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Progesterone and Vitamin D Hormone as a Biolog
Treatment of Traumatic Brain Injury in the Aged
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Abstract: There is growing recognition that traumatic brain injury is a highly var
complex systemic disorder that is refractory to therapies that target individual mec
It is even more complex in elderly persons, in whom frailty, previous comorbiditie
metabolism, and a long history of medication use are likely to complicate the s
effects of brain trauma. Progesterone, one of the few neuroprotective agents that h
promise for the treatment of acute brain injury, is now in national and internation
3 multicenter trials. New findings show that vitamin D hormone (VDH) and VDH d
in the aging process (and across the developmental spectrum) may interact with p
one and treatment for traumatic brain injury. In this article we review the use of p
one and VDH as biologics-based therapies along with recent studies demonstratin
combination of progesterone and VDH may promote better functional outcomes th
treatment independently.

PM R 2011;3:S

INTRODUCTION

Traumatic brain injury (TBI) is a very complex, contextual, and dynamic proce
From the initial insult to the persistent and highly destructive cascade of secondary
to eventual reorganization and recovery [3,4], each phase of the injury involves a
set of processes that sometimes overlap. Furthermore, the molecular and phys
changes resulting from a trauma to the brain are not spatially limited to the locus
and even a well-circumscribed cerebral insult can have distal effects throughout al
entire central nervous system (CNS) [5]. These often-subtle alterations in brain c
and physiology can persist for years and are associated with complex and so
unpredictable behavioral alterations such as posttraumatic stress disorder, mood d
or increased mortality from the disability and health complications that can occur l
the initial injury.

In addition to the complex injury process within the CNS, head trauma also has
and extraneuronal effects that need to be considered in the development of ther
TBI. These processes, which most often are associated with systemic inflamma
multi-organ dysfunction, are the actual causes of death in most patients who have s
a brain injury [6]. In a recent review, Masel and DeWitt [7] suggest that TBI “s
classified as the beginning of an ongoing, perhaps lifelong process that impacts
organ systems and may be disease causative and accelerative.” Thus TBI should b
not as an isolated or static insult but as an event that dynamically alters the systems
it occurs.

Age and age-associated systemic changes can have additional effects on both sur
recovery from severe injury. Although some aspects of the injury may be different,
changes in response to brain injury also are likely to occur in children with TBI or
damage. Such changes include alterations in hormonal and drug metabolism, nu
status, immune function, and increased frailty, among others. Thus it is not a g
TBIs, or the putative treatments for TBIs, will necessarily behave in the same wa
young children or in older subjects as they do in young adults. This situation i
example of a “contextual” effect. In this review we focus primarily on elderly sub

similar considerations may apply to pediatric TBIs. Elderly patients might require rese
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directed at the special nature and consequences of
brain injury and a potentially different approach to t
designed specifically to address the physiology of
group.

Although a monotherapy approach may be ap
for the handful of diseases known to have specific g
environmental causes, experience shows that suc
proach is inadequate for more heterogeneous proce
as TBI. Here we suggest that because it is a complex,
process, TBI can be addressed best by pleiotropic o
nation therapy (which, in addition to any pharm
treatment, can certainly include rehabilitation, co
and other behavioral approaches contributing to the
nation” aspect) and that any such therapy, if it
successful in human patients, must take into accou
tional contextual factors such as age, gender, and m
status.

TBI IS A MULTI-ORGAN/SYSTEMIC
INFLAMMATORY DISORDER

Accumulating evidence now favors the hypothesis
flammatory processes throughout the body have a su
impact on morbidity and mortality after a TBI. A
brain and spinal cord injury generally have been t
isolated and well-localized insults, experimental
increasingly suggests that elevated levels of infla
cytokines, a well-recognized aspect of the physiolo
sponse to trauma [8], are the most consistent p
markers of outcomes in patients with systemic infla
response syndrome, sepsis, multi-organ dysfunct
drome (MODS), and multi-organ failure (MOF) [9
factors usually cause death, and at the very least, ser
often permanent disability after CNS trauma [5,6,1

In many cases, systemic failure seems to be the fi
of death after CNS injury. For example, Zygun [6] fo
dysfunction developed in 89% of patients and fail
least one non-neurological organ occurred in 35%
tients. Failure of one non-neurological organ sys
associated with a 40% death rate, which increased
with the failure of 2 systems. Multi-organ patho
occur as a consequence of neurologic injury to t
[12,13]. In a study of patients with aneurismal suba
hemorrhages, mortality was 31% when one orga
91% when 2 organs failed, and 100% when 3 or mo
failed [14]. The non-neurological systems most fr
affected in conjunction with CNS injury seem t
cardiovascular and pulmonary systems. The key et
the development of dysfunction in these 2 systems
bly the massive release of cytokines and catecholam
occurs after neurologic injury, which can lead d
myocardial dysfunction [15], severe pulmonary ed
respiratory failure [16]. Other mechanisms of fun

importance are inflammation, coagulation, and infection [
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Significant elevations of inflammatory cytokin
been observed in cerebrospinal fluid, the systemic ci
[17,18], and even in the gut [19] after TBI. Given th
icant blood flow to the brain under normal conditio
damaged blood�brain barrier after injury, the bra
tially acts as a filter for the blood, allowing the
dissemination of inflammatory mediators away from
of local injury. This phenomenon eventually lead
temic inflammatory response syndrome, which gen
characterized by local and systemic release of inflam
cytokines, complement, coagulation and acute ph
teins (APPs), and immune cell recruitment [10]. Co
with this process is a systemic anti-inflammatory r
The ability to strike a balance between these 2 o
forces may determine a patient’s survival. The pre
inflammation at and near the site of injury does
contribute to local secondary damage—it is probab
mechanism in TBI-associated mortality and morbid

For example, in a study of more than 2000
Harrison-Felix et al [21] found that patients with
injury who are completing inpatient rehabilitation h
expectancy that is on average 7 years shorter than
patients without TBI. These patients also are mu
likely to die from septicemia, pneumonia, and other
tory diseases for up to 1 year after injury than are pa
the general population [22]. Even “mild” cases of TB
related to a greater risk of mortality. Brown et al [2
ined death rates in Minnesota for approximately 1
tients with mild TBI and found a modest but sta
significant reduction in long-term survival compa
patients who did not have a head injury; however, Fl
colleagues [24] found a greater risk in adult and o
tients.

The systemic release of inflammatory cytokines
tumor necrosis factor–� (TNF-�), interleukin 1�
and especially IL-6 induces the acute phase reactio
temic response to inflammation mainly executed by
that resets a number of homeostatic set points to
defense and adaptation [25]. These changes exhibi
erable variability, from maintaining persistent inflam
to promoting adaptive changes. During the acute pha
TBI (hours to several days), a number of APPs
regulated (eg, C-reactive protein, fibrinogen, and pr
bin), whereas others are down-regulated (eg, album
density lipoproteins, antithrombin III, and pro
Although these changes are presumed to improve su
cases of severe injury such as TBI, an increased prop
positive to negative APPs has been shown to accel
development of diffuse intravascular coagulation an
generally pathophysiologic effects [10]. Acute inflam
also has been observed to increase levels of wh
oxidative stress, which is another important med
6]. systemic injury [26].
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Inflammatory biomarkers also may be useful in p
the severity and outcome of injury [9,27], as we
prognosis for recovery [28-31]. Although it is we
that levels of the cytokines TNF-� and IL-1� incre
severe injury, the level of IL-6 appears to be the m
nostically accurate because it is the chief regulato
hepatic acute phase reaction [25] and correlates
degree of systemic inflammation [9]. Evidence also
that an increased level of IL-6 in the early period aft
is a marker of a high risk of complication and orga
[32]. Although considerable effort is being made to
prognostic biomarkers for TBI, the issue is compl
the fact that so many systemic changes occur in res
brain injury that no single biomarker fully reflects th
lying pathology [33]. As with inflammation and othe
ogies, systemic biomarker activity may be further af
the time when tissue or serum samples are taken, the
stress levels, previous health status, other como
nutritional history, drug use, gender, and age.

AGING, INFLAMMATION, AND BRAIN
INJURY

Because of the focus on youth-related TBI that occu
setting of sports, war, and motor vehicle accident
elderly persons receives less attention, despite the
the Centers for Disease Control and Prevention li
injury as a major cause of morbidity and mortality in
older than 70 years [34]. The incidence of TBI has i
by 21% in people older than 65 years during the pas
even as it decreased for most other age groups as a
improved primary prevention such as the use of s
and safety helmets [35]. Age is an independent pre
mortality resulting from TBI, and in elderly perso
ceeds that of younger victims by a factor of 2 [36]. A
reach their mid to late 70s, the frequency of hospita
attributable to TBI has its most pronounced peak
greatest mortality rates from “moderate” to severe T
ing from 60.9% to 86.8% (depending on the study),
people 75 to 80 years of age [38].

Effects of Aging in the CNS

Although no overt neuronal loss is observed in the b
normal aging, a variety of changes occur at the
medium-scale neuronal networks and individual
that entail more subtle metabolic, structural, and
alterations [39,40], all of which have significant e
neuronal plasticity and adaptation. Age-related ch
the CNS are similar to those that occur in other ag
and include dysfunction of energy homeostasis, i
oxidative damage, protein accumulation, and deox
cleic acid (DNA) damage [39]. As they age, neur

become more susceptible to damage caused by glutam
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excitotoxicity [39] because of impairment of mitoc
metabolism [41], Ca2� homeostasis [39], and io
function [42]. Because these processes also are impl
the development of injury after trauma, the aging
itself is likely to exacerbate the effects of TBI. In one
ing report, Wagner and colleagues [43] suggest that o
damage loads increase with age but that female
appear to fare better and have less oxidative stress th
male counterparts.

In addition to these structural and intrinsic chan
brains of aged animals also exhibit gene expression
characterized by an increased level of neuroinflam
and microglial activation [44-47]. The microglia are
more stimulated in older animals but also appear to
an amplified response to inflammatory stimulati
resulting in a general neuroinflammatory “primi
though the duration of inflammatory changes is lim
der normal conditions as the microglia return to an
state upon resolution of immune challenges, in eld
jects, the microglia are so sensitive to immune stim
that their activation resolves slowly or not at all. Th
tion can result in exacerbation of neurologic disease
still higher levels of neuroinflammation, with worse
comes in older subjects after TBI secondary to a mo
and persistent systemic immune response [49].

Effects of Aging on Systemic Inflamm
and Endocrine Function

In addition to CNS-specific changes, age-related ch
the function of the systemic immune system comm
cur and are implicated in virtually all disease proces
ciated with advanced age [50]. Aging is associate
general activation of the inflammatory response, w
cause of the chronic antigenic stress on innate im
experienced during a lifetime, becomes the basis for
of inflammatory diseases [51] and a reduced ability t
an appropriate immune response to antigenic stim
[50]. With aging, a decrease in the production
inflammatory hormones also occurs [52], along
general tendency toward production of elevated
of proinflammatory cytokines by peripheral bloo
nuclear cells [53].

The fulminating inflammatory state associated
creasing age has been dubbed “inflammaging” [53]. A
this condition is systemic, it also has specific effec
the CNS [48]. Given the importance of inflammato
kines in both behavioral modulation and the evo
traumatic injury, it is likely that an increased neur
matory cytokine response in elderly patients can
neuronal synaptic plasticity, establishing a CNS envi
predisposed to long-lasting complications and a
ability to recover from trauma [48]. The aged brain ap
ate exist in a chronic state of inflammation that is associated with
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increased immune reactivity and continuous low-l
duction of central inflammatory cytokines [54].

Given the apparent correlation between increasi
in the elderly and the increase in a chronic level of in
tory factors in the brain and other organs, it may be n
for the physician, as part of the patient’s physical
tion, to test for levels of these factors and the horm
may be needed to offset the potential for further de
in the absence of immediate overt symptoms.

A final factor that must be specifically considere
man aging is the decreased activity of a numbe
systemic hormones, including thyroid hormone
steroids [56-58], growth hormone (GH) [59], ins
growth factor-I (IGF-I) [59], and possibly 25-hyd
min D3 [60-62]. It is important to note that this de
endocrine function appears to be associated with th
nologic changes discussed previously. Research sug
proinflammatory cytokines may down-regulate the
logical responses to a variety of hormones, includin
GH, IGF-I, thyroid hormone, and estrogens [63]
IL-1�, and IL-6 can modulate the release of GH
hormone-releasing hormone, and somatostatin [64
reduce concentrations of IGF-I [65] and increase the
trations of glucocorticoids [66] in the serum of hu
tients. Lower serum IGF-I and dehydroepiandroste
fate levels were found in frail compared with nonfra
individuals [67], and an inverse correlation betwee
IL-6 and IGF-I was noted only in frail individuals.
levels of inflammatory cytokines [68-71] and the
ment of frailty in older adults [72,73] also have bee
ated with VDH deficiency.

Aging and VDH Deficiency

Recently VDH deficiency has received quite a bit o
versial media attention, partly because an estimated
people worldwide are said to exhibit VDH defic
insufficiency [74] and partly because it has been a
with autoimmune, inflammatory, and infectious co
[75-81], cardiovascular disease [82,83], hyperten
atherosclerosis [84], neuromuscular function [85
[86], and neurodegenerative diseases [87,88]. In th
eastern United States, for example, studies demo
prevalence of VDH deficiency ranging from 32% in
adults [89] to approximately 50% for adolescents an
olescents [90-92]. The most dramatic statistics co
studies in the elderly, which demonstrate that 40%
community-dwelling American and European older
women are deficient in VDH. Even higher averages
in the ill and institutionalized patients [93-101].

VDH deficiency appears to be correlated with ma
factors, especially those with an inflammatory co
[76,77]. This finding is supported by further evid

low levels of serum VDH are associated with elevated levels
ro-
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IL-6 [102] and a key marker of frailty in older adults
VDH is known to be a modulator of the cell cycle,
function, and calcium homeostasis. As such it ma
important compound not only as an endogenous h
but also in the context of CNS injury, both as a trea
its own right and in combination with another agen
progesterone [103].*

PROGESTERONE AS A TREATMENT FOR
BRAIN INJURY

During the past 30 years, some 50 candidate treatme
for TBI neuroprotection have failed when tested in
patients, and many pharmaceutical companies hav
tially discontinued the pursuit of acute pharmacolo
ment for TBI. Despite this pessimism, a large and
preclinical literature, along with the results of 2 rece
2 clinical trials [104,105] and a new phase 3 trial,
that the hormone progesterone may exert significan
cial effects in the treatment of TBI.

Preclinical work on progesterone neuroprotec
been ongoing for more than 20 years. One of the fir
to demonstrate a beneficial effect of progesterone
came from our laboratory [106]. We tested “pseu
nant” and normally cycling female rats with large
lesions of the frontal cortex on a delayed spatial alt
learning task. The pseudopregnant females, whose
nous hormone levels were elevated experimentally
cal stimulation, performed significantly better in
retention of the trained task after injury than did t
mal-cycling counterparts. When the brains were ex
the pseudopregnant rats also demonstrated substant
ventriculomegaly, suggesting that traumatic edema
duced by the relatively greater levels of endogenous
terone present at the time of surgery and for seve
thereafter [107]. We also showed that, in rats, prog
can be given up to 24 hours after bilateral cortical in
still retain its neuroprotective effects, although the so
treatment is given, the better the outcome [108].

Many publications have now demonstrated the e
ness of progesterone treatment for TBI [107,109-1
more than 170 papers using 22 different injury mod
25 laboratories around the world have now rep
beneficial effects in attenuating the cytologic, morp

* A recent, apparently controversial report by the Institute of Medicine [103
that dietary intake of VDH and calcium is adequate for “most people . . . to
bone health.” The report challenges many popular assumptions about vitam
in a number of disease conditions including autism, cognitive function, and
but for unexplained reasons ignores the potential role of VDH in cerebral str
However, the authors do take care to note that “Nonetheless, some s
particularly those who are older and living in institutions or who hav
pigmentation—may be at increased risk for getting too little vitamin D”
of
authors also point out that “no central authority has determined which cut-points to use”
(in determining sufficiency or deficiency).
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and functional deficits caused by injury to the brai
cord, and peripheral nerves [107,113-118, 121, 12

Unlike other sex steroids, progesterone is synth
oligodendrocytes in the brain, where it modulates th
of classical nuclear, membrane-bound, and steroid
[123]. Progesterone also can directly affect the expr
water channel proteins (aquaporins) to modulate b
genic and cytotoxic edema [121,124], reduce glutam
icity directly, mediate toxic cellular calcium influx b
onizing sigma receptors, up-regulate gamma-amin
acid A (GABAA) receptors to reduce excitotoxic dam
reduce apoptosis and necrosis through the up-regula
down-regulation of a variety of genes that control
vival [112,123].

In contrast to the single-receptor, single-mecha
proach, we believe it is progesterone’s ability to act o
ent components of the injury cascade simultaneous
exert differential effects over time and place that mak
effective than other agents that have been studied
treatment of TBI. We have shown that, when given
cally, progesterone can affect the expression of at
genes thought to play a role in neuroprotection and
pair [110]. This pleiotropy, although not fitting neat
the molecular biological paradigm of disease, is l
reason for its translational success thus far.

The preclinical data on the neuroprotective ef
progesterone after TBI have been confirmed in hu
tients in a phase 2a, single-center, randomized, dou
clinical trial for progesterone treatment of modera
vere adult TBI sponsored by the National Institute o
logical Disorders and Stroke [104]. The authors e
100 patients enrolled with proxy consent within 11
injury and included only those with a postresuscitat
gow Coma Scale (GCS) score between 4 and 12. Fo
patients assigned to the treatment group, one was as
the placebo control group, and all patients received
nous administration of the test drug or placebo s
Proxy consent requirements for this study delayed p
one treatment for at least 6 hours after injury. Neuro
functional outcomes were evaluated 30 days after th
Mortality among patients who were given progeste
less than half that of control subjects (13.6% vs 30.
30-day functional outcomes for moderately injured

† Despite the growing evidence of progesterone’s neuroprotective effects, 2
laboratories examining the role of cyclosporin in the treatment of TBI h
negative outcomes [119,120]. In addition, the authors of 2 rec
[121a,121b] suggest that, by the authors’ personal, operational definitio
not all, preclinical studies testing neuroprotective agents, including proges
meet a number of their criteria for preclinical development of new drug
despite their concerns, given the large number of studies in which the
progesterone, it may be of interest to note that most, if not all, of the crite
by Loane and Faden and Gibson et al have been addressed for the s
progesterone, but perhaps to a lesser extent than for most of the other ne
agents cited in the paper by Loane and Faden. However, even if all the
indeed met, no guarantee exists that a completely successful agent for

would be discovered. The review presents a number of important suggestions fo
design of studies in neuroprotection.
nal
].†
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were significantly better than for the placebo grou
bers of the Data Safety Monitoring Board, appointe
National Institutes of Health (NIH), found no seriou
events attributable to the progesterone treatment.

These initial results were confirmed by a second
dent, randomized, double-blind study from China
the authors used a 5-day intramuscular course of t
with progesterone in 159 patients with severe TBI.
who arrived within 8 hours of injury with a GCS sco
lower were randomly assigned (1:1) to receive eithe
terone or placebo. The primary end point was
Outcome Scale (GOS) measurement 3 months afte
jury, but the investigators also used Functional I
dence Measure scores and repeated the measures on
ified Functional Independence Measure and GOS 6
after the TBI occurred. Similar beneficial outcome m
on morbidity and mortality were observed at both
and 6 months after injury, again without any seriou
events caused by the treatment. The authors also
that intracranial pressure was lower 72 hours and 7 d
treatment with progesterone [105].

PROGESTERONE IN A PHASE 3 CLINIC
TRIAL

Following up on the positive phase 2 clinical data [1
a phase 3, 17-center clinical trial for TBI sponsored b
now currently enrolling patients across the Unite
This 1:1 randomized, double-blind controlled trial
roll 1200 patients. Treatment must begin within 4
injury in patients at least 18 years of age with a G
between 12 and 4. After a 1-hour loading dose
mg/kg administered intravenously (IV), progesteron
cebo is given by IV infusion at 0.5 mg/kg for 72 h
then tapered over the course of an additional 24 ho
4-hour window of treatment was designed to optim
gesterone’s neuroprotective effects by treating patie
TBI as soon as possible. Food and Drug Admin
approval for exemption from informed consent wa
for this purpose. The primary study end point will be a
dichotomy of the GOS at 6 months. The trial will trac
ity, extent of adverse and serious adverse events, D
Rating Score, and cognitive, neurologic, and functio
comes. More details can be found at ClinicalTrials.go
clinicaltrials.gov/ct2/show/record/NCT00822900).

In addition to the NIH study, BHR, a branch o
Pharma, a privately held Belgian/French pharm
company, also recently began enrolling patients in
clinical trial called SyNAPSe (http://www.syna
com/). Approximately 1800 patients with severe clo
TBI (GCS scores of 4-8) in whom treatment can be
within 8 hours of injury will be enrolled in the study
100-120 medical centers in the United States, Wes

from
rted

iews
y, if
il to
ver,
use
ated
sing
ctive
were
pair
rope, Israel, and other countries. Patients are randomly as-
r the

http://www.clinicaltrials.gov
http://clinicaltrials.gov/ct2/show/record/NCT00822900
http://clinicaltrials.gov/ct2/show/record/NCT00822900
http://www.synapse-trial.com/
http://www.synapse-trial.com/
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signed to receive a 5-day continuous IV infusion o
terone or placebo in a 1:1 allocation, and follo
conducted for 6 months. The GOS is the primary s
point. This global, phase 3, multicenter pivotal tr
progesterone infusion for patients with severe TBI
conducted in collaboration with the American Bra
Consortium and the European Brain Injury Consor

We suggest that one of the reasons for increased
survival in patients with TBI who are treated with
terone may be progesterone’s ability to substan
duce systemic acute phase inflammation and ther
vent MODS and MOF [122,125]. Because, as d
previously, MODS and MOF frequently are th
causes of death in patients with a TBI, the a
progesterone to modulate the development of
inflammation may be one way that it promotes su
the early stages after brain injury. This idea was su
by Chen and colleagues [126], who found that c
injury to the cerebral cortex in rats induced expr
IL-1� and TNF-� followed by apoptosis in the i
mucosa. A 5-day course of treatment with prog
reduced both the cytokines and cell death in the i
This study shows that an experimental brain in
trigger a cascade of inflammation in other tissues,
turn can produce serious consequences for brai
For example, gut inflammation could affect nu
variables needed to help with the CNS metabo
volved in neuroprotection (see the article by Popo
McTigue [5] for a further discussion of this issue

PROGESTERONE, VITAMIN D, AND AG
IN BRAIN INJURY

Progesterone’s effectiveness in treating TBI and th
lence of VDH deficiency in the elderly population
questions: First, would progesterone be as effectiv
animals as in young adult animals? Second, wou
deficiency affect the outcome of a brain injury and po
interfere with the benefits of progesterone treatme
rats? And finally, would a combination of VDH and
terone be more effective than either compound alo
same aged rat population? We speculated that prog
would be effective in treating TBI in old rats but t
deficiency would increase inflammation and decr
benefits of treatment [127]. We also hypothesized t
bining VDH with progesterone would improve o
Because the early onset of inflammation is a reliable
tic indicator of mortality in human patients with si
trauma, we measured a number of acute inflamma
teins, cell death, DNA damage, and short-term be
indicators of inflammation and secondary damage

and VDH-deficient aged animals after TBI.
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Progesterone and VDH after TBI in A
Rats

Progesterone was indeed effective in treating TBI in
although at a higher dose than in young adult anima
We measured levels of inflammatory proteins, ce
edema, and behavior during the acute phase of injur
hours after TBI) in 20-month-old rats (which is the
equivalent” of 60 years of age). Injured animals trea
progesterone beginning within the first hour after
showed decreased inflammatory markers at all tim
examined, indicating a reduction in the acute inflam
process compared with the old rats given vehicle.
observed decreased markers of cell death at all time p
well as decreased edema and improved motor f
which suggests that the pleiotropic effects of prog
were also effective despite the added complexity of
an aged organism.

When we tested aged rats that were made VDH d
we observed increased inflammation compared w
replete animals in all groups, with or without TBI an
without progesterone treatment [127]. Our resu
firmed findings of previous studies [76,77,129] t
gested that VDH deficiency establishes a higher base
of inflammation even before injury, in effect prim
system for an increased immune response after T
elevated acute-phase response correlated with incre
death and DNA damage, indicating a more severe se
injury process after injury even with progesterone tr

Both TNF-� and IL-6 were significantly increased
deficiency, and both cytokines demonstrated an in
between deficiency and treatment. Although mos
variability in TNF-� was accounted for by injury, th
IL-6 was primarily affected by VDH deficiency, a
corresponds to other independent data connect
levels with VDH deficiency, frailty, and inflam
[73,102,130,131]. The elevation in IL-6 was most e
our data comparing VDH-deficient and VDH-norma
after TBI and progesterone treatment. Although mo
other cytokines were elevated 2- or 3-fold in VDH-
animals, IL-6 was increased nearly 5-fold by 72 ho
the injury occurred, suggesting that IL-6 may be the
cytokine involved in the detrimental effects of VD
ciency after TBI.

Combination Therapy in TBI

Combination therapy is a relatively novel idea in th
brain injury, but it is a well-established pharmaco
proach [4] in other disease processes such as HIV/A
tuberculosis. Most drug development still focuses on
ual agents and is targeted toward a few specific mec
at most. As discussed previously, this approach ma
appropriate in the setting of TBI. Rationales for co

drugs include targeting multiple divergent mechanisms and
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overcoming single-drug limitations such as receptor
pharmacology, and signaling pathways [132,133].
has recently gained ground in the treatment of T
“Polytherapy” approaches can proceed in 2 ways: (
can be designed for target promiscuity or pleiotropy
single agent affects multiple pathways simultane
sequentially or both; or (2) drugs can be design
administered in combination, which achieves the sa
of targeting multiple processes, but separately in th
hybrid approach, which may be wise for the trea
TBI, is to combine pleiotropic drugs themselves
come the limitations of monotherapy. A comb
approach to treatment is not only reasonable bu
essential given the complexity and heterogeneity o
TBI and the fact that, of the various preclinica
therapy drugs that have shown promise for bra
neuroprotection, all have been shown to be in
when taken to clinical trial [134].

Combining Progesterone and VDH in

Given our results with progesterone and VDH defi
aged rats, we speculated that acute correction of V
ciency with VDH would restore the efficacy of prog
Combining progesterone and VDH, which are pl
drugs that work primarily through intracellular r
transcription factors, also merits serious considerat
outside the context of VDH-deficiency as meeting th
for combinatorial therapies [4]. Because both prog
and VDH are pleiotropic and multifunctional comp
is difficult to predict specific mechanisms of interac
both agents could be used to target cell death after
example, as one of the many mechanisms by whic
injury evolves.

It is worth emphasizing here that VDH is in f
vitamin but rather a secosteroid hormone with t
cholesterol backbone as other sex steroids (such a
terone) and has its own class of nuclear steroid recep
signaling mechanisms [135,136]. Like progesterone
a pleiotropic agent with important implications for t
opment and treatment of systemic disease. Recently
palan and colleagues [137] examined VDH recepto
in lymphoblastoid cells after treatment with VD
found more than 2700 gene positions with VDH
signaling gene transcription and approximately 2
that changed their level of expression in response
Many of these genes (like progesterone) are direct
cated in modulating the immune/inflammatory res
injury and neurodegenerative diseases.

Importantly, progesterone complements VDH’s
flammatory effects not only in the brain but in oth
affected by the inflammatory cascade that often acco
TBI or stroke. To reiterate, one of the hormone’s ma

fits and probably one of the main reasons it is so effective
cs,
ea
4].
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a systemic treatment for serious injury is because it
the inflammatory cascade not only in the brain but
tissues such as gut, heart, spleen, and thymus that
subject to cytokine damage [138-143].

Evidence also suggests that, like progesterone, V
ministered after a brain injury can have neurop
effects, although a number of its actions involve
pathways from those of progesterone [144]. Both p
one and VDH are natural hormones that are synth
both men and women, and both can act as age
produce other metabolites in the brain with their
tinct modes of action in CNS repair. These properti
in the context of the clinical trial results showing v
progesterone safety and efficacy in TBI, makes the t
progesterone and VDH in a preclinical combined
compelling approach to consider for use in a clin
especially for elderly persons.

Perhaps similar consideration should be given to
for vitamin D supplementation in pediatric TBI treat
safety and efficacy trial for progesterone in pedia
under the auspices of the Pediatric Emergency Care
Research Network (PECARN) is beginning to tak
Growing evidence suggests that many children c
VDH insufficiency or even deficiency, and this condi
affect long-term disease outcome and possibly the e
ness of neuroprotective treatments such as progeste
early brain injury [145,146].

Progesterone/VDH Combination in A
Rats with TBI

We have demonstrated the effectiveness of a combi
progesterone and VDH in both in vitro and in vivo m
our laboratory. Combining VDH and progesterone w
tive in vitro in increasing the survival of primary
neurons under 24 hours of excitatory glutamate c
Although VDH alone and progesterone alone both p
beneficial effects on neuronal cell survival, the com
of VDH and progesterone produced significantly m
roprotection than either compound given alone and
best individual doses [147]. We used glutamate
excitotoxicity as our primary outcome measure b
reliably triggers cell death in models of TBI, stroke, an
cord injury.

Interestingly, when we applied the same treatm
cept in vivo to VDH-deficient aged rats with large
contusions of the frontal cortex, the only treatm
reduced inflammatory marker proteins was the com
of progesterone and VDH (5 mg/kg in a single do
pared with vehicle or either compound given alo
combination treatment was also the only one that
tially improved behavioral outcomes. If these co
apply to human patients, the clinical implications
as important: a combination treatment of progesterone and
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VDH administered to elderly patients with TBI sh
prove survival compared with progesterone given
the same population. Because few, if any, better alt
exist, a clinical investigation would appear to be a re
step to take.

Briefly summarized, we believe that: (1) proges
effective in reducing acute inflammation, a key ind
survival in human patients and in aged rats with bra
(2) D deficiency increases acute-phase inflamma
attenuates the benefits of progesterone treatment in
with TBI, which suggests that such a deficiency c
crease mortality and worsen outcome in TBI surviv
(3) a combination of progesterone and VDH partially
the effects of D deficiency and reduces post-TBI acut
mation in old rats.

CONCLUSION

Should our results translate to the clinic, the impli
the research discussed here is that a simple vitamin
tion combined with progesterone could help sa
human lives. Extrapolating from the animal data t
that D deficiency enhances inflammatory activity ev
intact rats, and because vitamin D insufficiency appe
prevalent in so many elderly and frail patients,
rehabilitation physicians to screen routinely for v
levels in their patients, especially those who hav
enced a stroke or TBI. Our animal data also can be
suggest that ignoring D deficiency or insufficiency
time, exacerbate the injury, probably reduce the b
physical and cognitive therapy, and delay or prev
tional recovery.

As we noted previously, the reduction in systemi
mation resulting from combined VDH and prog
treatment may be one of the key mechanisms b
progesterone and VDH, in combination or alone, c
nificantly increase survival after TBI in human pat
though eventually better alternatives to the treatme
proposing may be found, it is becoming increasin
that no single receptor, gene, or mechanism can ac
the complex cascade of focal and systemic toxic ev
duced by a brain injury, whether it is in children, a
elderly persons. It is highly unlikely that a single age
able to trigger all the neuroprotective and neuroplas
required for the damaged brain to reorganize to cop
traumatic injury, degenerative disorder, or seriou
Despite the evidence that progesterone and its me
might work well, their effectiveness has not yet been
sively demonstrated. Individual or combination ther
pleiotropic agents capable of addressing multiorgan
tion is becoming more acceptable (and more appro
we begin to understand the complex systems and
involved in the mediation of brain repair and fu

recovery.
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