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In this article, we review published preclinical and epidemiologic studies that examine progesterone’s
role in the central nervous system. Its effects on the reproductive and endocrine systems are well
known, but a large and growing body of evidence, including a recently published pilot clinical trial,
indicates that the hormone also exerts neuroprotective effects on the central nervous system. We now
know that it is produced in the brain, for the brain, by neurons and glial cells in the central and
peripheral nervous system of both male and female individuals.

Laboratories around the world have reported that administering relatively large doses of
progesterone during the first few hours to days after injury significantly limits central nervous system
damage, reduces loss of neural tissue, and improves functional recovery. Although the research
published to date has focused primarily on progesterone’s effects on blunt traumatic brain injury, there
is evidence that the hormone affords protection from several forms of acute central nervous system
injury, including penetrating brain trauma, stroke, anoxic brain injury, and spinal cord injury.
Progesterone appears to exert its protective effects by protecting or rebuilding the blood-brain barrier,
decreasing development of cerebral edema, down-regulating the inflammatory cascade, and limiting
cellular necrosis and apoptosis. All are plausible mechanisms of neuroprotection. [Ann Emerg Med.
2008;51:164-172.]
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OVERVIEW
In this article, we review published preclinical and

epidemiologic studies that examine progesterone’s role in the
central nervous system. Its effects on the reproductive and
endocrine systems are well known, but a large and growing body
of evidence, including a recently published pilot clinical trial,
indicates that the hormone also exerts neuroprotective effects on
the central nervous system. We now know that it is produced in
the brain, for the brain, by neurons and glial cells in the central
and peripheral nervous system of both male and female
individuals.1-3

Laboratories around the world have reported that
administering relatively large doses of progesterone during the
first few hours to days after injury significantly limits central
nervous system damage, reduces loss of neural tissue, and
improves functional recovery. Although the research published
to date has focused primarily on progesterone’s effects on blunt
traumatic brain injury, there is evidence that the hormone
affords protection from several forms of acute central nervous
system injury, including penetrating brain trauma, stroke,
anoxic brain injury, and spinal cord injury. Progesterone

appears to exert its protective effects by protecting or rebuilding
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the blood-brain barrier, decreasing development of cerebral
edema, down-regulating the inflammatory cascade, and limiting
cellular necrosis and apoptosis.4-13 All are plausible mechanisms
of neuroprotection.

THE TREATMENT CHALLENGE
Throughout the past 20 years, a large body of research has

enhanced our understanding of the pathophysiology of acute
brain injury. The tissue damage and destruction caused by the
initial trauma trigger deleterious processes in the brain that can
progressively enlarge the area of injury, leading to death or a
lifetime of disability. Pathophysiologic changes include release
of excitatory amino acids, activation of the N-methyl-D-
aspartate receptor, the influx of toxic levels of calcium into
neurons, activation of proinflammatory cytokines, and other
events.14 Discovery of this injury cascade gives scientists hope
that it may be possible to block 1 or more points in this
process and thereby limit the consequences of brain injury.
Unfortunately, the goal of identifying an effective
neuroprotective agent has proven elusive. To date, more than
30 pharmacologic agents have been tested in clinical trials.
None has consistently improved outcomes after traumatic brain

injury.15,16
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Beyond providing supportive care, including maintenance of
cerebral perfusion pressure, and avoiding hypoxemia, there is
little that physicians can do to alter the outcome of traumatic
brain injury. In 1993, the Brain Trauma Foundation15

convened an international task force to review existing therapies
and develop evidence-based guidelines for treatment. With the
possible exception of mannitol and barbiturates, no agent was
found to enhance recovery. Roberts et al16 reviewed 5 common
traumatic brain injury treatments—hyperventilation, mannitol,
cerebrospinal fluid drainage, barbiturates, and corticosteroids—
and found that when studies were restricted to those with
proper controls, none of these agents decreased morbidity or
mortality after traumatic brain injury. Their discouraging
conclusions are also reported in the Cochrane Library.17

Despite substantial effort by the pharmaceutical industry, no
new traumatic brain injury treatment has entered clinical
practice in more than 30 years.16 One drug that was once a
mainstay of treatment is now known to be harmful.17 The
Corticosteroids After Significant Head Injury trial enrolled
more than 10,000 subjects in 49 countries in an effort to
conclusively demonstrate efficacy. The study was prematurely
halted because the treatment group experienced a higher
mortality rate than the control group.18 Recently, a National
Institutes of Health–funded clinical trial of magnesium sulfate
was terminated for the same reason.19 Hypothermia has
produced promising results in some brain-injured subjects, but
it may be harmful to older patients.20,21 The treatment remains
investigational.22,23

PRECLINICAL RESEARCH
Traumatic Brain Injury

In the late 1980s, while researching cerebral recovery after
traumatic brain injury, Stein observed that female rats tended to
recover better than males after an injury of identical severity.24

He devised a series of experiments to determine whether these
outcome differences were real and, if so, whether they were due
to structural dimorphisms between the brains of female and
male rats or were a product of bioelectrochemical, receptor, or
hormonal differences. Stein hypothesized that sex-related
differences in brain injury have a hormonal basis and that the
magnitude of recovery depends, at least in part, on where a
female rat is in her estrus cycle at injury. To test these
hypotheses, Roof et al25 used 3 groups of mature rats: males,
cycling females in proestrus (when levels of estrogen are high
but progesterone levels are at their nadir), and pseudopregnant
females (when progesterone is elevated). Animals received a
precisely calibrated contusion to the medial frontal cortex, an
injury roughly analogous to a severe frontal lobe contusion in a
human. Twenty-four hours after injury, the animals were killed.
Samples of brain tissue from the area immediately surrounding
the primary lesion were compared with same-brain control
samples from an area remote from the injury. Analysis of the
wet-to-dry tissue weights of these samples revealed that female
rats in proestrus developed significantly less cerebral edema than

male rats that had received the same injury. Pseudopregnant
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females, the group with the highest levels of progesterone,
developed almost no postinjury cerebral edema (Figure 1).25

To determine whether treatment with progesterone shortly
after injury would produce similar effects, Stein’s team
administered progesterone to male and female rats at 1, 6, 24,
and 48 hours after a calibrated brain injury. Control animals of
both sexes received the same injury, but were injected with
peanut oil vehicle. Comparison of wet-to-dry tissue weights
obtained 72 hours postinjury revealed that male and female rats
treated with progesterone developed significantly less cerebral
edema than vehicle-treated controls (Figure 2).26 Lesion volume
and neuronal loss, the latter measured in the dorsomedial
nucleus of the thalamus, were also significantly reduced.27 The
treatment worked equally well in males and females, an
important finding because at the time it was unclear whether
male rats had active progesterone receptors in their brains.

Reduction of cerebral edema is important, but improvement
of function is the ultimate goal of any neuroprotective drug. To
determine whether progesterone improves recovery after
traumatic brain injury, Stein’s team tested 4 groups of rats:
brain-injured rats treated with progesterone, identically injured
rats treated with placebo; uninjured sham-surgery
controls�placebo, and uninjured sham-surgery
controls�progesterone. Seven days later, all animals were tested
with a Morris water maze, a spatial navigation task that

Figure 1. Percentage increase in water content of brain
samples from injured areas compared to uninjured, distant
areas taken 24 hours after a medial frontal cortical
contusion injury. Samples from male, proestrus female,
and pseudopregnant (PP) female rats.
measures a rat’s ability to learn the location of a platform
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submerged in a tank of water. Progesterone-treated rats
performed the task significantly faster than placebo-treated
controls and nearly as well as members of the sham-surgery
group.28

Stein’s group then sought to determine the optimal
therapeutic window and duration of progesterone treatment.
One study revealed that progesterone treatment could be
initiated as late as 24 hours postinjury and still produce benefit,
although the magnitude of effect was greater the sooner
treatment was initiated.29 Another showed that the severity of
postinjury cerebral edema is inversely related to the serum
progesterone level (ie, the higher the progesterone level, the less
the edema).10 Goss et al30 demonstrated that efficacy follows a
U-shaped curve, depending on dose. The most effective doses
were in the 8 to 16 mg/kg range; lower and higher (32 mg/kg)
doses were less effective. Such U-shaped functions in dose-
response studies are not uncommon.31 Cutler et al32 determined
that dose tapering is important to prevent a “rebound effect”
when progesterone treatment is abruptly withdrawn.

Because progesterone is classically defined as a steroid, it is
logical to ask whether it is more effective than corticosteroids, a
class of drugs used in the past to treat acute traumatic brain
injury. Stein’s team found that progesterone is much more
effective than methylprednisolone at reducing cerebral edema
after traumatic brain injury.33 More recently, the
Corticosteroids After Significant Head Injury trial determined
that methylprednisolone treatment is deleterious in the setting
of traumatic brain injury.18,34 Because steroids such as
methylprednisolone increase glutamate toxicity in the brain by
potentiating N-methyl-D-aspartate response and attenuating
�-amino butyric acid (GABA) response, it is not surprising that
they are not neuroprotective.35,36 Conversely, progesterone
reduces glutamate toxicity by decreasing its expression and by

Figure 2. Percentage increase in water content of brain
tissue samples from the lesion area compared to
uninjured, distant control areas taken 72 hours after
cortical contusion injury in male and female rats treated
with progesterone or the oil vehicle.
up-regulating GABA.2,35
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Although much early research on progesterone’s
neuroprotective effects was conducted by Stein and colleagues,
other groups have replicated these findings and added
discoveries of their own.37-42 Asbury et al41 administered
progesterone to rats shortly after bilateral medial frontal cortex
aspiration and reported that treated animals had less neuronal
loss in the mediodorsal thalamic nucleus and the striatum
compared to untreated controls. In a rat model of penetrating
brain injury, Garcia-Estrada et al42,43 determined that
progesterone treatment decreases accumulation of astrocytes in
the proximity of the injury. Several teams have independently
reported that progesterone exerts beneficial effects in spinal cord
injury, including enhanced remyelination and improved motor
function.2,3,44-46 Vink and Van Den Heuvel47 reported that
progesterone is effective in reducing the size of the deficit in rats
with diffuse axonal injury after impact to the skull.

Acute Stroke
In the mid-1990s, researchers began to study whether

progesterone limits the consequences of acute stroke. In most of
these experiments, the animal’s middle cerebral artery is
occluded for several hours and then allowed to reperfuse. In the
first such experiment, Jiang et al48 administered progesterone at
a dose of 4 mg/kg in dimethyl sulfoxide to male adult rats either
immediately before middle cerebral artery occlusion or 2 hours
after reperfusion. Regardless of which time was chosen, a single
injection of progesterone resulted in significantly smaller cortical
infarct volumes, less weight loss, and better neurologic outcomes
compared to that of controls. Other teams replicated these
findings.39,49-52

Kumon et al53 reported that progesterone treatment
improved neurologic outcomes and decreased cortical infarct
size in normotensive and spontaneously hypertensive male rats.
Morali et al54 reported that, in a stroke model, administering
intravenous progesterone (8 mg/kg) to rats significantly reduced
loss of pyramidal neurons in the cornu ammonis 1 and 2 fields
of the dorsal hippocampus. Control rats given vehicle had a
2-fold increase in ventricular dilation and cerebral shrinkage.
Recently, Sayeed et al5 reported that administering either
progesterone or its metabolite, allopregnanolone, is beneficial in
a temporary middle cerebral artery occlusion model of ischemic
stroke. Sayeed subsequently replicated these findings in a rat
model of permanent middle cerebral artery occlusion. In this
study, 3 days of treatment with either progesterone or
allopregnanolone produced markedly smaller necrotic infarcts
and lower levels of cerebral edema compared to treatment with
vehicle only.55

Other Neurologic Conditions
Progesterone treatment may also be beneficial in

demyelinating conditions such as multiple sclerosis. Schumacher
et al56 reported that progesterone treatment of symptomatic
Wobbler mice with motoneuron degeneration reduced
neuropathology and up-regulated myelination in Schwann cells

and oligodendrocytes in the central nervous system. Ghoumari
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et al57 demonstrated that progesterone treatment increases
myelin production, especially in injured animals. Similarly,
Pascual et al58 reported that progesterone treatment can reverse
the effects of hypoxic injury to the solitary tract nucleus of rats
and thus rapidly enhance respiratory rhythms. The reaction was
so rapid that the authors suggest it cannot be due to the
traditional genomic-receptor actions of the hormone.58 Most
recently, Leonelli et al59 have shown that long-term treatment
with progesterone can reduce experimentally induced diabetic
neuropathy in rats, a finding consistent with the hormone’s
reported effects on myelin production. In summary, 65 animal
studies conducted by 20 research groups working with 4 species
(rats, cats,60 mice,61 and rabbits62) have reported that
progesterone exerts neuroprotective effects.

Negative Preclinical Studies
A few studies have failed to demonstrate positive effects of

progesterone treatment.37,63,64 Azcoitia et al65 reported that
progesterone was not protective to rats given a chemical injury
with kainic acid. Murphy et al63 investigated whether 3 weeks
of pretreatment with progesterone, followed by cessation of
treatment at injury, improves outcomes after permanent middle
cerebral artery occlusion in rats. Not only was pretreatment
ineffective but also it appeared to exacerbate striatal stroke
injury. Unlike other studies, which administered treatment
shortly after injury, Murphy’s group pretreated their animals for
3 weeks with high-dose progesterone (30 mg/kg) and then
abruptly stopped treatment at injury. Rather than weakening
the case for progesterone, their findings support the notion of a
“withdrawal effect,” first reported by Cutler et al.32

ESTROGEN
If progesterone is helpful in the setting of brain injury, might

estrogen be helpful as well?66,67 There is some evidence that
estrogen, like progesterone, exerts beneficial effects on recovery
in animal models of traumatic brain injury and stroke.68 Animal
studies suggest that estrogen may limit secondary brain damage
such as apoptosis (see below) during the acute and more chronic
stages of injury. However, recent studies have failed to obtain
any beneficial effects in a permanent stroke model.69

The current literature on stroke suggests that before
menopause, female victims recover from brain damage more
quickly than male victims and have fewer cognitive
impairments.70 These findings appear to be borne out both by
epidemiologic studies and by animal research. Nakamura et al71

looked at the effects of both endogenous and exogenous
estrogen levels on the outcome of intracerebral hemorrhage in
rats. They found that females had far less edema than males.
The team also noted that injections of estradiol in males (but
not females) dramatically reduced levels of edema.71 Won et al72

also found evidence that estradiol is neuroprotective after
middle cerebral artery occlusion in female rats.

Merchenthaler et al73 showed that the estrogen receptor is

directly implicated in neuroprotection of the hippocampus.
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This group74 used focal ischemia in mice and gerbils to show
that estrogen pellets implanted before or immediately after the
stroke injuries prevented the selective apoptotic loss of neurons
in the dorsal hippocampus, which is very susceptible to ischemic
injury. Other investigators75 showed that pretreatment with
either estrogen or progesterone could prevent excitotoxic and
oxidative stress injury, enhancing cell survival in cultures of
embryonic hippocampal neurons.

Researchers have reported that older animals with permanent
ischemic stroke appear to benefit from pretreatment with
estradiol. Wise et al66 subjected 3- to 4- and 9- to 12-month-old
female rats to middle cerebral artery occlusion after about a
week of treatment administered in Silastic capsules implanted
under the skin. They found very significant estradiol-induced
decreases in the sizes of the infarct volumes in both the young
and middle-aged groups even when relatively low doses of
estrogen were used.66

Would estrogen therapy produce similar benefits in males?
Toung et al76 created infarcts by carotid occlusion in male rats
given 17�-estradiol implants or single injections before injury.
Acute and chronic treatments significantly reduced the size of
the infarct and were equally effective. These results are
consistent with other work38,75,77 showing that estrogen
treatment might enhance morphologic and cognitive recovery in
brain-damaged males.

Despite signs of benefit in certain injury models, others have
reported that estrogen worsens neuropathology. In a model of
transient focal ischemia caused by 4-vessel occlusion, Harukuni
et al78 found that loss of hippocampal pyramidal cells was
substantially reduced in ovariectomized animals (32% loss)
compared to their counterparts with intact ovaries (up to 54%
loss). In addition, higher levels of estradiol in the serum were
correlated with greater hippocampal cell loss.

MECHANISMS OF ACTION
Unlike treatments that target a single mechanism, such as

N-methyl-D-aspartate receptor blockers, progesterone appears to
act on multiple levels and pathways to interrupt or slow
destructive processes. Although other pluripotent drugs, such as
corticosteroids and barbiturates, have not proven beneficial,
their targets of action are less clear and probably differ from
those of progesterone. In contrast, progesterone limits the
development of cerebral edema through several specific modes
of action; for example, up-regulating the inhibitory
neurotransmitter GABAa, decreasing lipid peroxidation and
oxidative stress, limiting the release of inflammatory cytokines,
and decreasing cellular apoptosis.

Reduction of Cerebral Edema
Several laboratory studies have demonstrated that

uncontrollable cerebral edema accounts for much of the
morbidity and mortality associated with traumatic brain injury.
Inflammatory reactions initiated by brain injury, stroke, brain

tumors, and other insults trigger the breakdown of brain tissue,
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which leads to the development of cytotoxic cerebral edema and
cell loss. Disruption of the blood-brain barrier produces
vasogenic edema, allowing plasma fluid to enter the brain
parenchyma. The resultant swelling increases intracranial
pressure, compromising cerebral perfusion and worsening
neuronal loss. Blood-brain barrier integrity is compromised in
many models of neuroinjury.

In laboratory animals, progesterone reduces cerebral edema
through a number of mechanisms. First, it stabilizes the blood-
brain barrier, thereby preventing the indiscriminate flow of ions,
water, and other inflammatory molecules across the
membrane.79 Second, it modulates aquaporins (specifically
aquaporins 4 and 9), molecules that act as osmosensors and
control water drainage into the ventricles of the brain.80 This
regulates swelling and ion exchange.13,81 Third, progesterone
reduces the second (cytotoxic) phase of edema caused by the
accumulation of fluid inside neurons and reactive
astrocytes.13,26-29 This form of edema can disrupt cells and
cause the release of additional toxic agents into the brain
parenchyma, producing an ongoing cycle of secondary cell
death.

Up-regulation of GABA
Several research teams have reported that progesterone up-

regulates GABAa, an inhibitory neurotransmitter in the central
nervous system.82-84 GABA-mediated inhibition can decrease
excessive injury-induced excitotoxicity caused by the release of
glutamate or other excitatory neurotransmitters.85

Antioxidant Effects
Progesterone does not have the characteristic chemical

structure of an antioxidant, but high levels of the hormone
appear to reduce free radical damage.12,86 Pregnancy can
reduce lipid peroxidation in brain homogenates and
mitochondria.12,75,87 Progesterone administration reduces lipid
peroxidation in different types of in vitro free-radical-generating
systems in a dose-dependent manner.87,88 Collectively, these
studies suggest that progesterone reduces lipid peroxidation and
oxidative stress, most likely by decreasing the generation of free
radicals and enhancing endogenous free radical scavenging
systems.

Reduction of Inflammatory Cytokines
Progesterone and its active metabolites are also potent

antagonists of central nervous system inflammation after
traumatic brain injury. Two key mechanisms, both triggered by
traumatic brain injury and stroke,14 appear to play a role:
antagonism of cytokine release and inhibition of immune cell
activation and migration. Contusion injuries produce a marked
inflammatory reaction, with heavy gliosis seen in brain areas
proximal and distal to the injury. Cytokines are potent
activators of the inflammatory process. Progesterone acts at the
earliest point in the cytokine cascade by modulating gene-

response elements (D.G. Stein, unpublished data).89 Perhaps
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the most important mechanism underlying progesterone’s
protective properties is prevention or slowing of inflammatory
reactions induced by cytokines (interleukin-1, interleukin-6,
tumor necrosis factor, and others).32,89-92

Decreased Apoptosis
Last, progesterone appears to reduce neuronal apoptosis. At

the genomic level, nuclear factor �B (NF�B) has recently been
implicated in the initiation of neuron inflammation and
apoptosis after traumatic brain injury. At the transcriptional
level, progesterone reduces both the nuclear concentration of
NF�B and expression of NF�B target genes. After progesterone
treatment, mitochondrial RNA and protein for NF�B-regulated
inflammatory factors such as interleukin-1�, C3, inducible
nitric oxide synthase, and cyclooxygenase-2 are significantly
reduced.7,9,32,93,94

EPIDEMIOLOGIC RESEARCH
Several epidemiologic studies have investigated whether sex is

associated with better or worse outcomes after traumatic brain
injury. A positive association between recovery and female sex
would provide indirect evidence that hormonal status influences
outcome in traumatic brain injury. The results to date are
inconclusive. A meta-analysis performed by Farace and Alves95

pooled data from 8 early studies of this question. They found
no evidence of sex-related effects. But it is difficult to reach a
firm conclusion from this analysis because the studies used
widely different outcome measures. More recent epidemiologic
studies have failed to clarify matters. Groswasser et al96 reported
that female patients achieve better functional outcomes as
measured by return to school or work. They postulated that the
differences are due to the effects of progesterone. Conversely,
Farin and Marshall97 reported worse brain edema and a trend
toward poorer Glasgow Coma Scale outcome scores among
female patients younger than 50 years. Many of the female
patients in this study experienced hypotension, an event known
to independently worsen outcome. Kirkness et al98 reported
poorer Glasgow Coma Scale Outcome–Extended and
Functional Status Examination scores among brain-injured
women older than 30 years compared with similarly injured
men.

None of these epidemiologic studies were able to determine
hormonal status at injury, whether by measuring serum
progesterone levels, ascertaining subjects’ use of birth control
pills, or determining subjects’ menstrual status at injury. Few of
the studies adjusted adequately for sex-specific differences in
injury mechanism or severity or corrected for the confounding
effects of hypoxia, hypotension, or extracranial trauma. Even if
every potentially confounding factor could be carefully
measured and taken into account, levels of progesterone
normally present in the bloodstream of nonpregnant women
may be inadequate to provide significant neuroprotection in
humans. It might be possible to study whether pregnant

women, who have higher circulating levels of progesterone,
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recover better than men after a traumatic brain injury. To the
best of our knowledge, such a study has not been done.

The findings of the prematurely terminated Women’s Health
Initiative study further cloud the risk-benefit picture for the use
of sex hormones as neuroprotectants. The Women’s Health
Initiative found that long-term treatment with low doses of
estrogen and Provera (medroxyprogesterone acetate [MPA], a
synthetic “progesterone-like” molecule) increases a woman’s risk
of heart disease and stroke. Before extrapolation of these
findings to use of progesterone for neuroprotection, there are
critical issues to note. First, the Women’s Health Initiative
study administered MPA with estrogen, a known
procoagulant.99 Second, participants in the Women’s Health
Initiative study took both hormones for prolonged periods:
months to years. This sharply contrasts with use of progesterone
as a neuroprotectant, which generally involves administering a
high dose of natural progesterone for relatively brief periods (ie,
1 to 7 days). Third, MPA exhibits different molecular and
clinical properties from natural progesterone.100 This is an
important point; synthetic progestins in general have different
clinical properties and may not all be neuroprotective. This is
the case for MPA, a progestin widely available on the market.
Stein’s team found that although MPA reduces cerebral edema
after traumatic brain injury, it does not improve functional
outcome.100 Other studies suggest that MPA acts differently in
the brain than natural progesterone. Nilsen and Brinton101 and
Nilsen et al102 found that in hippocampal neuron cultures,
estrogen and progesterone, alone or in combination, protected
cells from excessive glutamate-induced calcium influx toxicity.
Administration of MPA not only failed to produce beneficial
effects but also blocked estrogen-induced neuroprotection and
enhanced calcium toxicity. MPA also blocked the expression of
neurotrophic genes such as Bcl-2, whereas natural progesterone
enhanced Bcl-2 and neuroprotection.

THE FIRST HUMAN TRIAL
To date, only 1 human study has evaluated progesterone as a

treatment for acute traumatic brain injury. This pilot, single-
site, double-blinded trial randomly allocated 100 adult patients
with moderate to severe acute traumatic brain injury to receive
continuous infusion of intravenous progesterone or the
Intralipid carrier alone (placebo) for 3 days. The results showed
that intravenous administration achieves predictable steady-state
serum concentrations that do not appreciably differ by sex or
injury severity.103 The study also produced preliminary evidence
that the drug is safe, even in the setting of polytrauma.104

Although this pilot study lacked sufficient power to assess
definitively the efficacy of progesterone treatment, promising
signs of activity were observed: a marginally significant decrease
in 30-day mortality among progesterone-treated patients who
sustained a severe traumatic brain injury and improved 30-day
functional outcomes among progesterone-treated patients with a
moderate traumatic brain injury. A larger, multisite study will

be needed to confirm these findings.
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CONCLUSION
A large body of preclinical studies suggests that progesterone has

neuroprotective properties. Progesterone has been found to be
beneficial in 4 animal species and several models of neuroinjury,
including blunt trauma, fluid percussion, cortical aspiration, spinal
cord injury, stroke, global ischemia, and peripheral injury.

Progesterone’s most beneficial effect appears to be reducing
cerebral edema, thereby limiting the increased intracranial
pressure that leads to secondary loss of vulnerable nerve cells.
However, there is evidence that progesterone also exerts anti-
inflammatory, antiapoptotic, and perhaps antioxidant effects.
These actions may work synergistically to prevent the death of
neurons and glia, leading to improved functional outcomes.

Because progesterone exerts a wide range of beneficial effects, it
holds promise as a treatment for several forms of acute brain injury,
including blunt traumatic brain injury, penetrating brain injury,
stroke, spinal cord injury, and perhaps other neurologic disorders.

Supervising editor: William G. Barsan, MD

Funding and support: By Annals policy, all authors are required
to disclose any and all commercial, financial, and other
relationships in any way related to the subject of this article,
that might create any potential conflict of interest. See the
Manuscript Submission Agreement in this issue for examples
of specific conflicts covered by this statement. The writing of
this article was supported in part by NIH/NICHD 1 RO1
NS048451-01A2.

Publication dates: Received for publication July 13, 2006.
Revision received April 26, 2007. Accepted for publication
May 1, 2007. Available online June 22, 2007.

Reprints not available from the authors.

Address for correspondence: Donald G. Stein, PhD, Brain
Research Laboratory, 1365 B Clifton Road, NE, Suite 5100,
Atlanta, GA 30322.

REFERENCES
1. Baulieu EE, Robel P. Neurosteroids: a new brain function? J

Steroid Biochem Mol Biol. 1990;37:395-403.
2. Baulieu EE. Neurosteroids: of the nervous system, by the

nervous system, for the nervous system. Recent Prog Horm Res.
1997;52:1-32.

3. Koenig HL, Schumacher M, Ferzaz B, et al. Progesterone
synthesis and myelin formation by Schwann cells. Science.
1995;268:1500-1503.

4. Meffre D, Delespierre B, Gouezou M, et al. The membrane-
associated progesterone-binding protein 25-Dx is expressed in
brain regions involved in water homeostasis and is up-regulated
after traumatic brain injury. J Neurochem. 2005;93:1314-1326.

5. Sayeed I, Guo Q, Hoffman SW, et al. Allopregnanolone, a
progesterone metabolite, is more effective than progesterone in
reducing cortical infarct volume after transient middle cerebral
artery occlusion. Ann Emerg Med. 2006;47:381-389.

6. Nilsen J, Brinton RD. Impact of progestins on estradiol
potentiation of the glutamate calcium response. Neuroreport.
2002;13:825-830.

7. Djebaili M, Guo Q, Pettus EH, et al. The neurosteroids

progesterone and allopregnanolone reduce cell death, gliosis,

Annals of Emergency Medicine 169



Neuroprotective Properties of Progesterone Stein, Wright & Kellermann
and functional deficits after traumatic brain injury in rats.
J Neurotrauma. 2005;22:106-118.

8. O’Connor CA, Cernak I, Johnson F, et al. Effects of progesterone
on neurologic and morphologic outcome following diffuse
traumatic brain injury in rats. Exp Neurol. 2007;205:145-153.

9. Pettus EH, Wright DW, Stein DG, et al. Progesterone treatment
inhibits the inflammatory agents that accompany traumatic brain
injury. Brain Res. 2005;1049:112-119.

10. Wright DW, Bauer ME, Hoffman SW, et al. Serum progesterone
levels correlate with decreased cerebral edema after traumatic
brain injury in male rats. J Neurotrauma. 2001;18:901-909.

11. He J, Evans CO, Hoffman SW, et al. Progesterone and
allopregnanolone reduce inflammatory cytokines after traumatic
brain injury. Exp Neurol. 2004;189:404-412.

12. Roof RL, Hoffman SW, Stein DG. Progesterone protects against
lipid peroxidation following traumatic brain injury in rats. Mol
Chem Neuropathol. 1997;31:1-11.

13. Guo Q, Sayeed I, Baronne LM, et al. Progesterone
administration modulates AQP4 expression and edema after
traumatic brain injury in male rats. Exp Neurol. 2006;198:469-
478.

14. McIntosh TK. Neuropathological sequelae of traumatic brain
injury: relationship to neurochemical and biomechanical
mechanisms. Lab Invest. 1996;74:315-342.

15. Brain Trauma Foundation. Guidelines for the management of
severe head injury. Brain Trauma Foundation, American
Association of Neurological Surgeons, Joint Section on
Neurotrauma and Critical Care. J Neurotrauma. 1996;13:641-
734.

16. Roberts I, Schierhout G, Alderson P. Absence of evidence for the
effectiveness of five interventions routinely used in the intensive
care management of severe head injury: a systematic review.
J Neurol Neurosurg Psychiatry. 1998;65:729-733.

17. Alderson P, Roberts I. Corticosteroids for acute traumatic brain
injury. Cochrane Database Syst Rev. 2005:CD000196.

18. Roberts I, Yates D, Sandercock P, et al. Effect of intravenous
corticosteroids on death within 14 days in 10008 adults with
clinically significant head injury (MRC CRASH trial): randomised
placebo-controlled trial. Lancet. 2004;364:1321-1328.

19. Temkin NR, Anderson GD, Winn HR, et al. Magnesium sulfate
for neuroprotection after traumatic brain injury: a randomised
controlled trial. Lancet Neurol. 2007;6:29-38.

20. Alderson P, Gadkary C, Signorini DF. Therapeutic hypothermia
for head injury. Cochrane Database Syst Rev. 2004:CD001048.

21. Clifton GL, Miller ER, Choi SC, et al. Lack of effect of induction
of hypothermia after acute brain injury. N Engl J Med. 2001;
344:556-563.

22. Davies AR. Hypothermia improves outcome from traumatic brain
injury. Crit Care Resusc. 2005;7:238-243.

23. Seppelt I. Hypothermia does not improve outcome from
traumatic brain injury. Crit Care Resusc. 2005;7:233-237.

24. Stein DG. Brain damage, sex hormones, and recovery: a new
role for progesterone and estrogen? Trends Neurosci. 2001;24:
386-391.

25. Roof RL, Duvdevani R, Stein DG. Gender influences outcome of
brain injury: progesterone plays a protective role. Brain Res.
1993;607:333-336.

26. Roof RL, Stein DG. Progesterone treatment attenuates brain
edema following contusion injury in male and female rats.
Restor Neurol Neurosci. 1992;4:425-427.

27. Shear DA, Galani R, Hoffman SW, et al. Progesterone protects
against necrotic damage and behavioral abnormalities caused by
traumatic brain injury. Exp Neurol. 2002;178:59-67.

28. Roof RL, Duvdevani R, Braswell L, et al. Progesterone facilitates

cognitive recovery and reduces secondary neuronal loss caused

170 Annals of Emergency Medicine
by cortical contusion injury in male rats. Exp Neurol.
1994;129:64-69.

29. Roof RL, Duvdevani R, Heyburn JW, et al. Progesterone rapidly
decreases brain edema: treatment delayed up to 24 hours is
still effective. Exp Neurol. 1996;138:246-251.

30. Goss CW, Hoffman SW, Stein DG. Behavioral effects and
anatomic correlates after brain injury: a progesterone dose-
response study. Pharmacol Biochem Behav. 2003;76:231-242.

31. Davis JM, Svendsgaard DJ. U-shaped dose-response curves:
their occurrence and implications for risk assessment. J Toxicol
Environ Health. 1990;30:71-83.

32. Cutler SM, Vanlandingham JW, Stein DG. Tapered progesterone
withdrawal promotes long-term recovery following brain trauma.
Exp Neurol. 2006;200:378-385.

33. Roof RL, Fritts ME, Castro EA, et al. Progesterone is more
effective than methylprednisolone at reducing edema after
cortical contusion in male rats [abstract]. Soc Neurosci Abstr.
1996;1186.

34. Sauerland S, Maegele M. A CRASH landing in severe head
injury. Lancet. 2004;364:1291-1292.

35. Foroutan A, Behbehan MM, Anderson DK. Effects of
methylprednisolone on the GABA- and glutamate-induced
currents: relevance to glucocorticoid-induced neurotoxicity and
brain aging. Steroids. 1996;61:354-366.

36. Uhler TA, Frim DM, Pakzaban P, et al. The effects of megadose
methylprednisolone and U-78517F on toxicity mediated by
glutamate receptors in the rat neostriatum. Neurosurgery. 1994;
34:122-127; discussion 127-128.

37. O’Connor CA, Cernak I, Vink R. Both estrogen and progesterone
attenuate edema formation following diffuse traumatic brain
injury in rats. Brain Res. 2005;1062:171-174.

38. Azcoitia I, Fernandez-Galaz C, Sierra A, et al. Gonadal hormones
affect neuronal vulnerability to excitotoxin-induced degeneration.
J Neurocytol. 1999;28:699-710.

39. Azcoitia I, Leonelli E, Magnaghi V, et al. Progesterone and its
derivatives dihydroprogesterone and tetrahydroprogesterone
reduce myelin fiber morphological abnormalities and myelin fiber
loss in the sciatic nerve of aged rats. Neurobiol Aging. 2003;24:
853-860.

40. Murphy SJ, Littleton-Kearney MT, Hurn PD. Progesterone
administration during reperfusion, but not preischemia alone,
reduces injury in ovariectomized rats. J Cereb Blood Flow Metab.
2002;22:1181-1188.

41. Asbury ET, Fritts ME, Horton JE, et al. Progesterone facilitates
the acquisition of avoidance learning and protects against
subcortical neuronal death following prefrontal cortex ablation in
the rat. Behav Brain Res. 1998;97:99-106.

42. Garcia-Estrada J, Del Rio JA, Luquin S, et al. Gonadal hormones
down-regulate reactive gliosis and astrocyte proliferation after a
penetrating brain injury. Brain Res. 1993;628:271-278.

43. Garcia-Estrada J, Luquin S, Fernandez AM, et al.
Dehydroepiandrosterone, pregnenolone and sex steroids down-
regulate reactive astroglia in the male rat brain after a
penetrating brain injury. Int J Dev Neurosci. 1999;17:145-151.

44. Jung-Testas I, Baulieu EE. Steroid hormone receptors and
steroid action in rat glial cells of the central and peripheral
nervous system. J Steroid Biochem Mol Biol. 1998;65:243-251.

45. Schumacher M, Baulieu EE. Neurosteroids: synthesis and
functions in the central and peripheral nervous systems. Ciba
Found Symp. 1995;191:90-106; discussion 106-112.

46. Schumacher M, Robel P, Baulieu EE. Development and
regeneration of the nervous system: a role for neurosteroids.

Dev Neurosci. 1996;18:6-21.

Volume , .  : February 



Stein, Wright & Kellermann Neuroprotective Properties of Progesterone
47. Vink R, Van Den Heuvel C. Recent advances in the development
of multifactorial therapies for the treatment of traumatic brain
injury. Expert Opin Investig Drugs. 2004;13:1263-1274.

48. Jiang N, Chopp M, Stein D, et al. Progesterone is
neuroprotective after transient middle cerebral artery occlusion
in male rats. Brain Res. 1996;735:101-107.

49. Alkayed NJ, Murphy SJ, Traystman RJ, et al. Neuroprotective
effects of female gonadal steroids in reproductively senescent
female rats. Stroke. 2000;31:161-168.

50. Betz AL, Coester HC. Effect of steroid therapy on ischaemic
brain oedema and blood to brain sodium transport. Acta
Neurochir Suppl (Wien). 1990;51:256-258.

51. Betz AL, Coester HC. Effect of steroids on edema and sodium
uptake of the brain during focal ischemia in rats. Stroke. 1990;
21:1199-1204.

52. Chen J, Chopp M, Li Y. Neuroprotective effects of progesterone
after transient middle cerebral artery occlusion in rat. J Neurol
Sci. 1999;171:24-30.

53. Kumon Y, Kim SC, Tompkins P, et al. Neuroprotective effect of
postischemic administration of progesterone in spontaneously
hypertensive rats with focal cerebral ischemia. J Neurosurg.
2000;92:848-852.

54. Morali G, Letechipia-Vallejo G, Lopez-Loeza E, et al. Post-
ischemic administration of progesterone in rats exerts
neuroprotective effects on the hippocampus. Neurosci Lett.
2005;382:286-290.

55. Sayeed I, Wali B, Stein DG. Progesterone inhibits ischemic brain
injury in a rat model of permanent middle cerebral artery
occlusion. Restor Neurol Neurosci. In press.

56. Schumacher M, Guennoun R, Robert F, et al. Local synthesis
and dual actions of progesterone in the nervous system:
neuroprotection and myelination. Growth Horm IGF Res. 2004;
14(suppl A):S18-33.

57. Ghoumari AM, Ibanez C, El-Etr M, et al. Progesterone and its
metabolites increase myelin basic protein expression in
organotypic slice cultures of rat cerebellum. J Neurochem.
2003;86:848-859.

58. Pascual O, Morin-Surun MP, Barna B, et al. Progesterone
reverses the neuronal responses to hypoxia in rat nucleus
tractus solitarius in vitro. J Physiol. 2002;544:511-520.

59. Leonelli E, Bianchi R, Cavaletti G, et al. Progesterone and its
derivatives are neuroprotective agents in experimental diabetic
neuropathy: A multimodal analysis. Neuroscience. 2007;144:
1293-1304.

60. Cervantes M, Gonzalez-Vidal MD, Ruelas R, et al.
Neuroprotective effects of progesterone on damage elicited by
acute global cerebral ischemia in neurons of the caudate
nucleus. Arch Med Res. 2002;33:6-14.

61. Gibson CL, Murphy SP. Progesterone enhances functional
recovery after middle cerebral artery occlusion in male mice.
J Cereb Blood Flow Metab. 2004;24:805-813.

62. Chavez-Delgado ME, Mora-Galindo J, Gomez-Pinedo U, et al.
Facial nerve regeneration through progesterone-loaded chitosan
prosthesis. A preliminary report. J Biomed Mater Res B Appl
Biomater. 2003;67:702-711.

63. Murphy SJ, Traystman RJ, Hurn PD, et al. Progesterone
exacerbates striatal stroke injury in progesterone- deficient
female animals. Stroke. 2000;31:1173-1178.

64. Toung TJ, Chen TY, Littleton-Kearney MT, et al. Effects of
combined estrogen and progesterone on brain infarction in
reproductively senescent female rats. J Cereb Blood Flow Metab.
2004;24:1160-1166.

65. Azcoitia I, Sierra A, Garcia-Segura LM. Estradiol prevents kainic
acid-induced neuronal loss in the rat dentate gyrus. Neuroreport.

1998;9:3075-3079.

Volume , .  : February 
66. Wise PM, Dubal DB, Rau SW, et al. Are estrogens protective or
risk factors in brain injury and neurodegeneration? Reevaluation
after the Women’s Health Initiative. Endocr Rev. 2005;26:308-
312.

67. Bramlett HM. Sex differences and the effect of hormonal therapy
on ischemic brain injury. Pathophysiology. 2005;12:17-27.

68. Hurn PD, Brass LM. Estrogen and stroke: a balanced analysis.
Stroke. 2003;34:338-341.

69. Farr TD, Carswell HV, Gallagher L, et al. 17beta-Estradiol
treatment following permanent focal ischemia does not influence
recovery of sensorimotor function. Neurobiol Dis. 2006;23:552-
562.

70. Kannel WB, Thom TJ. The incidence, prevalence and mortality of
cardiovascular disease. In: Schlant RC, Alexander RW, eds. The
Heart. New York, NY: McGraw-Hill Health Professions Division;
1994:185-197.

71. Nakamura T, Xi G, Keep RF, et al. Effects of endogenous and
exogenous estrogen on intracerebral hemorrhage-induced brain
damage in rats. Acta Neurochir Suppl. 2006;96:218-221.

72. Won CK, Kim MO, Koh PO. Estrogen modulates Bcl-2 family
proteins in ischemic brain injury. J Vet Med Sci. 2006;68:277-
280.

73. Merchenthaler I, Dellovade TL, Shughrue PJ. Neuroprotection by
estrogen in animal models of global and focal ischemia. Ann
N Y Acad Sci. 2003;1007:89-100.

74. Hoffman GE, Merchenthaler I, Zup SL. Neuroprotection by
ovarian hormones in animal models of neurological disease.
Endocrine. 2006;29:217-231.

75. Goodman Y, Bruce AJ, Cheng B, et al. Estrogens attenuate and
corticosterone exacerbates excitotoxicity, oxidative injury, and
amyloid beta-peptide toxicity in hippocampal neurons.
J Neurochem. 1996;66:1836-1844.

76. Toung TJ, Traystman RJ, Hurn PD. Estrogen-mediated
neuroprotection after experimental stroke in male rats. Stroke.
1998;29:1666-1670.

77. Azcoitia I, Sierra A, Garcia-Segura LM. Neuroprotective effects of
estradiol in the adult rat hippocampus: interaction with insulin-
like growth factor-I signalling. J Neurosci Res. 1999;58:815-
822.

78. Harukuni I, Hurn PD, Crain BJ. Deleterious effect of beta-
estradiol in a rat model of transient forebrain ischemia. Brain
Res. 2001;900:137-142.

79. Duvdevani R, Roof RL, Fulop Z, et al. Blood-brain barrier
breakdown and edema formation following frontal cortical
contusion: does hormonal status play a role? J Neurotrauma.
1995;12:65-75.

80. Amiry-Moghaddam M, Otsuka T, Hurn PD, et al. An alpha-
syntrophin-dependent pool of AQP4 in astroglial end-feet confers
bidirectional water flow between blood and brain. Proc Natl Acad
Sci U S A. 2003;100:2106-2111.

81. Badaut J, Lasbennes F, Magistretti PJ, et al. Aquaporins in
brain: distribution, physiology, and pathophysiology. J Cereb
Blood Flow Metab. 2002;22:367-378.

82. Pierson RC, Lyons AM, Greenfield LJ Jr. Gonadal steroids
regulate GABAA receptor subunit mRNA expression in NT2-N
neurons. Brain Res Mol Brain Res. 2005;138:105-115.

83. Mani SK. Signaling mechanisms in progesterone-
neurotransmitter interactions. Neuroscience. 2006;138:773-
781.

84. Lambert JJ, Belelli D, Peden DR, et al. Neurosteroid modulation
of GABAA receptors. Prog Neurobiol. 2003;71:67-80.

85. Brann DW, Zamorano PL, De Sevilla L, et al. Expression of
glutamate receptor subunits in the hypothalamus of the female

rat during the afternoon of the proestrous luteinizing hormone

Annals of Emergency Medicine 171



Neuroprotective Properties of Progesterone Stein, Wright & Kellermann
surge and effects of antiprogestin treatment and aging.
Neuroendocrinology. 2005;81:120-128.

86. Pajovic SB, Saicic ZS, Spasic MB, et al. Effects of progesterone
and estradiol benzoate on glutathione dependent antioxidant
enzyme activities in the brain of female rats. Gen Physiol
Biophys. 1999;18:35-44.

87. Sugino N, Shimamura K, Tamura H, et al. Progesterone inhibits
superoxide radical production by mononuclear phagocytes in
pseudopregnant rats. Endocrinology. 1996;137:749-754.

88. Shimamura K, Sugino N, Yoshida Y, et al. Changes in lipid
peroxide and antioxidant enzyme activities in corpora lutea during
pseudopregnancy in rats. J Reprod Fertil. 1995;105:253-257.

89. Grossman KJ, Goss CW, Stein DG. Effects of progesterone on
the inflammatory response to brain injury in the rat. Brain Res.
2004;1008:29-39.

90. Arvin B, Neville LF, Barone FC, et al. The role of inflammation
and cytokines in brain injury. Neurosci Biobehav Rev. 1996;20:
445-452.

91. Chao TC, Van Alten PJ, Walker RJ. Steroid sex hormones and
macrophage function: modulation of reactive oxygen
intermediates and nitrite release. Am J Reprod Immunol. 1994;
32:43-52.

92. Ehring GR, Kerschbaum HH, Eder C, et al. A nongenomic
mechanism for progesterone-mediated immunosuppression:
inhibition of K� channels, Ca2� signaling, and gene expression
in T lymphocytes. J Exp Med. 1998;188:1593-1602.

93. He J, Hoffman SW, Stein DG. Allopregnanolone, a progesterone
metabolite, enhances behavioral recovery and decreases
neuronal loss after traumatic brain injury. Restor Neurol
Neurosci. 2004;22:19-31.

94. Djebaili M, Hoffman SW, Stein DG. Allopregnanolone and
progesterone decrease cell death and cognitive deficits after a
contusion of the rat pre-frontal cortex. Neuroscience. 2004;123:

349-359.

172 Annals of Emergency Medicine
95. Farace E, Alves WM. Do women fare worse? a metaanalysis of
gender differences in traumatic brain injury outcome.
J Neurosurg. 2000;93:539-545.

96. Groswasser Z, Cohen M, Keren O. Female TBI patients recover
better than males. Brain Inj. 1998;12:805-808.

97. Farin A, Marshall LF. Lessons from epidemiologic studies in
clinical trials of traumatic brain injury. Acta Neurochir Suppl.
2004;89:101-107.

98. Kirkness CJ, Burr RL, Mitchell PH, et al. Is there a sex difference
in the course following traumatic brain injury? Biol Res Nurs.
2004;5:299-310.

99. Wassertheil-Smoller S, Hendrix SL, Limacher M, et al. Effect of
estrogen plus progestin on stroke in postmenopausal women:
the Women’s Health Initiative: a randomized trial. JAMA. 2003;
289:2673-2684.

100. Stein DG. The case for progesterone. Ann N Y Acad Sci. 2005;
1052:152-169.

101. Nilsen J, Brinton RD. Impact of progestins on estrogen-induced
neuroprotection: synergy by progesterone and 19-
norprogesterone and antagonism by medroxyprogesterone
acetate. Endocrinology. 2002;143:205-212.

102. Nilsen J, Chen S, Brinton RD. Dual action of estrogen on
glutamate-induced calcium signaling: mechanisms requiring
interaction between estrogen receptors and src/mitogen
activated protein kinase pathway. Brain Res. 2002;930:216-
234.

103. Wright DW, Ritchie JC, Mullins RE, et al. Steady-state serum
concentrations of progesterone following continuous intravenous
infusion in patients with acute moderate to severe traumatic
brain injury. J Clin Pharmacol. 2005;45:640-648.

104. Wright DW, Kellermann AL, Hertzberg VS, et al. ProTECT: A
randomized clinical trial of progesterone for acute traumatic

brain injury. Ann Emerg Med. 2007;49:391-402.

Volume , .  : February 


	Does Progesterone Have Neuroprotective Properties?
	OVERVIEW
	THE TREATMENT CHALLENGE
	PRECLINICAL RESEARCH
	Traumatic Brain Injury
	Acute Stroke
	Other Neurologic Conditions
	Negative Preclinical Studies

	ESTROGEN
	MECHANISMS OF ACTION
	Reduction of Cerebral Edema
	Up-regulation of GABA
	Antioxidant Effects
	Reduction of Inflammatory Cytokines
	Decreased Apoptosis

	EPIDEMIOLOGIC RESEARCH
	THE FIRST HUMAN TRIAL
	CONCLUSION
	REFERENCES


