the HO-1 gene (Zhang et 
al., 2006). This interaction between BRG-1 and Nrf2 was exclusive to the HO-1 gene (but not 
other Nrf2–regulated genes) by virtue of a series of TG repeats that are present in the HO-1 
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promoter. In fact, genetic polymorphisms affecting this region have been shown to 
correspond to susceptibility to oxidative stress-related diseases (Ishii et al., 2000). 

Thus, the right panel of Figure 2 is drawn to indicate the BVR-independent activation of 
HO-1 gene transcription after exposure to oxidative stress. ROS can activate Nrf2 directly by 
oxidizing Keap-1 which is responsible for binding Nrf2 in the cytoplasm and facilitating its 
degradation (Itoh et al., 2003). Oxidation of critical cysteine residues in Keap-1 releases Nrf2, 
allowing it to translocate to the nucleus and activate gene transcription (reviewed in (Kwak 
et al., 2004)). In addition, CO inhibits mitochondrial electron transport resulting in ROS 
production which inhibit phosphatases needed to inactivate PI3K. Prolonged activation of 
PI3K results in stimulation of Akt which can phosphorylate Nrf2 (Piantadosi, 2008). 
Phosphorylation causes Keap-1 to release and activate Nrf2. ROS can also lead to activation 
of JNK MAPK. It has been shown that JNK target, c-Jun, can bind to Nrf2 (Shen et al., 2005). 
Thus, c-Jun/fos dimers binding to the AP-1 site facilitate the recruitment of Nrf2 to bind to 
the overlapping Maf-recognition element and induce HO-1 transcription. Previous binding 
by the c-Jun/fos dimer may help facilitate the binding of Nrf2 if Nrf2 can exchange with fos 
for binding to c-Jun. BVR is shown in this panel to serve as a heme transporter to the 
nucleus. That putative role is also indicated for the shortened form of HO-1 that has been 
identified in the nucleus (Lin et al., 2007) and for Nrf2.  One additional role that BVR could 
play in the prolonged anti-oxidant response is to modulate the initial response by increasing 
or decreasing the anti-oxidant response depending on the needs of the cell.  

6.2 Anti-apoptotic/proliferation protection 

For the reasons below, it is postulated that BVR plays an integral role in the signaling 
responsible for anti-proliferative, anti-inflammatory, and anti-apoptotic responses by 
facilitating the interaction of NFκB with the HO-1 promoter and by modulating the activity 
of the transcription factor. As mentioned above, NFκB regulates the expression of cytokines, 
growth factors, and cell cycle effector proteins (Du et al., 1993;Hayden and Ghosh, 
2011;Peng et al., 1995). As a result, the factor regulates important physiological processes 
such as immune response and apoptosis, and overstimulation or dysregulation of this factor 
is associated with inflammation, transformation, and proliferation of cells (Bubici et al., 
2006). Thus, the cytoprotective role of HO-1 induction for processes such as inflammation, 
apoptosis, and proliferation would logically involve mechanisms affecting NFκB function. 
Scientific studies have shown that NFκB and Nrf2 are oppositely and variably regulated by 
different types of cellular stress (Bellezza et al., 2010). Nrf2 is typically activated by low or 
moderate levels oxidative stress, whereas NFκB is turned on by inflammatory signals or 
very high levels of oxidative stress. Thus, with regards to the HO-1 promoter and various 
cytoprotective responses mediated by enzyme induction, stress signals will specifically alter 
the relative levels of cellular transcription factors and in turn, will determine whether Nrf2 
or NFκB binds to activate transcription of the HO-1 gene. The JNK MAPK target, c-Jun has 
been shown to bind to Nrf2 (Shen et al., 2005), and inhibit NFκB (Tan et al., 2009). However, 
the P38 MAPK target, ATF-2 has been shown to bind to NFκB (Kaszubska et al., 1993). The 
model below proposes that the relative levels of c-Jun and ATF-2 play a major role in 
different cytoprotective responses mediated by HO-1 induction. 

One essential role that BVR may play in modulating cytoprotective gene expression 
associated with HO-1 induction is the activation and recruitment of NFκB to the HO-1 
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promoter (Gibbs and Maines, 2007). It is proposed that this function is the main determinant 
in mediating the anti-apoptotic response associated with HO-1 induction. NFκB activation 
has been associated with prevention of apoptosis following treatment with cytokines and 
tumor promoters (Papa et al., 2006;Sen et al., 1996). Biliverdin inhibits activation of NFκB 
(Gibbs and Maines, 2007), and BVR reverses this affect by metabolizing biliverdin to 
bilirubin and by promoting PKCζ-mediated phosphorylation and activation of the 
transcription factor (Lerner-Marmarosh et al., 2007).  

The importance of BVR in mediating the apoptotic response has been demonstrated 
repeatedly. When BVR was over-expressed in HEK 293 and MCF-7 cells, the cells were 
arrested in G1/Go stage (Gibbs and Maines, 2007). Furthermore, over-expression of BVR also 
protected cells from NFκB-mediated proliferation after stimulation with TNF-α (Gibbs et al., 
2010). These findings are consistent with a number of studies that have used various cell 
types (HEK293 (Miralem et al., 2005), HeLa (Ahmad et al., 2002), cardiomyocytes (Pachori et 
al., 2007) and renal epithelial cells (Young et al., 2009)) to show that the inhibition of BVR 
expression using interference RNA resulted in apoptosis after the cells were challenged with 
arsenite, hydrogen peroxide, hypoxia/reoxygenation, and angiotensin II, respectively. Thus, 
repression of BVR expression consistently leads to apoptosis after cells are challenged with 
various types of stressors. Most importantly, with regards to protection from apoptosis, 
NFκB has been shown to be a necessary factor for the activation of the tumor suppressor 
protein, P53 (Ryan et al., 2000). Consistent with the role of BVR in preventing apoptosis, 
bilirubin also has been shown to have anti-apoptotic effects in a variety of studies (Bulmer et 
al., 2008;Kim et al., 2006;Parfenova et al., 2006). In addition, activation of ERK MAP kinases 
(mediated by BVR (Lerner-Marmarosh et al., 2008)) has been shown to favor anti-apoptotic 
responses (Wada and Penninger, 2004) which would also be consistent with the anti-
apoptotic role of BVR. For these reasons, it seems probable that the BVR-mediated 
recruitment and activation of NFκB are essential for anti-apoptotic HO-1 induction.  

It is speculated that BVR also plays another important role in the anti-apoptotic signal. 
Studies have shown that BVR induces expression of P38 MAPK target, ATF-2 (Kravets et al., 
2004). ATF-2 is constitutively expressed and not induced by environmental stimuli (unlike c-
Jun) (Angel and Karin, 1991;Herdegen and Leah, 1998). Furthermore, it can form mixed 
dimers with c-Jun, and this hetero-dimer binds with much tighter affinity to AP-1 sites than 
c-Jun/fos dimers (Benbrook and Jones, 1990). Furthermore, ATF-2 dimerizes with itself and 
binds to the CRE response element instead of the AP-1 stress response element.  Most 
importantly with respect to anti-proliferative, anti-inflammatory, and anti-apoptotic 
cytoprotection, ATF-2 also has been shown to dimerize with NFκB (Kaszubska et al., 1993). 
It is proposed in the mechanism below that these functions of ATF-2 along with the 
participation of BVR mediate HO-1-related cytoprotection from apoptotic, inflammatory, 
and hyper-proliferative stimuli. 

The left panel of Figure 2 shows cell signaling cascades that may mediate the general anti-
apoptotic HO-1 response. It seems likely that apoptotic/anti-apoptotic specificity involves a 
change in gene expression mediated by c-Jun/fos dimerization to one mediated by ATF-2 
homo-dimerization. The critical events in this transition are BVR-mediated activation of 
NFκB (by direct phosphorylation and metabolism of biliverdin (BV in figure) to bilirubin 
(BR) and amplification of P38 MAPK relative to the c-Jun arm of MAPK). As mentioned above, 
biliverdin has been shown to be an inhibitor of NFκB (Gibbs and Maines, 2007). The 
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amplification of P38 MAPK relative to JNK and ERK MAPKs would be consistent with the 
effects of CO as the molecule activates P38 but inhibits JNK/ERK MAPKs (summarized 
above). In addition, biliverdin has been shown to be a potent inhibitor of JNK MAPK (Tang et 
al., 2007). Furthermore, c-Jun activation has been linked to cellular proliferation (Yoshioka et 
al., 1995) so switching from c-Jun-driven to ATF-2-driven transcription would be protective 
against proliferation/transformation. To show attenuation of the JNK MAPK pathway, the 
JNK arm of MAPK is shown as a dashed arrow in the figure panel to show that its activation is 
attenuated relative to that of P38 kinase. Because BVR has been shown to activate ERK MAPK 
(Lerner-Marmarosh et al., 2008), the arrow from ERK is a mixed dash/dot symbol to show 
moderate activation. Activation of ERK MAPK has been shown to facilitate anti-apoptotic 
responses (Wada and Penninger, 2004), and this might be related to the ability of ERK proteins 
to catalyze phosphorylation of the NFκB-inhibitory protein that keeps NFκB in the cytosol (for 
review of NFκB activation see (Shen et al., 2005)). As described above, signaling and DNA 
transcription mediated by BVR also lead to activation and increased expression of the P38 
target, ATF-2, so this is another factor that increases the relative activation and concentration 
of ATF-2 (note the arrow from BVR to ATF-2 in the panel). Furthermore, BVR activates PKCβII 
(the latter can also activate BVR so a double headed arrow connects the two kinases in the 
panel) which serves to activate all three arms of MAPK signaling. 

As ATF-2 concentrations and its level of activation increases relative to c-Jun and fos, c-Jun/fos 
hetero-dimerization would be replaced with c-Jun/ATF-2 dimerization at the AP-1 site. 
Because a P38-mediated pathway leading to activation of Nrf2 has been reported as a 
cytoprotective response in  a cell line derived from human bronchial epithelial cells that were 
exposed to CeO2 nanoparticles, it is possible that the c-Jun/ATF-2 dimer serves as a more 
potent transcription factor in the recruitment of Nrf2 to the HO-1 promoter (Eom and Choi, 
2009). Further increases in the concentration of ATF-2 would favor homo-dimerization of the 
transcription factor at the CRE site instead of the AP-1 site. ATF-2 has been shown to bind to 
NFκB (Kaszubska et al., 1993), and it has been shown that P38-mediated phosphorylation of 
Nrf2 promotes its association with the inhibitory protein, Keap1 (Keum et al., 2006). Both of 
these aspects of P38 pathway activation would favor activation of NFκB over Nrf2. Thus, it is 
proposed that the ATF-2 dimerization is the key signal that recruits NFκB to bind to the HO-1 
promoter to induce expression of the gene. As proposed in the anti-oxidant response with the 
c-Jun/fos dimer facilitating recruitment of Nrf2 to the promoter, the ATF-2 dimer would allow 
NFκB to bind to the promoter as it exchanges with one of the ATF-2 units of the dimer. 
Another consistent aspect of the transition from the binding of c-Jun to that of ATF-2 in the 
recruitment of NFκB is the finding that c-Jun has been shown to inhibit NFκB activation (Tan 
et al., 2009).Thus, in the left panel of figure 2, the role of ATF-2 is represented by having its 
arrow point towards that for NFκB in the nucleus. Consistent with studies showing that Nrf2 
and NFκB are co-regulated in opposite directions in response to stress signals (Bellezza et al., 
2010), binding by NFκB is proposed to displace Nrf2 from the HO-1 promoter. The change in 
binding to the CRE site also may be critical in this regard because the AP-1 site overlaps more 
with the Nrf2 binding site than the CRE site. Thus, there would be less competition between 
Nrf2 and NFκB for binding to the HO-1 promoter. Because BVR can bind to both CRE and 
NFκB (Gibbs and Maines, 2007;Kravets et al., 2004), it may also serve to recruit NFκB to bind 
near the CRE.  

In addition to activating NFκB, BVR also binds to the transcription factor in a manner that 
modulates its activity to favor protective gene expression relative to harmful pro-apoptotic, 
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pro-inflammatory and pro-proliferative targets (Gibbs et al., 2010). Consistent with the 
possibility that BVR regulates the activity of NFκB, TNF-α-mediated stimulation caused NFκB 
to act as a repressor of BVR expression which demonstrates that BVR is competitive with the 
inflammation process mediated by TNF-α through activation of NFκB. Because of the BVR-
mediated modulation of NFκB, the arrow from NFκB is drawn as a dash in the panel.  

6.3 Anti-inflammatory protection 

It appears that the anti-inflammatory effects associated with HO-1 induction (middle panel 
of figure 2) might be mediated by both BVR-dependent and BVR-independent processes. 
ROS formation (produced by immune cells) is a big component of inflammation. Thus, it 
seems unlikely that the anti-inflammatory response is totally regulated by BVR (middle 
panel of figure 2). Thus, for the reasons given in the preceding paragraph, Nrf2 will be 
activated independently of BVR, probably as an initial response to inflammatory stimuli. 
Another implication of the role of Nrf2 in the HO-1-related anti-inflammatory response has 
come from studies with plant-derived, phenolic diterpenes that elicit both anti-oxidant and 
anti-inflammatory responses. Not coincidentally, these compounds also mediate HO-1 
induction through Nrf2 following stimulation of phosphatidylinositol 3-kinase (PI3-
kinase)/Akt signaling (Martin et al., 2004;Pugazhenthi et al., 2007). The Akt protein kinase 
activated by PI3K is distinct from the PKCζ that is known to be activated by BVR (Lerner-
Marmarosh et al., 2007). As described above, CO has been implicated in mediating signaling 
through Akt (Piantadosi and Zhang, 1996). Thus, this pathway of Nrf2 activation appears to 
be related directly to the catalytic activity of HO-1. These mechanisms activating Nrf2 
contribute to the anti-inflammatory effects associated with HO-1 induction.  

An appealing hypothesis, that seems consistent with research findings, proposes that BVR-
independent processes activate Nrf2 at the early stages of inflammation, whereas BVR-
mediated MAPK and NFκB activation play critical roles in the cellular response at later 
stages of inflammation. In support of this idea, NFκB signaling typically opposes Nrf2 
mediated signaling as a later event in response to many stress events (Bellezza et al., 2010). 
The putative ability of BVR to bind and modulate the activity of NFκB is important in the 
latter response because agonist binding to immune receptors cause potent activation of 
NFκB. It is important to emphasize that this modulating role is not the only way BVR would 
protect cells from NFκB-mediated stress. By replacing NFκB with Nrf2 at the HO-1 
promoter, BVR would be diverting NFκB from promoting harmful gene expression while 
freeing up Nrf2 to activate protective gene expression. The anti-inflammatory effects of CO 
generated by HO-1 activity also would act independently of BVR (described above). A 
recent study demonstrated that HO-1 activity (as opposed to merely BVR-related cell 
signaling and DNA binding) was essential for the anti-inflammatory effects following 
treatment with endotoxin (Tamion et al., 2006). The anti-inflammatory response 
demonstrated by the treated animals was explained by both the inhibition of tumor necrosis 
factor-α production and the elevation of interleukin-10. Because the anti-inflammatory 
effects required catalytic activity by the induced HO-1 (activity was inhibited by treatment 
with tin mesoporphyrin), it can be assumed that either BVR-mediated signaling/DNA-
binding was dependent on HO-1 activity or the effects were caused by bilirubin/CO. Either 
premise dictates that BVR effects occurred secondary to those mediated by HO-1 activity. 
For these reasons, it seems that the anti-inflammatory response is pleiotropic and depends 
on both BVR-dependent and BVR-independent signaling and gene transcription.   
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In the middle panel, the anti-inflammatory signaling that results in the later-staged 
recruitment of NFκB to the HO-1 promoter is represented. The scheme for Nrf2 activation 
preceding NFκB activation is shown in the far right panel. In the anti-inflammatory 
response, CO formed by HO-1 inhibits the JNK and ERK MAPK pathways. The CO-
mediated inhibition of c-Jun protects against uncontrolled proliferation. However, BVR 
modulates ERK to protect against apoptosis through activation of NFκB. Initially, c-Jun 
inhibits NFκB activation which is shown as the red block line. Eventually, ERK activity and 
ATF-2 dimerization at the HO-1 promoter will favor gene transcription mediated by NFκB. 
BVR also modulates NFκB activity to favor protective gene expression, so the arrow from 
NFκB is dashed. In addition, as mentioned above, diversion of NFκB to stimulate the 
protective induction of HO-1 limits its ability to stimulate inflammatory gene expression 
and allows more Nrf2 to activate transcription of other anti-oxidant genes. 
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Fig. 2. Signal transduction regulation of the HO-1 protective response to cellular stress 
signals. The schematic diagram shows the putative signaling pathways responsible for gene 
induction/repression following different types of cellular stress (apoptotic signals, 
inflammatory stimuli, and oxidative stress). Arrows ending in the cytoplasm point at 
downstream kinases or transcription factors activated by the stimuli at the base of the 
arrow. Arrows ending in the nuclei represent the binding of transcription factors to gene 
promoters to affect expression and mediate the cytoprotective responses. Double-headed 
arrows represent kinase reactions that can occur in both directions (see text for details). 
Dashed arrows indicate attenuated activation, and arrows directed to the same point either 
have a role in binding together at the promoter or modulating the activity of one another.  
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7. Conclusions 
Hemin is an essential cofactor for heme proteins that carry out a multitude of vital oxidative 
and oxygen transport-related functions in the cell. Unfortunately, hemin is also reactive and 
extremely harmful to cells when accumulated in the free form. A highly regulated system 
has evolved to control the levels of cellular heme. HO-1 and BVR catalyze the steps involved 
in heme catabolism. Interestingly, the enzymes are also involved in a host of cytoprotective 
functions mediating anti-oxidant, anti-apoptotic, anti-proliferative, and anti-inflammatory 
responses that have been proven to be therapeutic in many clinical disease models. HO-1 
directly mediates most anti-oxidant effects through the following mechanisms: 1) the 
removal of heme in coordination with the up-regulation of the iron storage protein, ferritin; 
2) the production of a lipophilic, anti-oxidant, biliverdin; 3) the regulation of both cell 
signaling and gene expression; and 4) the regulation of the cytochrome P450 system. Gene 
transcription mediated by Nrf2 largely mediates the cellular response to oxidative stress. 
BVR contributes to the antioxidant response by catalyzing a redox cycle that involves the 
BVR-mediated conversion of the potent antioxidant, bilirubin. In addition to catalyzing the 
second step of heme catabolism, BVR also acts as an upstream activator of MAPK and 
phosphatidylinositol-3-kinase pathway; directly binds to DNA; and participates in the 
transactivation of AP-1 sites in the HO-1 promoter. The anti-apoptotic effects associated 
with HO-1 induction are most often caused by BVR-mediated cell signaling and DNA-
binding that leads to NFκB activation, but signaling effects related to HO-1-catalyzed CO 
production work in concert with the effects of BVR to protect against inflammation. Much 
remains to be learned about the specifics of cytoprotection via BVR-mediated signaling and 
gene transcription in addition to the roles of biliverdin and bilirubin in altering gene 
transcription. Similarly, because most in vitro studies of the enzymology of HO-1 have used 
a shortened mutant that does not bind to membrane or interact with membrane binding 
partners in the same manner as full length HO-1, almost nothing is known about how 
interactions between HO-1, BVR, and cytochrome P450 reductase are regulated to influence 
cell signaling, gene expression, the metabolism by HO-1, and oxidative stress related to 
P450-mediated, metabolism.  
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1. Introduction 
Snake bite envenoming, a serious public health problem in rural areas of tropical and 
subtropical countries, was included in 2007 as a neglected disease by the World Health 
Organization (WHO, 2007). Under this geographical perspective Africa, Asia, Oceania and 
Latin America are the most vulnerable countries to this kind of accident, but also shared by 
many developing countries (Harrison et al., 2009; Warrel, 2010). An excellent meta-analytic 
approach about the subject was described by Chippaux (2011), who analysed more than 
3,000 references for estimating the burden of snakebites in sub-Saharan Africa. Brazil 
encloses both requirements, as a developing and a tropical country, and needs to strengthen 
measures against venomous snake accidents, since, according to Lima et al. (2009), it is the 
country with the major number of accidents (about 20,000 cases/year), followed by Peru 
(4,500), Venezuela (2,500-3,000), Colombia (2,675), Ecuador (1,200-1,400) and Argentina 
(1,150-1.250) (Warrel, 2004).  

As mentioned by Nicoleti et al. (2010), venomous snakes in Brazil are represented by Bothrops, 
Bothropoides, Bothriopsis, Bothrocophias, Rhinocerophis, Crotalus, Lachesis, Leptomicrurus and 
Micrurus (see the new taxonomic arrangement proposed by Fenwick et al., 2009). Envenoming 
by the first five genera produce similar toxic manifestations and treatment assessment are 
quite the same. They represent 86.9% of accidents, whereas 8.7% were caused by Crotalus, 3.6% 
Lachesis and 0.8% by Leptomicrurus and Micrurus (Ministério da Saúde, 2004). 

Bothrops jararacussu snake belongs to the Viperidae family and its venom is able to induce 
severe signs of local and systemic envenoming, such as necrosis, shock, spontaneous 
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systemic bleeding and renal failure, incoagulable blood and death (Milani et al., 1997); its 
venom also blocks in vitro the contractile skeletal muscle response (Rodrigues-Simioni et al., 
1983). Two myotoxins are responsible for myonecrosis: bothropstoxin-I (Homsi-
Brandeburgo et al., 1988), the first myotoxin isolated from the venom that reproduces the 
effects of the crude venom (Heluany et al., 1992), further characterized as a phospholipase 
A2-Lys49 (Cintra et al., 1993); and bothropstoxin-II, a phospholipase A2 (Gutiérrez et al., 
1991), further characterized as an Asp49-PLA2 myotoxin with low catalytic activity (Pereira 
et al., 1998), although phylogenetically it is more related to Lys49-PLA2s than to other 
Asp49-PLA2s (dos Santos et al., 2011).  

Snake antivenom immunoglobulins (antivenoms) are the only specific treatment for 
envenoming by snakebites. They are produced by fractionation of plasma usually obtained 
from large domestic animals hyper-immunized against relevant snake venoms. When 
injected into an envenomed human patient, antivenom will neutralize any of the effects of 
the venoms used in its production, and in some instances will also neutralize effects of 
venoms from closely related species (WHO, 2011a). However, the antibothropic serum 
effectiveness against the local effects of Bothrops jararacussu venom (one of the bothropic 
venoms used in the serum production) has been debated since the 80’s decade (see Correa-
Neto et al., 2010). A possible explanation for the lack of effectivenes was given by Battellino 
et al. (2003) through the use of intravital microscopy after intravenous administration of 
antibothropic antivenom (BAv), labeled with fluorescein isothiocyanate (FITC). They 
observed that the antivenom neutralized the systemic effects, but did not efficiently reverse 
the local effects due to an impaired and/or delayed venom:antivenom interaction at the site 
of injury. Considering that local effect of venomous snakebites are poorly prevented by 
specific antivenom, that the access to public health services by people of distant rural 
regions in tropical and subtropical countries is in general difficult, the use of medicinal 
plants as a local solution has been a practice of natives of those regions.  

Medicinal plants represent a sophisticated biotechnological laboratory that is able to 
produce a multitude of pharmacologically bioactive substances, with a wide variety of 
effects (Mahmood et al., 2005).  The second beverage (next to water) of major consumption 
in the world, in its green, black and oolong forms, is the tea from Camellia sinensis L. leaves 
Compounds as polyphenols, polysaccharides, aminoacids, vitamins (Crespy & Williamson, 
2004), caffeine and a very small amout of methylxanthines (Yang et al., 1998) can be found in 
the plant. Catechins, the major component of green tea (fresh leaves are steamed to prevent 
fermentation, yielding a dry, stable product), and represent the low-molecular-weight 
polyphenols consisting mainly of flavanol (flavan-3-ol) monomers, such as epicatechin, 
epicatechin-3-gallate, epigallocatechin and the major, 50-80% of the total catechin,  
epigallocatechin-3-gallate (Graham, 1992; Khan & Mukhtar, 2007). Catechins account for 6-
16% (Zhu & Chen, 1999) up to 30-40% (Phithayanukul et al., 2010) of the dry green tea 
leaves. The fermentation or semifermentation stage (when the withered leaves are rolled 
and crushed) during the manufacture of black or oolong tea, respectively, converts catechins 
to theaflavins (theaflavin, theaflavin-3-gallate, theaflavin-3’-gallate and theaflavin-3,3’-
digallate, accounting for 3-6% of solid extract) and thearubigins (accounting for 12-18% of 
solid extract) (Leung et al., 2001; Khan & Mukhtar, 2007), which are complex polyphenols of 
poorly-defined chemical structures formed during fermentation of polymerization of 
theaflavins (Hazarika et al., 1984). 
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The literature describing the medicinal benefits of tea is extensive, but the report about its 
consumption to alleviate post game fatigue in players and sportsmen (Krishnamoorthy, 
1991) inspired further studies on the mammalian skeletomotor apparatus (Das et al., 1994; 
1997). For example, Basu et al. (2005) attributed to theaflavin, but not thearubigin, the 
facilitatory effect induced at the skeletal myoneural junction. This experimental model has 
been traditionally used for the pharmacological characterization of snake venoms, and the 
association between C. sinensis and snake venoms was a natural consequence. Thus, results 
showing the inhibitory effect of tea polyphenols on local tissue damage induced by snake 
venoms (Pithayanukul et al., 2010), and the inhibitory effect of Camellia sinensis leaves 
extracts against the neuromuscular blockade of Crotalus durissus terrificus venom (de Jesus 
Reis Rosa et al., 2010) were recently published. Here, using the same experimental 
procedure, the antivenom property of Camellia sinensis leaves extract was assayed against 
Bothrops jararacussu venom and its main myotoxin, bothropstoxin-I. Commercial theaflavin 
(from black tea) and epigallocatechin gallate (from green tea), known to be part of the C. 
sinensis extract, were also tested. 

2. Materials and methods  
2.1 Hydroalcoholic extract from leaves of Camellia sinensis  

The leaves of C. sinensis were harvested from plants growing in an orchard at the University 
of Sorocaba – UNISO (Sorocaba, SP, Brazil). A voucher specimen was deposited in the 
Instituto Agronômico de Campinas (IAC, number 50.469) herbarium 
(http://herbario.iac.sp.gov.br) after identification by L.C. Bernacci. Briefly, sixty-four grams 
of leaves powder were macerated along with 150 mL of 70° GL ethanol, over 3 days. After 
this period, the resulting suspension was placed into a percolator with 50 mL of 70° GL 
ethanol, and left for a further 3 days. The macerated drug was percolated and a 20% 
hydroalcoholic extract was obtained (de Jesus Reis Rosa et al., 2010). The solvent was 
evaporated until dryness, and the dried extract was then protected from light and humidity 
at room temperature until the assays.  

2.2 Pharmacological study  

2.2.1 Animals 

Male Swiss white mice (26-32 g) were supplied by the Anilab - Animais de Laboratório 
(Paulínia, São Paulo, Brazil). The animals were housed at 25 ± 3°C on a 12-h light/dark cycle 
with access to food and water ad libitum. This study was approved (protocol number 
A077/CEP2007) by the Committee for Ethics in Research from the University of Vale do 
Paraiba (UNIVAP) and all experiments were performed according to the guidelines of the 
Brazilian College for Animal Experimentation. 

2.2.2 Venom and toxin 

The crude venom was obtained from adult Bothrops jararacussu (Bjssu) snakes (Serpentário 
do Centro de Estudos da Natureza) and certified by Prof. Dr. Jose Carlos Cogo, University 
of Vale do Paraiba (Univap), São Jose dos Campos, SP, Brazil. Bothropstoxin-I (BthTX-I) was 
obtained under the conditions described by Homsi-Brandeburgo et al. (1988). 
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2.2.3 Mouse phrenic-nerve diaphragm muscle (PND) preparation 

The PND was obtained from mice anesthetized with halothane and sacrificed by 
exsanguination. The diaphragm was removed (Bülbring, 1946) and mounted under a tension 
of 5 g in a 5 mL organ bath containing continuous-aerated Tyrode solution (control) with the 
following composition: 137 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl2, 0.49 mM MgCl2, 0.42 mM 
NaH2PO4, 11.9 mM NaHCO3, and 11.1 mM glucose. After stabilization with 95% O2/5% CO2, 
the pH was 7.0. The PND myographic recording was performed according to Melo et al. 
(2009). Briefly, preparations were stimulated indirectly with supramaximal stimuli (4 x 
threshold, 0.06 Hz, 0.2 ms) delivered from a stimulator (model ESF-15D, Ribeirão Preto, SP, 
Brazil) to the nerve through bipolar electrodes. Isometric twitch tension was recorded with a 
force displacement transducer (cat. 7003, Ugo Basile), coupled to a 2-Channel Recorder Gemini 
physiograph (cat. 7070, Ugo Basile) via a Basic Preamplifier (cat. 7080, Ugo Basile). PND was 
allowed to stabilize for at least 20 min before addition of the following substances: BthTX-I 
alone at 20 µg/mL (n=11);  Bjssu alone at 40 µg/mL (n=5); 20 µg/mL BthTX-I + 0.05 mg/mL C. 
sinensis extract (n=5); 40 µg/mL Bjssu + 0.05 mg/mL C. sinensis extract (n=3);  40 µg/mL Bjssu 
+ 0.025 mg/mL epigallocatechin gallate (n=3, Sigma-Aldrich, SP, Brazil); 40 µg/mL Bjssu + 
0.05 mg/mL theaflavin (n=3); and the controls nutritive Tyrode solution (n=7) and 0.05 
mg/mL C. sinensis extracts (n=7). The plant extract or commercial phytochemicals 
concentrations were chosen based on the minor changes obtained in comparison with the 
basal response of PND incubated with Tyrode nutritive solution (control).  

2.3 Quantitative histological study 

At least three preparations (n=3) resulting from pharmacological assays were analyzed by 
quantitative morfometry. Preparations used in the controls, nutritive Tyrode solution and C. 
sinensis hydroalcoholic extract (0.05 mg/mL) were compared to BthTX-I (20 µg/mL), or C. 
sinensis (0.05 mg/mL) + BthTX-I (20 µg/mL) groups, or Bjssu (40 µg/mL), or C. sinensis (0.05 
mg/mL) + Bjssu venom (40 µg/mL) after fixation in Bouin solution and submission to 
routinely morphological techniques. Cross-sections (5 µm thick) of diaphragm muscle 
embedded in paraffin were stained with Hematoxylin-Eosin for microscopy examination. 
Tissue damage was expressed in percentage (number of damaged muscle cells divided by 
the total number of cells in three non-overlapping, non-adjacent areas of each preparation) 
according to Cintra-Francischinelli et al. (2008).  

2.4 Thin layer chromatography (TLC) 

Aliquots of C. sinensis hydroalcoholic extract were spotted onto 0.2 mm thickness silica gel 
60F254 on aluminum plates, 20.10 cm, (Merck, Germany) and developed with ethyl 
acetate:methanol:water (100:13.5:10, v/v) in a pre-saturated chromatographic chamber along 
with appropriate phytochemical standards (Simões et al., 2004). These standards (theaflavin 
and epigallocatechin gallate, Sigma-Aldrich® - USA) were solubilized in methanol (1 
mg/mL). The separated spots were visualized (under UV light at 360 nm) with NP/PEG as 
follows: 5% (v/v) ethanolic NP (diphenylboric acid 2-aminoethyl ester, Sigma Chemical Co., 
St. Louis, MO, USA) followed by 5% (v/v) ethanolic PEG 4000 (polyethylene glycol 4000, 
Synth Chemical Co., São Paulo, SP, Brazil). The retention factor (Rf) of each standard was 
compared with spots exhibited by C. sinensis extracts. 
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2.5 Statistical analysis 

Each pharmacological protocol was repeated at least three times. Results were expressed as the 
mean ± standard error of the mean (SEM). The Student’s t-test or repeated measures ANOVA 
were used for statistical comparison of the data. The significance level was set at 5%. 

3. Results  
3.1 Pharmacological assays  

3.1.1 BthTX-I neutralization  

Figure 1 shows the PND blockade activity of BthTX-I (20 µg/mL, n=11), which was 
irreversible even after washing (W) of preparations with fresh nutritive Tyrode solution. 
However, the previous incubation of the toxin with 0.05 mg/mL Camellia sinensis extract 
totally (100%) prevented the characteristic neurotransmission blockade, showing a better 
functional outcome of neuromuscular preparation after washing. The 0.05 mg/mL of 
Camellia sinensis extract was chosen in all protocols since it induced minor changes 
compared with the basal response of PND. 
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Fig. 1. Isolated mouse phrenic nerve-diaphragm preparations under indirect stimuli. Note 
the total efficacy of C. sinensis extract in protecting the neuromuscular blockade induced by 
BthTX-I. Each point represents the mean ± SEM. * = p<0.05 in comparison with the 
bothropstoxin-I (BthTX-I); W, washing. 
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3.1.2 Bjssu neutralization  

Figure 2 shows the PND blockade activity by Bjssu crude venom. There was no contraction 
recovery of PND after washing the preparation. C. sinensis extract was 78 ± 12 % able to 
neutralize the venom that, in turn, differently of its myotoxin, contains several constituents.  
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Fig. 2. Isolated mouse phrenic nerve-diaphragm preparations under indirect stimuli. Note 
the partial efficacy of C. sinensis extract in protecting the neuromuscular blockade induced 
by Bjssu. Each point represents the mean ± SEM. * = p<0.05 in comparison with the venom. 
W, washing. Bjssu, Bothrops jararacussu venom. 

3.2 Quantitative histological study 

Figure 3 shows neuromuscular preparations exposed either to Tyrode (Fig. 3A) or C. sinensis 
extract (Fig. 3B): the muscle fibers were well-preserved, showing changes not significantly 
different between each other of  15.9  ± 0.8 % or 25.3  ± 1.1 % damaged fibers, respectively. 
These changes were related mainly to loss of the typical cell cross-sectional polygonal 
profile. Differently, BthTX-I (Fig. 3C, 66.6  ± 2.3 %) and venom (Fig. 3E, 75.1  ± 1.1 %) alone 
clearly showed in transversal sections characteristic signals of myonecrosis (m), edematous 
cells (e), loss of polygonal profile, sarcolemma disruption, delta lesion (arrow), “ghost” cells 
(g), and nuclei (n) dispersed in the tissue. These changes were already extensively described 
in the scientific literature. Panel 3D and 3F show cross-sections of PND muscle fibers after in 
vitro neutralization by C. sinensis extract  of  BthTX-I (23.4  ± 1.3 %  of lesioned fibers, p<0.05) 
and of Bjssu (27.8 ± 0.9 % of lesioned fibers, p<0.05), respectively.  
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Fig. 3. Cross-sections (5 μm thick) of diaphragm embedded in paraffin and stained with 
Hematoxylin-Eosin. (A) Control-sham diaphragm preparation (15.9 ± 0.8 %). (B) 
Neuromuscular preparation exposed to 0.05 mg/mL Camellia sinensis extract (25.3 ± 1.1 %). 
(C) Muscle incubated with 20 μg/mL BthTX-I (66.6 ± 2.3 %). (E) Muscle incubated with 40 
μg/mL Bjssu venom (75.1 ± 1.1 %). The main fibers damage are lettered as follows: 
myonecrosis (m), edema (e), delta lesion (arrow), sarcolemmal disruption with nuclei (n) 
dispersion, “ghost” cells (g) visualized by spaces optically empty. Note that area with 
extensive myonecrosis has a hyaline aspect. Muscles incubated with 0.05 mg/mL Camellia 
sinensis extract (D and F) shows fibers maintaining its characteristic polygonal profile in 
despite of a number of them being edematous (e). A slow percentage of them 23.4 ± 1.3 % 
for BthTX-I (D); 27.8 ± 0.9 % for Bjssu (F)showed myonecrosis (m). Bars = 50 μm. 
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3.3 Efficacy of commercial phytochemicals against Bjssu venom 

Figure 4 shows the effect of commercial 0.05 mg/mL theaflavin and 0.025 mg/mL 
epigallocatechin gallate from C. sinensis on twitch blockade induced by 40 µg/mL Bjssu 
venom. This paralysis was completely blocked (n=3, *p<0.05 compared to the venom, but 
did not show statistical differences with C. sinensis extract). In addition, following washing 
out of treated preparation with fresh physiological salt solution, twitch height was re-
established (not shown).  
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Fig. 4. Isolated mouse phrenic nerve-diaphragm preparations under indirect stimuli. 
Antibothropic action of commercial phytochemicals from Camellia sinensis. Note total 
protection against the paralysis of Bjssu (Bothrops jararacussu) venom. Each point 
represents the mean ± SEM. * = p<0.05 in comparison with the crude venom. 

3.4 Thin layer chromatography (TLC) 

Figure 5 shows a chromatoplaque of C. sinensis leaves extract obtained by TLC exhibiting a 
complex variety of compounds including theaflavin and epigallocatechin as confirmed by Rf 
of these commercial phytochemicals. Panel A is the chromatoplaque exposed only to a UV 
light at 360 nm, whereas Panel B is the same plaque after NP/PEG chromogenic agent 
pulverization. 
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Fig. 5. Thin Layer Chromatography performed by using ethyl acetate:methanol:water 
(100:13.5:10) solvent/Developer: NP/PEG. Phytochemical standards: 1 - Epigallocatechin 
gallate (Rf=0.80); 2 – Cs, Camellia sinensis leaves extract; 3 – Theaflavin (Rf=0.56). Panel A:  
chromatoplaque exposed to UV light at 360 nm. Panel B: is the same plaque after NP/PEG 
chromogenic agent pulverization. Cs spots are suggestive of several flavonoids 
(yellow/orange fluorescence) and phenolic constituents (blue fluorescence), including  
epigallocatechin gallate and theaflavin, respectively. Comparative Rf values between 
phytochemicals and extract are highlighted in the circle. Rf, retention factor.  

4. Discussion  
Although the only specific treatment for envenoming by snakebites is immunoglobulins 
(antivenoms), since it can prevent or reverse most of the systemic effects and hence 
minimizing mortality and morbidity (WHO, 2011a), any alternative strategy aiming to 
interrupt or neutralize the steps of envenoming process can be effective for snakebite local 
effects. The clinical features of the bites of venomous snakes reflect the effects of these 
venom components that vary between species to species, but can broadly be divided into 
categories which include i) cytotoxins, causing local swelling and tissue damage, ii) 
haemorrhagins, which disturb the integrity of blood vessels, iii) compounds, which lead to 
incoagulable blood, iv) neurotoxins, causing neurotoxicity and iv) myotoxins, which cause 
muscle breakdown (WHO, 2011b). Bothrops jararacussu venom encloses all of them, except in 
vivo neurotoxicity (Milani et al., 1997), but it causes an in vitro neuromuscular blockade 
(Rodrigues-Simioni et al., 1983). 
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As snake accidents occur by bites and venoms are commonly injected in the subcutaneous 
muscle tissue, the use of muscle preparations as model for the study of the pharmacological 
effects of snake venom and toxins is very relevant. Besides, the use of snake venom and 
toxins as tools to study neuromuscular blockade in vitro (Gallacci & Cavalcante, 2010) is 
very useful given the excitation-contraction coupling process starts with transmission of 
electrical impulses from nerves towards muscle fibers via release of acetylcholine (ACh) 
(Hughes et al., 2006).  

On the other hand, the plant kingdom represents a rich resource of new molecules able to 
counteract the venom effects, mainly when the plant is as worldwide as Camellia sinensis, an 
evergreen Asiatic shrub of the Theaceae family. Polyphenols from black or green tea has 
been shown to be powerful antioxidants with a potent inhibitory effect on low density 
lipoprotein (LDL) oxidation in vitro (Miura et al., 2000), exert anti-carcinogenic (Lambert & 
Yang, 2003) and anti-inflammatory (Arab & Il’yasova, 2003) effects; act as antibacterial and 
antiviral  agents (Friedman, 2007), and are able to reduce the incidence of coronary heart 
disease and diabetes (Crozier et al., 2009), among other effects (see Khan & Mukhtar, 2007). 
Despite its health benefits, there are few studies using C. sinensis addressed to snake venom.  

Hung et al. (2004) showed an antagonistic effect of 3 mg per mouse of melanin extracted 
from black tea (MEBT), an unhydrolyzed complex of tea polyphenols (Sava et al., 2001), 
against Agkistrodon contortrix laticinctus (broadbanded copperhead), Agkistrodon halys 
blomhoffii (Japanese mamushi), and Crotalus atrox (western diamondback rattlesnake) snake 
venoms, when administered i.p. immediately after venom administration in the same place 
of venom injection. Authors demonstrated correlation between antivenom activity of 
melanin and PLA2 inhibition as a possible explanation for the protective effect. 

Tea polyphenols have been shown to interact with hydrolytic enzymes from Naja naja 
kaouthia Lesson (Elapidae) and Calloselasma rhodostoma Kuhl (Viperidae) venoms, inhibiting 
inflammation and local tissue damage. This effect was attributed to complexation and 
chelation among the venom proteins and the phenolic contents of the extract. According to 
the authors, the Camellia sinensis extract also inhibited phospholipase A2, proteases, 
hyaluronidase and L-amino acid oxidase by in vitro neutralization and the hemorrhagic and 
the dermonecrotic activities of the venoms in vivo (Pithayanukul et al., 2010).  

Satoh et al. (2002 a,b) reported the protective effect of thearubigin from black tea extract 
against the neuromuscular blockade caused by botulin neurotoxins and tetanus toxin in 
synaptosomal membrane preparations. Recently, de Jesus Reis Rosa et al. (2010) reiterate the 
protective effect of C. sinensis leaves extracts which prevented in vitro the irreversible 
neuromuscular blockade typical of Crotalus durissus terrificus venom, more specifically 
caused by crotoxin, the main component of the crude venom (Slotta & Fraenkel-Conrat, 1983). 
We suggest that the target for C. sinensis protective effect is the motor nerve terminal, since the 
blockade caused by crotoxin, botulin toxin and tetanus toxin occurs by the inhibition of the 
neurotransmitter release, differently, from motor nerve terminals (Habermann et al., 1980).  

Based on research findings suggesting an effective anti-cancer property attributed mainly to 
epigallocathechin-3-gallate (Fig. 6A) found primarily in green tea, and theaflavin (Fig. 6B) 
from black tea, both equally effective antioxidants (Leung et al., 2001),  these two 
compounds were also assayed against Crotalus durissus terrificus venom (de Jesus Reis Rosa 
et al., 2010). Curiously, commercial theaflavin, but not epigallocathechin gallate, maintained 
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partial muscular activity in the presence of 5 μg/mL venom. Coincidently, Basu et al. (2005) 
showed that only the theaflavin fraction from black tea was able to produce a facilitatory 
effect at the skeletomotor site, being this facilitation modulated by calcium and nitric oxide 
signaling. 

Concerning the modulation of synaptic nerve-muscle interaction, it was found that ACh and 
glutamate are co-released from synaptosomes of Torpedo electric organ (Vyas & Bradford, 
1987), also demonstrated in rat motor nerve terminals (Waerhaug & Ottersen, 1993). 
Glutamatergic receptors such as N-methyl-D-aspartate (NMDA) have been identified at the 
postsynaptic membrane in neuromuscular junction of adult rats (Urazaev et al., 1998; 
Grozdanovic & Gossrau, 1998). Glutamate released from nerve endings probably activates 
NMDA-receptor mediated Ca2+ entry into the sarcoplasm followed by activation of NO 
(Urazaev et al., 1998). Nonquantal ACh acting through M1-cholinergic receptors (Urazaev et 
al., 2000; Malomouzh et al., 2007), activates synthesis of NO to serve as a trophic message 
from motoneurones that keeps the Cl- transport inactive in the innervated sarcolemma 
(Urazaev et al., 1999). For a better understanding of the synaptic nerve-muscle modulation, 
see also the study of Rubem-Mauro et al. (2009) that corroborates the nitric oxide role at the 
neuromuscular junction. 

   
Fig. 6. Structures of major components of Camellia sinensis. A, epigallocatechin gallate (Zhu 
et al., 2008). B, theaflavin (Khan & Mukhtar, 2007). 

The well-successful experience between C. sinensis leaf extract and presynaptic neurotoxins, 
and  while bothropstoxin-I (BthTX-I) isolated from Bothrops jararacussu venom exhibits an 
earlier  presynaptic action (Oshima-Franco et al., 2004) before its well-known myotoxic 
effect, the same experimental procedure was carried out using C. sinensis extract, which 
protected 100% the neuromuscular blockade (Fig. 1).  

Different mechanisms have been proposed for BthTX-I myotoxic effect such as altering the 
bilayer membrane integrity (Lomonte et al., 2003), binding to the Ca2+ -binding region in the 
pore of Ca2+ channels (Oshima-Franco et al., 2004), activating membrane acceptors (Cintra-
Francischinelli et al., 2009) or causing a general membrane-destabilizing (Gallacci & 
Cavalcante, 2009). In order to explain the rationale of this study more details will be given 
about these mechanisms.  

A B 
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BthTX-I represents a distinct group of PLA2 homologue myotoxins containing Lys49 instead 
of Asp49 residue, with consequent loss of Ca2+-binding and enzymatic activity, the segment 
115-129 of the C-terminal region, which includes a variable combination of positively 
charged and hydrophobic/aromatic residues, has the ability to alter the bilayer membrane 
integrity (Lomonte et al., 2003), a possible way by which C. sinensis extract could exert its 
protection against the toxic effect of BthTX-I. 

Oshima-Franco et al. (2004) have shown that BthTX-I, at a concentration that does not 
produce neuromuscular blockade (0.35 mM) caused the appearance of giant miniature 
endplate potentials, without affecting the resting membrane potential. The authors 
suggested that the toxin would act through Ca2+ channels, since Mn2+ antagonized both 
neurotoxic and myotoxic actions of the myotoxin and are related to Ca2+fluxes. Mn2+ is 
thought to bind to the Ca2+ -binding region in the pore of Ca2+ channels, thereby 
preventing the passage of calcium ions (Nachshen, 1984). The influence of the earlier 
presynaptic action of BthTX-I is relevant from the pharmacological point of view, as 
shown here using C. sinensis leaves extract, although clinically the bothropic 
envenomation shows no signs of neurotoxicity. However, C. sinensis extract also protected 
against the myotoxic effects of BthTX-I (Fig. 3D), showing a parallelism between 
neurotoxic and myotoxic effects of the myotoxin. 

Cintra-Francischinelli et al. (2009) excluded the possibility that the inactive Lys49 toxins 
act by binding to a membrane channel, thus increasing its permeability to Ca2+. The 
authors have shown that the action of myotoxins from snake venoms on muscle cells 
begins with the activation of membrane acceptors coupled to intracellular Ca2+ stores, 
which is rapidly followed by the toxin dependent alteration of membrane permeability to 
ions (and other molecules). By this mechanism, C. sinensis is able to inactivate the 
acceptors signalization.   

Gallacci & Cavalcante (2010) proposed a hypothetical mechanism for the in vitro 
neuromuscular blockade induced by snake venom Lys49 PLA2 homologues (Fig. 7): the 
binding of the Lys49 PLA2 homologues to hydrophobic domains in muscle plasma 
membrane promotes a non-enzymatic alteration of the membrane structure. As a consequence, 
there is a colapse of the ionic gradient and depolarization of both muscle fiber and nerve 
terminal, mainly due to re-equilibration of sodium and potassium ions concentration. The 
persistent cell depolarization could inactivate voltage-dependent sodium channels in the peri-
junctional zone. Consequently, the threshold of excitability of the muscle fiber rises out of the 
reach of the endplate potential; no action potential is triggered and the neuromuscular 
transmission is blocked. The depolarization of nerve terminal could increase the spontaneous 
release of acetylcholine, i.e. the frequency of miniature endplate potentials. The action 
potentials superimposed on the background level of nerve depolarization are reduced since 
the membrane potential is already shifted nearer to the sodium equilibrium potential. The 
reduced action potentials promote a decreased calcium influx and consequently a reduction of 
releasing of evoked acetylcholine. The muscle fiber membrane disruption induced by Lys49 
PLA2 homologues also promotes an increase in the concentration of cytosolic calcium that 
initiates a complex series of degenerative effects on muscle fiber. By this mechanism, C. sinensis 
extract efficiently did avoid the initial trigger. 
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Fig. 7. Molecular structure of snake venom Lys49 PLA2 homologue (Gallacci & Cavalcante, 
2010). 

Basu et al. (2005) showed that the theaflavins-induced facilitation was dependent on the 
calcium concentration of the physiological solution pointing to an involvement of calcium in 
the facilitatory action of theaflavins. It is evident that the skeletal muscle can contract in the 
absence of external calcium, but under physiological conditions, when calcium is present in 
the medium, it induces the release of stored calcium from the sarcoplasmic reticulum in 
order to maintain the optimal integrity of the contractile mechanism (Endo, 1985). 
Considering that C. sinensis extract totally prevent the neuromuscular blockade induced by 
the myotoxin and calcium seems to be involved in the toxic mechanism of BthTX-I, by 
different proposed mechanisms as already discussed, the explanation of Basu et al. (2005) 
that C. sinensis, produces a facilitatory effect, via theaflavin, acting presynaptically as 
calcium modulating factor is also other possibility.  

In spite of the hypothesis discussed here, the actual molecular mechanism involving the C. 
sinensis extract and the BthTX-I interaction remains to be cleared.   

Here, when the efficacy of C. sinensis extract was assayed against the crude venom, 80% of 
the contractile response was found preserved even after two hours of the venom exposure 
(Fig. 2), a promising result, since venom has a complex composition, differently from BthTX-
I. Histological analyses clearly showed the protective effect of C. sinensis extract against the 
myotoxic action of venom (Fig. 3E), showing the same positive correlation between 
neurotoxicity and myotoxicity induced by the venom and the myotoxin.  

Whereas only the commercial theaflavin protected against the neuromuscular blockade of 
Crotalus durissus terrificus (de Jesus Reis Rosa et al., 2010), here, both theaflavin and 
epigallocatechin gallate, totally protected against the paralysis by Bothrops jararacussu venom 
(Fig. 4), a result better than that produced by C. sinensis extract, since the amount of these 
phytochemicals in the extract (as shown in Fig. 5) is lesser than that used in the 
neutralization assays. However, the C. sinensis extract contains a multitude of other 
compounds, which real participation against the toxic effects of venom must be assayed, 
hence using an in vivo model simulating the cronically black or green tea consumption (by 
humans) followed by subcutaneous injection of the venoms. A comparison between the 
treatment with commercial antivenom alone and commercial antivenom plus theaflavin or 
epigallocatechin gallate is also interesting. 

It is well-known that C. durissus terrificus and B. jararacussu venoms act differently in 
inducing clinical symptoms as well as in vitro paralysis at skeletomotor apparatus. 
Considering that venoms were previously incubated with each commercial phytochemical, 
and that epigallocatechin gallate, the major catechin in green tea, totally inhibited the toxic 
compounds of B. jararacussu venom, but did not do so against the rattlesnake venom, it is 
reasonable to suggest that theaflavin inhibits both presynaptic and postsynaptic venom 
effects, whereas epigallocatechin gallate inhibits mainly postsynaptic venom effects of these 
snake venoms, a question that remains to be cleared.  
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5. Conclusion 
Camellia sinensis leaves extract possesses inhibitory effect against the neuromuscular 
blockade induced by Bothrops jararacussu venom and also bothropstoxin-I, by an unclear 
mechanism of action. Altogether, the data suggest that theaflavin and epigallocatechin 
gallate have a strong participation on these protective effects.  
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1. Introduction 
1.1 Multiple myeloma  

Multiple myeloma (MM) is a haematological disorder of malignant plasma cells. B 
lymphocytes start in the bone marrow and move to the lymph nodes.  

When they are activated to secrete antibodies, they are known as plasma cells, which are 
crucial part of the immune system. Due to the fundamental nature of the system affected, 
multiple myeloma manifests systemic symptoms that make it difficult to diagnose. Multiple 
myeloma is characterised by slow proliferation of the tumour cells, mainly in the bone 
marrow, by production of large amounts of immunoglobulins and osteolytic lesions. Multiple 
myeloma is a generally incurable disease at present, but remissions may be induced with stem 
cells transplants, steroids, chemotherapy and treatment with vincristine + doxorubicin + 
dexamethasone or thalidomide + dexamethasone or bortezomib based regimens or 
lenalidomide. The different therapeutic modalities have different “target location”. 

1.2 Epidemiology of multiple myeloma 

Multiple myeloma mainly affects older adults, but its causes and other risk factors are 
unknown. Yearly incidence is 3-6/100 000 worldwide, accounts for 1-2 % of all human 
cancer. Median survival is 50–55 months. 

1.3 The role of cytokines in the growth, progression and dissemination of multiple 
myeloma 

Cytokines are soluble proteins, peptides or glycoproteins that are released by cells. 
Cytokines can affect the cells via an autocrine and/or paracrine regulation mechanisms. In 
case of an autocrine regulation mechanism the endogenous produced cytokine affects the 
same type of cell. In case of a paracrine regulation mechanism the target cell is near to the 
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cytokine produced cell. Cytokine binds to a specific receptor and causes a change in 
function or in development (differentiation) of the target cell. In both cases, i.e. autocrine 
and paracrine regulation mechanisms the expression of the membrane receptor is altered. 

1.3.1 Interleukins are a group of cytokines which are produced by a wide variety of body 
cells. The majority of interleukins are synthesized by helper CD4+ T lymphocytes, 
monocytes/macrophages and by endothelial cells. If the produced cytokine is released, then 
it is measurable in the supernatant, if not then the cytokine is measurable only intracellular. 

Interleukin-6 (IL-6) originally defined as a B cell differentiation factor is produced by 
different cell types and certain tumour cells. Interleukin-6 acts as a pro-inflammatory and an 
anti-inflammatory cytokine. As a pro-inflammatory cytokine regulates inflammatory 
reactions either directly or indirectly. As an anti-inflammatory cytokine Interleukin-6 
reduces the inflammatory reactions. IL-6 exits in three molecular weights, i.e. 21-30 kDa, 
150-200 or 450 kDa. The biological activity of IL-6 depends on binding to its specific 
receptors. These membrane receptors composed the glycoprotein gp80 Interleukin-6 
receptor alpha (IL-6R, also called CD126) and a signal-transducing component gp130 (also 
called CD 130). The complex IL-6+IL-6R+gp130 initiate a signal transduction cascade 
through JAKs (Janus kinases) and STATs (Signal Transducer-Activator of Transcription). 
The membrane receptors are released from the cells as soluble receptor proteins (sIL-6R and 
sgp130). As agonist, sIL-6R enhances the biological activity of IL-6 and sgp130 is an 
antagonist against the complex IL-6+sIL-6R. 

Interleukin-6 is a major proliferative factor for the malignant plasma cells (multiple 
myeloma cells). This cytokine produces by the plasma cells and it affects the cells by an 
autocrine regulation mechanism with an additional paracrine signalling. IL-6 in a 
concentration of 2pg/ml can induce 50% proliferation in myeloma cells. 

The multiple myeloma cells can be classified into three groups depending on exogenous IL-
6: (a) both proliferation and survival of the cells are dependent on IL-6, (b) only proliferation 
of the myeloma cells is affected by IL-6, (c) the cells are dependent on IL-6 only for survival, 
but not for proliferation.  However there are also some cell lines that are independent of IL-6 
both for survival and proliferation. The serum values of IL-6 in 35% or in 97% or in 42% of 
multiple myeloma patients were significantly higher than in healthy persons (Nachbour et 
al., 1991; DuVillard et al., 1995; Wierzbowska et al., 1999).   

Because about 70% of the secreted IL-6 forms a complex with sIL-6R (Gaillard et al., 1987), 
the amount of the free IL-6 in serum is low. Therefore the serum level of the sIL-6R is an 
important parameter in the evaluation and in the progression of multiple myeloma 
(Papadaki et al., 1997; Wierzbowska et al., 1999).  

Interleukin-10 (IL-10) is known as a human cytokine synthesis inhibitory factor (CSIF). It 
produces by Thelper2 cells, monocytes/macrophages, by B lymphocytes and some tumour 
cells. Interleukin-10 has (1) immunosuppressive effect and (2) immunostimulatory effect. It 
down-regulates the expression of Thelper1 cytokines, MHC class II antigens and co-
stimulatory molecules on macrophages. Interleukin-10 is a pleiotropic cytokine which 
increases Bcl-2 levels and protects cells from steroid or doxorubicin-induced apoptosis.  

How might the presence of IL-10 contribute to a poor prognosis for some cancer? One 
possibility: Interleukin-10 is a growth factor for tumour cells. Second possibility: Interleukin-
10 suppresses the anti-tumour immune responses.  
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Interleukin-10 enhances the survival and proliferation of B cells. IL-10 is a growth factor for 
myeloma cells (Kovacs, 2010a), enhances the proliferation of freshly explanted myeloma 
cells in a short-term bone marrow culture (Lu et al., 1995). Three out of seven human 
myeloma cell lines produce IL-10. Elevated IL-10 levels were detected in serum from about 
50% of patients having multiple myeloma showing a relation to the clinical manifestation 
(Otsuki et al., 2000; 2002). Interleukin-6 leads to a marked production of Interleukin-10 in 
several human multiple myeloma cells. Interleukin-10 is an Interleukin-6 related growth 
factor for these tumour cells (Kovacs, 2010a). 

1.4 Cytostatic effect and cytocidal effect  

Cytocidal effect: It is known that there are two important pathways against tumours: To 
inhibit the tumour cell proliferation (cytostatic effect) and/or to induce the death of the 
tumour cells (cytocidal effect). Cytocidal effect: apoptosis or necrosis. 

The apoptosis is a physiological process in the life of healthy cells, whereas necrosis is a 
pathological process for tumour cells. Cytotoxicity is the quality of being toxic to cells. There 
are a direct and an indirect (cell-mediated) cytotoxicity. In case of direct cytotoxicity the 
cells are treated with cytotoxic compounds leading to necrosis.   

1.5 Viscum album (VA) extract 

Viscum album (VA) extract from European mistletoe plants has fermented and non-
fermented preparations. Active components of VA extracts include mistletoe lectins (I, II, III) 
and viscotoxin, additionally aminoacids, polysaccharides and lipids. The fermented 
preparations are used either alone or in combination with chemo/radiotherapy in the 
treatment of tumour patients.  

The Viscum album QuFrF (VAQuFrF) is an aqueous and unfermented extract of mistletoe 
plants growing in the oak tree. It contains 1 µg lectin and 6 µg viscotoxin in 5 mg/ml or 2 µg 
lectin and 10 µg viscotoxin in 10 mg/ml. The extract is an experimental drug that is not yet 
used in the treatment of tumour patients. 

1.6 Vincristine 

Vincristine is a vinca alkaloid. As a chemotherapeutic agent is used mainly in combination 
with other chemotherapeutic substances in the therapy of multiple myeloma. Vincristine 
inhibits the  proliferation of these tumour cells and as a CCS blocker (El Alaoui, 1997; Lin et 
al., 1998; Mastberger et al., 2000) arrests the cell cycle phase G2/M by blocking the mitotic 
spindle formation (Harmsma et al., 2004). 

2. Aim 
2.1 Comparison of the effects of Viscum album QuFrF extract with those of Vincristine.  

2.2 Mode of action of Viscum album QuFrF extract and Vincristine. 

2.3 To assess the effective doses of Viscum album QuFrF extract and to transfer these doses 
to the in vivo situation.  
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3. Materials and methods  
3.1 Test substances 

Viscum album QuFrF (VAQuFrF) extract was obtained from the Hiscia Institute (Arlesheim, 
Switzerland). According to the manufacturer the aqueous unfermented solution of extract 10 
mg/ml contains 2 µg lectin and 10 µg viscotoxin. Vincristine sulfate salt was obtained from 
Sigma GmbH (Schnelldorf Germany, No 8879). Recombinant human interleukin-6  (rh IL-6) 
was obtained from R & D Systems (No. 206-IL, United Kingdom) and reconstituted in 
phosphate-buffered saline with 0.18% bovine serum albumin. 

3.2 Cells and culture condition 

Human myeloma cell lines (MOLP-8, LP-1, RPMI-8226, OPM-2, U-266, COLO-677, KMS-12-
BM, were obtained from DSMZ (Braunschweig, Germany). Five cell lines derived from 
blood, COLO-677 from lymph node, KMS-12-BM from bone marrow. The cells were 
cultivated in RPMI 1640 supplemented with 10-20% foetal calf serum, 2mM L-glutamine 
and 1 % gentamicin in a  humidified atmosphere with 5% C02  at 37°C. The doubling times 
of tumour cell lines were between 35 and 96 hours. For the measurement of the parameters 
the cell cultures were used within 4-6 weeks after thawing. 

3.3 Treatment of cells with VAQuFrF extract or vincristine   

a. To measure viability, cytokine production, membrane expression of IL-6 receptor, cell 
cycle phases and apoptosis /necrosis the cells were cultured at a density of 0.5-0.7x106 
cells/ml, except for COLO-677 (0.2x106 cells/ml).  After 24 hours the cells were 
incubated with VAQuFrF extract or Vincristine  (doses: 0, l0, 50 or 100 µg/106 cells/ml). 
The parameters were measured after 24, 48 and 72 hours. 

b. To measure proliferation the cells were cultured at a density of 0.5-0.7x105 cells/100 µl, 
except for COLO-677 (0.2x105 cells/100 µl). After 24 hours the cells were incubated with 
VAQuFrF extract or Vincristine (doses: 0, 1, 5, 10 µg/105 cells/100l). The parameter 
was measured after 24, 48 and 72 hours.  

3.4 Treatment of cells with Interleukin-6 

a. To measure viability, cytokine production, membrane expression of IL-6 receptor, cell 
cycle phases and apoptosis /necrosis the cells were cultured at a density of 0.5-0.7x106 
cells/ml, except for COLO-677 (0.2x106 cells/ml).  After 24 hours the cells were 
incubated with IL-6 (dose: 5 ng/106cells/ml). The parameters were measured after 24, 
48 and 72 hours.  

b. To measure proliferation the cells were cultured at a density of 0.5-0.7x105 cells/100 µl, 
except for COLO-677 (0.2x105 cells/100 µl). After 24 hours the cells were incubated with 
IL-6 (dose: 0.5 ng/105cells/100l). The parameter was measured after 24, 48 and 72 hours.  

3.5 Measurement of viability 

The viabilities of the cultivated tumour cells were determined by 7-aminoactinomycin D (7-
AAD), to exclude the non-viable cells in flow cytometric assays. The values are given in %. 
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3.6 Measurement of cytokine production 

The IL-6 production or IL-10 production in the supernatant of the cultured cells was 
determined by chemiluminescent immunometric assay. The lowest detectable level was 2 
pg/ml or 5 pg/ml. 

3.7 Measurement of membrane expression of IL-6 receptor 

For immunofluorescence staining 3x105 cells/100 l were incubated with 20 l 
phycoerithrin (PE) conjugated monoclonal antibody (CD 126, Immunotech, France) for 30 
min at 4 ◦C. Then the cells were washed, sedimented and analysed in the FACSCalibur 
flow cytometer. For the expression of the membrane IL-6R (CD 126) the signal intensity 
(geometric mean of the fluorescence intensity x counts) was used as parameter. The signal 
intensity of the treated samples was compared with that of untreated samples, which 
were taken as 100%. 

3.8 Measurement of the cell cycle phases 

The cell cycle phases GO/GI, S, G2/M were assessed using the cycle test plus DNA reagent 
kit on a flow cytometer (BD, BioSciences, San Jose, USA  No 340242). Briefly: 5x105 cells 
were incubated at room temperature with trypsin buffer and additionally with trypsin 
inhibitor+RNAse buffer. The values are expressed in percentage of total viable cell number 
(100%). 

3.9 Measurement of apoptosis and necrosis 

Apoptosis was measured using Annexin V-FITC (BD Biosciences Pharmingen, San Diego, 
USA No 556 570). Necrosis was measured using propidium iodide (PI). Briefly: 1x105 cells 
were incubated with Annexin V-FITC or PI at room temperature in the dark. Thereafter the 
samples were analysed in a flow cytometer. Apoptotic cells: Annexin V-FITC positive and PI 
negative. Necrotic cells: Annexin V-FITC positive and PI positive. The values are given in 
percent of total cell number.  

3.10 Measurement of the proliferation 

The proliferation was assessed using cell proliferation reagent WST-1 (Roche, Mannheim, 
Germany, No 1644 807). The colorimetric assay is based on the reduction of the tetrazolium 
salt WST-1 by viable cells. The reaction produces the soluble formazan salt. The quantity of 
the formazan dye is directly correlated to the number of the metabolically active cells. The 
proliferation rate was measured 1, 2 and 4 h after incubation with the reagents at time points 
24, 48 and 72 h. The upper limit of the absorbance was 2.0–2.1. The intra-sample variance of 
the untreated cells was <10% (3–8%). 

3.11 Statistical analysis 

Three to four independent measurements were carried out. For the evaluation of the 
parameters the Mann-Whitney U-test was used. The limit of significance was taken as 
P<0.05.  



 
Pharmacology  

 

592 

4. Results 
4.1 Production of Interleukin-6 in supernatant of human multiple myeloma cells 

Objectives: (a) spontaneous production, (b) production after treatment with VAQuFrF  or 
Vincristine. 

Table 1 presents the values of IL-6 in myeloma cell line MOLP-8, LP-1, RPMI-8226, OPM-2, 
COLO-677. None of the five multiple myeloma cell lines produced Interleukin-6 
spontaneously. This means that all the investigated cell lines are IL-6 independent or have 
autocrine/paracrine regulation mechanisms. In case of an autocrine regulation mechanism 
the cytokine is produced endogenously and affects its membrane receptor directly. In case 
of paracrine regulation mechanism the exogenous cytokine also affects the membrane 
receptor. In two cell lines (RPMI-8226 and OPM-2) exogenous IL-6 led to a high expression 
of membrane IL-6R and enhanced levels of sIL-6R in the supernatant (Kovacs, 2003; and 
results are not shown) indicating a paracrine regulation mechanism. 

 
Maeasurements at 24 and 48 hours after tretment with VAQufrF extractor Vincristine. Dose=50 µg/106 

cells in both cases.ND = not detectable. 

Table 1. Production of Interleukin-6 in human multiple myeloma cell lines. 

Treatment with VAQuFrF extract (dose: 50 µg/106 cells) and with Vincristine (dose: 50 
µg/106 cells) also did not lead to IL-6 production in the five multiple myeloma cell lines. 
These results confirm the findings of previous studies (Kovacs et al., 2006; Kovacs, 2010b).     

4.2 Production of interleukin-10 in supernatant of human multiple myeloma cells 

Objectives: (a) spontaneous production, (b) production after treatment with IL-6 (dose: 
5ng/106 cells), (c) production after treatment with VAQuFrF or Vincristine (dose: 50 µg/106 
cells for both substances), (d) after treatment with IL-6+VAQuFrF or IL-6+Vincristine (doses: 
5 ng/106 cells +50 µg/106 cells in each case).  For the combined treatment IL-6 was added 2 
hours before the test substances. 

Table 2 presents the production of Interleukin-10 in five human multiple myeloma cell 
lines. Spontaneous IL-10 production was found in 4/5 cell lines: MOLP-8, LP-1, RPMI-8226, 
COLO-677, however the cell lines MOLP-8 and COLO-677 secreted IL-10 not every time 
confirming the findings of previous study (Kovacs, 2010a). IL-6 led to a marked increase of 
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IL-10 production (up to 946 pg/ml) in 5/5 cell lines. VAQuFrF extract and Vincristine 
reduced the spontaneous IL-10 production in MOLP-8, LP-1 and COLO-677 to non-
detectable amounts. 

With IL-6+VAQuFrF or IL-6+Vincristine the values were markedly lower after addition of 
IL-6 but higher than without IL-6 treatment. VAQuFrF and Vincristine reduced the induced 
IL-10 production to the same degree in cell lines RPMI-8226 and LP-1. In the cell lines OPM-
2, MOLP-8, COLO-677 the extract of VAQuFrF inhibited the IL-10 production weaker than 
Vincristine.  

 
Maesurements at 24 and 48 hors after tretment. IL-6:5ng/106 cells.VAQuFrF and Vincristine: 50 µg/106 
cells. Range of 4 independent measurements. ND=not detectable 

Table 2. Production of Interleukin-10 (pg/ml)in human multiple myeloma cell lines. 

 
The values are presented in percentage. Range of four independent measurements. 

Table 2.A. Viability of human multiple myeloma cells (cell lines see Table 2). 

The IL-10 production was measured at 24 and 48 after incubation with IL-6. The results 
show that in tumour cell lines MOLP-8 and RPMI-8226 the IL-10 production was high 
during the two days. In the other three cell lines the production decreased slightly at 48 h. 
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Table 2/A. presents the range of cell viability without treatment and after treatment with the 
test substances: L-6, VAQuFrF extract and Vincristine. The viability of the untreated MM 
cells was different: LP-1>RPMI-8226>COLO-677>MOLP-8>OPM-2. The both test substances 
impaired the viability to different degrees. 

IL-6 does not alter the viability, confirming the findings of previous investigations (Kovacs, 
2006b, 2010a). It was reported that IL-6 enhances survival of the myeloma cells because it 
inhibits apoptosis of induction of the anti-Fas (Nordan & Potter, 1986; Hata et al., 1995).  

Summarised: The results indicate that the effect of the both test substances on the IL-10 
production is due to their apoptotic/necrotic effects. It is possible that VAQuFrF and 
Vincristine could also impair the membrane expression of IL-10 receptor. To explain this 
hypothesis further experiments are necessary.   

4.3 The effect of Interleukin-6, VAQuFrF and IL-6+VAQuFrF on the membrane 
expression of Interleukin-6 receptor in human multiple myeloma cells 

Objectives: (a) in untreated cells, (b) after treatment with IL-6 (dose: 5 ng/106cells), (c) after 
treatment with VAQuFrF (dose: 50 µg/106 cells), (d) after treatment with IL-6+ 
VAQuFrF(dose: 5 ng/106 cells+50 µg/106 cells). For the combined treatment IL-6 was added 
2 hours before the test substance. For the expression of the membrane IL-6R the signal 
intensity (geometric mean of the fluorescence intensity x counts) was used as parameter. 
This parameter was measured at 24 and 48 hours after incubation. The signal intensity of the 
treated samples, expressed in percentage was compared with that of untreated samples, 
which were taken as 100%.  

Table 3 presents the mean values of the membrane expression of Interleukin -6 receptor in 
the cell lines LP-1, RPMI-8226 and OPM-2.  

 
Measurements at 24 h after treatment.    Measurements at 48 h after treatment. 

The mean values of three independent measurementa are expressed in percentage of untreated samples 
(100). a=p<0.05 vs.untreated samples, b=p<0.05 vs. with IL-6 treated samples. 

Table 3. Membrane expression of Interleukin-6 receptor in human multiple myeloma cell 
lines.  
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The surface expressions of IL-6R in untreated cells of all three cell lines were in the  
similar range (results are not shown). Exogenous IL-6 increased the membrane expression 
its receptor significantly (P<0.05). VAQuFrF reduced the membrane expression markedly  
in LP-1 and RPMI-8226 (P<0.05), it had no effect in OPM-2. With IL-6+VAQuFrF  
the values were lower than with IL-6 (P<0.05), but higher than after treatment with 
VAQuFrF.  

In cell lines MOLP-8, COLO-677 and KMS-12-BM exogenous IL-6 led to down-regulation of 
its receptor, signalling the possible process of endocytosis (results are not shown). It is 
interesting that all three cell lines in which IL-6 upregulated its membrane receptor sourced 
from blood. To investigate of the membrane expression of IL-6 receptor in the cell lines 
MOLP-8, COLO-677 and KMS-12-BM additional experiments are planned. 

4.4 Inhibition of proliferation of multiple myeloma cells (cytostatic effect). Induction of 
apoptosis and necrosis in multiple myeloma cells (cytocidal effect) 

Figure 1 and Figure 2 present the mean values of the proliferation and those of 
apoptosis/necrosis in six human multiple myeloma cell lines treated with IL-6 or 
VAQuFrF or Vincristine. The cell lines MOLP-8, LP-1, RPMI-8226, OPM-2 sourced from 
blood, COLO-677 which is a derivative of RPMI-8226 from lymph node, KMS-12-BM from 
bone marrow.  

To measure the proliferation the following doses were applied (1) IL-6: 0.5 ng/105 cells, (2) 
VAQuFrF or Vincristine: 1, 5, 10 µg/105 cells. To measure apoptosis/ necrosis (1) IL-6: 5 
ng/106 cells, (2) VAQuFrF or Vincristine; 10, 50, 100 µg/106 cells. The parameters were 
measured at 24, 48 and 72 hours after incubation with the test substances.  

Proliferation: The values of the treated samples are expressed as percentages of the 
untreated samples and are the average of four independent experiments. Significance was 
assessed versus untreated samples (100%). 

Apoptosis/necrosis: The values are expressed as percentage of total cell numbers and are 
the average of four independent experiments. In the untreated samples the percentage of 
apoptotic cells lay in the range of 5-38%, that of necrotic cells 10-35% during 72 hours. There 
were big differences between the tumour cell lines.  

4.4.1 MOLP-8  

Proliferation: IL-6 increased the proliferation on average up to 130-155%. Comparison of 
VAQuFrF with Vincristine: 24 and 48 hours after incubation VAQuFrF at the dose of 5 and 
10 µg/105 cells was more effective than Vincristine. 72 hours after there was no difference 
between the substances in any dose.  

Apoptosis/necrosis: In the untreated tumour cells the values of apoptosis lay either in the 
range of necrosis or above them. IL-6 treatment did not impair either the apoptosis or 
necrosis. To measure the effects of the two substances on the apoptosis/necrosis we applied 
ten times less doses. VAQuFrF increased the apoptosis and necrosis at 5 and 10 µg/106 cells 
(P<0.05 and P<0.01). Vincristine had the same effect as VAQuFrF. 
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Fig. 1. The effects of IL-6, VAQuFrF extract and Vincristine  on the proliferation and on 
apoptosis/necrosis in human multiple myeloma cell lines MOLP-8, LP-1 and RPMI-8226. The 
mean values of four independent experiments are expressed as percentage of untreated samples 
(100%). Proliferation=105 cells. Apoptosis/necrosis=106 cells. ●- - -● apoptotic cells, ●––● 
necrotic cells. +P<0.05, *P<0.01 compared with untreated samples (Mann-Whitney U-test). 
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4.4.2 LP-1 

Proliferation: With IL-6 the proliferation rate lay on average between 128-162% during 72 
hours. VAQuFrF at the dose of 10 µg/105 cells inhibited the proliferation more effectively 
(P<0.01) than Vincristine. 

Apoptosis/necrosis: In the untreated cell the values of apoptosis lay in the range of necrosis. 
There was no difference between the values of untreated and with IL-6 treated cells. 
VAQuFrF did not greatly alter the apoptosis during the investigation time. There was a 
necrotic effect with a dose dependence from 50 up to 100 µg/106 cells (P<0.05). Vincristine 
increased the number of apoptotic cells and that of necrotic cells (P<0.05), however without 
dose dependence. The number of necrotic cells was higher than that of apoptotic cells at 
each dose after 48 and 72 hours (P<0.05 and P<0.01).    

4.4.3 RPMI-8226 

Proliferation: IL-6 increased the proliferation on average up to 105-141%. 

The test substances inhibited the proliferation: After 24 and 48 hours VAQuFrF in dose of  
10 µg/105 cells was more effective than Vincristine (P<0.01). In lower doses (5 µg/105 cells 
and 1 µg/105 cells) VAQuFrF had the same effect as Vincristine. 

Apoptosis/necrosis: The values of apoptosis in untreated cells lay below the necrosis.  There 
were no differences between the values of cells treated with IL-6 and that those of untreated 
cells. 

VAQuFrF and Vincristine did not alter the apoptosis. At 72 hours after treatment with both 
substances he numbers of necrotic cells was higher than those of apoptotic cells at each dose 
(P<0.05 and P<0.01).  

4.4.4 OPM-2 

Proliferation: IL-6 increased the proliferation on average between 110-130%. Comparison of 
VAQuFrF with Vincristine: The inhibitory effect of VAQuFrF was weaker than that of 
Vincristine at each dose and at investigated time point. Additional investigation indicate 
that higher doses increase the effect of VAQuFrF (results are not presented). 

Apoptosis/necrosis: In the untreated cells the values of apoptosis lay in the range of 
necrosis. IL-6 did not impair either the apoptosis or necrosis of the cells. None of the test 
substances altered the apoptosis. Vincristine increased markedly the number of necrotic 
cells between 10 and 100 µg/106 cells without dose dependence after 72 hours of treatment. 
VAQuFrF was ineffective.  

4.4.5 COLO-677 

Proliferation: With IL-6 the values of proliferation lay on average between 110-115%. 

The inhibitory effect of VAQuFrF was weaker than that of Vincristine in doses of 1 and 5 
µg/105 cells.  At the dose of 10 µg/105 cells the anti-proliferative effects of VAQuFrF and 
Vincritine was the same at each investigated time point. 
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Fig. 2. The effects of IL-6, VAQuFrF extract and Vincristine on the proliferation and on the 
apoptosis/necrosis in human multiple myeloma cell lines OPM-2, COLO-677 and KMS-12-
BM. The mean values of four independent experiments are expressed as percentage of 
untreated samples (100%). Proliferation=105 cells. Apoptosis/necrosis=106 cells. ●- - -● 
apoptotic cells, ●––● necrotic cells. +P<0.05, *P<0.01 compared with untreated samples 
(Mann-Whitney U-test). 



The Effects of Viscum album (Mistletoe) QuFrF Extract and Vincristine in Human Multiple  
Myeloma Cell Lines – A Comparative Experimental Study Using Several and Different Parameters 

 

599 

Apoptosis/necrosis: In the untreated tumour cells the values of apoptosis lay either in the 
range of necrosis or below them. There was no alteration after treatment with IL-6. 
VAQuFrF did not alter the apoptosis. There was a necrotic effect with a dose dependence 
(from 50 up to 100 µg/106 cells) (P<0.05). Vincristine increased the number of apoptotic cells 
(P<0.05). The number of necrotic cells was higher than that of apoptotic at each dose and at 
each time point (P<0.05 and P<0.01). The apoptotic /necrotic effects of Vincristine were not 
dose-dependent. 

4.4.6 KMS-12-BM 

Proliferation: IL-6 increased the proliferation on average between 108 and 135%. VAQuFrF 
inhibited the proliferation only in dose of 10 µg/105 cells after 48 and 72 hours. Vincristine 
inhibited the proliferation markedly however without dose dependence at each dose and at 
each investigated time point.  

Apoptosis/necrosis: The values of apoptosis in untreated cells lay above the values of 
necrosis. IL-6 did not alter the apoptosis and necrosis. VAQuFrF did not impair either the 
apoptosis or the necrosis in this cell line. Vinristine was effective in KMS-12-BM: The 
number of apoptotic/necrotic cells was significantly higher (P<0.01) at each time point, but 
without dose dependence. 

It was reported that that inhibition of cell proliferation is a stronger prognostic indicator 
than the apoptosis (Stokke et al., 1998). There is a quantitative correlation between the 
inhibition of proliferation and apoptosis in lymphoma cells (Leoncini, et al., 1993).  

Chemotherapeutic agents influence apoptosis through a mitochondrial pathway (Oancea, et 
al., 2004). Multiple myeloma cells overexpress Bcl-2, a mitochondrial membrane protein 
which suppresses apoptosis (Chanen-Khan, 2004; Tsujimoto & Shimizu, 2007). VAQuFrF 
decreases the levels of Bcl-2 in B and T lymphocytes (Duong Van Huyen et al., 2001). 

Summarised: In this study the apoptotic/necrotic effect of Vincristine was more marked 
than its proliferative effect in all cell lines. There was no dose dependence between 10, 50 or 
100 µg/106 cells/ml in both parameters. It is possible that Vincristine impairs the 
proliferation and apoptosis/necrosis with dose dependence only in a lower dose range.  

VAQuFrF first inhibits the proliferation and then the cells die by apoptosis and/or necrosis 
in the MM cell lines LP-1, RPMI-8226 and COLO-677, confirming the findings with RPMI-
8226 presented in a previous study (Kovacs et al., 2006a). The inhibitory effect of VAQuFrF 
was markedly weaker than that of Vincristine in cell lines OPM-2 and KMS-12-BM at each 
dose and at investigated time point.  

4.5 The effect of VAQuFrf on the proliferation of cells with high proliferation rate 

The effect of VAQuFrF with doses of 5 and 10µg/105 cells was investigated in cell line RPMI-
8226 with high proliferation rate, which remained unaltered during 2-3 days. VAQuFrF was 
more effective in cells having high proliferation rates than in those with low proliferation 
rates (Kovacs et al., 2006a). Recently the same findings were observed in cell lines LP-1 and 
OPM-2 (results are not shown). 
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4.6 The effect of combined treatment with Interleukin-6+VAQUFrF on the proliferation 
in human multiple myeloma cells 

The cell lines MOLP-8, LP-1, RPMI-8226 and COLO-677 were treated with Interleukin-
6+VAQuFrF for 24, 48 and 72 hours. To measure the proliferation the following doses were 
used: 0.5 ng/105 cells + 1, 5, 10 µg/105 cells. For the combined treatment IL-6 was added to 
the cell cultures 2 hours before VAQuFrF. For comparison the cell lines were treated only 
with IL-6 or only with VAQuFrF. 

Figure 3 presents the range of values expressed in percentage compared with untreated 
samples (100%). As expected, VAQuFrF inhibited the spontaneous proliferation markedly in 
all cell lines. The effect was dose-dependent. IL-6 led to enhanced proliferation in each case. 
We expected that with the combined treatment the values will be lower than after single 
treatment of IL-6, but higher than after single treatment of VAQuFrF. This situation has been 
found only in cell lines MOLP-8 and LP-1 for dose 1µg/105 cells. It is suggested that the 2 
hours pre-treatment with IL-6 is too short.  

 
Fig. 3. The effect of combined treatment with IL-6 + VAQuFrF on the proliferation in human 
multiple myeloma cells. IL-6=0.5 ng/105 cells. 
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4.7 Investigation of cell cycle phases in human multiple myeloma 

Cell division consists of mitosis (M) and interphase, which divides into phases G1, G2, and 
S. Non dividing cells are in the stable resting phase, called the G0 phase.  The blockade in 
the cell division leads to an arrest in the different cycle phases. This arrest appears as an 
accumulation of the tumour cells.  

The following cell lines: were investigated: MOLP-8, LP-1, RPMI-8226, OPM-2, U-266, 
COLO-677, KMS-12-BM. The myeloma cells were treated (a) with IL-6 (dose: 5 ng/106 cells) 
(b) with VAQuFrF and with Vincristine (doses: 10, 50, 100 µg/106 cells). The investigation 
was carried out 24, 48 and 72 hours after treatment.  

Table 4 presents the range of the values of untreated cells in different cell cycle phases in 
percentage in the total viable cell number (100%) 24 hours after treatment. Table 5 presents the 
mean values resp. the accumulation of treated cells 24 hours after treatment. For the cell lines 
RPMI-8226, OPM-2 and U-266 the presented values signalize the effects 48 and 72 hours after 
treatment with VAQuFrF or Vincristine. For a significant increase or decrease, the percentage 
of the cell number of treated samples was compared with those of untreated samples.  
 

 
Measurements at 24 hour after incubation. Values are expressed in percentage of total viable cell 
number (100%). Range of four independent experiments. 

Table 4. Values of untreated human multiple myeloma cells in different cell cycle phases. 

Phases GO/G1: IL-6 did not affect this cell cycle phase. VAQuFrF led to an accumulation of 
cells in cell line MOLP-8, LP-1 and in KMS-12-BM (p < 0.05 and p < 0.01). Vincristine had 
effect in the cell lines MOLP-8 and LP-1 (p < 0.05). The both substances were effective at 
each time point. 

Phase S: With IL-6 the number of cells was increased markedly in all cell lines during 72 
hours except with OPM-2 and KMS-12-BM. In these cell lines there was no effect at 72 hours. 
VAQuFrF increased the cell number (p < 0.01) in RPMI-8226 and U-266 (p<0.05), Vincristine 
in RPMI-8226, OPM-2 and U-266 (p < 0.01 and p < 0.05). Both substances were effective only 
at 48 and 72 hours after incubation.   
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Treatment with IL-6(5ng/106 cells) or VAQuFrF or Vincristine(10,50,100 µg/106 cells); The 
investigation was carried out 24, 48 and 72 hours after treatment. Evaluation of three or four 
independent experiments =accumulation. The numbers present the mean values in percentage. 

Table 5. Accumulation of human multiple myeloma cells in different cell cycle phases. 

Phases G2/M: IL-6 treatment led to accumulation of cells in LP-1, RPMI-8226 and OPM-2 after 
48 and 72 hours. VAQuFrF was effective in COLO-677 (p < 0.05). Vincristine led to marked 
increase of the cell numbers in cell lines RPMI-8226, COLO-677 and KMS-12-BM (p < 0.01).  

With IL-6 the cell number of each cell line was enhanced in the S phase and in some cell 
lines in the G2/M phase too. This means that either the DNA synthesis of the cells is 
increased or the cells are arrested in these cell cycle phases.  In this investigation IL-6 led to 
high proliferation in all cell lines indicating an increased DNA synthesis. This could lead 
with to arrest in the cycle phase G2/M.  In fact we found the accumulation of cells 48 and 72 
hours after treatment in some cell lines. 

Vincristine blocks the mitotic process by binding to tubulin leading to an arrest of the cycle 
phase in G2/M (El Alaaoui et al., 1997; Lin et al., 1998). In this study Vincristine led to an 
accumulation of the cells in cycle phase G2/M in only three out of seven multiple myeloma 
cell lines. It was effective in S and in G0/G1 phases of five cell lines, indicating that 
Vincristine also affects these cycle phases. It is interesting that it was effective both in the S 
and in G2/M cycle phases of the cell line RPMI-8226. VAQuFrF extract had the same effects 
as Vincristine in five out of seven tumour cell lines; however in a higher dose range. We 
postulated that different tumour cell lines from the same disorder (multiple myeloma) show 
a different sensitivity to Vincristine or VAQuFrF. 

The inhibition of the G0/G1 phases in different malignancies correlates with anti-
proliferative substances (El-Sherbiny et al., 2000; Pellizaro et al., 2008). In fact VAQuFrF 
blocked the cells in the G0/G1 phases in cell lines MOLP-8 and LP-1 and also inhibited the 
cell proliferation. 
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5. Summary and conclusion 
In this experimental study we compared Viscum album (Mistletoe) extract and Vincristine 
in several human multiple myeloma cell lines using the parameters: (a) the IL-6 production, 
(b) the IL-10 production, (c) the expression of membrane IL-6 receptor, (d) the proliferation, 
(e) the apoptosis/necrosis, (f) the cell cycle phases.  The following parameters were 
measured in a “package” i.e. they measured simultaneously: (a) the IL-6 production, (b) the 
IL-10 production, (c) the proliferation, (d) the apoptosis/necrosis.   

The parameters were measured at different times (24, 48 and 72 hours) after incubation with 
VAQuFrF and Vincristine. Interleukin-6 is a major proliferative factor for the malignant 
plasma cells (multiple myeloma cells). Therefore this cytokines was measured parallel to the 
test substances. 

Viscum album QuFrF (VAQuFrF) is an experimental drug that is not yet used in the 
treatment of tumour patients.  For this reason it was necessary and important to compare 
with a well-known clinic-substance. Vincristine is used mainly in combination with other 
chemotherapeutic substances in the therapy of multiple myeloma. 

5.1 Key results 

a. Interleukin-6 leads to a markedly increased IL-10 production. Interleukin--6 
upregulates markedly the expression of its membrane receptor (IL-6R). IL-6 increases 
the proliferation and it is effective in the S cell cycle phase. IL-6 does not affect the 
apoptosis/ necrosis. 

b. Neither VAQuFrF nor Vincristine produce IL-6 or lead to an enhanced IL-10 production 
in any cell line. VAQuFrF and Vincristine inhibits the spontaneous IL-10 production. 
Both substances counteract the increased IL-10 production induced by IL-6. The effects 
of the two substances are comparable. The results indicate that the effect of the both test 
substances on the IL-10 production is due to their apoptotic/necrotic effects.  

c. VAQuFrF inhibits the membrane expression of IL-6 receptor. VAQuFrF counteracts the 
enhanced membrane expression of this receptor induced by IL-6. 

d. The cytocidal effect of Vincristine is more marked than its cytostatic effect in all cell 
lines.  
The effect of VAQuFrF focuses on the inhibition of proliferation (cytostatic effect). 
VAQuFrF first inhibits the proliferation and then the cells die by apoptosis and/or 
necrosis. 

e. VAQuFrF inhibits the proliferation in cells with high proliferation rate more 
effectively than in those with low growth rate. 

f. Cell cycle phases: VAQuFrF extract has the same effect as Vincristine in five out of 
seven tumour cell lines, however in a higher dose range. 

The findings indicate that VAQuFrF extract could be a novel drug in the therapy of multiple 
myeloma. 

To assess the effective doses of Viscum album QuFrF extract and to transfer these doses 
to the in vivo situation.  

The Viscum album QuFrF (VAQuFrF) is an aqueous and unfermented extract of mistletoe 
plants growing in the oak tree. It contains 2 µg lectin and 10 µg viscotoxin in 10 mg/ml. It 
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was tested in dose range of 10, 50, 100 µg/106 cells. 10 µg extract contains 0.002 µg lectin + 
0.01 µg viscotoxin, 50 µg extract contains 0.01 µg lectin + 0.05 µg viscotoxin, 100 µg extract 
contains 0.02 µg lectin + 0.1 µg viscotoxin. 

Dosage of Vincristine in the therapy for multiple myeloma: In combination with other 
chemotherapeutic agents as a part of the VAD regimen 0.4 mg/day intravenously (400 
µg/day). In these experimental studies Vincristine was applied in dose range of 10, 50, 100 
µg/106 cells. The effects of Vincristine on the proliferation and the apoptosis/necrosis were 
in each cell line without dose dependence. This means that these doses lay in a saturation 
range. It is planned to investigate the effects of Vincristine in a lower dose range. 

The efficient dose range for VAQuFrF lies between 50 and 100 µg/106 cells (0.01µg lectin + 0.05 
µg viscotoxin and 0.02 µg lectin + 0.1 µg viscotoxin). These date concern the cell lines LP-1, 
RPMI-8226 and COLO-677. For cell lines OPM-2, KMS-12-BM the dose range lies higher. In 
MOLP-8 cell line VAQuFrF inhibits the proliferation more effectively than Vincristine. 

Our findings suggest that the in vivo effective (active) dose for VAQuFrF will  be about 10-
20 times higher than that of Vincristine. 

6. Future research 
1. Viscum album (VA) QuFrF extract contains two active components: mistletoe lectins (I, 

II, III) and viscotoxins.  
Question: Which component is responsible for the effects of this extract? Is this the 
lectin(s) or viscotoxin or both? Further study is planned to clarify this question. 
The non-fermented preparation from VAQuFrF extract contains 2 µg lectin and 10 µg 
viscotoxin in 10 mg/ml (ratio between lectin and viscotoxin: 0.2).  
The ratio between lectin and viscotoxin from the fermented preparations is 0.06 
respectively 0.08. The fermented preparations are used either alone or in combination 
with chemo /radiotherapy in the treatment of tumour patients. The extract presented in 
this study is an experimental drug that is not yet used in the treatment of tumour patients. 

2.  The results presented in this study indicated that VAQuFrF could effect the membrane 
expression of IL-6 receptor by antagonism. Question: Is this substance a competitive- or 
a non-competitive antagonist?  Additional experiments will give answer to this 
(important) question. 

3. To investigate more human multiple myeloma cell lines. 
To investigate tumour cells isolated from bone marrow of patients with multiple 
myeloma. 

4. To investigate the anti-proliferative and apoptotic/necrotic effects of Vincristine in a 
lower dose range, respectively the anti-proliferative and apoptotic/necrotic effects of 
VAQuFrF extract in a higher dose range.  
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1. Introduction  
Ethanol consumption has for a long time been associated with brain damage. Experimental 
studies and necropsy examinations of chronic alcoholics have shown a variety of structural 
and functional alterations in the neurons as well as in the glial cells. Such alterations are 
seen also in children with the alcoholic foetal syndrome. Ethanol is known to be a teratogen. 
Its abusage can result as dysfunction of the central nerve system (CNS), growth deficiency 
and facial malformation in the fetus, and behavioural, learning, sensory and motor 
disabilities (Barret et al., 1996; González & Salido, 2009; Šarc & Lipnik-Štangelj, 2009a). 
Chronic ethanol consumption in the adult is also intimately associated with brain atrophy. 
Accumulating evidence indicates that ethanol-induced neurobehavioral dysfunctions may 
be related to disruptions in the patterns of neuronal and glial developments such as 
depression of neurogenesis, aberrant migration of neurons and alterations in late gliogenesis 
and neurogenesis. These changes can further reduce the populations of cortical neurons and 
glial cells, trigger the biochemical alterations in glial cells and deleterious consequences for 
neuronal-glial interactions, and eventually lead to damage or apoptosis of these cells 
(González & Salido, 2009; Šarc & Lipnik-Štangelj, 2009b; Sofroniew & Vinters, 2010).  

As the most abundant type of glial cells in the brain, astrocytes provide metabolic and 
trophic support to neurons, modulate synaptic activities and have a strong capacity to 
scavenge oxidants and suppress cellular apoptosis. However, when the capacity of cells to 
eliminate the oxidants is overwhelmed, overproduction of reactive oxygen species (ROS) 
can cause morphological and functional alterations in the cells, including cellular Ca2+ 
homeostasis and some active molecules tightly associated with neuronal activity (Allansson 
et al., 2001; Halassa et al., 2007; Sofroniew & Vinters, 2010).  

Although astrocytes are more resistant than neurons to the oxidative and neurotoxic stresses 
and to the chemical and toxic damages in the surrounding environment, any impairment of 
astrocytes can dramatically affect neuronal functions. The ethanol-induced detrimental 
alterations of astrocytes would lead to perturbances in neuron–astroglia interactions and 
developmental defects of the brain (González & Salido, 2009; Šarc & Lipnik-Štangelj, 2009b). 
Given this important role of astroglial cells in neuronal functioning, they have become a 
significant object of toxicological evaluation. 
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2. Astrocytes in the central nerve system 
Central nerve system is a complex network, constitutes from several types of cells. Besides 
neuronal cells, where the information is received, integrated and sent as an output signal, 
there are several other cell types in the CNS. Oligodendrocytes are specialized for the 
myelin formation, astrocytes have multiple support functions to neurons, and microglial 
cells play an important role in defence and inflammation, and act as scavengers when tissue 
is destroyed. Some other types of cells in the CNS are ependimal cells, which are epithelial 
cells that line brain ventricles and central canal of spinal and assist in secretion and 
circulation of cerebral spinal fluid, and endothelial cells which create a blood-brain barrier 
(González & Salido, 2009). 

Glial cells were discovered by the pathologist Rudolf Virchow in 1856. They represent the 
majority cell population in the CNS. There is a number between 12 and 15 billion neurons in 
cerebral cortex and about a billion neurons in spinal cord, whereas there are 10 to 50 times 
more glial cells than neurons in the CNS. When they were discovered, glial cells have been 
recognised as brain glue. They surround neurons and hold them in place. Later it has been 
realized that glial cells play a number of other functions in the brain. Astrocytes are the most 
abundant type of glial cells, and present numerous projections that anchor neurons to their 
blood supply (Braet et al., 2001; González & Salido, 2009; Grafstein et al., 2000; Haydon, 2001). 

2.1 Molecular aspects of astrocyte function  

Astrocytes signal each other using Ca2+ ions (Verkhratsky et al., 1998). This type of cell-to 
cell communication has been termed “calcium excitability” that occurs as transient or 
prolonged elevations in intracellular concentration of Ca2+ ions. It can be spontaneous or 
triggered in response to specific neurotransmitters (Araque et al., 2001; Cornell-Bell et al., 
1990). The membrane potential of glia is relatively stable, and although they can express 
voltage-gated channels (Verkhratsky et al., 1998), they exhibit little or no fluctuation in 
membrane potential. 

Astrocytes respond to a variety of extracellular stimuli by raising intracellular concentration 
of Ca2+ ions that modulates different intracellular processes like differentiation, cytoskeleton 
reorganisation, and secretion of neuroactive molecules (Araque et al., 1998; Sofroniew & 
Vinters, 2010; Verkhratsky & Kettenmann, 1996). A rise in intracellular concentration of Ca2+ 
ions, localize to one part of an astrocyte can propagate through-out the entire cell, and Ca2+ 
resposes may be transmitted from one astrocate to others, leading to regenerative Ca2+ 
signal that spread within astrocyte networks (Cornell-Bell et al., 1990; Fam et al., 2000). This 
cell-to-cell communication could effectively signal to neurons, endothelial or other cell type 
in the CNS. Obviously, Ca2+ signalling in astrocytes is complementary to and interacts with 
signalling in vascular brain cells (Leybaert et al., 2004) and electrical signalling in neurons 
(Araque et al., 1999; Parpura et al., 1994). Besides calcium excitability, there are also other 
mechanisms for transmitting signals between astrocytes, such as releasing of diffusible 
extracellular messengers. Extracellular release of neurotransmitters like glutamate or 
adenosine triphosphate (ATP), and consequent activation of specific receptors on 
neighbouring astrocytes, may also mediate Ca2+ wave propagation (Bowser & Khakh, 2007). 
In addition, astrocytes are able to release other signalling molecules like D-serine and 
eicosanoids, and more than one of describing mechanisms for neurotransmitter release does 
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operate within astrocytes (Araque et al., 2001; Fellin et al., 2004; Gonzales et al., 2006a; 
Malarkey & Parpura, 2008; Montana et al. 2006). 

Released messengers, in turn, activate Ca2+ entry or Ca2+ release from intracellular stores by 
acting on ionotropic and metabotropic receptors, respectively. By this way, ATP and glutamate 
are the major active neurotransitters involved in the cell-to-cell communication of Ca2+ signals 
in astrocytes and other cell types in the CNS (Bowser & Khakh, 2007; Percea & Araque, 2007). 
Another putative intercellular signalling molecule for cel-to-cell communication is nitric oxide 
which is synthesized by enzymatic oxidation of L-arginine by nitric oxide synthase (Willmott 
et al., 2000). Nitric oxide (NO) activates guanylilcyclase and increases cytoplasmic cyclic 
guanosine monophosphate (cGMP) signalling cascades (Galione et al, 1993). 

Communication between astrocytes thus seems to rely on any communication systems and 
signalling molecules, which act in parallel or display regional and cellular specialisation. 
From this point of view, there is a bidirectional signal communication system within the 
CNS, which might be mainly carried out by extracellular messengers, released from any 
type of cells. Because of their close apposition to neurons, signalling molecules released by 
astrocytes can modulate synaptic transmission and neuronal excitability, as well as neuronal 
plasticity and survival. Even it could be possible that astrocytes could play roles in higher 
cognitive functions like learning and memory. It is not therefore estrange that an alteration 
in Ca2+ signalling, and hence in the function of astrocytes, could affect synaptic activity and 
plasticity and bran homeostasis (Gonzalez & Salido, 2009). 

2.2 Release of intercellular messengers  

Close physical relationship between astrocytes and neurones provides an opportunity for 
many functional interactions. There is a bidirectional signalling pathway between astrocytes 
and neurons on one side, and astrocytes and blood vessels on the other, which opens the 
possibility to an exchange of a huge amount of information in the CNS. There are several 
mechanisms that have been suggested to underline the release of signalling molecules from 
astrocytes: reverse operation of glutamate transporters, volume-regulated anion channels, 
gap-junctional hemichannels, diffusional release through purinergic receptors and Ca2+-
dependent exocytosis (Araque et al., 2001; Haydon & Carmignoto, 2006; Montana et al., 
2006; Parpura et al., 2004). Among the different molecules released, two major signalling 
messengers, released by astrocytes, are ATP and glutamate (Gonzalez & Salido, 2009).  

The mechanisms, by which astrocytes release ATP, appear to be diverse, employing 
vesicular release, connexion hemi-channels, cystic fibrosis transmembrane regulator, or the 
P-glycoprotein (Braet et al., 2004). On the other hand, astrocytic glutamate release can be 
carried out through connexion hemi-channel, excitatory amino acid transporters (EAAT), 
anion transporter, via P2X7 receptor channels or exocytosis. Depending on the mechanism 
employed, ATP and/or glutamate release by astrocytes can be Ca2+-dependent or 
independent (Bowser & Khakh, 2007; Braet et al., 2004). 

Besides the mechanisms for ATP and/or glutamate release from astrocytes, exocytosis 
constitutes the mechanism that has recently received special attention, since it was initially 
considered to occur only in neurons (Bowser & Khakh, 2007; Fellin et al., 2006; Gonzalez et 
al., 2006a; Perea & Araque, 2007). 
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2.3 The role of astroytes in the central nerve system 

2.3.1 Astrocytes and development of central nerve system 

The developmental generation of astrocytes tends to occur after the initial production of 
neurons in many CNS regions (Sofroniew & Vinters, 2010). During development of the 
brain, astrocytes (radial glia) take part in guiding the migration of developing axons and 
certain neuroblasts (Powel & Geller, 1999).  In addition, substantive evidence is 
accumulating that astrocytes are essential for the formation and function of developing 
synapses by releasing molecular signals such as thrombospondin (Barres, 2008; 
Christopherson et al., 2005). Astrocytes appear also to influence developmental synaptic 
pruning by releasing signals that induce expression of complement C1q in synapses and 
thereby tag them for elimination by microglia (Barres, 2008). 

2.3.2 Blood-brain barrier and regulation of blood flow 

Together with brain microvascular endothelial cells astrocytes create the blood-brain barrier 
that protects the brain from toxic substances in the blood, supplies the brain tissues with 
nutrients, and filters harmful substances from the brain back to the bloodstream, enabling 
the proper environment in the CNS. Astrocytes may regulate endothelial cell metabolism, 
and vasoconstriction and vasodilatation by producing substances with angiogenic 
properties, such as endothelial growth factor (Proia et al., 2008), ATP (Leybaert et al., 2004), 
and arachidonic acid, prostagladins and nitric oxide, (Gabryel et al., 2007; Sofroniew & 
Vinters, 2010), that can increase or decrease CNS blood vessel diameter and blood flow in a 
coordinated manner. Moreover, astrocytes may be primary mediators of changes in local 
CNS blood flow in response to changes in neuronal activity (Koehler et al., 2009). Thus, 
astrocytes play important functions at the level of arterioles where blood flow is controlled, 
at the level of capillaries where blood-brain barrier is located and at the level of blood 
immune cells (Leybaert et al., 2004).  

2.3.3 Energy, metabolism and homeostasis 

Astrocytes play a number of other functions which are crucial for the maintenance of 
homeostasis and neuronal function. They provide energy supply to neurons and coordinate 
metabolic reactions. Astrocytes are the principal storage sites of glycogen granules in CNS. 
The greatest accumulation of astrocytic glycogen occurs in areas of high synaptic density, 
and its utilisation can sustain neuronal activity during hypoglicemia and during periods of 
high neuronal activity (Sofroniew & Vinters, 2010).  

Astrocytes regulate the external chemical environment by removing excess ions notably 
potassium, regulate brain cell volume, and participate in recycling neurotransmitters 
released during synaptic transmission by expressing high levels of transporters for 
neurotransmitters such as glutamate, GABA, histamine and glycine, that serve to clear the 
neurotransmitters from the synaptic space. Astrocytes also represent the major site for the 
detoxification or bioactivation of neurotoxins (Perdan et al., 2009).  

2.3.4 Synapse function 

There is accumulating evidence that astrocytes play direct roles in synaptic transmission 
through the regulated release of synaptically active molecules including glutamate, purines 
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(ATP and adenosine), gamma-aminobutyric acid (GABA), and D-serine. The release of such 
gliotransmitters occurs in response to changes in neuronal synaptic activity, involves 
astrocyte excitability as reflected by increases in intracellular concentration of Ca2+ ions, and 
can alter neuronal excitability (Halassa et al., 2007; Perea et al., 2009). Such evidence has 
given rise to the ‘tripartite synapse’, which posits that astrocytes play direct and interactive 
roles with neurons during synaptic activity in a manner that is essential for information 
processing by neural circuits (Araque et al., 1999; Halassa et al., 2007; Perea et al., 2009). 

2.3.5 Immune response  

Astrocytes importantly contribute to creation of immune response in the brain. They are an 
important source of several cytokines and neurotrophic factors in the CNS that have a 
crucial immunoregulatory role and also promote neuronal survival and neurite growth 
(Lipnik-Štangelj, 2006). Moreover, cytokines have an impact on neurotoxicity, synaptic 
transmission and synaptic plasticity in the brain (Allan & Rothwell, 2001). Activation of 
astrocytes leads to up-regulation of pro-inflammatory cytokines like interleukin-1 beta (IL-
1beta), tumour necrosis factor alpha (TNF-alpha), interleukin-6 (IL-6), and inducible nitric 
oxide synthase (iNOS), and cyclooxygenase 2 (COX2) (Gonzalez & Salido, 2009; Sofroniew & 
Vinters, 2010).  

Research into the actions of IL-1beta in the brain initially focused on its role in host defence 
responses to systemic disease. IL-1beta can also elicit an array of responses which could 
inhibit, exacerbate or induce neuronal damage and death (Gonzalez & Salido, 2009).  

TNF-alpha has an important function in neurotoxicity, synaptic transmission and synaptic 
plasticity. It influences homeostatic synaptic scaling by inducing the insertion of AMPA 
receptors at post-synaptic membranes (Stellwagen & Malenka, 2006). In addition, TNF-alpha 
may have a pivotal role in augmenting intracerebral immune responses and inflammatory 
demyelination due to its diverse functional effects on glial cells, such as oligodendrocytes 
and astrocytes themselves (Šarc et al., 2011).  

Unlike TNF-alpha, which is a prototypical pro-inflammatory cytokine, IL-6 affects 
inflammation and neuronal regeneration via a number of mechanisms. In this sense, besides 
its immunoregulatory role, IL-6 can also promote neuronal survival and neurite growth. IL-6 
can be induced by a variety of molecules including IL-1beta, TNF-alpha, transforming 
growth factor-beta and prostaglandins, and many other mediators such as beta-amyloid, 
interferon-g and IL-4 can potentiate these primary inducers, highlighting the complex 
nature of IL-6 modulation (Šarc et al., 2011; Gonzalez & Salido, 2009). 

2.4 Reactive gliosis and glial scar formation 

After brain injury, such as a stroke or trauma, astrocytes become reactive, and can undergo 
to profound proliferation, forming gliosis near or at the site of damage. Astrocyte activity is 
marked by hypertrophy, resulting in an expression of protein such as glial fibrillary acidic 
protein (GFAP), adhesion molecules and antigen presenting capabilities, including major 
histocompatibility antigens. Reactive astrocytes represent an obstacle preventing 
establishment of normal neural contact and circuitry. On the other hand, reactive astrocytes 
produce a myriad of neurotoxic substances in various brain pathologies (Mori et al., 2006). 
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Although reactive astrogliosis is used widely as a pathological hallmark of diseased CNS 
tissue, definitions of reactive astrogliosis can vary considerably among authors and there are 
no widely accepted categories of intensity or severity. Recently proposed definition 
encompasses four key features: (1) reactive astrogliosis is a spectrum of potential molecular, 
cellular and functional changes in astrocytes that occur in response to all forms and 
severities of CNS injury and disease including subtle perturbations, (2) the changes 
undergone by reactive astrocytes vary with severity of the insult along a gradated 
continuum of progressive alterations in molecular expression, progressive cellular 
hypertrophy, and in severe cases, proliferation and scar formation, (3)  the changes of 
reactive astrogliosis are regulated in a context-specific manner by inter- and intracellular 
signalling molecules, (4) the changes undergone during reactive astrogliosis have the 
potential to alter astrocyte activities both through gain and loss of function that can impact 
both beneficially and detrimentally on surrounding neural and non-neural cells. Of 
particular interest as regards function of reactive astrocytes, is recent evidence that reactive 
astrogliosis and glial scar formation play essential roles in regulating CNS inflammation 
(Sofroniew, 2009). 

In response to different kind of stimulation, reactive astrocytes can make many different 
kinds of molecules with either pro- or anti-inflammatory potential (John et al., 2003). There 
is a normal process of reactive astrogliosis and glial scar formation that exerts various 
beneficial functions including protecting neural cells and function, restricting the spread of 
inflammation, and promoting tissue repair.  

On the contrary, in a manner analogous to inflammation, reactive astrogliosis also has the 
potential to exert detrimental effects. For example, reactive astrocytes can be stimulated by 
specific signalling cascades to gain of detrimental effects such as exacerbating inflammation 
via cytokine production (Brambilla et al., 2009), producing neurotoxic levels of ROS (Hamby 
et al., 2006), releasing potentially excitotoxic glutamate (Takano et al., 2005), potential 
contribution to seizure genesis (Tian et al., 2005), compromising blood brain barrier function 
due to VEGF-production (Argaw et al., 2009), causing cytotoxic edema during trauma and 
stroke (Zador et al., 2009), and contributing to chronic pain (Milligan et al., 2009).  

2.4.1 Molecular mechanisms of reactive gliosis and scar formation 

Many different types of intercellular signalling molecules are able to trigger reactive 
astrogliosis or to regulate specific aspects of reactive astrogliosis, including large polypeptide 
growth factors and cytokines such as IL-1, IL6, IL-10, TNF-alpha, tumour growth factor beta 
(TGF-beta), mediators of innate immunity such as lipopolysaccharide and other Toll-like 
receptor ligands, neurotransmitters such as glutamate and noradrenalin, purines such as ATP, 
ROS including nitric oxide (NO), hypoxia and glucose deprivation, products associated with 
neurodegeneration such as beta-amyloid, molecules associated with systemic metabolic 
toxicity such as NH4, and regulators of cell proliferation such endothelin-1, as reviewed in 
detail elsewhere (Sofroniew, 2009). Such molecular mediators of reactive astrogliosis can be 
released by all cell types in CNS tissue, including neurons, microglia, oligodendrocyte lineage 
cells, pericytes, endothelia, and astrocytes, in response to all forms of CNS insults, ranging 
from subtle cellular perturbations that release some of the specific factors just listed, to cell 
stretching as might be encountered during acceleration/deceleration CNS injury and which 
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releases ATP, to intense tissue injury and cell death that release various intracellular molecules 
that signal intense tissue damage (Sofroniew, 2009).  

It is becoming clear that different molecular, morphological, and functional changes in 
reactive astrocytes are specifically controlled by inter- and intra-cellular signalling 
mechanisms that reflect the specific contexts of the stimuli and produce specific and 
gradated responses of reactive astrogliosis. For a long, reactive gliosis and scar formation 
have been recognized as the main impediment to functional recovery after CNS injury or 
disease.  This absolutely negative viewpoint of reactive astrogliosis is no longer tenable and 
it is now clear from many different lines of experimental evidence that there is a normal 
process of reactive astrogliosis that exerts essential beneficial functions and does not do 
harm. As reviewed in detail elsewhere, many studies using transgenic and experimental 
animal models provide compelling evidence that reactive astrocytes protect CNS cells and 
tissue by uptake of potentially excitotoxic glutamate, protection from oxidative stress via 
glutathione production (Dringen et al., 2000), neuroprotection via adenosine release (Lin et 
al., 2008), protection from NH4 toxicity (Rao et al., 2005), neuroprotection by degradation of 
amyloid-beta peptides (Koistinaho et al., 2004), facilitating blood brain barrier repair, 
reducing vasogenic edema after trauma (Bush et al., 1999), stroke or obstructive 
hydrocephalus, stabilizing extracellular fluid and ion balance and reducing seizure 
threshold (Zador et al., 2009), and limiting the spread of inflammatory cells or infectious 
agents from areas of damage or disease into healthy CNS parenchyma (Bush et al., 1999; 
Voskuhl et al. 2009). 

3. Ethanol in the central nerve system 
The deleterious effects of ethanol in CNS could result either from a direct toxic effect of ethanol 
or from an indirect effect involving its metabolites and/or ROS generation. Ethanol can induce 
several cellular reactions which result in a modification of cellular redox status that can 
severely affect the cell’s capacity to be protected against the endogenous production of ROS 
(Gonthier et al., 2004). The consequences derived from the effects of ethanol on cellular 
structures would end in a morphological and functional impairment of cellular physiology. 
Among brain cells, astrocytes seem less vulnerable than neurons, but their impairment can 
dramatically affect neurons because of their protective role towards neurons.  

3.1 Ethanol metabolism in the brain 

In the CNS, astrocytes represent the major cellular localisation of ethanol metabolism, and 
have been postulated to protect neurons from ethanol-induced oxidative stress (Watts et al., 
2005). The exact enzymatic mechanism responsible for ethanol oxidation in the brain is not 
clear yet. 

Ethanol is normally metabolised in the liver to acetaldehyde by the alcohol dehydrogenase 
reaction, and acetaldehyde can be further metabolised to acetic acid via aldehyde 
dehydrogenase reaction. The last step in the pathway is the conversion of acetic acid to 
acetyl-Co-A. Although theoretically the activity of the latter enzyme is high enough to cope 
with the rate at which ethanol is oxidized by alcohol dehydrogenase, there is a limit to the 
rate at which the reaction can continue and can therefore lead to accumulation of 
acetaldehyde, which is toxic for most tissues, including CNS. Thus, there is always a build 
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up of acetaldehyde which passes out from the liver into the blood, and this acetaldehyde is 
responsible or some of the unpleasant symptoms of alcohol excess. Once in the bloodstream, 
the acetaldehyde can also cross the blood-brain barrier and attack the CNS. 

In the brain, ethanol can be metabolized by catalase, cytochrome P450 2E1, and alcohol-
dehydrogenase, with catalase, playing a pivotal role among the others (Gonzalez et al., 2007).  

On the other hand, ethanol also induces up-regulation of antioxidant defences by increasing 
the enzymatic activities of superoxide-dismutase, catalase, and glutathione-peroxidase 
(Eysseric et al., 2000; Rathinam et al., 2006). The expression of heat shock proteins like 
HSP70 (Russo et al., 2001), which have a protective and stabilizing effect on stress-induced 
injury, is also induced by ethanol. Altogether, this would confer to astrocytes a survival 
advantage preventing oxidative damage. 

3.2 Ethanol influence on astrocyte function 

Ethanol has several targets in astrocytes and other cell types, impairing cellular redox status, 
cell growth and differentiation, interfering with the stimulatory effect of trophic factors or 
altering the expression of cytoskeletal proteins. In addition, ethanol induces astroglial 
activation, associated with up-regulation of several pro-inflammatory cytokines, that 
contribute to neuroinflammation, neurodegeneration and cell apoptosis (Alfonso-Loeches et 
al., 2010; Šarc & Lipnik-Štangelj, 2009). 

3.2.1 The effects of ethanol on developing central nerve system 

Ethanol is a known teratogen and has been implicated in the etiology of human fetal alcohol 
syndrome, which is characterized by distinct craniofacial abnormalities such as 
microcephaly, agnathia, and ocular aberrations. Prenatal ethanol exposure induces 
functional abnormalities during brain development affecting neurogenesis and gliogenesis. 
Thus, ethanol cases a number of changes in several neurochemical systems. Astrocytes are 
predominant source of postnatal retinoic acid synthesis in the cerebellum, and this acid 
shows teratogenic effects responsible for the fetal alcohol syndrome.  

McCaffery et al. (2004) showed that ethanol could stimulate retinoic acid synthesis leading 
to abnormal embryonic concentrations of this morphogen and, thus, ethanol could represent 
a major cause of fetal alcohol syndrome. Additionally, increased sensitivity of glutamate 
receptors and enhanced trans-membrane transport of glutamate has been observed in the 
presence of ethanol. This was in relationship to the increase in the expression of the 
excitatory amino acid transporters EAAT1 and EAAT2. Thus, glutamatergic system is 
affected by ethanol, which can be viewed as a maladaptive process that disposes the 
developing brain to fetal alcohol syndrome (Zink et al. 2004).  

Furthermore, ethanol affects the synthesis, intracellular transport, distribution, and secretin 
of N-glicoproteins in different cell types, including astrocytes and neurons (Braza-Boils t al., 
2006). Glicoproteins, such as adhesion molecules and growth factors, participate in the 
regulation of nervous system development. Thus, the alteration in the glycosylation process 
induced by ethanol could be a key mechanism involved in the teratogenic effects of ethanol 
exposure on brain development. Further studies by Martinez et al., (2007) showed that long-
term ethanol treatment substantially impairs glycosylation and membrane trafficking in 
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primary cultures of rat astrocytes. Ethanol reduced endogenous levels of acive RhoA due to 
an increase in the activity of small Rho GTP-ases, reduced phosphoinositides levels and 
induced changes in the dynamics and organization of the actin cytoskeleton. 

Ethanol presents as well morphological effects on the developing adolescent brain. There 
were clear effects immediately and long after drinking cessation of a chronic ethanol 
administration on two neurotransmitter systems (the serotoninergic and nitrergic), which 
decreased, and the astrocytic cytoskeleton and neuron, which increased and decreased, 
respectively (Evrard et al., 2006). The authors concluded that drinking cessation can 
partially ameliorate the ethanol-induced morphological changes on neurons and astrocytes 
but cannot fully return it to the basal state. 

3.2.2 The effects of ethanol on cholesterol homeostasis 

Cholesterol is an essential component of cell membranes and plays an important rule in 
signal transduction. There are evidences that cholesterol homeostasis may be affected by 
ethanol, and this may be involved in neurotoxicity (Guizzetti & Costa, 2007). Indeed, the 
pathogenesis of Alzheimer’s disease has been linked to altered cholesterol homeostasis in 
the brain. Several functions are carried out by cholesterol and are important for brain 
development, such as glial cell proliferation, synaptogenesis, neuronal survival and neurite 
outgrowth. In addition, the brain contains high level of cholesterol, mostly synthesized in 
situ. Furthermore, astrocytes produce large amounts of cholesterol that can be released by 
these cells and utilized by neurons to form synapses (Gonzalez & Salido, 2009). 

3.2.3 The effects of ethanol on synaptic structure 

It has been shown that chronic ethanol consumption affects the synaptic structure. The 
density of dendritic spines was found lower in the nucleus accumbens, and depicted an up-
regulation of a subunit of the NMDA receptor. The up-regulated NMDA receptor subunit is 
a splice variant isoform which is required for membrane-bound trafficking or anchoring into 
a spine synaptic site. These changes, evoked by ethanol, demonstrated an alteration of micro 
circuitry for glutamate reception (Zhou et al., 2007).  

Adermark and Loviger (2006) showed that ethanol inhibits a Ca2+-insensitive K+ channel 
activity, and affects gap junction coupling, demonstrating that astrocytes play a critical role 
in brain K+ homeostasis, and that ethanol effects on astrocytic function could influence 
neuronal activity. 

Finally, despite most of the investigations on the effects of ethanol have been performed 
following its addition to tissue or cell cultures, an interesting study has shown excessive 
activation of glutamatergic neurotransmission in the cerebral cortex following ethanol 
withdrawal and its contribution to significant behavioural disturbances and to alcohol 
craving. These effects were related to the activity of the enzyme glutamine synthetase, 
which converts released glutamate to glutamine (Miguel-Hidalgo, 2006).   

3.2.4 Ethanol and glial oxidative stress 

Brain tissue is particularly vulnerable to oxidative damage, possibly due to its high 
consumption of oxygen and the consequent generation of high quantities of ROS during 
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oxidative phosphorylation. In addition, several regions of the brain are rich in iron, which 
promotes the production of ROS. On the other hand, the brain counts wit relatively poor 
levels of antioxidant enzymes and antioxidant compounds. ROS increase intracellular 
concentration of Ca2+ ions, inhibit response of astrocytes to physiological agonists, and 
stimulate glutamate secretion, which in excess is neurotoxic (Gonzalez et al., 2006a). 
Although glutamate is the principal excitatory neurotransmitter in the mammalian brain, 
high levels of this neurotransmitter lead to excitotoxic neuronal death, mediated by Ca2+ 
influx, principally through NMDA-gated channels (Bambrick et al., 2004). 

Ca2+ signalling is an important medium for neuron-glia interaction, in the sense that 
neuronal activity can trigger Ca2+ signals in glial cells and vice versa. Due to its critical 
importance for the cellular functions, resting intracellular concentration of Ca2+ ions is 
tightly controlled, and abnormalities in Ca2+ regulation lead to impairment of cellular 
physiology. Ca2+-ROS interplay can be considered as a push-pull relationship. An elevated 
level of intracellular concentration of Ca2+ ions can lead to excessive ROS production, 
whereas excessive ROS production can lead to cytosolic Ca2+ overload (Gonzalez & Salido, 
2009). Acute exposure of astrocytes to ethanol increases intracellular concentration of Ca2+ 
ions, probably due to inhibition of plasma membrane Ca2+-ATPase activity (Sepulveda & 
Mata, 2004). Other changes, evoked by ethanol are cell swelling, and transformation of actin 
cytoskeleton (Allansson et al., 2001). 

Mitochondria represent the major source of intracellular ROS, and Ca2+ uptake into the 
organelle can lead to ROS generation (Gonzalez et al., 2006b; Granados et al., 2004). Ethanol-
evoked ROS production takes place in the mitochondria, and accumulated mitochondrial 
ROS can be released to the cytoplasm leading to damage of different transport mechanisms, 
ion channel modification, lipid peroxidation, and DNA damage. Furthermore, damage to 
mitochondrial metabolism may generate additional damaging radial species, thus activating 
cellular death pathways (Gonzalez et al., 2006a). 

Ethanol evokes a dose-dependent increase in glutamate secretion by an exocytosis 
mechanism, which was dependent on Ca2+ mobilisation. The secretory effect of ethanol is 
reduced in the presence of antioxidants, therefore indicating the participation of ROS in 
ethanol-evoked glutamate secretion by astrocytes. Glutamate and the attendant increase in 
intracellular Ca2+ play crucial role in triggering excitotoxic cell death in neighbouring cells 
(Molz et al., 2008).  Because astrocytes are the major regulators of glutamate homeostasis, 
their death can cause and/or aggravate diseases of the CNS. 

3.2.5 Ethanol, inflammation and immune response 

Ethanol is able to activate glial cells, which is a critical event in the neuroinflammatory 
processes.  Chronic ethanol intake enhances inflammatory mediators like COX-2, and iNOS 
in rat cerebral cortex and cultured astrocytes. Astrocytes undergo actin cytoskeleton 
disorganisation, and there is a stimulation of both, interleukin receptor-associated kinase 
(IRAK)/extracellular signal-regulated kinases (ERK)/nuclear factor-kappaB (NF-kappaB) 
pathway and the COX-2 expression, which are associated with the inflammatory responses 
(Guasch et al., 2007).  

Ethanol-induced glial activation is also associated with changes in the expression of 
inflammatory cytokines like IL-1alpha, TNF-alpha, IL-6. Notably, an increased expression of 
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the pro-inflammatory cytokine MCP-1 (monocyte chemoattractant protein 1) and microglial 
activation as well as astrogliosis have been demonstrated by postmortem analyses in 
alcoholic brains (Gonzalez & Salido, 2009; He and Crews, 2008).  

Besides ethanol, its primary metabolite acetaldehyde is also able to modulate TNF-alpha 
and IL-6 secretion from cultured astrocytes. Both compounds showed a biphasic, hormetic 
effect on the IL-6 secretion after the acute as well as after the long-term exposure. It has been 
shown that long-term exposure to ethanol and acetaldehyde is more toxic than an acute 
exposure. The maximum stimulation was reached for 50 mM ethanol and 1 mM 
acetaldehyde after chronic exposure. In contrast, both compounds reduced the TNF-alpha 
secretion, where the effect was concentration dependent. Acetaldehyde showed to be more 
potent toxin than ethanol, and the ethanol’s toxicity in the brain is at least partially due to its 
primary metabolite, acetaldehyde (Šarc et al., 2011).  

Inflammation is primarily a protective response of the target organism to a noxis. On the 
other hand, excessive or long-lasting inflammation is often followed by degenerative 
processes. The stimulatory effect of ethanol and acetaldehyde on IL-6 secretion seems to be 
involved in both neuroregenerative and survival processes as well as in neurodegeneration. 
The obtained hormetic dose-response relationship indicates that higher concentrations and 
long-term exposure could lead in a neurodegenerative direction whereas low concentrations 
may act as neuroprotective. Unlike TNF-alpha, which is responsible for the induction of 
multiple pro-inflammatory genes, IL-6 often fails to induce these genes. Moreover, IL-6 can 
down-regulate the expression of TNF-alpha, which correlate with the data, where the first 
significant decrease in the TNF-alpha level was found at the highest level of IL-6 after a 
long-term exposure to ethanol (Šarc et al., 2011). 

3.2.6 Ethanol and glial cell death 

Apoptosis or programmed cell death is a form of cell death that occurs in multicellular 
organisms. Apoptosis is a tightly regulated process which engages multiple cell signalling 
pathways, and involves the altruistic suicide if individual cells in favour of the organism. 
This process is desirably during organism development and morphological changes, 
especially at the embryonic stage, as well as during the activation of the immune system. 
However, defects in apoptosis can result in cancer, autoimmune diseases and 
neurodegenerative disorders. Studies on Ca2+ signalling in apoptosis showed that ethanol 
potentiates apoptotic cell death induction by thapsigargin, caffeine, and the protonophore, 
which separately caused similar increases in Ca2+ levels, and also induces similar apoptotic 
death. These effects of ethanol are concentration and time-dependent (Hirata et al., 2006). 

The effect of ethanol on the induction of apoptosis in astrocytes, and the formation of ceramide 
as apoptotic signal was investigated by Schatter et al. (2005). Ethanol induced nuclear 
fragmentation and DNA laddering, and inhibited phospholipase D-mediated formation of 
phosphatidic acid, which is a mitogenic lipid messenger. The authors concluded that ethanol 
induced glial apoptosis during brain development via formation of ceramide. Further studies 
have shown that astrocytes exposed to ethanol, undergo morphological changes associated 
with anoikis, a programmed cell death induced by loss of anchorage. Astrocytes depicted 
peripheral reorganisation of both, focal adhesions and actin-myosin system, cell contraction, 
membrane blebbing and chromatin condensation (Gonzalez & Salido, 2009). 
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Recently, it has been shown that ethanol affect intracellular trafficking. In fact, ethanol could 
interfere with nucleoplasmic transport in astrocytes, in such a way that ethanol induces a 
delay in both import and export of proteins to the nucleus (Marin et al., 2008). 

Neurodegeneration, brain injury, and neuroinflammation are associated not only with 
increased cell apoptosis but also with the activation of a key proteolytic enzyme in this 
process, caspase-3. Immunohistochemical findings in mice, fed chronically with ethanol, 
reveal that inflammatory processes occur concomitantly with caspase-3 activation, 
suggesting an increase in programmed cell death. Moreover, it seems that the alcohol-
induced toll-like receptor 4 (TLR4) response triggers both, inflammatory processes and 
apoptosis. A recent study suggests that the TLR4 response can also induce oxidative stress 
and neuronal injury, which agrees with a role of TLR4 in ethanol-induced brain damage and 
possibly in neurodegeneration (Alfonso-Loeches et al., 2010).  

It has been shown that ethanol can activate or inhibit TLR4 by interacting with membrane 
lipids. Low/moderate ethanol concentrations (10–50 mM, in the range found in the blood of 
social drinkers and alcoholics) are capable of promoting translocation and clustering of 
TLR4 and a surface marker protein CD14, and the signalling molecules, like interleukin 
receptor-associated kinase (IRAK) and extracellular signal-regulated kinases (ERK), into the 
lipid rafts (Blanco et al., 2008; Fernandez-Lizarbe et al., 2008). Conversely, high ethanol 
concentrations or lipid raft-disrupting agents (streptolysin-O or saponin) inhibit ethanol-
induced activation of the TLR4 signalling pathway (Blanco et al., 2008; Fernandez-Lizarbe et 
al., 2008). However, the molecular mechanism of ethanol interactions with TLR4 remains 
unknown. 

4. Conclusion  
Astrocytes are essential for maintaining a healthy and well-functioning brain. They face the 
synapses, send end-foot processes that enwrap the brain capillaries, and form an extensive 
network interconnected by gap junctions. They have the potential to impact on essentially 
all aspects of neuronal function through regulation of blood flow, provision of energy 
substrates, or by influencing synaptic function and plasticity. Moreover, astrocytes also 
protect and aid the brain in the functional recovery from injuries. The activation of glial cells 
in the CNS is the first defence mechanism against pathological abnormalities that occur in 
neurodegenerative diseases.  

Ethanol has an extensive array of actions on astrocytes, transforming them into activated, 
potentially injurious cells with negative consequences to neuronal function and survival, 
and to brain function. 

Therefore, it is a pivotal solution to seek molecular mechanisms and molecules that may 
inhibit or attenuate ethanol-induced neurotoxicity in astrocytes, thus offering an alternative 
strategy to prevent or treat neurodevelopmental disorders and mental retardation caused by 
ethanol. 
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1. Introduction 
 During the recent years, the interest in the purinergic system has been gaining importance, 
and this interest is not accidental. The purinergic system is so far known to be involved in 
several physiological conditions in mammals, becoming a potential therapeutic target for 
the treatment of many pathologies and disorders. One of the physiological roles is the 
control of pain. This chapter will emphasize adenosine receptors (P1) and its activation and 
inhibition by adenosine and by specific agonists or antagonists in the treatment of pain. 
Although most of the studies quoted in this chapter were performed in animals, in this 
chapter we will use the expression analgesia instead of antinociception (term used to report 
pain in animals) to simplify our communication. Some drugs that act on adenosine receptors 
have presented interesting results in clinical studies of pain and other drugs are under 
investigation. Of note, it has recently been shown that inosine, a metabolite of adenosine, 
has significant analgesic effects in several pre-clinical models of pain. Thus, the inosine can 
be an important tool in this area of study or even a molecule of interest for future 
pharmacological approaches, knowing that such as adenosine, it is produced endogenously 
and devoid of side effects in normal doses. In addition, new approaches using enzyme 
inhibitors of the purinergic system or supplies of adenosine suggest alternatives to 
potentiate and lasting analgesic effects of adenosine or analogs. Moreover, the release of 
purines and the adenosine A1 receptor activation are essential to analgesia by acupuncture 
in mice. Thus, purinergic system will be the target of many future pain-treatment 
researches. After all, it is indispensable to students and biomedical professionals to know 
and understand basic concepts about this endogenous system.  

2. Involvement of purinergic system in pain  
2.1 Purinergic receptors: History and involvement in pain 

Purinergic receptors history began when Drury and Szent-Györgi described the potent 
actions of purines adenine and adenosine on the heart and blood vessels (Drury & Szent-
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Györgi, 1929). Later, in 1970 Burnstock presented evidence that ATP acted as a 
neurotransmitter in nonadrenergic noncholinergic (NANC) nerves supplying the gut, and 
finally, in 1972, the purinergic neurotransmission hypothesis was proposed (Burnstock, 
1972). With these discoveries, the number of publications involving ATP and its metabolites 
grew quickly and continues to do so (Figure 1).  

 

 
 

Fig. 1. Total of publications with keywords ATP, Adenosine (Ado), Adenosine Receptors 
(Ado Rec) and Inosine (Ino) from 1930 until 2010. Source: Pubmed 

Afterwards, it was established that the ATP acted as a cotransmitter with classical 
transmitters in both the peripheral nervous system and in the central and that purines are 
also powerful extracellular messengers to non-neuronal cells (Burnstock & Knight, 2004). 
Burnstock, in 1978, provided the basis for the distinction of two classes of purinergic 
receptors; adenosine-sensitive P1 and ATP-sensitive P2 receptor classes.  In 1985, Burnstock 
and Kennedy proposed a basis for distinguishing two types of P2 purinoceptors, namely, 
P2X and P2Y. Afterwards, in 1994 Abbracchio and Burnstock through studies of 
transduction mechanisms and cloning of both P2X and P2Y receptors put forward a new 
nomenclature system, naming them, P2X ionotropic ligand-gated ion channel receptors and 
P2Y metabotropic G protein-coupled receptors, respectively. Currently, seven subtypes of 
P2X receptors (P2X1, P2X2, P2X3, P2X4, P2X5, P2X6, P2X7) and eight subtypes of P2Y receptors 
(P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, P2Y14) are clearly established. P2X and P2Y 
receptor activation by ATP stimulates cellular excitability, augments the release of excitatory 
amino acids, and consequently initiates pain responses (Burnstock, 2007; Burnstock & 
Williams, 2000). In the context of pain neurotransmission, preclinical studies show us that 
activation of P1 receptors by adenosine decreases pain, inflammation, and cellular 
excitability (McGaraughty & Jarvis, 2006). During the 80’s and 90’s research evaluating 
purinergic system in pain rocketed (Figure 2).  
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Fig. 2. Total of publications with keywords ATP, Adenosine (Ado), Adenosine Receptors 
(AdoR) and Inosine (Ino) plus Pain from 1930 until 2010. Source: Pubmed 

3. Adenosine receptors and pain  
3.1 Adenosine receptors  

Adenosine is the natural ligand of P1 receptors, also called adenosine receptors. All these 
receptors are G-protein coupled and are divided according to pharmacological, biochemical 
and molecular properties into four subtypes: A1, A2A, A2B and A3. Each receptor has a 
distinct distribution and due to its special features, has distinct roles as well (Burnstock et 
al., 2011; Fredholm et al., 2011; Ralevic & Burnstock, 1998; Ribeiro et al., 2002; Sawynok & 
Liu, 2003). Adenosine receptors were cloned and characterized in several mammal species 
(Burnstock, 2008).  

3.2 Distribution of adenosine receptors 

Adenosine receptors are present in several species and in distinct tissues. However, their 
distribution is quite irregular and different among species and mainly among tissues 
(Fredholm et al., 2011). A1 receptor (A1R) is a ubiquitous receptor. In the central nervous 
system, it is distributed in the cerebellum, cerebral cortex, hippocampus, thalamus, spinal 
cord (substantia gelatinosa), brain stem, olfactory bulb and other central sites. Peripherally 
A1R distribution is less wide than centrally, but there is a considerable density of A1R in 
sensory afferent fibers, mainly on C-fibers which are responsible for receiving and 
conducting the painful stimuli (Dixon et al., 1996; Sawynok, 2009). A2A receptor (A2AR)has an 
even distribution between central and peripheral nervous system, but mainly in central 
structures as nucleus accumbens, putamen, caudate and in immune tissues, vascular smooth 
muscle, endothelium, platelets and sensory neurons (Dixon et al., 1996; Fredholm, 1995; 
Ralevic & Burnstock, 1998; Sawynok, 2009). A2B receptor (A2BR) is also a ubiquitous receptor 
and it has been found either in many central or peripheral tissues. However, A2BR density is 
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very low and it has been found in great density only in bowel and bladder. A3 receptors 
(A3R)are widely distributed in several mammals, however, few studies have indicated 
specific roles for this receptor (Dixon et al., 1996; Ralevic & Burnstock, 1998; Salvatore et al., 
1993). 

3.3 General adenosine receptor signaling 

All adenosine receptors are coupled to G-protein. Nevertheless there are many kinds of G-
protein and each one may activate a distinct pathway. Thus, the four adenosine receptors 
can stimulate or inhibit several pathways and consequently exert many physiological 
actions (Jacobson & Gao, 2006; Ralevic & Burnstock, 1998). We show below the main 
signaling characteristics of each adenosine receptor.  

3.3.1 A1 receptor signaling 

A1R is coupled to Gi/0 protein family which is pertussis toxin-sensitive. Most of the 
biological effects induced by A1R activation are due to inhibition of cAMP second messenger 
(Burnstock, 2007; Jacobson & Gao, 2006; Ralevic & Burnstock, 1998; Sawynok, 1998) (Figure 
3 and Table 1).  

 
Fig. 3. Adenosine A1 receptors and its main pathways. A1R, adenosine A1 receptor; AC, 
adenylate cyclase;  cAMP, cyclic adenosine monophosphate; DAG, diacylglicerol; ERK1/2, 
extracellular signal-regulated kinases 1 and 2; IP3, inositol triphosphate; K+, potassium 
channels; MAPK, mitogen-activated protein kinase; MEK, MAPK and ERK kinase; PKA, 
protein kinase;  PLC, phospholipase C. 

Beta and gamma subunities of A1R, when activated stimulate phospholipase C (PLC). 
Activation of PLC cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol 
(DAG) and inositol 1,4,5-trisphosphate (IP3) leading to increased levels Ca+2. Moreover, the 
enhancement of intracellular calcium can induce some enzymes such as protein kinase C 
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(PKC), phospholipase D (PLD), phospholipase A2 (PLA2) and others. Furthermore, 
adenosine or adenosine agonists can activate K+ channels (Jacobson & Gao, 2006; Megson et 
al., 1995; Ralevic & Burnstock, 1998). A1R activation can also activate PI3K and MAPK 
pathways, more specifically ERK1/2 and MEK inducing gene expression changes and glial 
cell protection (Boison et al., 2010; Shulte & Fredholm, 2003). 

3.3.2 A2A receptor signaling 

A2AR is coupled to Gs (the most part) and Golf protein (mainly in striatum). The main 
intracellular event after activation of these proteins is adenylate cyclase activation followed 
by cAMP production enhancement (Table 1).  

 
 

Table 1. Adenosine receptors signaling. Adapted from Ralevic and Burnstock, 1998; 
Sawynok and Liu, 2003; Jacobson and Guao, 2006. 

The increasing of cAMP stimulates cAMP-dependent kinase (PKA). Thus, PKA becomes 
able to activate several pathways through PKC, calcium channels, potassium channels, 
cAMP responsive element-binding (CREB), MAPK, PLC activation (Burnstock, 2007; Cunha 
et al., 2008; Fredholm et al., 2003, 2007; Jacobson & Gao, 2006; Ralevic & Burnstock, 1998).   

3.3.3 A2B receptor signaling 

Through Gs and Gq activation A2B receptor induces adenylate cyclase and PLC. In humans, 
A2BR can increase intracellular calcium by IP3 activation. Moreover, the arachidonic acid 
pathway is also involved in A2BR signaling (Feoktistov & Biaggioni, 2011; Jacobson & Gao, 
2006; Peakman and Hill, 1994).  

3.3.4 A3 receptor signaling 

A3R like A1R is coupled to Gi/0 and also to Gq/11 protein. Its main signaling transduction is 
the inhibition of adenylate cyclase and stimulation of PLC, IP3, DAG, PKC and PLD. Also, 
like other adenosine receptors, A3R activates MAPK pathway, mainly ERK1/2 (Abbracchio 
et al., 1995; Armstrong & Ganote, 1994; Palmer et al., 1995; Shneyvays et al., 2004). 
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3.4 A1 receptors and pain 

A1R is the main responsible for inducing analgesia among the adenosine receptors 
(Burnstock et al., 2011; Sawynok, 1998; Sawynok & Liu, 2003). It has been shown that A1R is 
widely distributed in the dorsal spinal cord, mainly in lamina II (substantia gelatinosa) 
(Choca et al., 1988; Horiuchi et al., 2010; Sawynok, 1998). In this site, many afferent sensory 
nerve have connections with post-synaptic neurons. Also, A1R are localized in the 
descending projection within dorsal horn (Choca et al., 1988).  

3.4.1 Effects of A1 receptor activation in acute pain 

There are several published data showing the important effect of A1R in controlling acute 
pain (review see Jacobson & Gao, 2006; Sawynok, 1998). Moreover, it has been shown that 
systemic administration of various A1R agonists can produce analgesic effect in several 
models of acute pain in animals (Gong et al., 2010; Sawynok, 1998). Probably, these effects 
are caused by peripheral, supraspinal and mostly by spinal A1R. In mice lacking A1R 
(knockout animals) a lower pain threshold was observed in hyperalgesia tests (Wu et al., 
2005). Further, analgesic effect induced by intrathecal adenosine was abolished as well as 
the  increase of thermal hyperalgesia in A1R knockout mice (Johansson et al., 2001).  

Several studies published show that intrathecal injection of A1R agonists cause analgesia in 
various animal models of acute pain, including tail flick, tail immersion, hot-plate, formalin, 
acetic acid, capsaicin models and others (Nascimento et al., 2010; Song et al., 2011; Zahn et 
al., 2007). 

A1R is also found in primary afferent neurons and in the cell body and the dorsal root 
ganglia (Lima et al., 2010; Sawynok, 2009), then it has an important role in modulation of 
peripheral pain. Many studies have shown that administration of A1R agonists into the paw 
of animals causes an analgesic effect in several animal models of pain. It has been shown 
that A1R activation in the periphery inhibits formalin-induced pain and reduces hyperalgesia 
induced by PGE2 (Karlsten et al., 1992; Taiwo & Levine, 1990). Further, when the peripheral 
adenosine A1R is activated, it triggers the NO/cGMP/PKG/KATP intracellular signaling 
pathway and then inhibits pain (Lima et al., 2010). Moreover, A1R agonists reduce the 
thermal hyperalgesia, but not mechanical allodynia, caused by sciatic nerve injury. The 
thermal hyperalgesia is mediated by C fibers and mechanical allodynia, in turn, is mediated 
by A fibers, which demonstrates the presence of A1R in C but not in A fibers (Sawynok, 
2009). 

3.4.2 A1 receptor and chronic pain 

Several authors have shown that different agonists of A1R are able to reduce distinct  
kinds of chronic pain. The agonist R-PIA inhibits mechanical allodynia induced by spinal 
nerve ligation in rats (Hwang et al., 2005; Song et al., 2011). In addition, R-PIA also reduces 
thermal pain threshold in rats that underwent an injury in the spinal cord (Horiuchi et al., 
2010).  Moreover, other mechanisms are generally involved in analgesic effect in chronic 
pain induced by A1R activation, such as inhibition of glutamate release. Another A1R agonist, 
CPA, when given to rats, inhibits pain induced by arthritis and pain induced by neuropathy 
(Curros-Criado & Herrero, 2005). Also, in experiments with A1R knockout mice it has been 
observed that these animals present a lower pain threshold than wild-type animals in 
inflammatory and neuropathic pain models (Wu et al., 2005).  



The Involvement of Purinergic System in Pain:  
Adenosine Receptors and Inosine as Pharmacological Tools in Future Treatments 

 

633 

3.4.3 Interactions between A1 receptor and opioid system 

There is a strong relationship between opioidergic and adenosinergic systems in pain 
modulation. Morphine and other opioids are able to release adenosine (Sawynok et al., 1989; 
Sweeney et al., 1987a,b; Sweeney et al., 1989). Adenosine or analog administration combined 
with opioids enhances the analgesic effect of the latter (DeLander & Hopkins, 1986). 
However, administration of methylxanthines, adenosine receptor antagonists, can augment, 
decrease or have no effect on analgesic activity of opioids (Sawynok, 2011). In addition, A1R 
can undergo dimerization with µ receptor in afferents neurons and induce the decrease of 
cAMP production (Sawynok, 1998).  

3.4.4 Interactions among A1 receptor and other receptors in pain mechanisms 

A1R is able to dimerize with alpha-2-adrenergic receptor. Also, it has been shown that 
serotonin releases adenosine from primary afferents and that A1R receptor antagonist blocks 
serotonin analgesic actions, suggesting a close involvement between adenosinergic and 
serotoninergic systems in pain modulation (Sawynok, 1998). 

3.4.5 A1 agonists/antagonists 

Methylxanthines (caffeine included) are natural antagonists of adenosine A1R and A2AR. 
However, the main selective agonists/antagonists to A1R are synthetics. Some of them are 
listed in Table 2. 

 
Table 2. Principal adenosine A1 receptor agonists and antagonists.  

3.5 A2A receptors and pain  

Taiwo & Levine (1990) demonstrated clear distinct effects of A1R and A2AR activation in 
peripheral pain. They showed that, in peripheral sites, A1R mediates analgesia while A2AR 
facilitates painful perception. In addition, other studies also showed that peripheral A2AR 
activation induced pain (Doak & Sawynok, 1995; Li et al., 2010; Taiwo & Levine, 1990). 
However, systemically and spinally, the role of A2AR is not entirely clear. Some publications 
have demonstrated that A2AR activation induces pain (Bastia et al., 2002; Hussey et al., 2007). 
On the other hand, other authors have showed a reduction of pain when A2AR is activated 
(By et al., 2011; Borghi et al., 2002; Yoon et al., 2005). These controversial results might be 
associated with A2AR intracellular signaling. A2AR activation induces cAMP increased 
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production (it can cause pain) and also K+ channels opening (it can inhibit pain) (Jacobson & 
Gao, 2006; Regaya et al., 2004; Sawynok, 1998).  

A2AR knockout animals are less sensitive to pain, suggesting that A2AR is a pain facilitator in 
acute (Hussey et al., 2007) and chronic pain (Bura et al., 2008). Bura and coworkers (2008) 
also demonstrated that microglia and astrocytes expression was higher in wild-type A2AR 
animals than in A2AR knockout animals. Also, A2AR located in glial cells is responsible for the 
release of inflammatory mediators that induce and maintain chronic pain (Boison et al., 
2010). Thus, A2AR blockade might be an interesting approach for future treatments of 
neuropathic and chronic pain. Meantime, also in chronic pain exists distinct results about 
A2AR. A report showed that only one spinal injection of A2AR agonist was able to induce 
analgesia during several days in rats undergoing neuropathic pain (Loram et al., 2009).  
After all, it is clear that A2AR is involved in pain modulation. However, more studies are 
necessary to precisely explain how this receptor works in distinct situations, only then it will 
be possible to make clinical approaches.  

3.6 A2B receptors and pain 

Few studies have been evaluating the A2BR role in pain. Most part of these studies showed 
that A2BR facilitates pain transmission, because A2BR antagonists have reduced pain (Abo-
Salem et al., 2004; Bilkei-Gorzo et al., 2008; GodFrey et al., 2006). A2BR antagonist reduced 
thermal hyperalgesia and was able to potentiate the analgesic effect caused by morphine 
and acetaminophen (Abo-Salem et al., 2004; Godfrey et al., 2006). Also, the blockade of A2BR 
presented an analgesic effect in inflammatory pain (Bilkei-Gorzo et al., 2008). 

3.7 A3 receptors and pain  

Similar to A2BR, adenosine A3R is not an interesting target to pain relief. However, A3R is 
implicated in pathological conditions such as ischemic diseases and in inflammation (for 
review see Borea et al., 2009). Regarding pain, there are few studies evaluating A3R role. 
Sawynok and colleagues (1997) showed that A3R activation causes pain and paw oedema 
through release of histamine and serotonin. A3R knockout animals presented an increased 
pain threshold in some models of pain but not difference in others (Fedorova et al., 2003; 
Wu et al., 2002). A3R might be an interesting target to inflammatory and autoimmune 
diseases, but not to pain states.  

3.8 Novel approaches in pain management involving adenosine receptors 

3.8.1 Management of adenosine receptors by metabolism modulation 

The first report showing that adenosine kinase (AK) inhibition reduces behaviour associated 
to pain was published by Keil and DeLander, 1992. AK inhibitors are able to decrease pain 
levels when given peripherally or sistemically (Kowaluk et al., 1999; Lynch et al., 1999; 
Sawynok, 1998). Moreover, these inhibitors are efficacious against acute and chronic pain 
(Kowaluk et al., 2000; Lynch et al., 1999; McGaraughty et al., 2005; Poon & Sawynok, 1998, 
1999; Suzuki et al., 2001). Another enzyme that regulates adenosine level is adenosine 
deaminase (ADA), that converts adenosine to inosine (Sawynok, 1998). However, the 
analgesic effect caused by ADA inhibition is not so clear yet. It has been showed that 
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inhibitors of ADA itself are able to cause analgesia in determined animal models (Poon & 
Sawynok, 1999), but not in others (Keil & DeLander, 1992, 1994). 

Coadministration of AK and ADA inhibitors potentiates the analgesic effect of the former 
(Poon & Sawynok, 1999). Also, adenosine effect is synergically augmented by 
coadministration of ADA inhibitor (Keil & DeLander, 1994). Distinct effects between AK 
inhibitors and ADA inhibitors might be because adenosine has a higher affinity by AK than 
ADA (Arch & Newsholme, 1978). In this point of view, AK seems to be the most important 
enzyme to regulate adenosine endogenous levels. 

3.8.2 Analgesic effect by supply of purinergic substrates 

Ecto-5’-nucleotidase (NT5E) is an enzyme located in the cell membrane that catalyzes the 
extracellular conversion of adenosine monophosphate (AMP) into adenosine in several 
tissues, included dorsal root ganglia (DRG) and substantia gelatinosa (Zylka, 2011). Recent 
studies have demonstrated that the analgesic effect of AMP combined with an AK inhibitor 
halved in NT5E knockout animals and is totally reversed in A1R knockout animals (Sowa et 
al., 2010a). These results inspired another study that evaluated whether exogenous supply of 
NT5E (increases supply of adenosine) could induce a long lasting analgesic effect. NT5E 
presented effects that lasted for 2 days in models of inflammatory and chronic pain. Both 
effects were dependent on A1R (Sowa, 2010b). Hence, the supply of enzymes that generate 
adenosine is a new interesting approach that may be used in studies to treat chronic pain. 

3.8.3 Involvement of adenosine receptors in acupuncture pain relief 

In an elegant study published in 2010, Goldman and colleagues showed that analgesia 
induced by acupuncture depends on purine release, such as ATP, ADP, AMP and 
adenosine. In addition, it has been showed that A1R agonist replicates the acupuncture 
effect. Also, in A1R knockout animals, acupuncture did not present analgesia. Moreover, 
inhibition of adenosine deaminase prolonged the analgesic effect of acupuncture in mice 
(Goldman et al., 2010). It is interesting to mention that caffeine, the most widely used drug 
across the world in beverages such as teas, coffee, mate, soft drinks, energy drinks and 
others is an antagonist of adenosine receptors. Therefore, patients in treatment with 
acupuncture should not drink these caffeine beverages, because caffeine might reduce the 
acupuncture analgesic effect (for review see Zylka, 2010). 

4. Inosine and pain 
4.1 Inosine within of purinergic system 

ATP is the main molecule of purinergic system. Inside the cell, ATP may be bi-directionally 
converted into AMP. AMP is  broken down into adenosine. Adenosine may be converted 
back into AMP through phosphorylation by AK. Moreover, adenosine might leave the cell 
by nucleoside transporter (NT). Inside the cell, adenosine deaminase is responsible for the 
conversion from adenosine to inosine. Outside the cell, this conversion is performed by ecto-
adenosine kinase or even adenosine deaminase. Inosine is a substrate to purine nucleoside 
phosphorylase (PNP), leading to hypoxanthines as its products. Hypoxanthines are 
converted into xanthines and afterwards to uric acid by xanthine oxidase (Figure 4) (See 
review Sawynok & Liu, 2003).  
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Fig. 4. Purinergic metabolism and its main molecules and enzymes. A1, adenosine A1 
receptor; A2A, adenosine A2A receptor; A2B, adenosine A2B receptor; A3, adenosine A3 
receptor ADA, adenosine deaminase; AK, adenosine kinase; AMP, adenosine 
monophosphate; ATP, adenosine triphosphate; ENT, equilibrative nucleoside transporter; 
HXT, hypoxanthines; NT5E, ecto-5’nucleotidase; P2X, purine P2X receptor; P2Y, purine P2Y 
receptor; PNP, purine nucleoside phosphorilase. 

Thus, inosine is one among many molecules in purinergic system. However, inosine has 
specific roles in several physiological states, we will show some functions and discuss the 
role of inosine in pain control in next sections. 

4.2 Inosine physiological roles 

In recent decades, many physiological roles for inosine have been  shown. During the 70’s, 
Aviado demonstrated that inosine exerts cardiotonic actions, such as preventing negative 
inotropic effect and increasing coronary vasodilatation (Aviado, 1978). Also, inosine 
presents several effects on axonal growth, such as axon growth induction and damaged 
neurons stimulation (Benowitz et al., 1999, 2002; Chen et al., 2002). Inosine also induces a 
regrowth in axotomized retinal ganglion cells in rats (Wu et al., 2003). These data indicate 
that inosine may constitute a new approach to treat the injured or degenerated nerves in 
central or peripheral nervous system. Despite of cardiovascular and axonal growth effects, 
the inflammatory effects of inosine are the most studied. Inosine has significant anti-
inflammatory effects in several in vivo and in vitro models of inflammation (Gomez & 
Sitkovsky, 2003; Haskó et al., 2000; Marton et al., 2001; Schneider et al., 2006). These effects 
seem to be mediated by A1R, A2R and A3R (Gomez & Sitkovsky, 2003; Haskó et al., 2000, 
2004).    

4.3 Inosine effect on acute pain 

Inosine has analgesic action when administered by different routes (i.e. intraperitoneal, oral, 
intrathecal or intracerebroventricular) against pain induced by acetic acid (Nascimento et al., 
2010). Of note, inosine also inhibits pain induced by formalin. Formalin test induces 2 
distinct types of pain, neurogenic phase (acute pain) and inflammatory phase (inflammatory 
pain). Inosine is not able to relieve pain in neurogenic phase. However, inosine reduces 
nearly totally the inflammatory pain in formalin test (Nascimento et al., 2010). The effects of 
inosine in this model of pain extended the acetic acid data because formalin is a more 
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specific model. Therefore, these results indicate that inosine is able to prevent and reduce 
pain induced by inflammatory mediators. In this way, inosine may be inhibiting the 
synthesis or release of several neurotransmitters and mediators involved in pain conditions 
(Nascimento et al., 2010). We can also conclude that inosine is able to inhibit pain induced 
by central facilitation. Therefore, inosine increases pain threshold and it may be useful to 
treat some kinds of pain injury that result from a central sensitization. Adenosine receptors 
distribution on substantia gelatinosa, mainly A1R and A2AR could explain how inosine acts in 
this case (Sawynok, 1998; Sawynok & Liu, 2003). Inosine also presents a significant and 
dose-related inhibition of pain induced by glutamate (acute pain model) injection into the 
paw of mice (Nascimento et al., 2010).   

4.4 Inosine effects on chronic pain 

The data described in literature strongly suggests that inosine may have an important effect 
in controlling chronic pain, since it has anti-inflammatory effect and can reduce acute pain. 
In fact, Nascimento and colleagues (2010) demonstrated that acute administration of inosine, 
intraperitoneally, was able to inhibit chronic inflammatory pain induced by CFA in mice, 
being effective up to 4 hours after administration. The CFA is responsible for inducing 
chronic inflammation by stimulating the body's immune response, this response is mediated 
by the synthesis and release of cytokines and inflammatory mediators (Zhang et al., 2011). 

In the study published by Nascimento and colleagues (2010), inosine was effective against 
mechanical and thermal allodynia induced by partial sciatic nerve ligation (PSNL) up to 4 
hours after treatment by intraperitoneal route. Further, in another experiment, inosine was 
given daily for until 22 days and it also presented significant analgesic effect. Pain induced by 
PSNL is very strong and may last for weeks (Ueda, 2006). Animal models of neuropathic pain 
induce many functional and biochemical changes in local injury site. After the surgery there is 
the release of multiple inflammatory and pain mediators which in turn, may also be present in 
other areas involved and affected by sciatic nerve, as spinal cord and brain (Bridges et al., 2001; 
Ji & Woolf, 2001; Inoue et al., 2004; Ueda, 2006). Inosine activity in this kind of pain may 
indicate a promising molecule to new studies, because inosine might have a longer half-life 
than adenosine and admittedly does not have toxic or side effects.  

4.5 Adenosine receptors involved in analgesic effects of inosine 

A1R has been considered the main receptor responsible for analgesic effect among adenosine 
receptors (Burnstock, 2007; Sawynok, 1998). A1R is also the main receptor involved in inosine 
analgesic effect. Both A1R antagonists DPCPX and 8-PT were able to reverse the inosine 
action. Inosine in a direct or indirect way activates A1R to induce analgesia (Nascimento et 
al., 2010). Other studies have showed that adenosine receptor antagonists block in vivo and 
in vitro inosine effects (Haskó et al., 2000) and adenosine receptor knockout animals do not 
present immunoprotective effects of inosine (Gomez & Sitkovsky, 2003). Thus, it is clear that 
the A1R activation is essential for  inosine to exert its  effect (Figure 5). 

Involvement of A2AR in pain is quite controversial. Some studies show that A2AR blockade 
leads to analgesic effect (Borghi et al., 2002; Yoon et al., 2005) while other studies 
demonstrate that the blockade or deletion of A2AR causes pain relief (Bastia et al., 2002; 
Ledent et al., 1997). Inosine activates A2AR to induce analgesia, at least in the acetic acid 
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model (Nascimento et al., 2010). However, the participation of A2AR receptor in inosine 
analgesia in other pain animal models might be different or does not exist. Moreover, the 
A2AR involvement on inosine effect can occur due to its anti-inflammatory profile (Milne & 
Palmer, 2011) and due to activation of the K+ channels (Regaya et al., 2004). 

 
Fig. 5. Principal mechanisms of inosine antinociception. A1R, adenosine A1 receptor; A2AR, 
adenosine A2A receptor, cAMP, cyclic adenosine monophosphate; K+, potassium channels; 
PKC, protein kinase C.   

A2BR and A3R adenosine receptors do not have significant role in pain transmission or 
modulation (Sawynok, 1998). Although it has been shown that inosine binds to A3R, it seems 
that A2BR and A3R receptors are not involved in inosine analgesic effect (Nascimento et al., 
2010).  

4.5.1 Does inosine binds to adenosine receptor?  

Few studies have evaluated if inosine binds to adenosine receptor. Jin and co-workers 
demonstrated that inosine binds to A3R in mast cells, but not to A1R or A2AR (Jin et al., 1997). 
In 2001, Fredholm’s group observed that inosine weakly bound to A1R and A3R, but not to 
A2R (Fredholm et al., 2001). Fredholm concluded that inosine could not be considered a 
natural ligand of adenosine receptors. However, because of these few studies and 
considering in vivo studies where adenosine antagonists are able to block inosine effects, it is 
not is possible to affirm whether inosine is or not a natural ligand or a partial agonist of 
adenosine receptors. More studies are necessary to elucidate this issue.  

4.6 Intracellular signalling involved in analgesic effects of inosine 

The intracellular signaling involved in analgesic action of inosine is yet not entirely 
elucidated. Assuming that inosine effects depend on adenosine receptors, A1R and A2AR, we 
can consider that adenosine receptors signaling pathways are the major effectors of this 
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effect. As fully mentioned previously, A1R is coupled to Gi/0 protein. A1R signaling causes 
downstream inhibition of adenylyl cyclase and induction of PLC activity. Further, when A1R is 
activated it causes potassium channel opening, PI3K and MAPK stimulation. All these 
pathways might participate in the inosine analgesic effect (Ansari et al., 2009; Jacobson & Gao, 
2006; Sawynok, 1998; Schulte & Fredholm, 2003). Inosine inhibits the pain caused by PKC 
activator. Thus, at least in part, the analgesic action of inosine depends on PKC inhibition 
(Nascimento et al., 2010), even though it is not clear yet how it happens (Figure 5). Costenla 
and coworkers showed that an adenosine analog that has preference for A2AR is able to inhibit 
sodium current in NMDA receptors (Costenla et al., 1999). This signaling occurring in vivo 
could partially explain how A2AR works in analgesia induced by inosine.  

4.7 Perspectives 

As previously described in this chapter, purinergic system is an important endogenous 
modulator of pain. Hundreds of pre-clinical studies targeting the adenosine receptors 
showed analgesic effect in distinct pain models. Inosine, an endogenous modulator of 
several physiological functions also presents a role in pain transmission. Inosine might be a 
natural activator of adenosine receptors. Also, it can indirectly increase the release or reduce 
the uptake of adenosine, potentiating the effect of its precursor. Thus, understanding how 
inosine acts to induce analgesia may help discover new ways to inhibit pain or new 
therapeutic targets. Moreover, inosine may be a potential molecule to treat pain, and it has a 
great advantage to be devoid of toxic or side effects because it has been used clinically for 
many years for other purposes. Another interesting approach would be to attempt to 
prolong and potentiate the effect of inosine. For this, a great understanding of purinergic 
metabolism is necessary in order to correctly and effectively approach this matter. 

5. Active drugs on adenosine receptors and their clinical applications  
Nowadays there is increasing interest in the therapeutic potential of adenosinergic 
compounds (including receptor agonists and antagonists, enzyme inhibitors and others), 
and many adenosine compounds have been evaluated.  

5.1 Adenosine receptor ligands and their potential as novel drugs 

Adenosine itself, for a long time, was the only adenosine agonist  used in humans. It is 
widely used in the treatment of paroxysmal supraventricular tachycardia (Adenocard®) due 
to its activation of A1R, and as a diagnostic for myocardial perfusion imaging (Adenoscan®) 
utilizing its A2AR-activating effects resulting in vasodilation (Müller & Jacobson, 2011). 
However, other A1R-selective agonists such as Selodenoson, Capadenoson e Tecadenoson 
have been clinically evaluated for the treatment of paroxysmal supraventricular tachycardia, 
atrial fibrillation, or angina pectoris (Müller & Jacobson, 2011). Still talking about 
cardiovascular disorders, selective A2AR agonist, Apadenoson, Binodenoson and 
Sonedenoson appears as candidates for clinical use (Awad et al., 2006; Desai et al., 2005; 
Udelson et al. 2004). These agonists are of interest as   vasodilator agents in cardiac imaging 
(Cerqueira, 2006) and inflammation suppressors. Accordingly, Regadenoson is already 
approved for diagnostic imaging (Iskandrian et al., 2007). A3R selective agonists are also 
currently in clinical trials and exhibit nanomolar affinity at the receptor, CF101 (Can-Fite 
Biopharma) and Cl-IB-MECA (CF102) are in trials for autoimmune inflammatory disorders 
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and for liver cancer, respectively. Two other A3R agonists CP-608,039 and its N6-(2,5-
dichlorobenzyl) analogue CP-532,903 were previously under development for 
cardioprotection. MRS3558 (CF502) is in preclinical development for the treatment of 
autoimmune disease (Avni et al., 2010; Wan et al., 2008). 

5.2 Adenosinergic drugs in pain clinical studies and practical 

Clinical studies confirm the pre-clinical trials showing that in neuropathic pain patients, 
adenosine was able to alleviate spontaneous pain, tactile and thermal allodynia, as well as 
thermal hyperalgesia (Qu et al., 1997). In addition, intravenous infusion of adenosine during 
breast surgery reduced the postoperative pain (Lynch et al., 2003; Sollevi et al., 1995). Spinal 
administration of adenosine and adenosine analogs in humans also exhibited analgesic 
effect. A phase I clinical safety study in healthy volunteers demonstrated that 1000 μg of 
adenosine given intrathecally lacked side effects and led to a significant decrease in mustard 
oil-induced inflammatory pain, in tourniquet induced ischemic pain, and decreased areas of 
secondary allodynia after skin inflammation (Rane et al., 1998).  

In another study, a single dose of 0.1 – 0.5 mg/kg of SDZ WAG 994 (adenosine A1R agonist), 
was evaluated in a phase I clinical study, and this compound was well tolerated. A dose of 1 
mg/kg was used in a randomized double-blind clinical trial to determine its efficacy in 
postoperative dental pain after third molar surgery. However, SDZ WAG 994 did not show 
significant difference from placebo and was not effective in attenuating postoperative pain 
after third molar surgery. On the other hand, at higher doses, the compound showed dose-
dependent adverse events (Seymour et al., 1999; Wagner et al., 1995; Yan et al., 2003). 

Another full high-affinity A1R agonists, GR79236X, was also evaluated in patients with 
dental pain after third molar extraction. Patients received a 15-min double-blind infusion 
containing 10 μg/kg of GR79236X, unfortunately, no evidence of efficacy of GR79236X was 
observed with this compound compared with placebo (Sneyd et al., 2007). Another A1R 
agonist GW493838 developed by GlaxoSmithKline, was evaluated in phase II clinical trials 
to determine its analgesic effect in patients with postherpetic neuralgia or peripheral nerve 
injury caused by trauma or surgery. However, further development of GW493838 has been 
discontinued (Nelsen et al., 2004; as cited in Elzein & Zablocki, 2008). 

Allosteric modulation of A1R function may also be an interesting tool. Accordingly, the A1R-
selective allosteric enhancer T-62, given orally was also shown to reduce hypersensitivity in 
carrageenan-inflamed rats, in addition, phase I clinical trials of T62 have been completed as 
a treatment for neuropathic pain (Childers et al., 2005). Therewithal, the A2AR agonist 
BVT.115959 from Biovitrum  completed the clinical trials for diabetic neuropathic pain and it 
was well tolerated but did not significantly improve pain symptoms (Biovitrum, 2005; 
Zylka, 2011). 

6. Conclusion and future directions 
This chapter presented a general and updated review about the purinergic system with 
emphasis in adenosine receptors (P1) and pain. It is possible to conclude that the 
modulation of this system and its receptors is quite important and interesting for the control 
of pain. Recent studies have approached this system in new ways and contributed to the 
development of this research field. Some clinical studies have been carried out with 
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purinergic drugs (adenosine analogs) and some studies have showed quite satisfactory 
effects, although others haven`t showed statistical difference between treated and non-
treated groups. Finally, the possibility of new drugs targeting the purinergic system to treat 
distinct kinds of pain reaching clinical trials in the next years is clear.  
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1. Introduction 
Most drugs used today are purely organic compounds. Especially after the enormous 
success of the cisplatin (Fig 1) in tumor treatment, interest in metal complexes has grown 
(Allardyce & Dyson, 2006). Synthetic organometallic compounds are generally considered to 
be toxic or non-compatible with biological systems. Despite this perception, the medicinal 
properties of organometallic compounds, in particular organo-transition metal compounds, 
have been probed for a long time and in the last few years the area has grown considerably. 

Transition metals have an important place within medicinal biochemistry (Rafique et al, 
2010). Transition metals represent the d block element which includes groups 3 - 12 on the 
periodic table. They have partially filled d-shells in any of their commonly occuring 
oxidation state. Metal complex or coordination compound is a structure consisting of a 
central metal atom, bonded to a surrounding array of ligands (molecules or anions), which 
donate electron pair to the metal. Research has shown significant progress in utilization of 
transition metal complexes as drugs to treat several human diseases like carcinomas, 
lymphomas, infection control, anti-inflammatory, diabetes, and neurological disorders. 
Transition metals exhibit different oxidation states and can interact with a number of 
negatively charged molecules. This activity of transition metals has started the development 
of metal-based drugs with promising pharmacological application and may offer unique 
therapeutic opportunities.  

2. Therapeutic applications of some old and new organometallic complexes 
and discoveries and ongoing studies 
Various metal complexes have been tested in anticancer therapy (Meng et al, 2009). The 
development of metal complexes with platinum central atoms such as cisplatin or 
carboplatin had an enormous impact on current cancer chemotherapy (Fig 1, 2) (Ott & Gust, 
2007). In particular, cisplatin has become one of the most widely used drugs and is highly 
effective in treating several cancers such as ovarian and testicular cancers (Meng et al, 2009). 

 
Fig. 1. Molecular structure of cisplatin. 
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Most of the platinum compounds that entered clinical trials follow the same empirical 
structure-activity relationships (Abu-Surrah & Kettunen, 2006). A necessary prerequisite for an 
active Pt-drug seems to be cis-coordination by bidentate amine ligands or two amines (at least 
one -NH group on the amine) and two leaving groups with an intermediate binding strength 
(e.g. Cl-, SO42-, citrate or oxalate) to platinum. The limitations of cisplatin have stimulated 
research in the field of platinum antitumor chemistry by giving specific goals. These include 
reduction in toxicity of cisplatin (nausea, ear damage, vomiting, loss of sensation in hands, and 
kidney toxicity), acquired drug resistance observed in certain tumors, inefficiency of the drug 
against some of the commonest tumors (e.g. colon and breast). 

 
Fig. 2. Structures of carboplatin (left) and oxaliplatin (right) (Hanif, 2010) 

Thousands of other platinum complexes have been synthesized and biologically evaluated 
for their antitumor properties, from which about fourty entered clinical phase I trials but 
only two carboplatin and oxaliplatin (Fig. 2) have received worldwide approval (Abu-
Surrah & Kettunen, 2006). Carboplatin exhibits a tumor inhibiting profile identical to that of 
cisplatin, however with fewer side effects, whereas oxaliplatin is used in a combination 
therapy against metastatic colorectal cancer. 

Some platinum(II) and palladium(II) complexes with new trans-l-dach (1R,2R-
cyclohexanediamine) based diamine and diimine donor ligands containing the 
enantiomerically pure myrtenyl groups as terminal substituents were synthesized in 2008. 
The anti-proliferative effect of compounds Dichloro[(1R,2R)-(-)-N1,N2-bis{(1R)- 
(-)myrtenyl}-1,2-diamino cyclohexane]-platinum(II).3H2O, Dichloro[1R,2R)-(-)-N1,N2-
bis{(1R)-(-) myrtenylidene}-1,2-diamino cyclohexane]-platinum(II) and Dichloro [(1R,2R)-
(-)-N1,N2-bis{(1R)-(-)myrtenyl}-1,2-diaminocyclohexane]-palladium(II).1.5H2O together 
with the commercial drugs cisplatin (Cis-Pt) and oxaliplatin (Ox-Pt) were investigated in 
L1210 Cell line using 3H-thymidine incorporation (Abu-Surrah et. al., 2008). As shown in 
Figure 3, the platinum compounds Dichloro[(1R,2R)-(-)-N1,N2-bis{(1R)-(-)myrtenyl}-1, 
2-diaminocyclo hexane]-platinum(II).3H2O and Dichloro [1R,2R)-(-)-N1,N2-bis{(1R)-(-) 
myrtenylidene}-1,2-diaminocyclohexane]-platinum(II) suppress proliferation more 
efficiently than the commercial platinum-based drugs with an IC50 of 0.6 and  
0.7 μL, respectively. Compound Dichloro[(1R,2R)-(-)-N1,N2-bis{(1R)-(-) myrtenyl}-1,2-
diaminocyclohexane]- platinum(II).3H2O is 17-folds more potent than the commercial 
oxaliplatin and cisplatin. No significant difference could be observed between the 
complex that contains the diamine nitrogen ligand and the one holding the corresponding 
diimine ligand. The authors also synthesized the palladium complex; Dichloro[(1R,2R)-(-)-
N1,N2-bis{(1R)-(-)myrtenyl}-1,2-diaminocyclohexane]-palladium(II).1.5H2O, which also 
suppresses proliferation efficiently with an IC50 of 4.2 μL. This is about 2-folds more 
potent than the commercial oxaliplatin and cisplatin. 
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(a) Dichloro[(1R,2R)-(-)-N1,N2-bis{(1R)-(-)myrtenyl}-1,2-diamino cyclohexane]-platinum(II).3H2O 

 
(b) Dichloro[1R,2R)-(-)-N1,N2-bis{(1R)-(-) myrtenylidene}-1,2-diamino cyclohexane]-M(II)   M=Pt(II), Pl(II) 

Fig. 3. The structure of some platinum(II) and palladium(II) complexes with new trans-l- 
dach based diamine and diimine donor ligands containing the enantiomerically pure 
myrtenyl groups as terminal substituents (Abu-Surrah & Kettunen, 2006). 

In a total look, platinum complexes display, along with other kinds of anticancer drugs, two 
major drawbacks: (a) severe toxicities (neurotoxicity, nephrotoxicity, etc.) and (b) limited 
applicability to a narrow range of tumors, as several of them exhibit natural or induced 
resistance.  These unresolved problems in platinum-based anticancer therapy have 
stimulated increased research efforts in the search for novel non platinum-containing metal 
species as cytostatic agents. Non-platinum metals may have different chemical behavior 
(oxidation state, redox potential, coordination geometry, additional coordination sites, 
binding preferences to biomolecules according to the HSAB [hard and soft (Lewis) acids and 
bases] principle etc.), rate of hydrolysis or kinetics of ligand exchange reactions and the 
ability to replace essential metals (Abu-Surrah & Kettunen, 2006). Therefore, it is likely that 
non-platinum metal-based compounds may have different mechanisms of action, 
biodistribution and biological activity.  

The antitumor properties of a number of different metal ions and their complexes have been 
evaluated, but only a few non-platinum metal-based drugs are currently in clinical studies, 
the most promising ones contain ruthenium and gallium ions (Abu-Surrah & Kettunen, 
2006). Preclinical and clinical investigations confirmed that the development of new metal 
agents with modes of action different from cisplatin is possible (Ott & Gust, 2007). Thus, 
complexes with iron, cobalt, or gold central atoms have shown promising results in 
preclinical studies and compounds with titanium, ruthenium, or gallium central atoms (as 
in Fig 4)  have already been evaluated in phase I and phase II trials. Other metal complexes 
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that have shown potential anticancer activity are the complexes of Rh(I), Rh(III), Ir(I), Ir(II), 
Ir(IV), Os(II) and Os(III). Many platinum and non-platinum metal complexes such as 
palladium, ruthenium, rhodium, copper, and lanthanum, with aromatic N-containing 
ligands as pyridine, imidazole and 1,10-phenanthroline, and their derivatives (whose donor 
properties are somewhat similar to the purine and pyrimidine bases), have shown very 
promising antitumor properties in vitro and in vivo in cisplatin-resistant model systems or 
against cisplatin-insensitive cell lines (Zhao & Lin, 2005).  
 

 
 

Fig. 4. The chemical structures of titanocene dichloride (a), gold tetraphenylporphyrin (b) 
and gallium maltolate (c) (Hanif, 2010). 

The notable analogy between the coordination chemistry of platinum(II) and palladium(II) 
compounds has advocated studies of Pd(II) complexes as antitumor drugs (Abu-Surrah & 
Kettunen, 2006). A key factor that might explain the reason that platinum is most useful, 
comes from the ligand-exchange kinetics. The hydrolysis of the leaving ligands in palladium 
complexes is too rapid: 105 times faster than their corresponding platinum analogues. They 
dissociate readily in solution leading to very reactive species that are unable to reach their 
pharmacological targets. This implies that if an antitumor palladium drug is to be 
developed, it must somehow be stabilized by a strongly coordinated nitrogen ligand and a 
suitable leaving group. If this group is reasonably non labile, the drug can maintain its 
structural integrity in vivo long enough.  As a way to increase the stability of the 
palladium(II) complexes, two chelates forming two rings around the central atom were 
prepared and evaluated. A series of compounds bearing two chelating ligands the N-N and 
O-O ligand (XO3: selenite or tellurite) were prepared. The N-N ligand did not influence the 
activity but the oxygen coordinated leaving group did. Selenite complexes were invariably 
better cytotoxic agents than tellurite complexes and cisplatin. The complex [bipy)Pd(SeO3)] 
(Fig 5) was found to bind to DNA through a coordinate covalent bond. Another study 
investigated compounds [((1R,2R)-(-)-1,2-diaminocyclohexane)Pd(3-methylorotate)] which 
gave a high activity for sarcoma 180 but a low one against P388 leukemia and [(1R,2R)-(-)-
1,2-diaminocyclohexane)Pd(5-fluroorot)] which also displayed significant antitumor 
activity. These strong chelating ligands replacing chloro or nitro ligands induce a reduction 
in the rate of hydrolysis. 
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Fig. 5. The geometrical structure of [bipy)Pd(SeO3)] (a), [((1R,2R)-(-)-1,2-diaminocyclohexane) 
Pd(3-methylorotate)] (b), [(1R,2R)-(-)-1,2-diaminocyclohexane)Pd(5-fluroorot) (c)] (Abu-
Surrah & Kettunen, 2006) 

Both ruthenium and osmium, along with iron, are members of group VIIIB and are placed 
in the fourth, fifth and sixth row of the periodic table, respectively. They are classified as the 
‘Platinum group’ along with rhodium, palladium, iridium and platinum. All these metals 
often occur together in the same mineral deposits and have closely related physical and 
chemical properties. The application of iron in group 8 metal complexes in anticancer drug 
design is the ferrocenyl derivative of tamoxifen (ferrocifen) (Jauen et al, 2006), and two 
ruthenium containing drug candidates NAMI-A and KP1019 in clinical trials. In trying to 
find better alternatives to tamoxifen, Jaouen et al. (Top et al, 2001), have investigated 
tamoxifen analogs that contain an organometallic moiety. The researchers studied the effects 
of several hydroxy-substituted ferrocifens on the proliferation of two lines of breast cancer 
cells, one used for tumors mediated by the ERα receptor, and one used for tumors mediated 
by ERβ. Three of the ferrocifens (Fig 6) exhibited a strong antiproliferative effect in both cell 
lines while hydroxytamoxifen, as expected, was effective only against the cells having the 
ERα receptor. Ferrocifenes exhibit anticancer activity against hormone dependent and 
hormone independent breast cancers (Rafique et al, 2010). The ferrocene derivatives having 
hydroxyl group in phenyl ring have high affinity for estrogen receptor. Ferrocene by itself 
had no effect. 

 
Fig. 6. The main molecular structure of ferrocifenes. 

a b c 
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Special attention has been paid to ruthenium compounds because they exhibit cytotoxicity 
against cancer cells, analogous ligand exchange abilities to platinum complexes, no cross-
resistance with cisplatin, and may display reduced toxicity on healthy tissues by using iron 
transport (Meng et al, 2009).  Ruthenium complexes demonstrate similar ligand exchange 
kinetics to those of platinum(II) antitumor drugs already used in the clinic while displaying 
only low toxicity (Brabec & Novakova, 2006). This is in part due to the ability of ruthenium 
complexes to mimic the binding of iron to molecules of biological significance, exploiting 
the mechanisms that the body has evolved for transport of iron.  

Ruthenium complexes tend to accumulate preferentially in neoplastic masses in comparison 
with normal tissue (Rademaker-Lakhai et al, 2004). They probably use transferrin, for its 
similarities with iron, to accumulate in the tumor. A transferrin-ruthenium complex can be 
actively transported into tumor tissues that have high transferrin-receptor densities. Once 
bound to the transferrin receptor, the complex liberates ruthenium that can be easily 
internalized in the tumor. Next, ruthenium (III) complexes likely remain in their relatively 
inactive ruthenium(III) oxidation state until they reach the tumor site. In this environment, 
with its lower oxygen content and pH than normal tissue, reduction to the more reactive 
ruthenium(II) oxidation state takes place. This reaction, named ”activation by reduction“ 
would provide not only a selective toxicity but also an efficacy toward hypoxic tumors 
known to be resistant to chemotherapy and/or radiotherapy. Finally, some complexes are 
more effective against the tumor metastases than against the primary tumor.  Due to 
differing ligand geometry between their complexes, ruthenium compounds bind to DNA 
affecting its conformation differently than cisplatin and its analogues (Brabec & Novakova, 
2006). In addition, non-nuclear targets, such as the mitochondrion and the cell surface, have 
also been implicated in the antineoplastic activity of some ruthenium complexes. So, 
ruthenium compounds have a pattern of cytotoxicity and antitumor activity that is different 
from that of cisplatin tissue (Rademaker-Lakhai et al, 2004). Ruthenium complexes exhibit 
both nitric oxide release and scavenging functions that can affect vasodilation and synapse 
firing (Clarke, 2003).  Simple ruthenium complexes are unusually effective in suppressing 
the immune response by inhibiting T cell proliferation. Thus, ruthenium compounds offer 
the potential over antitumor platinum(II) complexes currently used in the clinic of reduced 
toxicity, a novel mechanism of action, the prospect of non-cross-resistance and a different 
spectrum of activity. Although the pharmacological target for antitumor ruthenium 
compounds has not been completely identified, there is a large body of evidence indicating 
that the cytotoxicity of many ruthenium complexes correlates with their ability to bind DNA 
although few exceptions have been reported. One of the first ruthenium compounds 
described to have anticancer activity was ruthenium red, and further work showed the 
anticancer potential of ruthenium-containing drugs (Rafique et al, 2010). Since then, several 
teams have synthesized and characterized new compounds containing ruthenium(II) or 
ruthenium(III). Ruthenium red and the related Ru360 strongly inhibit calcium ion uptake in 
the mitochondria (Clarke, 2003).  

Ru(II) and Ru(III) complexes have shown very promising properties while the Ru(III) 
compound NAMI-A (imidazolium trans-[tetrachloro(DMSO)(imidazole)ruthenate(III)]) , is 
the first ruthenium compound that successfully entered phase I clinical trials as an 
antimetastatic drug candidate (Katsaros & Anagnostopoulou, 2002; Antonarakis &  Emadi, 
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2010). Ruthenium compound KP1019 (indazolium trans-[tetrachlorobis(1H-indazole) 
ruthenate(III)]), as an anticancer drug against colon carcinomas and their metastases has 
also entered clinical trials so far. It has shown direct antitumor activity against a wide range 
of primary explants of human tumors by inducing apoptosis (Antonorakis & Emadi, 2010). 
Both compounds showed relatively little side-effects and better tolerance in clinical phase I 
trials (Fig. 7). In preclinical studies, NAMI-A has demonstrated inhibitory effects against the 
formation of cancer metastases in a variety of tumor animal models but appears to lack 
direct cytotoxic effects (Antonarakis &  Emadi, 2010). In case of NAMI-A, DNA is thought to 
be a less important target, and anti-angiogenic activity based on the NO metabolism has 
been described (Bharti & Singh, 2009). NAMI-A interaction with the microenvironment 
involving integrin activation that results in reduced cell invasiveness and migration has 
been proposed and this may be the reasons for the activity of ruthenium compounds against 
cisplatin-resistant tumors. Ruthenium compounds ONCO4417 and DW1/2 have been 
demonstrated to show Pim-1 kinase inhibition in preclinical systems (Sekhon, 2010). A 
phase I and pharmacokinetic study was also carried out with the new ruthenium complex 
indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(III)] (KP1019, FFC14A) (Lentz et al, 
2009).  Seven patients with various types of solid tumours refractory to standard therapy 
were treated with escalating doses of KP1019 (25-600 mg) twice weekly for 3 weeks. No 
dose-limiting toxicity occurred. Ruthenium plasma concentration-time profiles after the first 
dose and under multiple-dose conditions were analysed using a compartmental approach. 
The pharmacokinetic disposition was characterised by a small volume of distribution, low 
clearance and long half-life. Only a small fraction of ruthenium was excreted renally.  

 
Fig. 7. Structure of ruthenium complexes NAMI-A and KP1019 (Llorca, 2005). 

Many biological properties have been attributed to ruthenium complex I (trans-
[RuCl2(nic)4]) and ruthenium complex II (trans-[RuCl2 (i-nic)4]) including nitric oxide 
synthase inhibition (Valvassori et al, 2006). However, side effects of the ruthenium 
compounds should also be evaluated. In the investigation of the pharmacological effects of 
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these complexes on anxiety and memory formation on adult male Wistar rats, no effects 
were observed in the anxiety parameters and habituation to an open-field while memory 
impairment was observed. The ruthenium complexes impaired memory retention compared 
with vehicle group in the inhibitory avoidance, as when administrated 30 min prior as 
immediately after training. The memory impairment induced by ruthenium complexes may 
be due to their nitric oxide synthase inhibition capacity. 

Rhodium belongs to the same group as platinum and ruthenium. However, rhodium 
compounds, analogues to the corresponding platinum and ruthenium compounds that 
possess significant antitumor properties, were found to be less effective as anticancer agents 
mainly due to their toxic effects. Dimeric mu-Acetato dimers of Rh(II) as well as monomeric 
square planar Rh(I) and octahedral Rh(III) complexes have shown interesting antitumor 
properties.  

In 2009, Meng et al. have studied both in vitro and in vivo the biological properties of 
RDC11 (Fig 8), which contain a covalent  bond between the ruthenium atom and a carbon. 
RDC11 inhibited the growth of various tumors implanted in mice more efficiently than 
cisplatin. Importantly, in striking contrast with cisplatin, RDC11 did not cause severe side 
effects on the liver, kidneys, or the neuronal sensory system. It was shown to interact poorly 
with DNA and induced only limited DNA damages compared with cisplatin, suggesting 
alternative transduction pathways. The target genes of the endoplasmic reticulum stress 
pathway, such as Bip, XBP1, PDI, and CHOP, were activated in RDC11-treated cells. 
Activation of CHOP led to the expression of several of its target genes, including 
proapoptotic genes. Acting through an atypical pathway involving CHOP and endoplasmic 
reticulum stress, RDC11 is thought to provide an interesting alternative for anticancer 
therapy (Meng et al, 2009). 

 
Fig. 8. Molecular structure of RDC11 (Meng et al, 2009). 

A class of ruthenium(II)-arene complexes that are weakly cytotoxic in vitro, were also 
shown to have selective antimetastatic activity in vivo, in the literature (Anga, et. al., 2011). 
These compounds, [Ru(η6-p-arene)Cl2(1,3,5-triaza-7-phosphaadamantane)] termed RAPTA, 
interact strongly with proteins, with the ability to discriminate binding to different proteins, 
but show a relatively low propensity to bind DNA, which is considered to be the main 
target of many metal-based drugs. The basic RAPTA structure is quite stable in 
physiological environments, and studies have shown that aquation of the chloride  
bonds occurs, it may not be an essential step for anticancer drug activity – direct  
substitution with biomolecular targets is also possible. Based on the concept of bifunctional 
radiopharmaceuticals (Ogawa et al, 2007), developed a highly stable 186Re-
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mercaptoacetylglycylglycylglycine (MAG3) complex-conjugated bisphosphonate, [[[[(4-
hydroxy-4,4-diphosphonobutyl) carbamoylmethyl]carbamoylmethyl]carbamoylmethyl] 
carbamoylmethane thiolate] oxorhenium (V) (186Re-MAG3-HBP), for the treatment of 
painful bone metastases. 186Re-MAG3-HBP accumulated at the site where tumor cells were 
injected in a rat model of bone cancer and significantly inhibited tumor growth and 
attenuated the allodynia induced by bone cancer without having critical myelosuppressive 
side effects. The results indicate that 186Re-MAG3-HBP could be useful as a therapeutic 
agent for the palliation of metastatic bone pain. 

Since DNA has often been proposed as the target of these organometallic antineoplastic 
agents, there is a particular emphasis on those that can interact with nucleic acids (Clarke et al, 
1999). Nevertheless, heavy metals are generally toxic by binding to sulfur and nitrogen sites on 
proteins and, thus, can interfere with a number of modes of metabolism. Several metals also 
exhibit action through redox activity. Gallium appears to operate through the displacement of 
metal ions in iron metabolism or bone. In large part, action of gallium complexes seems to be a 
consequence of the similarity of gallium(III) to iron(III): Gallium interferes with the cellular 
transport of iron by binding to transferrin, and also interferes with the action of ribonucleotide 
reductase, which then results in inhibition of DNA synthesis (Hannon, 2007). The key to 
activity is making gallium(III) bioavailable, and work is focused on ligands which  
stabilize gallium against hydrolysis and facilitate membrane permeation. Among the 
developed gallium comounds, tris(8-quinolinolato)gallium(III) (KP46/FFC11) has entered 
clinical trials (Fig 9). 

 
Fig. 9. Molecular structure of Tris(8-quinolinolato)gallium(III)  

Gallium-based anticancer chemotherapeutics are appreciably progressing in clinical studies 
(Timerbaev et al, 2009). The interest of drug developers and clinicians in gallium 
compounds is due to a proven ability of gallium cations to inhibit tumour growth, and 
enhanced bioavailability and moderate toxicity provided by the conversion of gallium into 
chelate complexes. One of the complexes suitable for a more convenient oral administration 
is tris(8-quinolinolato) gallium(III) (KP46). KP46 is an orally bioavailable gallium complex, 
which exerts its antitumoral activity via inhibition of ribonucleotide reductase, induction of 
S phase arrest and apoptosis (Dittrich et al, 2005). In preclinical models KP46 was proved to 
be a stronger anticancer agent than gallium nitrate and it was effective on a model of tumor-
associated hypercalcemia. Nominated from a range of gallium complexes for the clinical 
stage of development, KP46 has finished phase I trials with the outcome of promising 
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tolerability and evidence of clinical activity in renal cell carcinoma (Timerbaev et al, 2009). 
The adverse reactions of the complex, observed in a study, where 7 patients were used were 
neutropenia and anemia, stomatitis and conjunctivitis, dizziness, headache and acne, fatigue 
and diarrhaea both (Dittrich et al, 2005). In one out of the 4 patients with renal cell 
carcinoma an unconfirmed partial response has been observed after 8 weeks and in a second 
patient with renal cell carcinoma the disease was stabilized for 29 weeks. Peak plasma levels 
were reached 5-7 h after intake and pharmacokinetic analysis revealed a long terminal half-
life (28 h). KP46 has been well tolerated with some preliminary evidence of efficacy in renal 
cell carcinoma.  

The low-spin 5d6 IrIII organometallic half-sandwich complexes [(η5-Cpx)Ir(XY)Cl]0/+,  Cpxph : 
tetramethyl(phenyl)cyclopentadienyl, or Cpxbiph: tetramethyl(biphenyl)cyclopentadienyl, XY 
= 1,10-phenanthroline, 2,2′-bipyridine, ethylenediamine, or picolinate, were investigated at 
2011 (Liu et al, 2011). Complexes with N,N-chelating ligands readily form adducts with 9-
ethylguanine but not 9-ethyladenine; picolinate complexes bind to both purines. Cytotoxic 
potency toward A2780 human ovarian cancer cells increases with phenyl substitution on 
Cpx: Cpxbiph > Cpxph . The hydrophobicity and intercalative ability of Cpxph and Cpxbiph make 
a major contribution to the anticancer potency of their IrIII complexes. 

Among the metallocene dihalide complexes MX2Cp2 (where M=Ti, V, Mo, Nb etc., X= halide 
and Cp = η5-cyclopentadienide), titanocene (Fig 10), TiCl2Cp2 or MTK4 is the most 
successful anticancer agent as shown in phase I/II clinical trials (Bharti & Singh,2009). 
Titanocene dichloride had been recognized as active anticancer drug against breast and 
gastrointestinal carcinomas. Previously DNA was supposed to be the target of [TiCl2Cp2] in 
a manner similar to cisplatin due to the similarity in Cl---Cl distances. Later, the aqueous 
chemistry of [TiCl2Cp2] showed that DNA is not the site of action for this drug. The 
anticancer activity of TiCl2Cp2 is due to inhibition of collagenase type IV activity, which is 
involved in regulation of cellular proliferation, protein kinase C and DNA topoisomerase II 
activities. Titanium may also replace iron in transferrin and facilitate cellular uptake into 
tumor cells. The titanocene dichloride is believed to be accumulated via the transferrin–
dependent pathways. Dose limiting toxicities of titanium compounds include nephrotoxicity 
and elevation of creatinine and bilirubin levels.  

 
Fig. 10. Molecular structue of titanocene (Hannon, 2007) 

Budotitane [cis-diethoxybis(1-phenylbutane-1,3-dionato)titanium (IV)] (Fig 11), was the first 
non-platinum transition-metal anticancer agent to be tested in clinical trials (Schilling et al, 
1995). It is effective against a number of tumors in animals and is well tolerated (Bharti & 
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Singh, 2009). In vitro and in vivo experiments with budotitane showed no significant DNA 
damage. The dose-limiting side effects include cardiac arrhythmia, hepatotoxicity, renal 
toxicity and a reversible loss of taste (Dabrowiak, 2009; Antonarakis &  Emadi, 2010). Ti(IV) 
compounds are known to inhibit proteases and telomerases. Inhibition of proteases in 
rapidly growing tumor cells may block the growth of tumor cells. Inhibition of telomerase 
may control all protein synthesis. 

 
Fig. 11. The molecular structure of budotitane (Bharti & Singh, 2009). 

Gold compounds are used for treating arthritis and cancer, they have potential for treating 
AIDS, malaria and Chagas disease (Dabrowiak, 2009). A property of Au+3 that greatly 
complicates its chemistry is that many of its simple complexes can easily be reduced to Au+ 
by a variety of ligands, including thiols and thioethers found on cysteine and methionine 
residues of peptides and proteins. Even the disulfide linkage, R-S-S-R’, which is generally 
considered a poorer ligand than a thiol or a thioether, binds to and reduces Au+3  to Au+. 
Since there are agents in the biological system that can oxidize Au+ to Au+3, gold 
compounds can, in principle, exist in a variety of different coordination states in the 
biological system. These properties, and the fact that the concentrations of gold compounds 
normally encountered in therapeutic situations are very low, make it difficult to determine 
the chemistry of gold in the biological environment. Gold thiolate complexes were found 
especially effective at slowing the progression of rheumatod arthritis. Sodium 
aurothiomalate (myochrysine), aurothioglucose (solganol) and aurothiosulfate 
(sanochrysine) are water-soluble polymeric antiarthritic compounds that are administered 
to the patient by injection, so-called injectable or parenteral drugs, while auranofin, which is 
only slightly soluble in water, is given to the patient orally in capsule form. The earlywork 
on auranofin and its analogs revealed that Au+ complexes that have phosphine and 
thioglucose ligands were effective in killing B16 melanoma and P388 leukemia cells in 
culture. One compound that showed a significantly broader range of activity than auranofin 
and one of its analogs against a number of different tumor models implanted in mice was 
the tetrahedral cation [Au(dppe)2]+, bis[1,2-bis(diphenylphosphino) ethane]gold(I). 
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[Au(dppe)2]+ is active alone, and in combination with cisplatin, against P388 leukemia in 
mice, and it is also active against various sarcomas in mice. The compound aurocyanide, 
[Au(CN)2]-, which is a biotransformation product in chrysotherapy, has been found to 
inhibit proliferation of HIV in a strain of CD4+.  A gold complex with two attached 
thioglucose ligands has been shown to protect MT-4 cells from the HIV virus by binding to a 
specific cysteine residue on a 120 kDa protein, gp120, which is part of the outer envelope of 
the virus. The compound [bpza][AuCl4], where bpza is the diprotonated-chloride form of a 
bis-pyrazole ligand, inhibits both reverse transcriptase and HIV-1 protease. Since these 
enzymes function differently in the life cycle of the HIV virus, inhibiting both with a single 
compound is unusual. Reverse transcriptase is responsible for converting viral RNA into 
double-stranded DNA prior to the integration of the latter into genomic DNA of the T cell, 
and HIV-1 protease controls the maturation and production of infectious virons (virus 
particles). Since [bpza][AuCl4] is nontoxic to peripheral blood mononuclear cells in the 
immune system, the compound is thought to have potential as an anti-HIV agent. 

A recent report by Sannella et al. (Sanella et al, 2008) showed that auranofin and other gold 
compounds inhibit the growth of Plasmodium falciparum, a protozoan parasite carried by 
Anopheles mosquitoes that causes malaria. The researchers suggested that the mechanism 
by which the gold compounds inhibit the growth of P. falciparum is related to the ability of 
the complexes to block the function of the enzyme thioredoxin reductase, TrxR. 

Nickel is an essential component in different types of enzymes such as urease, carbon 
monoxide dehydrogenase, and hydrogenase (Abu-Surrah & Kettunen, 2006). Recently, some 
results showing also apparent potential of this platinum group element in antitumor studies 
have been reported. For example the cytotoxicity of the nickel (II) complexes containing 1,2-
naphtoquinone-based thiosemicarbazone ligands (NQTS) was tested on MCF7 human 
breast cancer cell line and compared to free ligand and another naphthoquinone, 
commercial antitumor drug etoposide. According to the reported data, Ni-NQTS complex 
has the highest antitumor activity with an IC50 of 2.2 μM. The mechanistic study of action 
showed inhibition of topoisomerase II. Recent studies showed that the corresponding nickel 
complexes of semicarbazones (Fig 12) have even greater inhibitory effect on MCF7 cell 
growth. They display IC50 values in 2-5 μM range and also in general they produce lower 
side effect than thiosemicarbazones. 

 
Fig. 12. Structure of a Ni(II)-semicarbazone based antitumor complex  (Abu-Surrah & 
Kettunen, 2006) 
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In 2010, new methoxy-substituted nickel(II)(salophene) derivatives are synthesized and 
their anticancer properties were investigated (Lee et al, 2010). It was demonstrated that the 
most active complex [Ni(II)(3-methoxy-salophene)] (Fig 10) is not necrotic in Burkitt-like 
lymphoma cells (BJAB) and human B-cell precursor cells (Nalm-6). [Ni(II)(3-methoxy-
salophene)] inhibited proliferation and induced apoptosis in a concentration dependent 
manner, giving evidence for the involvement of CD95 receptor-mediated, extrinsic pathway. 
Furthermore, [Ni(II)(3-methoxy-salophene)] overcame vincristine drug resistance in BJAB 
and Nalm-6 cells.  

Organometallic compounds like Iron (III)-salophene with selective cytotoxic and 
antiproliferative properties have also been used in platinum resistant ovarian cancer cells 
(Rafique et al, 2010). 

The low-spin Fe(II) complex sodium nitroprusside (Fig 13)  is a clinically used metal-nitrosyl 
complex (Guo & Sadler, 1999). It is often used to lower blood pressure in humans. Its 
hypotensive effect is evident within seconds after infusion, and the desired blood pressure is 
usually obtained within one to two minutes. It is also useful in cases of emergency 
hypertension, heart attacks, and surgery. Its therapeutic effects depend on release of nitric 
oxide, which relaxes vascular smooth muscle. Activation in vivo may involve reduction to 
[Fe(CN)5(NO)]3-, which then releases cyanide to give [Fe(CN)4(NO)]2- and then nitric oxide. 

 
Fig. 13. Fe(II) complex with nitroprusside 

The low cytotoxicity of ferrocene, coupled with its lipophilicity (logPoctanol/water = 3.28) and 
its electrochemical behaviour (redox potential of the ferrocene/ferrocenium couple,  
E0 =+0.400 V versus SCE (Saturated Calomel Electrode), suggested that this compound 
could yield interesting results if incorporated into a known drug (Blackie & Chibale, 2008). 
The ferrocenyl moiety has several characteristics which make it a good addition to known 
drug molecules. Its lipophilicity, electron density, relative thermal and chemical stability, 
and interesting redox behaviour are all favourable in this respect. There are several reported 
successes of increased efficacy of ferrocenyl analogues of known drugs. Brocard and co-
workers, combined Chloroquine and ferrocene in the same molecule by inserting a 
ferrocenyl group into the side chain of Chloroquine, producing a hybrid compound called 
Ferroquine (Fig 11), which is more potent than Chloroquine. They have shown that 
incorporation of a ferrocenyl moiety as an integral part of the side chain of chloroquine 
between the two nitrogens had superior efficacy to other analogues in which the moiety was 
terminal on the side chain or bonded to the quinoline nitrogen. Some analogues of the 
compound were produced bearing different alkyl groups on the terminal tertiary nitrogen. 
They established that the dimethylamino terminal group was superior in efficacy (Fig 14) 
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Fig. 14. Molecular structure of Chloroquine and Ferroquine. 

The highly established chemistry of ferrocenes that allows an easy and rapid access to a bank 
of reagents and derivatives has given them a considerable role in the field of analytical 
chemistry (Rudrangi et al, 2010). Ferrocene-based derivatization of various functional groups 
and detection techniques is of high interest in particular. The chemistry of ferrocenes is well 
explored and a wide range of ferrocene derivatives are easily obtained through the established 
synthetic routes.The ferrocenes allow the use of a large variety of detection techniques like 
UV/Visible absorption spectroscopy, atomic spectroscopy, atomic absorption spectroscopy 
(AAS), inductively coupled plasma (ICP) excitation with optical emission spectroscopy (OES) 
or mass spectrometry (MS), electron impact or electrospray ionization (ESI) MS, and the 
electrochemical detection (ECD) techniques that include voltammetry or amperometry.  

The role of the length of the methylene spacer between the two nitrogens in chloroquine 
analogues has been shown to have an influence on efficacy in chloroquine resistant strains 
of P. falciparum. Aminoquinolines with short (2-3 carbons) and long (10–12 carbons) 
methylene side chains are equipotent against chloroquine-sensitive, chloroquineresistant, 
and multidrug-resistant strains of P. falciparum. Whilst aminoquinolines with side chains of 
intermediate length (4–8 carbons) showed efficacy against chloroquinesensitive strains of P. 
falciparum, they showed a significant decrease in efficacy against chloroquine-resistant 
strains of P.Falciparum. In the chloroquine-sensitive D10 strain, the longer the methylene 
spacer, the lower the efficacy. It may be that the changes in lipophilicity and pKa values and 
other physicochemical effects of the incorporation of the ferrocenyl moiety into chloroquine 
are the primary factor in the enhanced efficacy of ferroquine. 

As published as a patent application in 2006 (Maurel & Cudennec, 2009), some manganese 
based organometallic complexes having Mn-SOD like activities, pharmaceutical 
compositions and dietetic products for use in oxidative stress, including cancer and 
inflammatory conditions, were also designed. Many human diseases are associated with the 
overproduction of oxygen free radicals that inflict cell damage (Rafique et al, 2010). Primary 
reactive oxygen species (ROS) such as superoxide radical, hydrogen peroxide, hydroxyl 
radicals, and ortho-quinone derivatives of catecholamines exert their cellular effects by 
modifying DNA, lipids, and proteins to form secondary electrophiles (Zhang & Lippard, 
2003). Damage caused by the primary and secondary ROS contributes to the pathogenesis of 
important human diseases. In particular, one consequence of oxidative metabolism is the 
generation of superoxide radicals (O2-.) which mediate extensive damage to the cellular 
components of living organisms. The molecular dismutation of O2-. to hydrogen peroxide 
(H2O2) and oxygen (O2) is catalysed by superoxide dismutases (SODs).These enzymes are 
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suggested to form the first line of the cell's defence against oxygen damage. Indeed, mice 
defective for SOD do not survive and reduction of functional capabilities of this enzyme 
generates an high increase of oxidative stress in connection with strong mitochondrial 
disabilities of cells. Fe-containing SODs (FeSOD) are largely confined to prokaryotes and the 
Cu/Zn enzymes (Cu/ZnSOD) predominantly to eukaryotes. Mn-containing SODs 
(MnSOD) are universally present. In eukaryotes MnSODs are localised in the mitochondria, 
while the Cu/ZnSODs reside in the cytosol. SODs from various sources are currently of 
great interest as potential therapeutic treatments for oxidative damage. SOD has function 
against certain inflammatory processes (In particular, deficiency in Mn-SOD is supposed to 
have some significance in the development of rheumatoid arthritis). SOD has also function 
against inflammatory processes in alcohol-induced liver damage. Additional potential 
therapeutic effects for SOD include: (i) prevention of oncogenesis, tumour promotion and 
invasiveness, and UV-induced damage; (ii) protection of cardiac tissue against post-
ischemia reperfusion damage; (iii) antiinflamatory effect; (iv) reducing the cytotoxic and 
cardiotoxic effects of anticancer drugs; (v) endothelial disorders; (vi) degenerative diseases; 
(vii) coagulation disorders, and; (viii) improving the longevity of living cells. Currently 
bovine Cu/ZnSOD is being utilised for the treatment of inflamed tendons in horses and for 
treating osteoarthritis in man. It has been shown that the mitochondrial antioxidant enzyme 
manganese-containing superoxide dismutase (MnSOD) functions as a tumor suppressor 
gene and that reconstitution of MnSOD expression in several human cancer cell lines leads 
to reversion of malignancy.  

The use of SOD in therapy is limited by its short plasma half-life (clearance by the kidney) 
and inability to penetrate cell membranes (i.e., extracellular activity only) (Guo & Sadler, 
1999). Low molecular mass mimics of SOD are therefore of much potential pharmaceutical 
interest. For example, a variety of Mn- and Fe-based porphyrins and macrocyclic complexes 
exhibit SOD mimic activity. 

Among metal complexes (Cu, Fe, Mn) capable of catalyzing dismutation of the superoxide 
anion, those of manganese are a current focus for developing SOD mimics as drugs because of 
the low in vivo toxicity of this metal ion (Zhang & Lippard, 2003). Mn(II) and Mn(III) 
macrocycles appear to be particularly promising (Guo & Sadler, 1999). For example, a 
manganese (II) complex with bis (cyclohexylpyridine)-substituted macrocyclic ligand has been 
designed as a functional mimic of SOD which was reported to have a significant of 
inflammation and reperfusion injury (Aston et al., 2001, Rafique et al, 2010). This complex has 
remarkably high kinetic and thermodynamic stability with regard to dissociation, is 
oxidatively stable as well and is excreted intact with no dissociation in vivo This stability 
profile shows that this is a catalytically active SOD mimic. Manganese complexes have also 
been used to treat cell and tissue oxidative injuries by acting as superoxide anion scavenger. 
Nitrogen containing macrocyclic complexes of Manganese (II) have shown anti microbial 
activity. An octahedral geometry for these complexes has been confirmed by spectroscopic 
analysis. Many manganese complexes have been screened against a number of pathogenic 
fungi and bacteria to evaluate their growth and potential. Another example to the therapeutic 
effects of manganese complexes is Mn(III)5,10,15,20-tetrakis(4-benzoic acid)-porphyrin, which 
can protect against neurodegeneration and is therefore of potential interest for the treatment of 
brain diseases such as Parkinson and Alzheimer diseases (Meng et al, 2009). Results from 
systematic modification of the porphyrin ligand demonstrate that placement of four positively 
charged ortho-(N-alkyl) pyridyl groups (alkyl: methyl and ethyl) in the meso positions of 
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porphyrin can strongly facilitate the disproportion of O2-., owing to favorable electrostatic 
contributions. SC-52608 (Fig 15) is another complex, able to scavenge superoxide and therefore 
effectively protect the regionally ischemic and reperfused myocardium from injury. Both 
complexes reduced oxidative stress injury in vivo and they have high stability and catalytic 
efficacy (Guo & Sadler, 1999;  Zhang & Lippard, 2003). In the search for a lipophilic manganese 
SOD mimic, a dinuclear manganese(III) complex of biliverdin IX dimethyl ester was 
discovered to have such activity. In this example O2- . dismutation is effected by a 
Mn(III)/Mn(IV) redox couple. In addition, the manganese complex does not bind to NO and 
reacts very slowly with H2O2, demonstrating specificity towards O2-.. 

 
Fig. 15. Molecular structure of SC-52608  (Guo & Sadler, 1999) 

The incorporation of manganese into the structure of antioxidants like pyran, pyridine, 
benzopyran and quinoline i.e., kojic acid, 6-hydroxynicotinic acid, 7-hydroxyflavone, 8-
hydroxyquinoline and 8-hydroxyquinoline ethylenediamine, made the complexes possessed 
the SOD activity and increased radical scavenging activity of antioxidants as expected 
(Vajgupta et al, 2003). Manganese atom is therefore the essential part for SOD action. 7-
hydroxyflavone complex was promising, since it exhibited potent radical scavenging ability 
and suppressed the MAP-induced hypermotility without reducing the locomotor activity in 
normal condition, and also improved the impaired learning and memory in transient 
ischemic mice. 

A new approach involves modelling the pharmacological properties of established drugs 
with organometallic fragments (Ott et al, 2009). The metallocyclic peptide, bacitracin, has an 
interesting SOD activity. The Mn(II)–bacitracin complex (Piacham et al, 2006) (Fig 16, 17) is 
potentially useful as an effective agent against oxidative stress (for O2-. scavenging). On the 
other hand, probably this Mn(II)–bacitracin may be involved in the respiratory burst 
mechanism of white blood cells that could enhance bacterial killing by synergistic process to 
convert superoxide radical into hydrogen peroxide which is used by enzyme 
myeloperoxidase to convert normally unreactive halide ions into reactive hypohalous acids 
that are toxic to bacteria. Also its antibiotic mechanism could be useful for bacterial and 
oxidative stress treatments.  

Bacitracin provides strong affinity to divalent metal ions such as Zn(II), Cu(II), Co(II), and 
Mn(II) in the formation of 1:1 complex. Structural characterization of metallobacitracin 
showed that it is composed of a cyclic heptapeptide and a short N-terminal sequence 
containing a thiazoline ring (Fig 17). The divalent metals interact with the cyclic and the 
linear peptides to form a strong bending structure that encapsulates the metal inside the 
coordination sphere. It is interesting to note that the established order of binding affinity of 
the transition metal ions was found to be inversely correlated with the observed SOD 
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activity reported in this work. The order of metal binding affinity and SOD activity is Cu(II) 
> Ni(II) > Co(II) ≈Zn(II) >Mn(II) (Brabec & Novakova, 2006) and Mn(II) > Cu(II) > Co(II) > 
Ni(II), respectively. However, it should be noted that the negative correlation is valid for 
Mn(II), Co(II), and Ni(II) but not Cu(II).  

 
Fig. 16. Molecular modeling of Mn(II)-bacitracin complex (Piacham et al, 2006) 

 
Fig. 17. Mn(II) ligand models derived from metallobacitracin complexes (Piacham et al, 
2006) 
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It is possible that the observed trend, in which Cu(II)–bacitracin did not follow the order of 
increasing SOD activity with decreasing metal binding affinity, is because Cu(II) takes on a 
different coordination chemistry from the other divalent metal ions in which Cu(II) forms a 
tetragonally distorted geometry with two coordinated nitrogens and two coordinated 
oxygens, particularly, His-10 imidazole nitrogen, thiazoline nitrogen, Glu-4 carboxylate 
oxygen, and Asp-11 carboxylate oxygen. Proton NMR studies established that Co(II) is 
coordinated to three nitrogens and one oxygen, namely, His-10 imidazole nitrogen, 
thiazoline nitrogen, Ile-1 amino nitrogen, and Glu-4 carboxylate oxygen. For the 
construction of the molecular models of metallobacitracin, it was assumed that Mn(II) and 
Ni(II) adopt a similar coordination chemistry to that of Co(II) because they all have a vacant 
d shell. 

Cobalt–aspirin complexes are investigated as potential cytostatics (Ott et al, 2009). Aspirin 
(acetylsalicylic acid) belongs to the family of nonsteroidal antirheumatics (NSAR), which 
have anti-inflammatory and pain-relieving effects The pharmacological effects of NSARs 
stem from the inhibition of enzymes in the cyclooxygenase family (COX). Besides the role of 
NSARs in inflammatory processes, they also seem to be involved in tumor growth. NSARs 
have thus come into focus as potential cytostatics. It may be possible to improve anti-tumor 
activity in the case of aspirin by binding it to an organometallic fragment. A 
hexacarbonyldicobalt–aspirin complex (Fig 18), is shown to inhibit COX activity differently 
from aspirin. Whereas the effect of aspirin stems from the acetylation of a serine residue in 
the active center of COX, Co-Aspirin  complex does not attack this side chain, but acetylates 
several other sites instead. This may block access to the active center of the enzyme, 
resulting in a different activity spectrum for the drug. Experiments with zebra fish embryos 
showed that in contrast to aspirin, Co-Aspirin inhibits both cell growth and the formation of 
small blood vessels (angiogenesis). Tumors are dependent on newly formed blood vessels 
for their nutrients and can be starved out by the inhibition of angiogenesis. In addition, Co-
Aspirin modulates other tumor-relevant metabolic pathways. For example, it activates the 
enzyme caspase, which is involved in processes that lead to apoptosis (programmed cell 
death). 

 
Fig. 18. The structure of  hexacarbonyldicobalt–aspirin complex (Ott et al, 2009)  

Sadler and coworkers (Meggers, 2007) investigated the binding of metal complexes of 
1,4,8,11-tetraazacyclotetradecane (cyclam) macrocycles to the CXCR4 coreceptor and 
lysozyme as a model protein. In such metallocyclam complexes, the metal is supposed to 
function by controlling the conformation and configuration of the macrocycle. Additional 
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direct coordinative bonds with the target protein can be formed with the vacant axial 
coordination sites. One of the most potent members of this family is the xylyl-bicyclam 
AMD3100 (Fig 19), a CXCR4 receptor inhibitor, which is in clinical trials for the treatment of 
AIDS. The anti-HIV activity correlates with its binding to the coreceptor protein CXCR4. 
CXCR4 is a chemokine receptor that transduces signals of its endogenous ligand, 
CXCL12/stromal cell-derived factor-1 (SDF-1) (Tamamura et al, 2006). CXCR4 is classified 
into 7TMGPCR and plays a physiologically critical role by the action of CXCL12 in the 
migration of progenitors during embryologic development of the cardiovascular, 
hemopoietic, central nervous systems, etc. In addition, CXCR4 was previously identified as 
a coreceptor that is used by X4-HIV-1 in its entry into T cells and has recently been proven 
to be involved in several problematic diseases, including HIV infection, metastasis of several 
types of cancer, leukemia cell progression, rheumatoid arthritis. Thus, CXCR4 is thought to 
be a great therapeutic target to overcome these diseases, and several inhibitors directed 
against CXCR4 have been developed to date. Research performed on AMD3100 analogs 
have revealed that if it is complexed with certain metals it will increase the bonding affinity 
to CXCR4 by causing the cyclam rings to take on a folded cis configuration (Snell, 2005). 
When Zn(II)–xylyl-bicyclam binds with acetate, it undergoes a configuration change and 
becomes cis folded.  The cyclam ring can function as a tetradentate coordination ring for 
transition metals, and it has been shown that chelation of such metal ions by the macrocyclic 
rings of AMD3100 alters its binding affinity to the CXCR4 receptor (Gerlach et al, 2003). 
Thus, the Zn2+ complex of AMD3100 binds with a 10-fold higher affinity to the receptor as 
compared to AMD3100 alone and has an up to 6-fold increased potency as an anti-HIV 
agent. Zn2+ is located in the center of the cyclam ring, coordinating the four nitrogens in a 
planar fashion. Since Zn2+ does not coordinate in a square planar conformation, it either 
obtains a square pyramidal or an octahedral geometry with one or two vacant coordination 
sites. Zn2+ has the option to make strong interactions with both histidine and cysteine 
residues, as well as acidic residues such as aspartates. The CXCR4 receptor does not contain 
any free extracellular cysteines; however, the main interaction points for AMD3100 are two 
aspartates, and furthermore, several histidine residues are located in TM-III, TM-V, and TM-
VII (TM: transmembrane domain) pointing toward the main ligand binding crevice (Figure 
20). Thus, metal ion coordination could either improve the binding mode of AMD3100 to 
one or more of the two aspartates, Asp171 and Asp262, or it could pick up interaction with 
one or more of the His residues that potentially could serve as partners in the coordination 
of Zn2+ bound by the bicyclam. 

The level of anti-HIV activity expressed by these metal complexes were Zn>Ni>Cu>Co>Pd 
in decreasing order. The affinity of AMD3100, a symmetrical nonpeptide antagonist 
composed of two 1,4,8,11-tetraazacyclotetradecane (cyclam) rings connected through a 1,4-
dimethylene(phenylene) linker to the CXCR4 chemokine receptor was increased 7, 36, and 
50-fold, respectively, by incorporation of Cu2+, Zn2+, or Ni2+ into the cyclam rings of the 
compound. The rank order of the transition metal ions correlated with the calculated 
binding energy between free acetate and the metal ions coordinated in a cyclam ring. 
Construction of AMD3100 substituted with only a single Cu2+ or Ni2+ ion demonstrated that 
the increase in binding affinity of the metal ion substituted bicyclam is achieved through an 
enhanced interaction of just one of the ring systems. 
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Fig. 19. The 3D (a) and 2D (b) structure of AMD3100 (New Indications for AMD-3100, In: 
Drug Discovery Opinion,  2008; (Snell, 2005)] 

 

 
Fig. 20. Molecular model of the main ligand-binding pocket of the CXCR4 receptor with 
AMD3100(Zn) manually docked into favorable interactions with Asp171 in TM-IV and 
Asp262 in TM-VI. The receptor model is built over the rhodopsin model of Palcewski et al 
(Palczewski et al, 2000). The conformation of AMD3100 is based on structural requirements 
of high antiviral effects of AMD3100  and the crystallographic X-ray structure of 6,6’-
spirobis- (1,4,8,11-tetraazacyclotetradecane)-dinickel(II)tetraperchlorate, obtained from the 
Cambridge Structural Database (Gerlach et al, 2003). 
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Several low molecular weight nonpeptide compounds having the dipicolylamine-zinc(II) 
complex structure were also identified as potent and selective antagonists of the chemokine 
receptor CXCR4 (Tamamura et al, 2006). These compounds showed strong inhibitory 
activity against CXCL12 binding to CXCR4, and one of them (which has two sets of the 
[bis(pyridin-2-ylmethyl) amino]methylene unit with zinc(II) complexation at the para-
position of benzene) exhibited significant anti-HIV activity.   

The use of organometallic complexes are also investigated in the treatment of leishmania. 
The drugs for treating cutaneous lesions, or, in the case of visceral leishmaniasis (kala-
azar), caused by the species L. donovani or L. infantum have traditionally been 
pentavalent antimonials, aromatic diamidines and fungicides such as amphotericine B 
(Mesa-Valle et al, 1996). However, these are extremely toxic and cause a great number of 
side effects. Many recent efforts have been made to synthesize and evaluate alternative 
compounds for treating these parasites. In the last few years, certain metal complexes 
have proven anti-tumoral against such protozoan parasites as Trypanosoma cruzi, T. 
rhodesiense and L. donovani. One property that the tumor cells share with the 
trypanosomatids is rapid multiplication. Three organometallic complexes which have 
previously shown in vitro activity against the promastigote forms of L. donovani and 
have also shown a similar activity against the amastigote like forms, are Cis-
Pt(DDH)(Ac.19 2,5-Dihydroxi-benzensulphonic)2 and those of Rh(I): Rh(CO)2Cl(5Cl-2-
Methylbenzothiazole), Rh(CO)2Cl(2-Aminobenzothiazole) were investigated by Mesa-
Valle et al. (Mesa-Valle et al, 1996). In vitro toxicity of the complexes for the cells of the 
strain J-774 and the effect exerted on the parasite's biosynthesis of macromolecules were 
investigated. Only the Rh(I)(CO)2Cl(2-Aminobenzothiazole) complex induced substantial 
toxicity in the cells. The Rh(I)(CO)2Cl(5-Cl-2-Methylbenzothiazole) complex inhibited 
DNA, RNA, and protein synthesis. The best candidate, given its slight toxicity for 
mammal cells and its high activity against Leishmania by inhibiting the synthesis of 
macromolecules, is found as the complex Rh(I):Rh(CO)2Cl(5-Cl-2-Methylbenzothiazole). 
Croft et al. investigated the effect of 27 Platinum, Rhodium and Iridium drug complexes 
against Leishmania donovani amastigotes in mouse peritoneal macrophages in vitro 
(Croft et al, 1992). Rh(III)-mepacrine, Ir(III) pyrrolidine dithiocarbamate and Ir(III) diethyl 
dithiocarbamate which showed antileishmanial activity had ED50 values of less than 1 µM. 
The two Iridium complexes produced, respectively, a 50% and 39% suppression of L. 
donovani amastigotes in the liver of BALB/c mice following the subcutaneous 
administration of 200 mg/kg for 5 consecutive days. Ultrastructural studies suggest that 
the amastigote kinetoplast-mitochondrion complex is the primary site of action of the Ir 
and Rh complexes. Ir-(cycloocta-1,5-diene)-pentamidine tetraphenylborate which has 
previously been studied on promastigote forms of Leishmania, was investigated for its 
antileishmanial properties on Leishmania donovani and Leishmania major mouse models, 
compared with pentamidine used as reference compound in the year 2000 (Loiseau, et al, 
2000). In vitro, the iridium complex had the same IC50 value on intracellular forms of 
Leishmania as pentamidine (15 µM). In vivo, the compound could not be injected 
intravenously due to the DMSO excipient so that the treatments were performed 
intraperitoneally or subcutaneously. On the L. donovani LV9/Balb/C mouse model, the 
iridium complex was not toxic after intraperitoneal treatment at 232 mg/kg/day x 5 or 
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147 µmoles/kg/day x 5, whereas all the mice died within five days when treated at the 
same dose with pentamidine isethionate. However, only 23% of parasite suppression was 
observed with the iridium complex. On a L. major MON 74/Balb/C mouse model, 
susceptible to intravenously administered pentamidine at 6.7 µmoles/kg/day x 5 (54% of 
parasite suppression), the iridium complex exhibited 32% of parasite suppression after a 
treatment at 76 µmoles/kg/day x 5 administered subcutaneously. Transmission electron 
microscopy of amastigotes from infected and treated mice show aggregation of ribosomal 
material, distension of the nuclear membrane and kDNA depolymerization. The 
mechanism of action therefore involves several targets: membranes, ribosomes and 
kDNA. The researchers recommend the Iridium complex as a suitable candidate to be 
encapsulated in drug carriers such as liposomes or nanoparticles. 

Organometallic complexes of Pt, Rh, Ir, Pd, Os, have been synthesized and their 
trypanocidal activity was studied in vitro and in vivo by Loiseau (Loiseau et al, 1992). 
Among these, the Ir-(cycloocta-1,5-diene)-pentamidine complex, showed in vitro activity 
at 60 µg/L on Tripanosoma brucei brucei. Moreover, all infected mice were cured by this 
compound subcutaneously administered in a single dose at 0.5 mg/kg (0.317 µmol/kg). 
In the same conditions, pentamidine cured all the mice at 5 µmol/kg. Ir-(cycloocta-1,5-
diene)-pentamidine (or P1995) was 16 fold more efficient than pentamidine. Since the 
chemotherapeutic index of this molecule was 7.5 fold higher than those of pentamidine, 
the authors recommend P1995 to be considered as a potential trypanocidal drug of the 
future. 

Scientists are looking for alternative approaches for the treatment of diabetes. Several 
trace elements, such as vanadium and zinc, exert insulin-mimetic effects in in vitro and in 
vivo systems (Hiromura & Sakurai, 2008). The complexes of these metals and small 
organic compounds (ligands) improved glucose utilization in both diabetic model animals 
and human diabetic patients . Both vanadyl and zinc complexes enhanced glucose uptake 
into the adipocytes without the addition of any hormones. Under the same experimental 
conditions, these complexes inhibited epinephrine-induced free fatty acid (FFA) release. 
Because of this insulin-mimetic activity, oxovanadium(IV) (vanadyl) and zinc(II) (zinc) 
complexes are proposed to be potent antidiabetic agents for both type 1 and type 2 
Diabetes Mellitus therapy. New types of insulin-mimetic vanadyl and zinc complexes 
such as Bis(allixinato)oxovanadium(IV), [VO(alx)2], bis(allixinato)zinc(II) [Zn(alx)2], 
bis(thioallixin-N-methyl)zinc(II) [Zn(tanm)2] (Fig 21), were developed as the potent 
activators of the insulin signaling pathway. Although these complexes activate Akt/PKB, 
their critical action sites are slightly different from each other. Different action sites of the 
metal complexes may depend on the chemical characteristic of the vanadyl and zinc metal 
ions. The characteristic of ligand is important for the passing through the plasma 
membrane. VO(alx)2, Zn(alx)2, and Zn(tanm)2 also play unique roles in cells; VO(alx)2 
regulates the activation of the FoxO1, while Zn(alx)2 and Zn(tanm)2 regulate the activation 
of HSL (hormone-sensitive lipase), resulting in the suppression of free fatty acid release. 
The common mechanism of action of VO(alx)2, Zn(alx)2, and Zn(tanm)2 is their effect on 
the insulin signaling pathway; this in turn regulates gene transcription and suppresses 
lipolysis signaling.  
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Fig. 21. The molecular structures of VO(alx)2, Zn(alx)2, and Zn(tanm)2 (Hiromura & Sakurai, 
2008) 

Another application of organometallic complexes is antiinflammatory therapy. Numerous 
Cu(II) complexes of NSAIDs with enhanced anti-inflammatory activity and reduced 
gastrointestinal (GI) toxicity compared with their uncomplexed parent drug, were 
developed (Hiromura & Sakurai, 2008). No Cu(II) anti-inflammatory drug is currently 
available for oral human use, although an ethanolic gel-base of Cu-salicylate (Alcusal®) is 
available for topical temporal relief of pain and inflammation in humans (Weder et al, 2002). 
A Cu(II) dimer of indomethacin (IndoH_/1- (4-chlorobenzoyl)-5-methoxy-2-methyl-1H-
Indole-3-acetic acid) with low toxicity is commercially available in Australasia, South East 
Asia and South Africa in a variety of oral pharmaceutical dosage forms for veterinary use. 
These low toxicity Cu drugs are of enormous interest, because many of today’s anti-
inflammatory drug therapies, including the NSAIDs, remain either largely inadequate 
and/or are associated with problematic side effects, e.g. renal insufficiency and failure, GI 
ulceration, bleeding or perforation (‘NSAID gastropathy’), exacerbation of hypertension  
and congestive heart failure (CHF). Sorenson reported that Cu(II)-complexes of these 
antiinflammatory drugs were more active in animal models than either their parent 
inorganic Cu(II) salt or the parent NSAID . The pharmacological activity was proposed to be 
due to the inherent physico-chemical properties of the complex itself rather than just that of 
its constituents, since the amount of Cu(II) in such complexes does not correlate with anti-
inflammatory activity. Sorenson reported that a salicylate complex of Cu(II) was ≈30 times 
more effective than aspirin as an anti-inflammatory agent. In two previous reviews, 
Sorenson reported over 140 Cu(II) complexes with anti-inflammatory activity. However, 
limited information is available on the nature of the Cu complexes of NSAIDs in biological 
matrices and in pharmaceutical formulations. SOD activity, redox behavior, lipophilicity 
and stability constants may be useful parameters in evaluating the biological activity of 
these Cu compounds. 

The proposed curative properties of Cu-based nonsteroidal anti-inflammatory drugs 
(NSAIDs) have led to the development of numerous Cu(II) complexes of NSAIDs with 
enhanced anti-inflammatory activity (Trinchero et al, 2004) Crystalline complexes, Cu(II)–
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NSAID (ibuprofen, naproxen, tolmetin, and diclofenac), with a carboxylic function have 
been studied by means of infrared and Raman spectroscopy. All NSAIDs bind to the metal 
through the carboxylate group. The spectroscopic data support the formation of dimeric 
[Cu2L4(H2O)2] complexes in which the COO- group behaves as a bridging bidentate ligand. 
The preparation and properties of the Cu(II) complex Cu(SAS)2.H2O are reported for the 
antiinflammatory drug Salsalate (SAS) (Underhill et al, 1989). The complex is reported to 
exhibit an increased superoxide dismutase activity compared with the parent drug molecule 
in the nitroblue tetrazolium assay. Weder and friends synthesized Cu(II) indomethacin 
complexes (Weder  et al, 1999). 

Drugs belonging to the non-steroidal anti-inflammatory drug group (NSAID) are not only 
used as anti-inflammatory and analgesic agents, but also exhibit chemopreventive and 
chemosuppressive effects on various cancer cell lines  (Roy et al, 2006). They exert their 
anticancer effects by inhibiting both at the protein level and/or at the transcription level. Cu(II) 
complexes of these NSAIDs show better anti-cancer effects than the bare drugs. UV-Visible 
spectroscopy was used to characterize the complexation between Cu(II) and two NSAIDs 
belonging to the oxicam group, piroxicam and meloxicam, both of which exhibit anticancer 
properties. For the first time, this study shows that, Cu(II)-NSAID complexes can directly bind 
with the DNA backbone, and the binding constants and the stoichiometry or the binding site 
sizes have been determined. Thermodynamic parameters from van't Hoff plots showed that 
the interaction of these Cu(II)-NSAID complexes with ctDNA is an entropically driven 
phenomenon. Circular dichroism spectroscopy showed that the binding of these Cu(II)-
NSAIDs with ctDNA result in DNA backbone distortions which is similar for both Cu(II)-
piroxicam and Cu(II)-meloxicam complexes. Competitive binding with a standard intercalator 
like ethidium bromide (EtBr) investigated by circular dichroism spectroscopy as well as 
fluorescence measurements indicate that the Cu(II)-NSAID complexes could intercalate in the 
DNA. 

Inspired from Sorenson’s studies, new investigations on formation and synthesis of Cu(II) 
complexes with antiinflammatory drugs were carried out as well as Zn(II) complexes, where 
some of them are ternary complexes (Anılanmert et al, 2010).  The formation conditions and 
constants of Cu(II)-tryptophan-aspirin and Zn(II)-tryptophan-aspirin ternary complexes in 
aqueous solutions were determined using potentiometric method to provide chemical data 
for the synthesis, considering the synergistic capability of aspirin, the antiinflammatory 
activity of Cu(II), the synergistic effect of tryptophan-aspirin combination in migraine and in 
diseases which cause immune activation, the stronger analgesic, antiinflammatory and 
antithrombotic effect of Cu(II)-aspirinate and Zn(II)-aspirinate than aspirin, decreased 
gastrointestinal toxicity of Cu(II)-aspirinate and Zn(II)-aspirinate than aspirin, the stronger 
analgesic and antiinflammatory effects of some Cu(II)-amino acid complexes than Cu(II)-
aspirinate and the increased bioavailability of Zn(II)-amino acid complexes. The effects of 
leucine in cancer, wound healing and regulation of glucose in blood, anticancer activity and 
healing activity of Cu(II) on radiation effects, antiinflammatory effects of Cu(II)-aspirin and 
Cu(II)-amino acid compounds, sinergistic activity of aspirin and its anticancer effect which 
was proved in recent years are known (Anılanmert, 2006). Under the light of these effects, 
the formation of Cu(II)-leucine-aspirin was also investigated using potentiometric and 
spectrophotometric method. The anticancer action and wound healing effect on skin cancers 
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topically and through injection into tumours should be investigated in the future. These 
ternary complexes have only been investigated using potentiometry, UV and IR 
spectrometry, synthesis studies are going on, yet no in vitro and in vivo study is performed, 
however they are recommended to be investigated for the above therapeutic effects. 

3. Conclusion 
In this chapter, clinical uses of organometallic complexes and some prominent studies on 
new therapeutic complexes were mentioned. Developments in explorations of 
organometallic compounds, in various therapeutic areas continue to be an active and 
productive area of research. Increasingly powerful tools, notably spectroscopic techniques 
like time-resolved infrared are used for identifying and structurally characterizing the solid 
complex, optical spectroscopic and potentiometric methods are used for monitoring 
intermediates and species in solution. Besides these preclinical and clinical studies are 
significantly enhancing our knowledge and understanding of  the structure and mechanistic 
aspects of the therapeutic organometallic complexes. 
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1. Introduction 
The aging process not only affects the whole body, but also affects individual cells. While 
the age-related changes in the body are popularly recognized as wrinkling of the skin, 
indicating alterations in basement membrane proteins, the processes of cellular aging are 
less well defined. The underlying common theme of cellular aging and whole body aging 
seems to be an increase in oxidative stress. Advanced glycation endproducts (AGEs), which 
are widely accepted to alter basement membrane proteins, also increase oxidative stress. 
Reactive dicarbonyls, such as methylglyoxal (MG), formed during glycolysis and other 
metabolic processes are precursors of AGEs formation and triggers of oxidative stress. MG, 
AGEs and oxidative stress are very likely to induce DNA damage and be at the root of 
cellular aging. Thus, a strategy to prevent an elevation of MG, formation of AGEs and the 
associated oxidative stress has great therapeutic potential to slow the aging process at the 
cellular and the whole body level.  

2. The ageing process  
The process of aging is accepted as an inevitable normal part of the life cycle of each and every 
living organism. Aging can be grossly defined as an overall decline in biological functions. 
Thus, aging involves gradual changes in the body such as reduced immunity, loss of muscle 
strength, stiffening of the arterial wall, loss of elasticity and wrinkling of the skin, and decline 
in memory, all of which result in increasing weakness, risk of developing diseases, and 
ultimately death. These changes take place at the cellular, organ and the whole organism level. 
The whole process of aging unfolds very clearly in species with a long life span such as human 
beings. Cellular aging ultimately translates into whole body aging.  

Hayflick et al. [1] first described cellular senescence in the sixties when they showed that 
normal cells had a limited ability to proliferate in culture. Cellular senescence is believed to 
be initiated by increased cellular stress [2, 3]. Factors contributing to cellular stress and 
aging include dysfunctional telomeres (telomere length) [4, 5], DNA damage [6] and 
mitogenic or oncogenic stimuli and signals [2, 4, 5]. The factors such as age and oxidative 
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stress affect telomere length and telomerase activity which in turn affects cellular senescence 
[4]. Oxidative stress has been shown to damage DNA and affect life span [7-10]. A 
controversial view of cellular senescence is that it is an important protective mechanism 
against transformation of the cell into a malignant phenotype, in which case it would affect 
only mitotically active cells [2, 3]. The molecular mechanisms involved in cellular senescence 
are still being unraveled and will not be considered further in this review. The focus of this 
review will be on MG, a reactive dicarbonyl metabolic intermediate produced in the body, 
AGEs, and oxidative stress, all of which are interrelated and affect cellular as well as whole 
body aging. We will discuss some compounds that can scavenge MG, prevent the formation 
of AGEs (inhibitors) or break the existing AGEs (AGE breakers). 

3. Theories of aging 
Aging has been attributed to a number of different causes which have been presented in the 
form of different theories. These theories are based broadly on two different ideas, one of 
which is programmed life processes (program theories, e.g. Biological Clock theory, Limited 
Number of Proliferation theory), and the other one is of errors, mainly at the DNA and gene 
level, in life processes (error theories, e.g. Disease theory, Cross-linking theory, Rate of 
living theory, Free radical theory). A number of theories of aging are based on the 
combination of these two ideas, i.e. program theories and error theories [11-14].  

Changes at the cellular level ultimately affect the whole body. The cell is a dynamic centre of 
ongoing metabolic activity driven by almost constant use of oxygen. Reasonably, the 
metabolic activity may affect survival or the death of the cell. The ‘Rate of living theory’ 
implicates the role of metabolism in aging, which is based on the observation that animals 
with higher metabolic rates often have shorter life spans. Since the metabolic processes and 
oxygen consumption can also generate oxidative stress, an excess of which is deleterious for 
the cell, the ‘Free radical theory’ of aging has become one of the more popular theories. The 
free radical theory proposes a connection between the metabolic rate and aging through an 
increased oxidative stress generation.  

4. Free radical theory of aging  
Max Rubner proposed the ‘rate of living theory’ early in the 20th century [15]. He observed 
that larger animals, which generally have slower metabolic rates, live longer than smaller 
animals with faster metabolic rates [15]. Even though it is now common knowledge that 
metabolism is associated with the generation of free radicals, it was Commoner et al. [16] 
who discovered the formation of free radicals in vivo. Commoner et al. [16] found that an 
increase in an organism’s metabolic activity can increase the concentration of endogenous 
free radicals. Free radicals are atoms or molecules with an unpaired electron in an orbit, 
making them highly reactive. The high reactivity of free radicals makes them deleterious for 
cells because they react with proteins, lipids, DNA and other biomolecules, and disrupt their 
structure and function. Free radicals can be derived from oxygen mainly in the form of 
superoxide anions (O2•-) and hydroxyl radicals (·OH), which are known as reactive oxygen 
species (ROS). Free radicals can also be in the form of highly reactive non-radicals which do 
not have an unpaired electron in their orbit, such as hydrogen peroxide (H2O2). Normally, 
the cells and the body have adequate antioxidant defenses which can neutralize free radicals 
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and prevent the generation of oxidative stress resulting from an excess of free radicals [17-
22]. The formation of free radicals and the function of antioxidants have been nicely 
explained in reviews by Haliwell [20, 21].  

The free radical theory of aging was proposed by Denham Harman in 1956 [23]. The free 
radical theory of aging attributes the aging process to cumulative cellular damage inflicted by 
the reaction of free radicals with key functional cellular and tissue constituents resulting in 
impaired function, disease and death [23]. The discovery of an antioxidant enzyme, 
superoxide dismutase (SOD) [24], which plays a key role to eliminate superoxide anion levels, 
provided some validity to the free radical theory, which was not initially accepted by many.  

The mitochondrial respiratory chain is a major source of free radicals, mainly in the form of 
superoxide anions, which cause damage to the mitochondria and reduce life span [25, 26]. 
The damage inflicted by ROS, especially to DNA [7], rather than the metabolic rate, showed 
a greater correlation with life span [8]. Damage to DNA was formulated into the somatic 
mutation theory, which states that genetic mutations caused by an excess of free radicals 
could lead to accelerated aging [7, 9, 10].  

The fact that increased production of ROS in the mitochondria can reduce life span was 
supported by several studies. Thus, Ku et al., [27] showed that the rates of mitochondrial 
superoxide anion and hydrogen peroxide generation were inversely correlated to maximum 
life span potential when they compared seven different mammalian species with different 
life spans ranging from 3.5 to 30 years. Similarly, ROS production was higher in heart 
mitochondria of the rat, which has a life span of about 4 yrs, than in the long-lived pigeon, 
which has a longer life span of 35 yrs [28]. Theoretically, therefore, if the free radical 
production is diminished, the life span should increase. This has been demonstrated in 
several species. Thus, over expression of SOD and catalase in the worm Caenorhabditis 
elegans (C. Elegans) through age-1 alleles, increases their oxidative defenses and life span by 
65% longer on average [29, 30]. Increased activity of SOD and reduced oxidative stress in the 
transgenic Drosophila (Drosophila melanogaster) flies also slows the aging process and results 
in a longer life [31, 32]. Also, over expression of catalase in the peroxisome, the mitochondria 
or the nucleus in transgenic mice, reduced oxidative damage, hydrogen peroxide 
production, and delayed the development of cardiac pathology and cataract formation 
along with an average increase of 5.5 months in the life span [33]. The observation that long-
lived animals have lower levels of antioxidant enzymes was explained as being due to a 
lower rate of production of oxygen radicals [34].  

Interestingly, some of the studies in rodents did not produce the expected results. For 
example, the administration of antioxidants [35], or over expression of CuZn SOD and 
catalase in mice [36], or SOD in rats [37], did not increase their life spans. In rodents, one 
reason for the lack of additional protective effects, which are normally associated with an 
increase in antioxidants, could be their ability to synthesize vitamin C [38], which might 
already be providing the required protection. This was verified by knocking out the vitamin 
C synthesizing enzyme, L-gluconolactone oxidase (GLO) in mice, which then have to 
depend on dietary vitamin C [39]. GLO knockout mice had damaged aortic walls when they 
were fed a diet low in vitamin C, which underlined the importance of the constitutive 
antioxidant function of vitamin C in rodents [39]. Thus, studies in rodents do not provide 
unequivocal support for the free radical theory of aging [40]. 
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Another way of increasing free radical production and oxidative stress is by increasing total 
caloric intake, which can be easily done be feeding an excess of glucose. A correlation 
between life span and dietary caloric intake was reported in rats and mice by McCay et al. 
[41]. One quantitative estimate was provided in the study by Weindruch and Walford [42] 
who showed that a 40% reduction in dietary caloric intake extended maximum life span by 
one third. A high dietary caloric intake causes an increased rate of DNA damage [43], due to 
a high metabolic rate which in turn results in higher amounts of superoxide anion, 
hydrogen peroxide and hydroxyl radical formation [44].  

5. Methylglyoxal  
Chemically, MG, or pyruvaldehyde, is a highly reactive electrophilic α,β-dicarbonyl 
compound [45, 46] (Fig. 1). MG has been proposed to be formed mainly during glycolysis, 
through spontaneous nonenzymatic transformation of triose phosphates [45, 47-49] (Fig. 2). 
MG synthase has been proposed to convert the triose phosphate intermediate, 
dihydroxyacetone phosphate (DHAP), into MG, especially when inadequate inorganic 
phosphate is available [50, 51]. Other sources of MG, which are believed to produce lower 
amounts of MG, include intermediates of protein and fatty acid metabolism, such as 
aminoacetone produced from L-threonine and glycine [52, 53], and acetone [54, 55], 
respectively (Fig. 2). Semicarbazide-sensitive amine oxidase (SSAO) catalyzes the 
breakdown of aminoacetone [52, 55, 56], while acetone and acetol mono-oxygenase (AMO) 
converts acetone to acetol and acetol to MG, respectively [54] (Fig. 2). SSAO is found in 
substantial amounts in the vascular smooth muscle cells and the plasma [55].  
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Fig. 1. Structure of methylglyoxal (MG) and three compounds with an ability to bind MG or 
inhibit the formation of advanced glycation endproducts (AGEs) or break formed AGEs. 
These compounds are discussed in this review.  

After MG is formed, it is rapidly degraded to D-lactic acid by the highly efficient and 
ubiquitous glyoxalase system, which consists of two key enzymes, glyoxalase I 
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(lactoylglutathione lyase) and glyoxalase II (hydroxyacylglutathione hydrolase) [57-59] (Fig. 
2). Reduced glutathione (GSH) plays a key role by binding MG and presenting it to 
glyoxalase I. Thus, adequate availability of GSH is important in keeping MG levels low in 
the body. For this reason enzymes involved in the synthesis and recycling of GSH, such as 
glutathione peroxidase and glutathione reductase are also important in the metabolism of 
MG [60-62].  
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Fig. 2. A schematic of key sources and steps of methylglyoxal (MG) formation from 
intermediates of glucose, protein and fat metabolism, and its degradation by the glyoxalase 
enzymes. Abbreviations: AGEs – advanced glycation endproducts; AMO – amine oxidase; 
DHAP – dihydroxacetone phosphate; FA – fatty acid; F-1-P – fructose-1-phosphate; F-1,6-di-
P – fructose-1,6-diphosphate; F-6-P – fructose-6-phosphate; G-3-P – glyceraldehyde-3-
phosphate; G-6-P – glucose-6-phosphate; ROS – reactive oxygen species; SSAO – 
semicarbazide-sensitive acetone/acetol mono-oxygenase; GSH, reduced glutathione. 

Despite the efficient glyoxalase system, MG levels can increase significantly in the plasma 
and different organs such as the aorta and the kidneys [61, 63-66]. We have shown that MG 
levels are elevated in the plasma, aorta and kidney of fructose-fed Sprague-Dawley rats and 
spontaneously hypertensive rats (SHR) [61, 63-65]. Patients with type 1 and type 2 diabetes 
have 2-6 fold higher plasma levels of MG compared to healthy people [67, 68]. MG possibly 
plays a role in the pathogenesis of insulin resistance and type 2 diabetes as shown by several 
in vitro [69-71], and by our recent in vivo study in acute [66] and chronic MG-treated 
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Sprague-Dawley rats [72]. Elevated MG levels are linked to the development of micro-
vascular complications of diabetes such as retinopathy and nephropathy, and other 
conditions such as atherosclerosis and neurodegenerative diseases [73-77]. MG levels are 
high in the cerebrospinal fluid of patients with Alzheimer’s disease [76]. 

6. Advanced glycation endproducts 
Unwanted chemical modification of physiologic constituent molecules of the body, which 
leads to the formation of harmful chemical entities, seems to be an unavoidable part of 
metabolic processes of the body. One type of modification, known as glycation, a 
nonenzymatic reaction, is a serious hazard of excess glucose availability in the body. The 
chemical interaction leading to the formation of AGEs starts when a reducing sugar 
condenses with the amino groups of proteins at their N terminus or on lysyl side chains (ε-
amino groups) [78]. This nonenzymatic glycation involves a series of post-translational 
modifications. Glycation begins with the aldehyde or the ketone carbonyl group of the sugar 
combining with the protein to form an unstable aldimine intermediate or a Schiff base. Later 
on the Schiff base undergoes an Amadori rearrangement to form a stable Amadori product, 
a l-amino-l-deoxyfructose derivative with a stable ketoamine linkage, which can get cyclized 
to form a ring structure [78-80]. The Amadori product can undergo oxidation, degradation 
or rearrangement and form AGEs, a heterogenous group of products. Auto oxidation of 
glucose (Wolff pathway) [81] or of the Schiff bases (Namiki pathway) [82] can lead to 
formation of reactive diacrbonyls, but these pathways which are readily observed at high 
glucose concentrations in vitro, are not predominant in vivo [83]. The Maillard reaction, also 
known as the “browning reaction”, involves oxidation of the glycated product which forms 
a brown coloured product. Glucose, fructose and glucose-6-phosphate are all involved in 
glycation, albeit at different rates of reaction with glucose, the most important contributor, 
reacting at a comparatively slower rate than the other two [6]. Increased glucose levels, as 
seen in diabetic patients, causes more AGEs formation than in healthy people. These AGEs 
affect the normal function of several proteins and enzymes, and are responsible for aging 
[74, 80] and the complications of diabetes such as nephropathy and retinopathy [79]. 
Another way by which the glycation reaction causes damage is through the formation of 
reactive α-dicarbonyl compounds, such as MG, glyoxal and 3-deoxyglucosone (3-DG), when 
the sugar molecule undergoes fragmentation [78].  

MG can also cause AGEs formation [78, 79]. In fact, MG and two other dicarbonyl metabolic 
intermediates, 3-DG and glyoxal, are believed to be major sources of intracellular and 
plasma AGEs formation [79, 84, 85], which are commonly implicated in the aging process. 
Any MG which is not degraded by the glyoxalase system or aldose reductase, reacts non-
enzymatically with arginine or lysine residues of proteins [45] to form irreversible AGEs. 
This glycation is not random, but it depends on the structural configuration and (or) 
physical locations of the target proteins [86, 87]. The AGEs produced by the reaction 
between MG and arginine are hydroimidazolone Nε-(5-hydro-5-methyl-4-imidazolon-2-yl)-
ornithine and argpyrimidine [88], whereas the AGE, Nε-carboxyethyllysine (CEL) [89, 90] is 
formed when MG reacts with lysine. Further crosslinking of these AGEs produces 
fluorescent products such as pentosidine and cross-line, and non-fluorescent ones such as 
argpyrimidine, methylglyoxal-lysine dimer (MOLD), glyoxal-lysine dimer (GOLD) and 
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imidazolones [91, 92]. The presence of these AGEs can be detected immunohistochemically 
in tissues [93].  

7. Methylglyoxal, AGEs, oxidative stress and aging 
The damage inflicted by oxidative stress and the formation of intracellular AGEs likely 
contribute to cellular aging. From this point of view, both increased MG and AGEs would 
cause accelerated cellular aging. MG would be a double-edged sword because it is a potent 
inducer of oxidative stress [17, 62, 94, 95], as discussed below, and it is a major precursor of 
AGEs formation. AGEs also induce oxidative stress.   

8. Methylglyoxal and oxidative stress 
The role of MG in inducing oxidative stress is well established [17]. Several studies have 
helped to develop an integrated view of the multiple pathways activated by MG to increase 
oxidative stress (Fig. 3). The reader is referred to our earlier review on MG and oxidative 
stress [17]. MG increases the formation of superoxide [94, 96-99], hydrogen peroxide and 
peroxynitrite [94, 95, 98, 100], proinflammatory cytokines, such as interleukin 1β (IL-1β) 
[101], interleukin-6 (IL-6), interleukin-8 (IL-8) and tumor necrosis factor-α (TNF-α) [67, 101], 
in different cell types such as VSMCs [62, 94, 95], endothelial cells [102], rat kidney 
mesangial cells [97], rat hepatocytes [100], neutrophils [67, 98], platelets [99], cultured neural 
cells from rat hippocampus [101], cultured cortical neurons [103], and SH-SY5Y 
neuroblastoma cells [104]. 

MG has been shown to increase the activity of several prooxidant enzymes such as NADPH 
oxidase [94, 97] (Fig. 3), p38 MAPK [98, 102], and increase the of expression of JNK and 
PPAR-α [104].  

Excess superoxide can react with nitric oxide (NO) to form peroxynitrite (ONOO-) [105]  
(Fig. 3). Peroxynitrite is a strong oxidant and nitrating agent. Because of its oxidizing 
properties, peroxynitrite can damage a wide range of molecules including DNA and 
proteins in cells [105].  

Besides directly increasing free radical production, MG can increase oxidative stress by 
reducing antioxidants (Fig. 3) such as GSH [104, 106, 107], glutathione peroxidase [108], 
glutathione reductase [60, 62, 108, 109], and manganese superoxide dismutase (MnSOD) 
[96], in different cells such as erythrocytes [106, 107], VSMCs [62, 96], and endothelial cells 
[109]. Reduced antioxidants in turn impair the detoxification of MG, increase its  
half-life and set up a vicious cycle to cause further oxidant damage. Glutathione 
peroxidase removes hydrogen peroxide with the help of GSH which in turn is converted 
to oxidized glutathione (GSSG). Glutathione reductase recycles GSSG to GSH [62, 110] 
(Fig. 3).  

An increased production of ROS was also observed in monocytes treated with MG-
modified albumin [111]. Thus, MG induced thrombosis and inflammation by activating 
monocytes, induced apoptosis of neutrophils, and caused platelet-neutrophil aggregates 
[112]. 
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Fig. 3. A schematic of oxidative stress pathways activated by methylglyoxal and advanced 
glycation endproducts and their implication in aging. Abbreviations: AGEs, advanced 
glycation end products; GSH-Px, glutathione peroxidase; GSH-Red, glutathione reductase; 
GSH, reduced glutathione; GSSG, oxidized glutathione; H2O2, hydrogen peroxide; ICAM 1, 
intercellular adhesion molecule 1; IFNγ, interferon γ; IL1, interleukin 1; JNK, JUN N-
terminal kinase; MG, methylglyoxal; NF-κB, nuclear factor-kappaB; NO, nitric oxide; O2•-, 
superoxide anion;  ONOO−, peroxynitrite; p38 MAPK, p38 mitogen activated protein kinase; 
RAGE, receptor for advanced glycation endproduct; SOD, superoxide dismutase; VCAM 1, 
vascular cell adhesion molecule 1. 

Metabolic activity in the mitochondria is at the centre of the free radical theory of aging. 
Mitochondria, which are the major sites of ATP and energy production in the cell, also 
generate about 85% of total intracellular superoxide when electrons escape, mainly from 
complex I and complex III, and react with oxygen [23, 113-116].  

MG increases mitochondrial superoxide production [116, 117]. Treatment of rat aortic 
VSMCs (A-10 cells) with MG (30 μM) significantly increased mitochondrial superoxide 
production by 69.9% compared with untreated cells. The AGEs cross-link breaker, 
alagebrium (50 µM), and SOD mimetic 4-hydroxy-tempo (Tempol, 500 µM) significantly 
decreased MG-induced mitochondrial superoxide production by 57% and 85.8%, 
respectively. Mitochondrial nitrotyrosine formation was also increased by MG [96].  

In in vivo studies elevated MG levels are associated with increased oxidative stress. For 
example, we have shown that in 13 wk old SHR with elevated blood pressure, significantly 
elevated plasma and aortic MG levels are associated with increased levels of superoxide, 
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and significantly reduced GSH levels, glutathione peroxidase, and glutathione reductase 
activities, compared with age-matched Wistar Kyoto (WKY) rats [61]. Similarly, in diabetes 
mellitus and hypertension, increased MG levels are associated with increased oxidative 
stress [61, 65, 67, 68, 118]. 

An excess of MG, CEL and CML indicate carbonyl overload and are associated with 
oxidative stress [73, 79, 119-123].  

Glycated proteins and AGEs also induce oxidative stress (Fig. 3) through several 
mechanisms. AGEs induce production of cytokines and growth factors [124-130]. AGEs bind 
to the receptor for AGEs (RAGE) and scavenger receptors to induce oxidative stress in 
various cells including VSMCs, endothelial cells, and mononuclear phagocytes [128, 131]. In 
endothelial cells AGEs increase expression of vascular cell adhesion molecule-1 (VCAM-1), 
intercellular adhesion molecule-1 (ICAM-1), and increase activity of NF-κB to increase 
oxidative stress [126, 132].  

9. Methylglyoxal and aging 
The accumulation of AGEs in extracellular tissue proteins, such as the basement membrane 
and matrix proteins of blood vessels and skin, is a well known phenomenon characteristic of 
aging and age-related diseases. Several studies demonstrate aging associated increase in 
AGEs. Thus, accumulation of AGEs in the vessel walls results in a gradual loss of elasticity, 
which makes older subjects more susceptible to cardiovascular diseases [133, 134]. MG-
induced AGEs, such as CEL and CML, increased with age in human lens and cause cataract 
formation [90]. In a study on 172 subjects serum levels of CML, 8-isoprostanes and C-
reactive protein, which are markers of oxidative stress, were higher in elderly people (>60 
years old) compared with younger people (<45 years old) [135]. One reason why AGEs 
accumulate during the aging process could be due to an age-related decrease in antioxidant 
enzymes. Thus, Mailankot et al. [136] reported that the activity and expression of glyoxalase 
I protein, which is involved in MG degradation, decreased with age in the anterior epithelial 
cells of human lens, which causes an accumulation of MG. Similarly, an age-dependent 
decrease in catalase activity in the skin may be responsible for elevated MG and 
peroxynitrite production [137].  

However, it is doubtful whether extracellular AGEs accumulation plays a causative role in 
aging. On the other hand AGEs formation inside the cell, such as AGE-nucleotides in DNA, 
may contribute to cellular senescence [6, 60, 74, 80]. DNA integrity is an important 
determinant of lifespan and errors in DNA repair would lead to substitutions, deletions, 
insertions, and transpositions of nucleotides, with increased risk of carcinogenesis and 
reduced life span. Animals with a longer lifespan and more efficient DNA repair have 
delayed carcinogenesis [80]. In this regard MG-induced DNA damage can have a more 
direct effect on aging.  

Studies directly implicating MG in the aging process are very few and this is one area where 
there is a knowledge gap. The study by Morcos et al in the worm C. elegans highlights the 
role of MG, glyoxalase I and MG-induced ROS formation in aging and life span [138]. They 
showed that the activity of glyoxalase I was markedly reduced with age resulting in 
accumulation of MG-derived adducts and oxidative stress markers, which further inhibited 
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the expression and the activity of glyoxalase I. Over expression of glyoxalase I decreased 
MG-induced modification of mitochondrial proteins and ROS production, and prolonged 
the lifespan of C. elegans; whereas CeGly knock-out produced the opposite effect [138]. 

Scheckhuber et al. studied the degradation of MG by the glyoxalase system enzymes and its 
effect on growth and lifespan in filamentous ascomycete and a model of aging, Podospora 
anserine (P. anserina) [139]. Using genetic manipulation of the two enzymes of the 
glyoxalase system, they found that up-regulation of both components of the glyoxalase 
system was effective in increasing lifespan in P. anserina. 

Oxidative stress-induced cellular senescence was demonstrated in the study by Sejeresen 
and Rattan [140]. They treated human skin fibroblasts with MG (400 μM), or glyoxal (1.0 
mM), and found the appearance of various senescent phenotypes within three days. These 
phenotypes showed growth arrest, had increased hydrogen peroxide and the glyoxal-
induced AGE, Nε-carboxymethyl lysine (CML) protein levels, and altered SOD and catalase 
antioxidant enzyme activities [140]. Sejeresen and Rattan proposed this model to study 
cellular senescence in vitro [140].  

In this review we have highlighted some important facts that oxidative stress is a major 
factor in the cellular and whole body aging processes, AGEs are strongly associated with 
aging and MG is a major precursor of AGEs formation, and both MG and AGEs are potent 
inducers of oxidative stress. Based on these facts, it is highly likely that MG may have a 
major role in the aging process through induction of oxidative stress as depicted in the 
scheme in Fig. 3. In fact, elevated MG levels may be responsible for causing accelerated 
aging in many tissues and organs of the cardiovascular system, nervous system, and other 
systems of the human body. A strategy to prevent aging should include targeting MG by 
reducing excessive formation, inhibit AGEs formation, and remove excessively formed MG 
and AGEs from the body. 

10. Anti-MG and anti-AGEs compounds 
The deleterious effects of MG and AGEs can be prevented by compounds that can do one or 
all of the following: (i) bind and neutralize reactive aldehydes, especially MG, (ii) prevent 
the formation of AGEs, (iii) neutralize formed AGEs, (iv) break down formed AGEs.  

Considering these multiple ways of preventing the effects of MG or AGEs these compounds 
will be termed as “anti-MG” or “anti-AGE”. Unfortunately, specific anti-MG or anti-AGE 
compounds are not yet available. The ones available are non-specific and have one or more 
other effects, which limits their usefulness. A number of the available compounds happen to 
have anti-MG as well as anti-AGE effects. 

The possible sites at which anti-AGEs and anti-MG drugs can work are shown in Fig. 4, 
which outlines the various stages of AGEs formation.  

Site 1. The first step in glycation is the binding of a sugar to the free amino groups of a protein. 
Drugs that bind to the amino group of proteins, such as aspirin, can prevent the binding of the 
sugar to the amino group. This group of compounds is likely to produce non-specific effects.  

Site 2. Compounds can be used to bind aldose and ketose sugars to neutralize them and 
prevent them from reacting with proteins. E.g. Aminoguanidine reacts with the carbonyl 
group of glucose and prevents AGEs formation.  
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Fig. 4. Stages of formation of advanced glycation endproducts (AGEs) from glycation of 
proteins. Nonenzymatic glycation of protein leads to reversible formation of Schiff bases, 
which lead to further reversible formation of Amadori adducts and ultimate formation of 
stable irreversible AGEs. Solid vertical arrows show these steps which form the classical 
Hodge pathway of AGEs formation. Auto oxidation of glucose (Wolff pathway) or of the 
Schiff base (Namiki pathway) forms reactive dicarbonyls such as methylglyoxal (MG), 
glyoxal (GO) or 3-deoxyglucosone (3-DG) which is mostly seen in vitro, rather than in vivo. 
The dicarbonyls, which are also formed from other metabolic pathways, also contribute 
significantly to AGEs formation, as explained in the text. The various sites at which anti-
AGEs and anti-MG compounds can act are indicated by numbers and discussed in the text. 
Based on the scheme proposed by Khalifah et al. [83] 

Site 3. AGEs and reactive aldehydes also generate reactive oxygen species which adds to 
their damaging effects [17, 141, 142]. Antioxidants such as vitamin C or E [143] and metal 
chelators such as penicillamine [144] can be used to quench ROS and metal ions.   

Site 4. Reactive aldehydes such as MG, glyoxal, glycoaldehyde and glucosones, which are 
formed during nutrient metabolism and AGEs formation, are a major source of AGEs 
formation. Reactive aldehydes can be neutralized by compounds such as aminoguanidine 
[145, 146] and metformin [147, 148]. 

Site 5. Amadori adducts, formed in the intermediate stages of AGEs formation can either be 
quenched by compounds such as aminoguanidine, or degraded enzymatically by enzymes 
such as amadoriase and human fructosamine-3-kinase, which belong to this group [149, 
150]. Amadoriases have not been detected in higher organisms [151, 152]. 

Site 6. The final group of compounds acts on formed AGEs and are therefore, known as 
AGE breakers or cross-link breakers. E.g. phenacylthiazolium bromide (PTB) [153] and 
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alagebrium (previously known as ALT-711), which are thiazolium compounds. AGEs which 
do not have cross-links such as pentosidine [154], GOLD and MOLD [155] will not be 
affected by these drugs.  

Some of the more common compounds with anti-MG or anti-AGEs effects are described 
below. 

Aminoguanidine is one of the popular and widely used AGEs inhibitor [145] and MG 
scavenger. Despite being a guanidine derivative it shares many common properties with 
hydrazine and is classified as a hydrazine [156]. As described above, aminoguanidine acts at 
site 2 as well as site 4 (Fig. 4) meaning that it prevents AGEs formation by combining with 
the carbonyl group of glucose as well as by scavenging reactive dicarbonyls formed during 
various metabolic processes [146]. The inhibitory effect of aminoguanidine is mainly at the 
Amadori stage [83]. Aminoguanidine is not a specific AGEs inhibitor or MG scavenger and 
it has other actions. Aminoguanidine potently inhibits histaminases [157, 158] and prevents 
deamination of histamine and putrescine. Aminoguanidine also inhibits nitric oxide 
synthase (NOS) [159, 160] and prevents the formation of nitric oxide (NO), a dynamic 
signaling molecule in the body [161], from L-arginine. Aminoguanidine also binds to the 
enzyme S-adenosylmethionine decarboxylase and increases synthesis of polyamines such as 
spermidine and spermine from ornithine [162]. Aminoguanidine can also bind pyridoxal 
and cause vitamin B6 deficiency, which in turn can result in adverse reactions to 
aminoguanidine [163]. A number of in vitro and in vivo studies have described the inhibitory 
effects of aminoguanidine on AGEs formation [145, 146, 164-167]. The doses used in vivo 
range from 25 mg/kg/day [145, 166] to 50 mg/kg/day [165] and up to 100 mg/kg/day 
[167]. Thus, aminoguanidine is far from an ideal MG scavenger and AGEs inhibitor. In 
clinical trials aminoguanidine was found to be too toxic for use in patients. Two double-
masked, multiple-dose, placebo-controlled, randomized clinical trials, ACTION I and 
ACTION II [168, 169] investigated the therapeutic potential of aminoguanidine in 
preventing the progression of renal damage in patients with diabetic nephropathy. The 
ACTION I trial involving 690 participants did not show a statistically significant difference 
between the placebo group and the combined aminoguanidine dose groups, even though 
patients treated with aminoguanidine showed a tendency of having a lower risk of doubling 
of serum creatinine [168]. Due to safety concerns and an apparent lack of efficacy, the 
External Safety Monitoring Committee for the ACTION II trial involving 599 participants 
recommended early termination [169]. Patients with diabetes may have impaired red blood 
cell-deformability, which could cause microvascular and kidney damage. A one year trial 
with aminoguanidine and erythropoietin on 12 patients on dialysis restored red blood cell-
deformability to near-normal levels, an effect attributed to inhibition of AGEs formation by 
aminoguanidine [170]. As mentioned earlier the toxic effects of aminoguanidine have 
limited its therapeutic potential. For example, like hydrazine, aminoguanidine may be 
associated with drug-induced systemic lupus erythematosus and abnormal liver function 
tests, and it can cause flu-like syndromes and vasculitis [169]. Aminoguanidine can also 
cause damage to DNA through hydroxyl- and hydrogen peroxide-formation in the presence 
of Fe+3 [171]. 

Metformin is an oral dimethylbiguanide antihyperglycemic agent, which can also inhibit 
AGEs formation [172], through its action in the post-Amadori stages [83, 173]. Metformin 
has also been proposed to have a MG scavenging effect attributed to its guanidino group, 
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which binds with MG to form an inactive product, triazepinone [147, 148, 174, 175]. The 
MG-scavenging effect of metformin resulted in significantly reduced elevated MG levels in 
type 2 diabetes patients treated with high doses of metformin, between 1,500 and 2,500 
mg/day [172]. We have shown that fructose-fed Sprague-Dawley rats had significantly 
elevated serum MG and blood pressure, and increased levels of MG, hydrogen peroxide and 
the MG-derived AGE, CEL, in the aorta, all of which were attenuated by metformin [65]. 
Metformin has been proposed to protect against MG-induced increased atherogenicity of 
low density lipoprotein (LDL) [176]. The use of metformin as a MG scavenger and AGEs 
inhibitor is limited, and hopefully more studies showing its anti-MG, anti-AGEs 
effectiveness will promote its use for this purpose. Metformin can be considered to have a 
good therapeutic potential in this regard since it is already in clinical use for type 2 diabetes 
as an insulin sensitizing agent.   

Pioglitazone, a thiazolidinedione, is a peroxisome proliferator-activated receptor gamma 
(PPARγ) agonist which acts as an insulin sensitizer and is used in type 2 diabetes. 
Pioglitazone has been proposed to have anti-AGEs effect by inhibiting glycation, AGEs 
formation and protein cross-linking [177, 178]. Studies employing pioglitazone as an anti-
MG or anti-AGEs compound are not forthcoming and more evidence is needed to make 
definitive statements about the therapeutic potential of pioglitazone in this regard. 

N-acetylcysteine (NAC) is a MG scavenging and antioxidant compound [179, 180]. There are 
good reasons for using NAC as an anti-MG compound: NAC can increase GSH levels [181], 
which is an efficient MG scavenger and antioxidant [70, 179, 180], NAC is a cysteine 
containing thiol compound and MG binds with high affinity to cysteine [180, 181], and NAC 
is already used clinically for other conditions such as acetaminophen overdose [179, 181]. 
More studies employing NAC as an anti-MG drug should provide interesting results and 
may help to establish the potential of NAC in this regard. 

A widely used class of antihypertensive drugs has been proposed to have anti-AGE effects. 
Angiotensin receptor blockers (ARBs) and angiotensin converting enzyme inhibitors 
(ACEIs) have been shown to protect against kidney damage, an effect claimed to be 
independent of their blood pressure lowering action [182-185], but proposed to be due to an 
anti-AGE effect. Clinical trials evaluating AGEs lowering effects of ARBs and ACEIs at 
blood pressure lowering doses can add to the therapeutic utility of these drugs. 

A number of compounds have been investigated for anti-AGE effects in limited studies, but 
have not been widely used as such in experimental studies in animals or humans. These 
compounds include the cycloxygenase inhibitors, aspirin [186-188], ibuprofen [189], 
diclofenac [190],  xanthine derivative, pentoxifylline  [191, 192], which is used for 
claudication in peripheral vascular disease, metal chelators, D-penicillamine [144] and 
desferoxamine [83, 144], thiamine pyrophosphate and pyridoxamine [193-195]. Many more 
studies are necessary for these compounds in order to draw definitive conclusions about 
their anti-MG or anti-AGE effects.  

A number of deglycating enzymes have been discovered, especially in microorganisms, 
which remove the sugar bound to the protein molecule, and possibly provide these bacteria 
with energy substrates derived from glycated products [196]. These enzymes, known as 
amadoriases, include fructosylamine oxidases [197, 198],  fructosamine-3-kinase [149, 150], 
fructoselysine-6-kinase [199], fructoselysine-3-epimerase (FrlC) [200], and glucoselysine-6-
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phosphate deglycase [201]. The use of these enzymes or development of stable analogues for 
deglycation therapy remains speculative . 

A number of AGE inhibitors were synthesized and screened for their AGEs inhibitory 
effects by Rahbar et al. [173, 202, 203]. These are derivatives of aryl ureido and aryl 
carboxaminido phenoxy isobutyric acids and were derived from some known AGEs 
inhibitors. These compounds act at multiple stages of the AGEs formation process. Some of 
these compounds have AGEs breaking properties. More studies are needed for these 
compounds to establish their specificity and safety for therapeutic use.  

11. AGEs breakers 
The AGEs which have undergone cross-linking are very stable products and their 
concentration, especially in long-lived matrix proteins, increases with age. AGEs inhibitors 
are ineffective against formed AGEs and compounds which can break the cross-links are 
required. The AGEs breaker compounds can prove invaluable to slow down the aging 
process, and in the treatment of established stages of diseases such as diabetes, Alzheimer’s, 
atherosclerosis and rheumatoid arthritis.  

The first AGEs breaking compound reported was phenacylthiazolium bromide (PTB) in 
1996. PTB breaks the covalent cross-links of AGEs [204]. Administration of PTB (10 
mg/kg/day, intraperitoneal for 4 wks) reduced the amount of IgG bound to the surface of 
red blood cells in diabetic rats [153]. However, PTB is not stable.  

The search for a stable derivative of PTB resulted in the synthesis of ALT 711 (4,5-
dimethylthiazolium) [205]. ALT 711 (now known as alagebrium) reduced arterial stiffness in 
streptozotocin-induced diabetic rats [205]. In aging rats, ALA (10 mg/kg for 16 weeks) also 
increased glutathione peroxidase and superoxide dismutase activities and reduced oxidative 
stress [206]. Alagebrium improved impaired cardiovascular function in older rhesus 
monkeys [207]. Alagebrium demonstrated promising results and a good safety profile in 
phase 2 clinical trials. In a clinical study involving 93 subjects, 50 yrs and older, with 
evidence of vessel stiffness (pulse pressure ≥60 mm Hg, systolic blood pressure ≥140 mm 
Hg, and large artery compliance ≤1.25 mL/mm Hg), alagebrium (210 mg, once per day for 
56 days) improved arterial compliance [208]. In another group of 13 patients aged 65±2 yrs 
with systolic hypertension (systolic blood pressure > 140 mmHg, diastolic blood pressure 
<90 mm Hg), alagebrium (210 mg/kg twice a day for 8 weeks) reduced vascular fibrosis and 
markers of inflammation [209]. Alagebrium (administered for 16 weeks) decreased left 
ventricular mass and improved left ventricular diastolic filling in another trial in 23 patients 
with diastolic heart failure [210, 211].  

However, in a recent study [212] involving 102 patients (aged 62 ± 11 years) with heart 
failure (left ventricular ejection fraction (LVEF ≤0.45), alagebrium (400 mg/day/36 wks) did 
not improve exercise tolerance and systolic dysfunction, and no changes were observed in a 
number of secondary endpoints. Thus, the authors could not verify the claims that 
alagebrium has beneficial effects in systolic heart failure [212].  

Alagebrium has been reported to be a weak inhibitor of thiamine diphosphokinase and is 
unlikely to interfere with thiamine metabolism at therapeutic concentrations [213]. 
However, the authors urge caution when new AGE-crosslink breakers based on thiamine 
are designed, to make sure they are not potent inhibitors of thiamine diphosphokinase. 
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In the studies described above alagebrium has been studied mainly for its chronic effects on 
AGEs as an AGEs breaker. We investigated whether alagebrium also has acute preventive 
effects against the reactive dicarbonyl, MG, in 12 wk old male Sprague-Dawley rats [66]. 
Our results showed that alagebrium also has acute (< 6 h) MG scavenging ability [66]. AGEs 
are formed slowly over a time ranging from 24 h to up to 7 days and more. Therefore, the 
attenuation of MG-induced acute effects (seen within 6 h of MG administration) is most 
likely due to scavenging of MG by alagebrium. Thus, alagebrium significantly attenuated 
the significant increases in MG levels in the plasma, and different organs (measured 2 h after 
administration), and also attenuated MG-induced impaired glucose tolerance and the 
reduced insulin-stimulated glucose uptake by adipose tissue. In an in vitro assay in which 
MG (10 μM) was incubated with or without alagebrium (100 μM) for different times at 37° 
C, alagebrium significantly reduced the amount of detectable MG [66]. Our results strongly 
indicate an acute MG scavenging effect of alagebrium which can add to its AGEs breaking 
ability. More direct evidence of interaction of alagebrium and MG using mass spectrometry 
would be very useful. We have also recently shown that alagebrium significantly attenuated 
the deleterious effects of chronic MG administration for 4 wks on glucose tolerance and 
pancreatic islet β-cell function in male Sprague-Dawley rats [72]. 

In conclusion, MG and AGEs are very likely to be involved in the initiation and or 
progression of the aging process. Commonly available pharmacological compounds to 
investigate these roles of MG and AGEs, such as aminoguanidine, are non-specific, whereas 
some of the newer compounds appear promising in inhibiting AGEs formation at multiple 
steps in the pathway in in vitro studies. However, more in vivo studies are required before 
their therapeutic potential can be established. A more dedicated effort is necessary to 
identify newer anti-MG and anti-AGEs compounds which are more specific and safer before 
more can be done about their therapeutic potential.  
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1. Introduction  
It is well documented in literature a wide range of behavioral and physiological effects arising 
from ethanol intake (Spinetta et al., 2008; Soares et al., 2009; Brust, 2010). Because it is a 
substance that affects differently and simultaneously several neurotransmitter systems, 
covering different brain areas (Dahchour & De Witte, 2000; Vasconcelos et al., 2008; Vengeliene 
et al., 2008), it becomes complex to reveal the mechanism of action that governs its effects, 
being still a challenge for researchers. In addition, ethanol has a biphasic behavioral presenting 
an excitatory feature in the early stages and a depressant feature in its chronic use. 

Among the wide range of pathways in central nervous system that are modified by ethanol, 
it is important to highlight those that explain ethanol diverse effects, like the ones releasing 
gamma-amynobutiric acid (GABA), glutamate, dopamine and norepinephrine (Kaneyuki et 
al., 1991; Vasconcelos et al., 2004). Moreover, another pathway that is rising on researches 
about ethanol effects is the adenosinergic system (Prediger et al., 2006; Thorsell et al., 2007). 

Adenosine was described as a potent depressor of neuronal activity (Dunwiddie & Haas, 
1985), and acts mainly via A1 receptor, which is a presynaptic inhibitor of the release of 
neurotransmitters such as dopamine, GABA, glutamate, acetylcholine and norepinephrine 
(Fredholm et al., 2001; Dunwiddie & Masino, 2001). Moreover, adenosine is involved in 
behavioral processes like motor function, anxiety, depression, reward and drug addiction, and 
human disorders such as Parkinson disease and schizophrenia (Moreau and Huber, 1999). 

In addition, there is strong evidence of an involvement of the adenosinergic system on 
ethanol effects, including the extracellular increase of adenosine after acute exposure to 
ethanol (Krauss et al., 1993; Nagy et al., 1990), the accentuation or blockade of ethanol-
induced motor incoordination provided by adenosine receptor agonists or antagonists, 
respectively (Dar, 2001; Soares et al., 2009), and the reduction of anxiogenic-like behavior in 
acute ethanol withdrawal (Prediger et al., 2006). Adenosine antagonists, like caffeine, are 
implicated in alcohol tolerance (Fillmore, 2003), and retrograde memory impairment caused 
by ethanol (Spinetta et al., 2008). Thus, adenosine receptors seem to modulate some of the 
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pharmacological properties of ethanol, interacting with it by blocking or accentuating its 
properties. 

2. Ethanol and adenosine relation in different neurotransmission systems 
It’s known in literature that ethanol alone interferes in different neurotransmitter systems, 
as GABAergic, glutamatergic, dopaminergic, serotonergic, noradrenergic, cholinergic and 
others, including adenosinic; however, its action on this last system has currently  deserved 
more attention, due to its neuromodulator/neuroprotector action. Thus, in the present topic 
updates will be discussed on the relationship between ethanol and adenosine and its 
consequent interference in some systems above. 

To better understand the association of ethanol and adenosine on different neurotransmitter 
systems, it is necessary to explore the likely hypotheses that explain how ethanol interferes 
with the adenosine system. Carmichael et al. (1991) suggested that a probable mechanism 
could occur via metabolism of ethanol by acetate, where this would be incorporated into 
acetyl-coenzyme A with subsequent formation of AMP, thereby directing the synthesis of 
adenosine. 

Another possible mechanism of interaction between these two substances can be related to 
the fact that ethanol inhibits facilitated diffusion transporters, being the ENT1 (Equilibrative 
Nucleoside Transporter) an example, increasing the availability of extracellular adenosine 
(Diamond et al., 1991; Krauss et al., 1993). Finally, ethanol may facilitate the activation of 
receptors that have adenylate cyclase (AC) as intracellular signaling system (Rabin; 
Molinoff, 1981; Hoffman; Tabakoff, 1990), which is displayed by adenosine receptors. 
Therefore, there are different points of possible interference of the increased concentration of 
extracellular adenosine induced by ethanol on other neurotransmitter systems. 

The GABAergic system in the striatum may be modulated by adenosine with regard to the 
effects of ethanol on motor coordination and sleep, involving cAMP (Meng; Dar, 1995; Meng 
et al., 1997). It was found that the use of adenosine agonists accentuate the reduction in the 
motor coordination induced by ethanol, whereas Ro15-4513, a weak partial inverse agonist 
of the benzodiazepine class of drugs, attenuated by blocking the effect of the first when used 
in combination (Meng; Dar, 1994, 1995), suggesting a participation via GABAA by an 
alteration in the conductance of chloride ions (Meng et al., 1997, Mohler et al., 1984). A 
mechanism suggested by Londos et al. (1980) and Van Calk et al. (1970) relates ethanol to 
alterations in the production of cAMP via AC through the A1 receptor, ie, increased 
availability of adenosine induced by ethanol leads to greater signs of adenosine on your 
receptor that has a higher affinity, which is related with inhibitory G protein, reducing 
cAMP production and concomitant modulation of the GABAergic system that increases 
chloride conductance. 

This ratio adenosine/ethanol with the GABAergic system can still be related to opioid 
system, where ethanol induces the increased availability of β-endorphin which activates 
μtype receptors, altering the release of GABA in dopaminergic neurons in the ventral 
tegmental area, an area involved to reward behavior and abuse of ethanol (Mendez et al, 
2003; Marinelli et al, 2004; Lam et al, 2008; Jarjour et al, 2009). 
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Indirectly, this relationship can also occur through ionotropic ATP receptors, that has the 
function of specific subtypes (P2X4R and P2X2R) inhibited by ethanol (Davies et al., 2002, 
2005), altering the modulation of release of different substances such as GABA, glycine and 
glutamate (Mori et al., 2001; Papp et al., 2004). 

Concerning the glutamatergic system, this one demonstrates relationship with the two 
subtypes of adenosine receptors A1 and A2A, once these receptors appear hetero-dimerized 
in glutamatergic nerve terminals in the striatum, modulating the concentration of glutamate 
in accordance with the availability of adenosine, where a lower concentration activates A1R   
inhibiting glutamate release, and a higher concentration activates A2AR, stimulating the 
release of glutamate and greater activation of the NMDA receptor. This regulates the release 
of dopamine in the nucleus accumbens stimulating higher consumption of ethanol (Ciruela 
et al., 2006; Quarta et al., 2004). 

Another finding that reinforces the relationship ethanol/adenosine/glutamate is the 
synergic interaction that occurs between A2A and mGluR5 receptors (which is related to the 
consumption of ethanol in the nucleus accumbens) in the striatum, that is, the co-activation 
of these receptors increases the phosphorylation of proteins regulated by dopamine and 
cAMP, increased ethanol consumption (Nishi et al., 2003). In addition, NMDA and A1 
receptors present a cross modulation on the negative effects of ethanol, like a reduction on 
motor coordination in the cerebellum, striatum and motor cortex (Mitchell; Neafsey; Collins, 
2009). This relationship could be involved with the altered activity of Protein Kinase C 
(PKC) (Othman et al., 2002). This enzyme has a modulating function against the 
concentration of glycine, GABA internalization, externalization of NMDA expression of 5-
HT3 (Chapell et al., 1998; Lan et al., 2001; Zhang et al., 1995; Sun et al., 2003). 

Regarding the dopaminergic system, A2A and D2 receptors (as well as A1 and D1) exhibit 
dimerization between them, relating to the reward system in the striatum probably by 
modulation of AC activity by ethanol, leading to an increase in the concentration of cAMP 
and the activity of PKA, desensitizing D2, and thus leading to an increased consumption of 
ethanol (Ferre et al., 2008; Mailliard & Diamond, 2004; Yao et al., 2002; 2003). A possible 
mechanism of the final response of the dimerized activation of these receptors is that 
ethanol desensitizes receptors linked to the stimulatory G protein (α subunit), modulating 
the coupling of D2 with the AC pathway, which may be related to PKA (Yao et al., 2001; 
Batista et al., 2005). Inoue et al. (2007) found that co-activation of A2A and D2 mediates the 
transient interaction between nicotine and ethanol, showing an indirect relationship with 
the cholinergic system, where the use of antagonists of  this co-activation can prevent, 
mitigate or even reverse the use of smoke and ethanol. 

Indirectly, the adenosine system also maintains relation to the dopaminergic system via 
receptors P2XR which were identified in mesolimbic dopaminergic neurons, modulating 
their activity and, equivalently, the consumption of ethanol (Heine et al., 2007; Xiao et al., 
2008). 

Adenosine and serotonin systems are related in regard to ethanol via P2X receptors (P2XR). 
That is, 5-HT3 and P2XR are functionally coupled and both have their actions modulated by 
ethanol (inhibits P2X2 and P2X4 and stimulates 5-HT3), besides being involved with other 
neurotransmitter systems such as glycine, GABA, glutamate (mentioned above) and 
dopamine in the nucleus accumbens and ventral tegmental area (Davies et al., 2006). 
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Other neurotransmitters still present a few studies involving ethanol and the adenosine 
system, such as glycine, where ethanol inhibits their specific receptors probably via PKC 
(Tao & Ye, 2002), and taurine, which normalizes the activity of ATPases in tissues pretreated 
with ethanol (Pushpakiran et al., 2005), showing some indirect relationship with the system 
in focus. 

3. Adenosine agonists and antagonists in the responses induced by ethanol 
As widely described, ethanol affects several mechanisms of transmission on the central 
nervous system, bringing a wide range of behavioral and neurochemical responses. To 
reduce the risks and to prevent the damages arising from ethanol intake, many researches 
are engaged in finding other substances that could inhibit or reduce the responses of ethanol 
in the organism. An alternative for this proposition is to study the relationship of the 
mechanism of action of ethanol effects and substances that may interfere in these pathways. 
Adenosine system, as already mentioned, interacts with many effects induced by ethanol, 
affecting their responses as being influenced by them. This system has gained remarkable 
interest in research because of its neuromodulator/neuroprotective action (Halbach & 
Dermietzel, 2006; Wardas, 2002), and may bring about a new target for developing drugs 
that can interfere with the effects caused by ethanol. 

Among the wide range of adenosine receptor agonists and antagonists used in experiments 
involving ethanol treatment, we will focus on the most common substances, like adenosine, 
N6-[2-(3,5-dimethoxyphenyl)-2-(2-methylphenyl)ethyl]adenosine g(DPMA), 2-chloro-N6-
cyclopentyladenosine (CCPA), R(−)-N6-phenylisopropyladenosine (R-PIA) as agonists, and 
caffeine, theophylline, 1,3-dipropyl-8-cyclopentylxanthine (DPCPX), 3,7-Dimethyl-1-
propargylxanthine (DMPX) as antagonists, these last being well described and characterized 
in a review performed by Muller & Jacobson (2011). 

A moderate alcohol intake may not be harmful and has even beneficial effects in prevention 
of cardiovascular diseases, for example (Di Castelnuovo et al., 2010), but heavy alcohol 
consumption could be associated with some risks to the body, like reduced brain mass, 
neuronal loss, neuropathological changes, and impairment of cognitive functions, amnesia, 
dementia and even a significant increase in mortality. Furthermore, the consumption of 
significant quantities of ethanol during pregnancy is responsible for the Fetal Alcohol 
Syndrome (FAS), and prenatal alcohol exposure in humans, as well as in rodents, leads to an 
impaired cognitive and behavioral function, resulting from damage to the central nervous 
system (Chen et al., 2003; Riley et al., 2004; Hamilton et al., 2003). Thus, taking into account 
the substantial importance of this system, studies looking for the lessening of these various 
damages caused by ethanol intake are strictly necessary. 

High amount of experimental studies, involving ethanol administration, use a chronic 
treatment as methodology protocol; but subchronic and acute treatments are also well used 
(Soares et al., 2009; Prediger et al., 2006). While acute treatment simulates hangover, chronic 
treatment usually refers to the withdrawal symptoms and body's adaptive responses to 
prolonged consumption of ethanol. 

Although many studies have consistently demonstrated increases in anxiety-like behavior 
during the withdrawal period after chronic exposure to ethanol in rodents (Lal et al., 1991; 
Knapp et al., 1993; Gatch & Lal, 2001), there are limited experimental findings regarding this 
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symptom after a single ethanol challenge dose. Prediger et al. (2006) designed an 
experimental study of acute ethanol withdrawal (hangover) in mice, in which a time-
dependent development of anxiety-like behavior after an intraperitoneal administration of a 
single dose of ethanol (4 g/kg) in mice was assessed, and the potential of adenosine A1 and 
A2A receptor agonists in reducing this behavior was evaluated. They presented evidence that 
acute administration of ‘nonanxiolytic’ doses of adenosine (5–10 mg/kg, i.p.) or the selective 
adenosine A1 receptor agonist CCPA (0.05–0.125 mg/kg, i.p.), but not the adenosine A2A 
receptor agonist DPMA (0.1–5.0 mg/kg, i.p.), which reduces the anxiety-like behavior 
during ethanol hangover in mice, as indicated by a significant increase in the exploration of 
the open arms of the elevated plus maze. In addition, the effect of CCPA (0.05 mg/kg, i.p.) 
was prevented by the pretreatment with the selective adenosine A1 receptor antagonist 
DPCPX (3.0 mg/kg, i.p.), demonstrating that the activation of adenosine A1 receptors, but 
not adenosine A2A receptors, reduces the anxiogenic-like behaviour observed during acute 
ethanol withdrawal in mice. 

In general, sensitivity to the adverse effects of ethanol is inversely correlated with alcohol 
consumption. In a study with mice lacking the A2A receptor, Naassila et al. (2002) showed 
that these animals are less sensitive to the acute effects of ethanol as hypothermia and 
sedation, and consume more ethanol in a two-bottle choice paradigm compared with wild-
type littermate control mice, demonstrating that the A2AR is involved in the sensitivity to the 
hypothermic and sedative effects of ethanol playing a role in alcohol-drinking behavior.  

Furthermore, caffeine presents an ability to decrease sensitivity to the stumbling and 
tiredness associated with drinking large quantities of ethanol. Thus, adenosine receptors 
antagonists also appear to mediate some of the reinforcement effects of ethanol. This 
reinforcement is in part mediated via A2AR activation and probably associated with 
intracellular A2 activation of cAMP/PKA signalling cascades in the nucleus accumbens 
(Thorsell, et al., 2007; Adams et al., 2008), but the exact mechanism of action remains 
unclear. Studies in humans examining methylxanthine and ethanol interactions have mostly 
focused on the influence that caffeine exerts on ethanol intoxication, and have yielded mixed 
results (Liguori and Robinson 2001; Drake et al. 2003); but a point that needs further 
attention is the fact that these studies converge upon the point that caffeine consumed in 
association with ethanol, rather than improving ethanol-induced impairments, would 
reduce the self-perception of ethanol intoxication (Morelli & Simola, 2011), since human 
data also show that caffeine enhances tolerance to ethanol (Fillmore, 2003). 

In addition to reinforcing effects, adenosine also appears to be related to locomotive effects 
of ethanol at high dose (6 g/kg) in subchronic treatment during 5 days, as shown in the 
experimental study of Soares et al. (2009), in which the administration of Aminophylline, a 
non-selective adenosine receptor antagonist, at low doses (5 and 10 mg/kg) produced some 
degree of locomotion stimulation, and was able to reverse the depressive effects produced 
by ethanol on the number of falls and time spent in the bar, in the Rota rod test, suggesting a 
partial blockage of the action of ethanol. The selective A1R agonist N6-cyclohexyladenosine 
(CHA) has also been found to potentiate, and the antagonist DPCPX attenuates ethanol-
induced motor incoordination in mice (Meng et al., 1997). 

Chronic ethanol intake leads to several changes in the balance of neurotransmitter pathways 
and its receptors, being studied oftentimes focusing withdrawal symptoms. Accordingly 
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Concas et al. (1994), the adenosine receptor agonist CCPA produces inhibition of these 
symptoms, such as tremors and audiogenically induced seizures in rats treated repeatedly 
with ethanol (12–18 g/kg daily for 6 days), an effect prevented by DPCPX. Similar results 
about the specificity of the adenosine receptor in the responses of ethanol effects have been 
reported by Kaplan et al (1999) in mice receiving a 14-day liquid diet containing ethanol and 
treated with the adenosine A1 receptor agonist R-PIA during the withdrawal period, 
indicating the adenosine A1R modulate anxiety-like responses in mice, not only in acute, but 
also in chronic treatment with ethanol. 

Thus, adenosine receptor activation seems to be strongly linked with sensitivity and 
reinforcement properties of ethanol either in A1, or in A2AR, with an opposite relation of 
activation, whereas the adenosine A1R agonists reduce sensitivity, A2AR antagonists 
demonstrate to play this role. Despite A2A knockout mice showed reduced conditioned place 
preference for ethanol. Houchi et al. (2008) showed that the increased propensity to drink 
ethanol in A2A knockout mice was associated with an increase in sensitivity to the motor 
stimulant and anxiolytic effects of ethanol. Contrasting with these findings, the 
administration of A2A antagonist DMPX reduced ethanol reward and consumption, in a 
study performed by Thorsell et al. (2007), in which a decreased lever-pressing for ethanol in 
an operant chamber was observed. 

Caffeine and selective adenosine receptor antagonists may also reduce the duration of 
ethanol-induced loss of the righting reflex (El Yacoubi et al., 2003), reverse deficits in motor 
coordination induced by ethanol (Barwick & Dar, 1998; Connole et al., 2004) and reverse 
retrograde memory impairment caused by a high dose of ethanol (3 g/kg) (Spinetta et al., 
2008). Indeed, the combination of caffeine and ethanol produces a beneficial effect after 
experimental traumatism brain injury (Dash et al., 2004), projecting its effect on stroke 
(Aronowski et al., 2003; Belayev et al., 2004) and indicating the importance of the interaction 
between caffeine and ethanol.  

Beyond neurotransmission/neuromodulation, it is important to give attention to other 
factors that contribute to the relationship between adenosine system and ethanol effects, as 
indicated in a review performed by Ruby et al. (2011) about adenosine signalling in anxiety, 
which underlies the importance of the adenosine transporter ENT1. Many aspects of 
ethanol-related behaviors and anxiety appear to be involved in genetic factors as 
polymorphism and in the gene encoding ENT1 could be associated with alcoholism and 
depression in women (Gass et al., 2010). Further, acute ethanol inhibits ENT1, while chronic 
ethanol treatment leads to decreased ENT1 expression (Short et al., 2006; Sharma et al., 
2010). Also, mice lacking this adenosine transporter displayed a decreased A1 adenosine 
tone in the nucleus accumbens and elevated levels of ethanol consumption compared with 
wild-type mice (Choi et al., 2004). In contrast, it has been shown that ethanol operant self-
administration is not altered by an A1R antagonist while it is bimodally affected by an A2AR 
antagonist (Arolfo et al., 2004).  

4. Conclusion and future prospects 
As noted above, there are many different points of adenosine system interference on the 
effects of ethanol administration. This interaction is of fundamental importance because it 
could be a new target for developing drugs that may interfere, reducing the damage caused 
by ethanol. 
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