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Abstract. Two classes of ovarian steroids, estrogens and
progestins, are potent in protecting neurons against acute
toxic events as well as chronic neurodegeneration. Herein
we review the evidence for neuroprotection by both
classes of steroids, provide plausible mechanisms for
these potent neuroprotective activities and indicate the
need for further clinical trials of both estrogens and prog-
estins in protection against acute and chronic conditions
that cause neuronal death. Estrogens at concentrations
ranging from physiological to pharmacological are neu-
roprotective in a variety of in vitro and in vivo models of
cerebral ischemia and brain trauma as well as in reducing
key neuropathologies of Alzheimer’s disease. While the
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mechanisms of this potent neuroprotection are current-
ly unresolved, a mitochondrial mechanism is involved.
Progestins have been recently shown to activate many of
the signaling pathways used by estrogens to neuroprotect,
and progestins have been shown to protect against neu-
ronal loss in vitro and in vivo in a variety of models of
acute insult. Collectively, results of these animal and tis-
sue culture models suggest that the loss of both estrogens
and progestins at the menopause makes the brain more
vulnerable to acute insults and chronic neurodegenerative
diseases. Further clinical assessment of appropriate regi-
mens of estrogens, progestins and their combination are
supported by these data. 
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Introduction

Strokes are the leading cause of neurological disability
and a major cause of death, with over 750,000 new
strokes per year in the U.S. alone [1, 2]. Despite this, there
is currently only one available therapy that attempts to re-
duce the damaging effects of stroke, the anticoagulant,
tissue plasminogen activator (t-PA) [3–5]. Desperately
needed, but currently unavailable are therapies that can
prevent or reduce brain damage during cerebral ischemia.
In addition, Alzheimer’s disease (AD) is the leading cause
of dementia, currently affecting 4 million Americans, and
it is estimated that more than 14 million will be affected
by 2030 [6]. No current therapies can effectively slow the
progression or prevent this devastating neurodegenerative
disease.
In the present review, we evaluate the literature and dis-
cuss our own data related to the potential use of estrogens
and progestins in neuroprotection during cerebral is-
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chemia as well as in AD. We believe that there is now a
compelling scientific rationale for initiation of clinical
trials of estrogens and progestins for the treatment of
brain damage related to cerebral ischemia, and there are
currently ongoing and proposed trials for estrogens and
progestins in AD prevention. Here, we review the basic
and clinical literature indicating the potential of acute es-
trogen and progestin administration as a neuroprotective
therapy for ischemia and chronic estrogen and/or prog-
estin therapy as a potential preventative of AD.

Current Clinical Uses of Estrogens

We have better knowledge of the pharmacology and tox-
icity of estrogen than any other class of drugs. Estrogens
are used in therapies aimed at prevention of pregnancy as
a component of birth control pills [7], in postmenopausal
estrogen therapy (ET) or as an essential component of
postmenopausal hormone therapy (HT) [7], and for use in
the treatment of a few kinds of otherwise untreatable can-



cers [7]. Estrogens and progestins as the components of
birth control pills, ET and HT are among the most pre-
scribed compounds known with literally millions of pre-
scriptions written each day. Additionally, there are hun-
dreds of millions of women years’ worth of experience in
the use of estrogens and progestins in postmenopausal ET
and HT. 
Dozens of preparations of birth control pills are currently
marketed in the U.S. All of these preparations use syn-
thetic estrogens and progestins, as naturally occurring es-
trogens and progestins are extensively metabolized in the
first pass through the liver and therefore are not readily
bioavailable. In the U.S. the most commonly used ET is
Premarin®, a conjugated equine estrogen preparation, and
the most common HT is PremPro®, a combination of Pre-
marin and medroxyprogesterone acetate. 

Evidence for efficacy of estrogens and estrogen
analogues in stroke neuroprotection

A possible role for endogenous female hormones as neu-
roprotectants against global cerebral ischemia-reperfu-
sion injury was suggested by studies demonstrating that
intact adult female rodents sustain less neuronal damage
as compared to age-matched males [8]. Our laboratory
first demonstrated that 17b-estradiol (17b-E2) is a potent
neuroprotectant in vitro [8] and is very effective against
ischemia-induced brain damage [9]. There is now abun-
dant evidence for neuroprotection by estrogens both in
vitro and in vivo. 
Protective effects of estrogen have been widely reported
in a variety of neurons against different toxicities, which
mimic cerebral ischemia in vitro, including serum depri-
vation, oxidative stress and excitotoxicity [10]. Multiple
independent and lethal mechanisms are involved in cere-
bral ischemia-induced neuronal death. Estrogens have
been identified as multi-faceted hormones that antago-
nize many aspects of damage-inducing cascades resulting
from cerebral ischemia. Antioxidant effects of the steroid
[11] and attenuation of N-methyl-D-aspartate (NMDA)
receptor activation [12] have been implicated as mecha-
nisms for the neuroprotective effects of estrogens. Also,
two of the major signaling pathways, ERK and PI-3K-
Akt, have been well characterized as being able to medi-
ate inhibition of apoptosis and support neuronal survival.
Both signal pathways have been demonstrated to be acti-
vated by estrogens [13, 14] and more recently by prog-
estins (see below).
The mitochondria have become a focus of studies to dis-
cover mechanisms and new drugs for the treatment of
neurodegeneration. Mitochondria produce most of the
cellular ATP by oxidative phosphorylation and generate
most of the endogenous oxygen radicals as a toxic by-
product. In addition, mitochondria are central in the reg-
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ulation of apoptosis, calcium homeostasis and cellular re-
dox state. Several studies have also shown that estrogens
may exert direct or indirect effects on mitochondrial
function. Estradiol can protect against ATP depletion, mi-
tochondrial membrane potential decline and the genera-
tion of reactive oxygen species, induced by the mito-
chondrial toxin 3-nitroproprionic acid [15] and the pro-
oxidant, H2O2 [X. Wang and J. W. Simpkins, unpublished
observations]. 17b-Estradiol can modulate mitochondrial
calcium influx and increase expression of Bcl-2, an anti-
apoptotic protein whose major site of action is the mito-
chondria [16]. As a possible substrate for estrogen’s ac-
tions on the mitochondria, we have recently demonstrated
that estrogen receptor b (ERb) localizes to the mitochon-
dria in a variety of cell types [17, 18].
In in vivo studies, the neuroprotective effects of estrogens
have been demonstrated in a variety of models of acute
cerebral ischemia. These include transient and permanent
middle cerebral artery occlusion models [9, 19, 20],
global forebrain ischemia models [21], photothrombotic
focal ischemia models [22] and glutamate-induced focal
cerebral ischemia models [23]. The protective effects of
estrogens have been described in rats, mice and gerbils 
[9, 24, 25]. Estrogen-induced neuroprotection has been
demonstrated in adult female, middle-aged female as
well as reproductively senescent female rats [26]. Simi-
larly, these effects of estrogens have been shown despite
the presence of diabetes and hypertension [27, 28]. The
neuroprotective effects of estrogens also have been de-
monstrated against subarachnoid hemorrhage, a highly
prevalent form of stroke in females [29]. Finally, these
protective actions of estrogen are not limited to the fe-
male, but have also been seen in males [30, 31]. Collec-
tively, these results indicate that estrogens could be valu-
able candidates for brain protection during acute stroke in
both males and females.
The concentrations of estrogens, ranging from low phys-
iological to high pharmacological, have been shown to
produce protective effects in stroke models. No neuro-
protection was afforded by the administration of physio-
logical level of estradiol at the onset of an ischemic event
[20], but neuroprotective effects of pharmacological
doses of estradiol were clearly demonstrated by the acute
treatment at the time of or just before an ischemic event,
as well as after its onset [9, 31, 32]. The therapeutic win-
dow of estrogens at the dose of 100 mg/kg lasts up to 3 h
after insult [33], and this therapeutic window can be ex-
tended to up to 6 h after ischemic insult with doses of
500–1000 mg/kg [34]. This long post-event efficacy of
estrogens is promising, since the therapeutic window for
estrogen neuroprotection could be insult severity depen-
dent and could vary between different species. It has been
shown that the infarct penumbra, which can be protected,
develops over a longer period in human subjects than in
rodents [35]. So it is reasonable to predict that estrogens



could have a longer therapeutic window in human than
the 6-h window that we have described in rodents.
Inasmuch as ERs are distributed throughout central ner-
vous system (CNS), three possible mechanisms could
contribute to the neuroprotective action of estrogens in
vivo: (i) a genomic estrogen receptor-mediated action,
(ii) a receptor-dependent nongenomic action such as pro-
survival signaling activation and/or (iii) a receptor-inde-
pendent nongenomic action. Genomic actions of estro-
gens are mediated by binding of the steroid to the nuclear
ERs, dimerization of these receptor-ligand complexes
and the binding of these dimers to the ER response ele-
ment, thereby activating transcriptional events. There is
growing evidence that indicates nongenomic steroid ac-
tion as well. Nongenomic actions are principally charac-
terized by their rapid onset of action and insensitivity to
inhibitors of transcription and protein synthesis [36]. The
different therapeutic windows for physiological and phar-
macological doses of estrogens suggest that different
doses afford neuroprotective action through different
mechanisms. 
It has become evident that estrogens as well as nonfemi-
nizing estrogen analogues exert neuroprotective influ-
ences, indicating that these effects of estrogens do not re-
quire ER-dependent gene transcription. 17b-E2 as well as
nonfeminizing estrogen analogues, such as 17a-E2 and
the complete enantiomer of 17b-E2, ENT-E2, can pre-
serve mitochondrial function, cell viability and ATP lev-
els in human lens cells during oxidative stress, an effect
that is not blocked by ICI182,780, an estrogen receptor
antagonist [37]. Surprisingly, ICI182,780 alone increases
cell survival [37]. Several other synthesized estrogen ana-
logues also have been reported to possess neuroprotective
properties [38–40]. Structure-activity relationship stud-
ies indicate that the most essential structural motif for es-
trogen’s neuroprotective functions is the phenolic A ring
of the steroid, rather than its ability to bind to ERs [38]. 
ERa plays an important role in reproductive development
and function in both females and males [41]. Although
ERs have been found throughout the CNS, no grossly ob-
servable phenotypic change in the brain have been found
in either ERa or ERb knockout mice, suggesting that ef-
fects of estrogens on these two known ERs have relatively
little role in CNS development [42]. The rapid onset of
the neuroprotective action induced by estrogens indicates
that these effects are unlikely mediated through genomic
mechanisms. The neuroprotective actions against stroke
have been demonstrated not to be limited to estrogens,
but are also seen with selective estrogen receptor modu-
lators, such as tamoxifen [43, 44] and LY353381 [45].
Further, neuroprotective actions of other non-feminizing
estrogen analogues, such as 17a-E2 [9], the complete
enantiomer of 17b-E2 [40], and an adamantyl estrogen
analogue [46], also have been demonstrated in stroke
models. The actions of these non-receptor-binding estro-

gen analogues indicated that ERs are not required for the
neuroprotective effects of estrogens.
Given the expected clinical safety of acutely administered
estrogens, and the plethora of data supporting a neuro-
protective role of estrogens against ischemic stroke, es-
trogen therapy may be useful in treating acute cerebral is-
chemia. Further, the efficacy of non-feminizing estrogen
analogues suggests that these compounds may be clini-
cally useful for treating neuronal death in men or women
for whom estrogen therapy is contraindicated. Also, the
long therapeutic window of estrogens makes them candi-
dates for affording neuroprotection in ongoing strokes.
Other neuroprotective agents have been developed which
target specific components of the ischemic cascade.
However, the results to date of the neuroprotective clini-
cal trials have been discouraging, suggesting that the
strategy of applying a single drug that interferes with a
specific event in the ischemic cascade will not have a
large clinical impact [47]. Protection of neurons during
ischemia/reperfusion will require a polypharmacy ap-
proach or use of a compound that has pleotrophic actions
and appears to affect multiple neurotoxic processes. It is
encouraging that estrogens have proven to be multi-
faceted hormones modulating many aspects of neuronal
cascades induced by cerebral ischemia. The pathological
mechanisms that are activated during stoke, including ox-
idative stress, free radical activity, excitotoxicity, inflam-
matory response, mitochondrial dysfunction and apopto-
sis, are antagonized by estrogens. The protective effects
of estrogens during reperfusion made them the candidates
of neuroprotectants against reperfusion injury induced by
thrombolysis, an outcome that could prolong the thera-
peutic time window for successful thrombolysis by ad-
ministration of estrogens before, during, or after the infu-
sion of t-PA. This strategy should be effective over the
short term in producing pharmacotherapies that can re-
duce ischemic brain damage and the resulting neurologi-
cal deficits.

Progestin biology

Progesterone, the natural progestin, is a major gonadal
hormone that is synthesized primarily by the ovary (cor-
pus luteum) in the female, and the testes and adrenal cor-
tex in the male. While progesterone levels are generally
higher in the female, it is worth noting that levels of pro-
gesterone during the female follicular phase of the men-
strual cycle are similar to those seen in males [48], sug-
gesting that progesterone may play an equally important
role in both sexes. The paradigmatic mechanism by which
progesterone elicits its effects is via the progesterone re-
ceptor (PR), which like the ER, has classically been de-
scribed as a nuclear transcription factor, acting through
specific progesterone response elements (PREs) within
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the promoter region of target genes to regulate transcrip-
tion. Two major isoforms of the classical progesterone re-
ceptor exist, PR-B, and its N-terminally truncated form,
PR-A (for review, see [49]). The latter has been shown to
exert negative control of not only PR-B-mediated tran-
scription, but that mediated by the ER and glucocorticoid
receptor as well [50]. This negative regulation of ER func-
tion by a PR may underlie, at least in part, the mechanism
by which progestins functionally antagonize the effects of
estrogen. For example, progestins inhibit estrogen’s ability
to increase serum levels of 1,25-dihydroxy vitamin D
[51], whose consequence may be to antagonize estrogen’s
beneficial effects on the bone. However, the interaction
between the two receptors may not only result in transre-
pression, but may also be cooperative in nature. For ex-
ample, Migliaccio et al. demonstrated a physical interac-
tion of the progesterone receptor with the estrogen recep-
tor, and this association was necessary for progesterone to
elicit the activation of the mitogen-activated protein ki-
nase (MAPK) pathway in mammary tumor cells [52]. 
As introduced by the last statement, progesterone can
also elicit its effects via non-genomic mechanisms (such
as the activation of typically growth factor-associated
signal transduction pathways). The growing list of sec-
ond messenger/signal transduction systems activated 
by progesterone include cAMP/PKA [53], MAPK
(ERK1/2) [52, 54] and the PI-3K/Akt pathway [54]. Ac-
tivation of such signaling pathways may not only be rel-
evant to how progesterone regulates cellular function re-
lated to reproductive function, but may also be an im-
portant mechanism by which progesterone elicits its
neuroprotective effects. As mediators of these non-ge-
nomic effects, novel receptor systems for progesterone
have been suggested. For example, progesterone may ex-
ert its effects via interactions with membrane binding
sites, characterized in the brain by the demonstration of
specific, displaceable binding in synaptosomal mem-
brane preparations [55, 56]. Such membrane binding
sites may include the recently cloned membrane proges-
terone receptor that exhibits characteristics of G-protein
coupled receptors [57, 58]. Progesterone, through its
metabolites, can also interact with membrane-associated
receptors coupled to ion channels, such as the gamma
aminobutyric acid A (GABAA) receptor system (see [59]
for review). Such metabolites include allopreganolone
(or 3a,5a-tetrahydroprogesterone), which can bind to
discrete sites within the hydrophobic domain of the
GABAA receptor complex, and result in the potentiation
of GABA-induced chloride conductance, and in turn
may regulate cellular excitability and thus, excitotoxic-
ity. Thus, progesterone’s ability to interact with specific
sites within the membrane [either membrane binding
sites (receptors) or with the GABAA receptor], as well as
with specific cytosolic signal transducers, may help ex-
plain some of the rapid effects of progesterone, which in

addition to its classical genomic mechanisms may be im-
portant for regulating cell viability. 

Progestin pharmacology and current clinical uses

The major form of progestin used in HT is the synthetic
compound medroxyprogesterone acetate (MPA), which is
the major progestin used in the formulation of hormone
therapy and oral contraceptives. With regards to HT, these
regimens include an added progestin in order to counter-
act a perceived increase risk of certain cancers such as en-
dometrial cancer resulting from unopposed estrogen
treatment (for review, see [60]). The natural hormone
progesterone (Prometrium) is also used, though to a lesser
degree in the U.S. While both the synthetic progestins and
the natural hormone, progesterone, can elicit similar ef-
fects [i.e. both can inhibit the uterotrophic effects of es-
trogen and can exert an inhibitory influence (negative
feedback) on gonadotropin secretion at the level of the
hypothalamus], it is important to recognize that these hor-
mones do not always elicit the same response. For exam-
ple, progesterone has been described to be neuroprotec-
tive [61, 62], whereas the synthetic progestin MPA was
not [62]. Moreover, MPA antagonized the effects of es-
trogen, while the natural hormone progesterone did not
[63, 64]. Such differences may be important in consider-
ing the results of the recently published Women’s Health
Initiative (WHI) studies which used MPA rather than
progesterone and, further, could provide critical insight
into the development of the most effective therapeutic
formulations for the treatment of various post-meno-
pausal conditions. 

Progestins and neuroprotection

A considerable amount of information has been obtained
regarding the mechanisms underlying estrogen’s protec-
tive effects. One experimental model that has been valu-
able in the validation of the hypothesis that estrogens are
beneficial is the use of the ovariectomized animal.
Ovariectomy results in impaired cellular function that is
reflected by behavioral, neurochemical and molecular
deficits consistent with those seen with advanced age or
in certain age-associated diseases such as AD. Estrogen
treatment of ovariectomized animals at least partially nor-
malizes the deficits [65–68]. It is important to recognize,
however, that ovariectomy results not only in the loss of
the primary forms of circulating estrogen, but also in the
loss of another major ovarian hormone, progesterone.
Thus, the behavioral, neurochemical and molecular de-
ficits that result from ovariectomy may not only be due to
a loss in circulating estrogen levels, but may also be a
consequence of progesterone loss. Moreover, estrogen-
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replacement does not always lead to complete recovery of
the ovariectomy-induced deficit [68]. As such, this partial
normalization could be a result of not having replaced the
other steroid hormones similarly lost following ovariec-
tomy. 
In humans, the menopause is also characterized by the
concomitant loss of progesterone, and not just estrogen.
As such, the increased risk for developing Alzheimer’s
disease may be contributed by the precipitous decline in
both estrogen and progesterone levels. Thus, it is possible
that progesterone may be equally beneficial, either alone
or in conjunction with estrogen. In fact, progesterone,
like estrogen, has been reported to have neuroprotective
effects in various experimental models. In hippocampal
neurons, both estradiol and progesterone were shown to
reduce neuronal vulnerability to such insults as gluta-
mate, FeSO4 and Ab toxicity [61]. In addition, secondary
neuronal loss following cortical contusion injury and re-
sulting cognitive impairment was significantly reduced in
mice that received progesterone treatment relative to un-
treated controls [69, 70]. Progesterone was also effective
at reducing the amount of cell death seen in an acute
model of global ischemia [71]. Moreover, progesterone
has been shown to be protective against excitotoxic insult
and promote morphological and functional recovery in
the Wobbler mouse, an animal model of spinal cord de-
generation [72].
Mechanistically, progesterone-induced neuroprotection
may be mediated by the GABAA receptor. Progesterone’s
metabolites can, in fact, bind to a site within the GABAA

receptor complex and, as a consequence, potentiate the
effect of GABA on its receptor ([59] for review). The ac-
tivation of the GABAA receptor in turn has been shown to
modulate cell survival, particularly in models of excito-
toxicity and may be consistent with the protective effect
of progesterone seen against kainite-induced seizure ac-
tivity and subsequent cell death [73]. Also, progesterone
has been described to have antioxidant effects [74] that
may also contribute to neuronal survival following injury.
Alternatively, progesterone may be protective through its
ability to elicit the activation of specific signaling path-
ways relevant to neuroprotection [54, 62] as well as in-
creasing the expression of anti-apoptotic proteins such as
Bcl-2 [62]. Collectively, there is growing evidence that
supports the importance of progesterone, either alone or
in combination with estrogen, in promoting cell survival.

Transient cerebral ischemia as a model for AD
neuropathology 

There is an increased prevalence of dementia among
stroke patients. In individuals who are over 60 years of
age and suffer a stroke, the prevalence of dementia is
ninefold higher than controls at 3 months after an is-

chemic attack [75]. Among patients who had their first
cerebral infarct without previous dementia, the incidence
of dementia in the first year is nine times greater than ex-
pected [76]. Four years after a first lacunar infarct, 23%
of patients develop dementia, 4–12 times more than con-
trols [77]. Brain damage from the initial infarct is consid-
ered as the direct cause of less than 50% of the dementia
[75], and many of the post-stroke dementias have a pro-
gressive onset, suggesting a degenerative process rather
than a vascular event [76, 78, 79]. 
AD is the most frequent cause of degenerative dementia
[80]. Interestingly, AD and stroke have many common
risk factors. The e4 allele of the apolipoprotein E gene
(APOE 4) is associated with a higher risk of ischemic
stroke, coronary heart diseases [81, 82] and dementia [82,
83]. The APOE e4 allele also has been firmly established
as a major risk factor for late-onset AD [81, 84, 85]. It is
also known that amyloid precursor protein (AbPP) accu-
mulates in regions of neurodegeneration following focal
cerebral ischemia in the rat [86, 87]. AD-type pathology
is often associated with cerebral amyloid angiopathy [88]
and with infarcts [89]. Alz-50-immunoreactive granules
are found around cerebral infarction after a stroke [90].
Therefore, the link between stroke and AD seems to be
closer than can be explained by chance.
Apoptosis also links neurodegenerative diseases and
stroke. Studies of the pathogenic mechanisms implicate
apoptosis in age-related neurological disorders including
AD and Parkinson’s disease [91–93]. The pathology in-
volves synaptic degeneration, senile plaques, neurofibril-
lary tangles (NFTs) and death of neurons in limbic struc-
tures, including the hippocampus and the cerebral cortex.
Substantial apoptosis was identified in AD and other neu-
rodegenerative diseases in neurons containing NFTs, and
associated with amyloid deposits [94, 95]. Similarly, fo-
cal ischemic stroke results in brain damage with an is-
chemic core region and a surrounding ischemic penum-
bra [96]. A number of pro-apoptotic factors appear to
serve a similar role in promoting neuronal death, which
includes overactivation of glutamate receptors, calcium
overload and increased reactive oxygen species. In addi-
tion, complex cytokine cascades involving microglial ac-
tivation and the cerebrovasculature are implied in both
diseases.
We found that transient focal ischemia induces a profound
hyperphosphorylation and a conformational change in tau,
both of which are similar to the tau hyperphosphorylation
and NFTs seen in AD brains [97]. Additionally, 17b-estra-
diol substantially reduces tau phospho-epitopes as defined
by a variety of antibodies in the ischemic cortex [97]. 
The relationship between ischemic stroke and the forma-
tion of NFTs is now the subject of intense investigation in
our laboratory. Emerging evidence from signal transduc-
tion and biochemical studies suggests that a neuronal
cdc2-like kinase, cyclin-dependent kinase 5 (cdk5), may
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be involved in the effects of ischemic stroke on NFT for-
mation. Our data support the model for NFT formation
following ischemia/reperfusion shown in figure 1. Is-
chemia/reperfusion causes a variety of pro-apoptotic
events, including glutamate-induced excitotoxicity and
severe oxidative stress. These neurotoxic events lead to an
influx of extracellular Ca2+ and a release of intracellular
Ca2+ stores. This results in elevated calpain activity. Acti-
vated calpain cleaves p35 to p25, which confers potent
neurotoxicity in neurons and may lead to sustained dereg-
ulation of cdk5 in neurons [47, 98, 99]. The resulting al-
teration in kinase activities ultimately leads to the hyper-
phosphorylation of tau and eventually formation of NFTs
[100]. 
This hypothesis is consistent with the observations that
Ab peptide production and pro-oxidative events, such as
ischemia/reperfusion, disrupt neuronal metabolic and
ionic homeostasis and cause aberrant activation of ki-
nases and/or inhibition of phosphatases. The resulting al-
teration in kinase and phosphatase activities ultimately
leads to hyperphosphorylation of tau and formation of
NFTs. Cdk5 is a tau kinase that can be induced by Ab
peptides or ischemic damage. Its deregulation may repre-
sent one of the signal transduction pathways that connect
Ab toxicity to tau hyperphosphorylation. 

The WHI studies

The recent publication of the results from the WHI stud-
ies, which tested PremPro® as the combined HT have

been widely interpreted as evidence against the use of
combined estrogen/progestin therapies for the treatment
of AD. Rather than the expected decrease in incidence of
AD, an increase in ‘all cause dementias’ was reported in
the PremPro® group [101, 102]. Regrettably, the trial has
been grossly overinterpreted, as it was a test of a single
formulation of equine estrogens and medroxyproges-
terone acetate in an elderly population of women who
likely had underlying cardiovascular disease [103]. The
trial enrolled women who were at an average age of 63
years and treated these older women with PremPro® con-
tinuously. As such, these women had experienced, on av-
erage, a decade without exposure to ovarian hormones,
and then were suddenly exposed to continuous steroids
orally, a very unphysiological exposure regimen. It is well
known that once plaques are formed, they are destabilized
by estrogen exposure [104–107], as appeared to be the
case in the WHI. As a result, the observation of suddenly
occurring dementias, without its precursor event of mild
cognitive impairment (MCI), suggests that these women
suffered from vascular events. This is consistent with the
well-known effects of orally administered estrogens on
liver induction of prothrombotic enzymes [108–110] and
the study’s observations of an increase in events related to
clots, such as strokes, heart attacks and deep venous
thromboses [101, 102]. An alternative to oral feminizing
estrogens and progestins are nonfeminizing analogues of
estrogens and better progestins that likely will avoid first-
pass prothrombin induction and plague destabilization.
The WHI studies were not designed to determine if early
exposure to estrogens, beginning at the time of the
menopause, could affect cognitive decline or the preva-
lence of AD. Further studies to assess early intervention,
as well as other estrogen and progestin preparation and
other routes of administration, are clearly needed, partic-
ularly in view of the plethora of evidence from animal
and clinical studies for the beneficial effects of estrogens
on stroke and AD.

Conclusions

Estrogens are potent, efficacious compounds in protect-
ing the brain from the damaging effects of stroke and the
neuropathology of AD, including neuronal death, AbPP
expression, AbPP processing to Ab, hyperphosphoryla-
tion of tau and aberrant neuronal mitosis. Additionally,
progestins appear to signal through neuroprotective path-
ways and exert neuroprotection in a number of experi-
mental models. As such, additional research on these
multifaceted compounds is warranted. This additional re-
search should follow three tracts. First, extensive study is
needed to determine the cellular targets and molecular
events affected by estrogens and progestins to achieve
their neuroprotective/anti-AD pathology activities. Sec-
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Figure 1. Schematic depiction of the relationship between neuro-
toxic events and the formation of NFTs.



ond, applied animal studies are needed to determine the
optimal estrogens and progestins, their formulation and
route of administration, dosing schedule and optimal dos-
ing time and duration relative to an acute ischemic event
or to the stage of development of AD neuropathology.
Third, clinical studies of appropriate estrogen and pro-
gestin preparation for efficacy in stroke neuroprotection
and AD are warranted, based upon the wealth of in vitro
and animal data supporting the efficacy of estrogens and
progestins for these conditions. 
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