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Estrogen has been comprehensively studied as a neu-
roprotective agent in women, animals, and a variety
of in vitro models of neural injury and degeneration.
Most data suggest that estrogen can benefit the ische-
mic brain and reduce cell death. However, recent data
from the Women’s Health Initiative have raised con-
cerns about the utility and safety of chronic estrogen
use in women. While estrogen is a potent and repro-
ducible neuroprotectant in animals and in vitro, its
current administration in women has had unanticipated
and paradoxical effects. Nonetheless, estrogen’s diverse
actions make it an ideal prototype for developing new
neuroprotectants such as selective estrogen receptor
modulators (SERMs). SERMs represent a class of drugs
with mixed estrogen agonistic and antagonistic activ-
ity. Experimental and clinical data suggest a neuro-
protective role for SERMs in normal and injured brain.
The discrepancy among observational studies, preclin-
ical data, and clinical trials emphasizes the need for
further study of the mechanisms leading to the increased
incidence of stroke observed in postmenopausal women.
Research is still needed to optimize combined or estro-
gen alone hormone replacement therapy options as well
as the prevention/management of cerebrovascular/
central nervous system disorders. This review critiques
estrogen and SERMs’ neuroprotective potential in expe-
rimental and clinical studies of stroke and cerebrovas-
cular disease.
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Introduction

Estrogen has been extensively studied as a neuroprotec-

tive agent in women, animals, and a variety of in vitro models

of neural injury and degeneration. Most data suggest that

estrogen can benefit the brain confronted with an ischemic

challenge and reduce cell death. However, recent data from

the Women’s Health Initiative (WHI) have brought many

fundamental issues to light about the utility and safety of

chronic estrogen use in women. The WHI, one of the larg-

est preventative studies of its kind, was initiated in 1991

with the overall goal of identifying major causes of death

and disability in postmenopausal women through preven-

tion/intervention protocols and risk factor identification.

Hormone replacement therapy (HRT) is one intervention

under examination in WHI clinical trials (1). Two parallel

HRT trials were originally designed. In one arm, women

with a prior hysterectomy were randomized to placebo or

unopposed estrogen. The other trial examined women with an

intact uterus who were randomized to placebo or estrogen

plus progestin therapy in acknowledgment of the increased

risk of endometrial cancer with unopposed estrogen ther-

apy. The primary outcome of these trials was incidence of

coronary heart disease (CHD), while the primary adverse

outcome was invasive breast cancer. Secondary endpoints

included the effect of HRT on stroke, pulmonary embolism,

endometrial cancer, colorectal cancer, hip fracture, and

death (1). The combined estrogen plus progestin HRT trial,

which was to have continued until 2005, was terminated in

July 2002 based on recommendations by the WHI Data and

Safety Monitoring Board (DSMB). The DSMB found that

overall risks from use of combined HRT outweighed the

benefits. In addition to an increased risk of breast cancer,

other adverse effects included an increased risk of stroke,

with eight more strokes per year for every 10,000 women

in the combined HRT group (1). Other outcomes also sug-

gested an overall negative effect on health including in-

creases in cardiovascular events and pulmonary embolism.

The treatment arm for unopposed estrogen continues.

These recent results emphasize that there are unantici-

pated and paradoxical effects of estrogen as it is currently

administered in women. In light of the WHI, estrogen’s

neuroprotective properties and potential benefit in central

nervous system (CNS) ischemic injury must be reassessed.

Because the largest burden for stroke is in postmenopausal

women, there is great and continued interest in HRT as a

means of preventing or treating cerebrovascular disease.
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Furthermore, there is increasing interest in selective estro-

gen receptor modulators (SERMs) as a safe HRT option and

a potential neuroprotective modality. This review critiques

estrogen and SERMs’ neuroprotective potential in experi-

mental and clinical studies of stroke and cerebrovascular

disease. Because less is known about SERMs and their ef-

fects in the brain, a broader discussion including other CNS

disorders is presented.

Estrogen

Clinical Studies

Premenopausal women have a lower incidence of stroke

and other vascular diseases than age-matched men and

postmenopausal women, a finding attributed to higher estro-

gen levels in younger women. Over the past 30 yr, obser-

vational studies have found lower risks of CHD and stroke

in women taking postmenopausal estrogens, suggesting that

estrogen is vasoprotective (for a review see ref. 2). Obser-

vational studies for stroke prevention are not as clearly pos-

itive but most describe no increased risk or small benefits

in the prevention of fatal strokes (3).

The Heart and Estrogen-Progestin Replacement Study

(HERS) was the first randomized, blinded trial on the effect

of HRT (0.625 mg of estrogen + 2.5 mg of medroxypro-

gesterone acetate (MPA), daily) on coronary disease progres-

sion. After 4 yr of HRT therapy, HERS found no reduction

in risk for coronary events, stroke, or transient ischemic

attack (TIA) but did observe a threefold increase in venous

thromboembolism (4). An important observation in HERS

was that patients receiving HRT sustained an early increased

risk of cardiovascular events that was offset by a lower

event rate in subsequent years. It was presumed that this

was owing to an early prothrombotic risk, followed later by

protection, and that prolonged follow-up would demonstrate

an overall beneficial effect for HRT. However, the release

of the 6.8-yr follow-up on the HERS cohort (HERS II) in

2002 (5) showed no benefit of prolonged HRT treatment

on cardiovascular or cerebrovascular endpoints.

The HERS study was designed to investigate the effects

of HRT on coronary disease progression with stroke and TIA

as secondary endpoints. By contrast, the Women’s Estro-

gen for Stroke Trial (WEST) was the first randomized trial

designed to examine stroke recurrence as the primary end-

point (6). The WEST found no benefit on total stroke inci-

dence and a surprising increase in fatal stroke among women

who were assigned to unopposed estradiol therapy. This

trial, like the HERS, evaluated secondary prevention and

enrolled older women with preexisting cerebrovascular dis-

ease (TIA or stroke 90 d prior to randomization). The unex-

pected findings of these three trials are not easily aligned

with earlier epidemiologic data suggesting that estrogen

would be protective.

As discussed later in this review, estrogen is a potent and

reproducible neuroprotectant in animals and in vitro. Thus,

it is not immediately obvious why HRT was ineffective and

potentially deleterious in humans. One factor is that both

the HERS and WEST included women with known vascu-

lar disease and who began treatment at an advanced age well

beyond menopause. The WHI data are believed to partly

address this question because the WHI evaluates effects in

healthy postmenopausal women. Although the WHI was

oriented toward primary prevention, 7.7% of women par-

ticipants had documented vascular disease. Furthermore,

many women were enrolled despite relative contraindica-

tions to HRT, such as smoking, previous stroke, or venous

thromboembolism (1). It is believed that such subjects more

likely represent the “average patient” considering HRT than

if such variables were excluded. Earlier observational trials

may have preselected a healthier, lower-risk group of women

who may have been able to derive benefit from HRT.

Although combined estrogen/progestin compounds are

the most commonly prescribed hormone regimen in the

United States, it is not known if progestins interact with

estrogen and diminish its neuroprotective effects. Experi-

mental data suggest that progesterone increases subcorti-

cal damage after vascular occlusion in animals (7) and can

reverse the beneficial effect seen on atherosclerotic plaque

formation in nonhuman primates (8,9). However, recent

clinical results argue against this hypothesis. The Estrogen

Replacement and Atherosclerosis trial utilized estrogen

with or without a progestin and found no benefit in coro-

nary disease progression as measured angiographically in

either treatment group (10). Results from the oEStrogen in

the Prevention of ReInfarction Trial (ESPRIT) (11) dem-

onstrate that estradiol valerate did not reduce risk of recur-

rent myocardial infarction. Furthermore, the WEST did not

demonstrate a beneficial effect of 17�-estradiol for secon-

dary prevention of stroke and ischemic injury. In summary,

the total evidence for the clinical benefit of HRT as an ische-

mic neuroprotectant is arguably quite small (see ref. 12 for

a review). However, in animals and cell models, estrogen

is a well-recognized anti-ischemic hormone.

Experimental Ischemic Brain Injury

Gender is an important factor in cerebral ischemic patho-

physiology, and several studies have demonstrated that fe-

male animals sustain smaller injury after ischemia than males

(13–22). In normal, cycling female rats, variable postische-

mic changes in cortical infarction, neutrophil accumulation,

and antioxidant enzyme activities, which were inversely cor-

related with circulating estrogen levels, have also been dem-

onstrated (23). In female rats, this gender-specific effect may

be further influenced by the estrous cycle stage, with lesser

infarct volumes in proestrous (high endogenous estradiol

levels) animals compared with metestrous animals (low en-

dogenous estradiol levels) (24). Sex differences in stroke

sensitivity can be abolished by ovariectomy (13,22,25–29)

or by declining estrogen levels during reproductive senes-

cence (30).
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The effects of exogenous 17�-estradiol treatment or

replacement on cerebral injury size have been comprehen-

sively studied in experimental stroke and neuroprotection

models (Table 1). Almost universally, the steroid reduces

brain injury after an ischemic, glutamatergic, prooxidant,

or proapoptotic insult (for reviews, see refs. 17 and 31–33).

However, several factors can be extracted from the plethora

of animal data. In both permanent and transient focal cere-

bral ischemia models, estrogen appears to have a neuropro-

tective effect in estrogen-deficient rodents (males, ovari-

ectomized [OVX] females, and reproductively senescent

females). However, the therapeutic range of “neuroprotec-

tive” steroid doses is not large; there are few studies of

long-term estrogen exposure, so the effect of treatment dur-

ation is not clear. The effective dose and duration may differ

between sexes, suggesting that the mechanisms of protec-

tion are not necessarily identical in male and female ani-

mals. Most studies have evaluated 17�-estradiol, and there

are few data with the less potent estrogens such as estriol.

A single study has demonstrated a deleterious effect of

estrogen in a rat model of transient forebrain ischemia (34),

but no mechanism of injury was tested. Therefore, we know

little about what distinguishes the neuroprotectant estro-

gen from a proinjury estrogen.

Almost all of our understanding of estrogen’s neuropro-

tection originates in rodent data. Few data are available in

higher-order, gyroencephalic animals such as cat or non-

human primates. Finally, most estrogens are vasoactive and

have potent effects on endothelium and vascular smooth

muscle cells of brain blood vessels, as well as neurons and

glia within brain parenchyma. For example, 17�-estradiol

can increase cerebral blood flow during and after vascular

occlusion and ameliorate postischemic hyperemia (35–37).

Therefore, it will be important in future research to evaluate

systematically and quantitatively vaso- vs neuroprotection

if we are to understand fully estrogen’s action in the brain.

It must also be emphasized that estrogen’s mechanisms

of protection for the brain and cerebral vasculature are quite

complex. There is evidence implicating—and refuting—

the importance of nuclear hormone receptor signaling mech-

anisms to gender differences and to the anti-ischemic activ-

ity of 17�-estradiol (28,38–40). However, it is also quite

clear that rapid receptor-mediated and receptor-indepen-

dent intracellular signaling is relevant in neuroprotection,

not involving gene transcription (41,42). These actions in-

volve putative membrane estrogen receptors (ERs), kinase

cascades, and intracellular signaling that activate ion chan-

nels, neurotransmitter receptors, and enzymes such as nitric

oxide synthase (NOS). Such mechanisms may be critical to

estrogen’s protection in experimental stroke. Finally, many

estrogens, such as 2-hydroxy estrone, 2-hydroxy estradiol,

phenolic estrone, and 17�-estradiol, have potent, concen-

tration-dependent lipid antioxidant activity (43,44).

In summary, it is likely that the estrogens act at multiple

sites in injured brain and utilize receptor-dependent, recep-

tor-independent, and non-cell type–specific signaling pro-

cesses. For example, if estrogen targets postischemic blood

vessels (promoting microcirculation) and protects neurons

(amplifying gene transcription or antioxidant activity), then

the net benefit to tissue should be large. As a unifying hy-

pothesis, estrogen’s very breadth of actions as a multifunc-

tional molecule makes it an ideal prototype for developing

neuroprotectants. A new pharmacology involving SERMs

may harness this prototype and expand estrogen’s neuropro-

tective potential.

Selective Estrogen Receptor Modulators

SERMs represent a class of drugs with mixed estrogen

agonistic and antagonistic activity in different tissues. An

ideal SERM would theoretically function as an antago-

nist in breast and uterus and as an agonist in bone, brain,

and the cardiovascular system. Of the SERMs available

today (Table 2), none can be considered “ideal.” Only a few

SERMs are currently approved for the following clinical

uses: (1) treatment of breast cancer (tamoxifen, toremifene),

(2) treatment of hormone receptor–positive metastatic breast

cancer with disease progression after antiestrogen therapy

(fulvestrant), (3) prevention and treatment of postmeno-

pausal osteoporosis (raloxifene), and (4) treatment of infer-

tility in anovulatory women (clomiphene). The effects and

mechanism(s) of action of SERMs in the brain are currently

under investigation, but few studies have addressed the poten-

tial neuroprotective benefits of SERMs following brain in-

jury, neurodegeneration, or aging. This section reviews what

is known about the effects of SERMs in the brain and in

CNS/cerebrovascular disorders.

Clinical Studies

Several ongoing clinical studies are attempting to evalu-

ate CNS and cerebrovascular effects of SERMs in women.

These trials have focused exclusively on two of the most

widely used SERMs: tamoxifen and raloxifene. Only one

study has examined the effects of SERMs on aging brain

chemistry. A study utilizing proton magnetic resonance spec-

troscopy compared myo-inositol levels, a marker of glial

metabolism, in elderly women taking either tamoxifen or

HRT (45). Cerebral myo-inositol levels normally increase

with age (46). Women in both treatment groups exhibited

lower brain myo-inositol levels in all regions compared with

the control group, suggesting that tamoxifen has effects sim-

ilar to estrogen in the brain and may positively modulate

aging (45).

Thus far, there are no prospective, placebo-controlled

data on the effects of tamoxifen on cognitive function or

prevention of dementia in healthy women (47–49). One pro-

spective breast cancer study showed no effect of tamoxifen

on female patients’ self-reported cognitive problems (50).

A retrospective study in young women with breast cancer

reported no differences in cognitive tests between tamoxifen

and controls (51). However, women using tamoxifen in this
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Table 1

Effect of Exogenous Estrogen Treatment in Rodent Experimental Stroke Modelsa

Estrogen effect

Stroke model Rodent species Estrogen dose on ischemic injury Reference

Transient focal Wistar male rats iv estrogen (1 mg/kg of Premarin) Reduced total hemispheric 36

ischemia (MCAO – at initiation of reperfusion and striatal infarct size

intraluminal filament);

2-h ischemia + 22-h

reperfusion

Transient focal Sprague-Dawley Preischemic treatment Selectively protected 95

ischemia (MCAO – OVX female rats (100 µg/kg of 17�-estradiol) cortical tissue from

intraluminal filament); 2 h before ischemia ischemic damage

1-h ischemia + 6 to 23-h

reperfusion

Transient focal Wistar RSF rats Preischemic treatment via sc Reduced cortical and 30

ischemia (MCAO – implant (25 µg of 17�-estradiol) striatal infarct size

intraluminal filament); for 1 wk

2-h ischemia + 22-h

reperfusion

Transient focal Wistar OVX rats (1)  iv 17�-estradiol Ischemic volume not altered 96

ischemia (MCAO + (0.1 or 1.0 mg/kg) by acute or chronic treatment

bilateral common 30 min before ischemia

carotid artery occlusion); (2) Preischemic treatment via

3-h ischemia + 72-h sc implant (20 or 200 µg of

reperfusion 17�-estradiol) for 1 wk

Transient focal Wistar OVX Preischemic treatment via Cortical and striatal injury 27

ischemia (MCAO – female rats sc implant (0, 25, 100 µg reduced by chronic estrogen

intraluminal filament); of 17�-estradiol) for 7–16 d; replacement  (25 µg);

2-h ischemia + 22-h iv saline or Premarin no effect with acute single-

reperfusion (1 mg/kg) immediately injection estrogen exposure

before ischemia

Transient focal (1) Wistar intact (1) Preischemic treatment via (1) Reducion of cortical 97

ischemia (MCAO – male rats sc implant (25 or 100 µg of and striatal injury by acute

intraluminal filament); 17�-estradiol) for 7–10 d; and chronic treatment

2-h ischemia + 22-h iv saline or Premarin (1 mg/kg)

reperfusion 30 min before ischemia

(2) Wistar castrated (2) Preischemic treatment via (2) Reduced cortical

male rats sc implant (25 or 100 µg of and striatal injury

17�-estradiol) for 7–16 d

Transient focal Charles River Preischemic treatment via Reduced ischemic area 98

ischemia (MCAO – intact and sc Silastic pellet for 1 wk

intraluminal filament); castrated male rats

40-min ischemia + 23-h,

20-min reperfusion

Transient focal Sprague-Dawley iv estrogen (1 mg/kg of Reduced ischemic area 22

ischemia (MCAO – OVX female rats 17�-estradiol) at initiation

intraluminal filament); of reperfusion

40-min ischemia + 23-h,

20-min reperfusion

Transient focal CD OVX Preischemic treatment via Reduced ischemic area 28

ischemia (MCAO – female rats sc Silastic pellet 24 h before

intraluminal filament); MCAO, or iv 17�-estradiol via

40-min ischemia + 6-h, brain-targeted chemical delivery at

24-h, or 1 wk reperfusion 30 and 90 min after MCAO onset

Permanent focal Sprague-Dawley Preischemic treatment via sc Decreased infarct volume 99

ischemia (MCAO – OVX young (3–4 mo) (0, 180, or 1000 µg/mL of

intraluminal filament) and middle-aged 17�-estradiol in oil) Silastic

for 24 h (9–12 mo) female rats capsule for 1 wk
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Estrogen effect

Stroke model Rodent species Estrogen dose on ischemic injury Reference

Permanent focal Sprague-Dawley Local microinjection of Reduced infarct size 100

ischemia (MCAO – male rats 17�-estradiol (0.5 µM in

bipolar electrical 250 nL) into insular cortex

coagulation) for 4 h or caudate putamen 10 or

30 min before ischemia

Permanent focal Sprague-Dawley iv injection of 17�-estradiol Reduced infarct size 101

ischemia (MCAO – male rats (1 � 10�2 mg/kg) 30 min

bipolar electrical before, immediately before,

coagulation) for 4 h or 30 min after MCAO

Permanent focal SHR OVX sc estradiol valerate (200 µg/kg) Reduced infarct volume 26

ischemia (MCAO – female rats in sesame oil weekly for 3

photothrombotic) wk prior to ischemia

for 3 d

Permanent focal Sprague-Dawley Preischemic treatment Decreased infarct volume 33

ischemia (MCAO – OVX young (3–4 mo) (1 mg/mL of 17�-estradiol in oil)

intraluminal filament) and middle-aged via sc Silastic capsule for 1 wk

for 24 h (9–11 mo)

female rats

Permanent focal NMRI male 17�-estradiol (0.3–30 Reduced brain infarct area 102

ischemia (MCAO – mice mg/kg) and 2-OH-estradiol

electrocoagulation) (0.003–30 mg/kg) subcutaneously

for 2 d for 24 h and intraperitoneally for

3 h before MCAO

Permanent focal Sprague-Dawley Preischemic treatment Cortical infarct volume 25

ischemia (MCAO – OVX female (0, 180, or 1000 µg/mL of 17�- decreased by chronic estradiol

intraluminal filament) rats estradiol in oil) via sc Silastic replacement; no effect when

for 24 h capsule for 1 wk or at onset given at onset of ischemia

of ischemia

Transient global Sprague-Dawley Preischemic treatment via Significantly higher 103

ischemia (4-VO); OVX female rats sc implant (4 mg/mL of 17�- live cell counts than

20-min ischemia + rats estradiol, two 5-mm pellets) intact or OVX female

96 h reperfusion 24 h before ischemia

Transient forebrain Wistar OVX Preischemic treatment via sc Significant relationship 34

ischemia (4-VO); female rats implant (25 µg of 17�-estradiol) between cell loss

5- or 10-min ischemia for 1 wk and estradiol level;

+ 1-wk recovery no protective effect

Transient forebrain Sprague-Dawley ip 17�-estradiol (0.1 mg/[kg.d] Reduced brain damage 29

ischemia (right common OVX female rats for 2 wk before ischemia

carotid artery occlusion

+ hemorrhagic

hypotension); 30-min

ischemia + 72-h

reperfusion

Transient forebrain Sprague-Dawley 17�-estradiol (0.1, 0.5, or 104

ischemia (right common OVX female rats 5.0 mg/[kg.d]) up to 2 wk Hippocampal and striatal

carotid artery occlusion before ischemia neuronal damage reduced

+ hemorrhagic by low doses of estrogen

hypotension); 30-min

ischemia + 72-h

reperfusion

Transient global C57Bl/6J OVX Preischemic treatment via Significant reduction 105

ischemia (bilateral female mice sc implant (0.025 mg of in neuronal damage

common carotid artery 17�-estradiol) for 2 wk in caudate putamen

occlusion); 17-min

ischemia + 72-h

reperfusion
(continued)
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Table 1 (Continued)

Estrogen effect

Stroke model Rodent species Estrogen dose on ischemic injury Reference

Transient global Male Mongolian Preischemic treatment via Significant 106

ischemia (bilateral gerbils sc implant (0.36 mg/pellet of neuroprotection against

carotid artery occlusion); 17�-estradiol) for 2 wk ischemia-induced

5-min ischemia + 7-d neuronal death

reperfusion

Transient forebrain Male Mongolian 17�-estradiol either Significantly prevented 107,108

ischemia (bilateral gerbils intracerebroventricularly (3, 10, damage in hippocampal

carotid artery occlusion); or 30 µg) or intraperitoneally CA1 pyramidal cells with

3-min ischemia + 7-d (4 mg/kg) 1 h before ischemia highest icv dose and ip dose

reperfusion

Transient forebrain Male gerbils 17�-estradiol via Prevented neuronal loss at 109

ischemia; 3-min osmotic minipump into left early stages after ischemia

ischemia + 7-d ventricle (0.05 or 0.25 µg/d) with higher dose

reperfusion for 7 d; infusion begun 2 h

before ischemia

a4-VO, four-vessel occlusion; RSF, reproductively senescent female.

Table 2

Selective Estrogen Receptor Modulators a

Structural classification Name

Triphenylethylenes (first-generation SERMs) Clomiphene

Droloxifene

GW5638

Idoxifene

MDL 103,323

Miproxifene phosphate (TAT-59)

Ospemifene

Tamoxifen

Toremifene (chlorotamoxifen)

Benzothiophenes (second-generation SERMs) Arzoxifene (LY353381)

LY117018

Raloxifene

Naphthalenes (third-generation SERMs) Trioxifene

Lasofoxifene

Benzopyrans (fourth-generation SERMs) Acolbifene

EM-652 (SCH 57068)

EM-800

Levormeloxifene

Steroidals EM-139

Fulvestrant

ICI 164,384

ICI 182,780

Tibolone

Phytoestrogens

Coumestans Coumestrol

Isoflavones Daidzein

Genestein

Lignans Enterodiol

Enterolactone

Mycoestrogens

Resorcylic acid lactones Zearalenone

Zearalonol

a From refs. 60 and 110–114.
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study report more memory problems (51). In elderly nurs-

ing home residents, women receiving tamoxifen have better

cognitive skills for daily decision making, are less likely to

exhibit signs of Alzheimer’s disease, but are more likely to

be diagnosed with depression (52). This latter finding is

in contrast to studies showing that in relatively younger

women, tamoxifen had no effect on the risk of developing

depression (53,54). Currently, the effects of tamoxifen and

raloxifene on cognitive function and age-related memory

changes are under evaluation as a cohort within the Study

of Tamoxifen and Raloxifene (STAR), an ongoing breast

cancer prevention trial (47,48). The same cognitive testing

protocols as those used in the Women’s Health Initiative

Memory Study are used in this STAR sub-study (47).

The effects of raloxifene on cognition and mood are pres-

ently under active investigation. One small trial in post-

menopausal women found that raloxifene had no effect on

cognition and mood compared to placebo after 1 yr of treat-

ment (55). Another small study evaluating quality of life in

healthy postmenopausal women demonstrated that raloxi-

fene-treated subjects achieve improved anxiety scores, no

increase in depression, and no decrease in memory or con-

centration compared with the placebo or estrogen-treated

groups (56). A more recent and larger trial (Multiple Out-

comes of Raloxifene Evaluation, or MORE) demonstrated

that 3 yr of raloxifene treatment in postmenopausal women

with osteoporosis does affect overall cognitive scores (49).

Some of the individual test results suggested that raloxifene

may have some limited beneficial effects on attention and

verbal memory (49). Another study utilizing functional mag-

netic resonance imaging demonstrated that daily raloxifene

affects brain activation patterns in regions involved in cog-

nitive function during visual encoding in postmenopausal

women (57). Further studies of SERMs on cognitive out-

comes are clearly indicated.

With respect to the cerebrovascular effects of SERMs in

women, only raloxifene has been explored. Secondary anal-

ysis of data from the MORE trial included evaluation of

stroke and TIAs in osteoporotic postmenopausal women (58).

In this investigation, chronic raloxifene therapy (4 yr) sig-

nificantly reduced stroke risk in women designated as high

risk for cardiovascular events (59), but the effect was not

robust in the overall study cohort (58).

Animal Studies: Basal Effects in Brain

Several SERMs (raloxifene, azoxifene, and tamoxifen)

have been shown to cross the blood-brain barrier in quan-

tities sufficient to produce pharmacologic effects (57,60,

61). Neurotrophic effects have been observed. Raloxifene

induces neurite outgrowth in PC13 cells that express ERs

(62). Chronic administration of tamoxifen in OVX rats in-

creases synaptic density in the hippocampus (63). However,

LY117018 does not produce increases in hippocampal den-

dritic spine density comparable to estrogen nor does LY117018

impede estrogen’s actions in CA1 neurons (64,65).

SERMs may modulate regional neurotransmitter recep-

tor binding and density. In OVX rat brain, both tamoxifen

and raloxifene increase hippocampal N-methyl-D-aspartate

(NMDA) receptors and decrease cortical and striatal NMDA

and amino-3-hydroxy-5-methyl-4-isoxazole propionic acid

receptor binding sites (66–68). Raloxifene also increases 5-

hydroxytryptamine 2A (5-HT2A) receptor density and ex-

pression (69,70). Similar receptor effects in the same brain

regions have also been observed with 17�-estradiol (66,

68,70). However, tamoxifen antagonized estrogen-induced

forebrain and dorsal raphe nucleus 5-HT2A receptor gene

expression and binding site densities (71) as well as stria-

tal dopaminergic receptor supersensitivity (72,73). Overall,

these studies would suggest that tamoxifen and raloxifene

act as estrogen agonists and/or antagonists in several brain

regions.

It is thought that estrogen’s effects on mood and cog-

nition may be mediated through alterations in serotoniner-

gic and cholinergic neurotransmission. Both raloxifene and

arzoxifene have effects similar to those of estrogen on tryp-

tophan hydroxylase and serotonin reuptake transporter gene

expression in macaque serotonin neurons (74). Raloxifene

and tamoxifen also have effects on a known estrogen-respon-

sive gene product, choline acetyltransferase (ChAT) in OVX

rat brain (75,76). Like estradiol, raloxifene increases hippo-

campal ChAT activity without changing hypothalamic levels

(76), and tamoxifen enhances ChAT mRNA expression in

basal forebrain (75). Although the mechanisms(s) underly-

ing these effects of SERMs are unclear, these studies would

suggest that SERMs may have modulatory actions similar

to those of estrogen on serotoninergic and cholinergic neu-

rotransmission. Such effects could be useful in treatment of

cognitive decline, Alzheimer’s disease and mood disorders.

SERMs, like estrogen, can affect dopaminergic neuro-

transmission as well. Hypothalamic concentrations of both

dopamine (DA) and norepinephrine in female rats are altered

by chronic tamoxifen administration (77). In OVX mice,

tamoxifen increases caudate nucleus DA release to levels com-

parable with those observed in estradiol-treated animals (78).

Both tamoxifen and estradiol reduce cortical and hypotha-

lamic DA levels in immature female rabbits, but only estra-

diol decreases striatal DA levels (79). Interestingly, tamox-

ifen, but not estradiol, was shown to increase striatal DA

binding in this animal model (79). These studies indicate that

tamoxifen differentially alters DA metabolism and release

in various brain regions. Such effects could have clinical

implications for diseases such as Parkinson’s.

SERMs can also modify gene transcription and protein

expression in the brain. For example, tamoxifen antago-

nizes estrogen-induced increases in progesterone receptor

(PR) expression in OVX rat medial preoptic nucleus (75),

OVX rat hypothalamus-preoptic area (80), and OVX mouse

hypothalamus (81). However, tamoxifen alone in OVX mice

does not induce hypothalamic PR (81). Raloxifene has been

shown to upregulate hypothalamic ER mRNA (82).
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Few studies address the potential neuroprotective effects

of SERMs following experimental stroke or brain injury.

One recent study suggests that chronic preischemic treat-

ment with azoxifene (10 mg/kg orally) is neuroprotective in

the caudoputamen in an OVX rat focal stroke model (83).

The neuroprotective mechanism for azoxifen in this model

does not seem to be linked to preservation of end-ischemic

regional cerebral blood flow (83). Most laboratory inquir-

ies have focused on tamoxifen, which appears to be neuro-

protective in ischemic brain. In male (84) and OVX rats (85),

preischemic administration of tamoxifen reduces infarct

size in both transient and permanent middle cerebral artery

occlusion (MCAO), respectively. Tamoxifen is equally ef-

fective when given 1 h into reperfusion after 2 h of MCAO

(84). While tamoxifen’s protective effects appear to be inde-

pendent of cerebral blood flow changes (84), the mechanism

of neuroprotection may be owing to decreased nitrotyrosine

formation via inhibition of calcium/calmodulin-dependent

neuronal NOS production (86). Another potential neuropro-

tective mechanism is suggested by a global (four-vessel occlu-

sion) ischemia study done in rats that examined amino acid

release using a cortical cup technique (87). It was thought

that tamoxifen reduces ischemia-evoked amino acid efflux

from cerebral cortex by inhibiting chloride channels, thereby

preventing cell swelling (87).

SERMs may also be beneficial in nonischemic brain in-

juries and diseases. Glutamate-induced toxicity can lead to

cell loss in trauma and chronic neurodegenerative diseases

as well as in stroke (88). Tamoxifen has been shown to pro-

tect glial cells from glutamate toxicity and to stimulate cell

differentiation (89). In primary cultured neurons, tamoxi-

fen inhibits glutamate-induced mitochondrial depolariza-

tion (90). In a dose-dependent manner, tamoxifen suppresses

extracellular hydroxyl radical generation via DA efflux in-

duced by 1-methyl-4-phenylpyridine in rat striatum (91,92).

Raloxifene has also been shown to be neuroprotective in a

mouse model of 1-methyl-4-phenyl-1,2,3,6 tetrahydropy-

ridine neurotoxicity (93,94). The mechanism of action is

thought to be mediated via an intracellular steroid receptor

(93). These findings would indicate a neuroprotective role

for SERMs.

Conclusion

The discrepancy among observational studies, preclini-

cal data, and large randomized clinical trials emphasizes

the need for further study of the mechanisms leading to the

increased incidence of stroke observed in postmenopausal

women. The duration of the estrogen-deficient state is clearly

an important issue. Animal studies suggest that the timing

of administration is critical and may be one possible expla-

nation for the lack of benefit seen in clinical trials. Most of

the clinical literature addressing the issue of female sex hor-

mones and cerebrovascular/CNS disorders has focused on

combined HRT in postmenopausal women. This emphasis

on combined hormone scenarios makes it difficult to sepa-

rate out the individual as well as interactive roles of estro-

gen and progestins. Progestin type, formulation, and route

and timing of administration are important factors to con-

sider when determining whether progestins alone increase

susceptibility or protection in cerebrovascular disease or ische-

mic brain injury. The role of MPA in the suspended com-

bined HRT WHI trial has yet to be elucidated. Progestins

that might be detrimental, neutral, or beneficial when solely

administered might prove to be antagonistic, neutral, or syn-

ergistic when combined with estrogen. Furthermore, interest

in SERMs as an alternative form of HRT has been grow-

ing in an effort to maximize estrogen’s benefits and mini-

mize its disadvantages. The widening gap between clinical

trial results and experimental laboratory–based data would

suggest that our understanding of the cerebral ischemic

pathophysiology and of estrogen’s role as a cerebroprotec-

tant is incomplete. Continuing and future studies are still

needed to optimize combined or estrogen-alone HRT options

as well as the prevention/management of cerebrovascular/

CNS disorders.
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