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Estrogens influence many physiological processes in mammals, including but not limited to reproduction, cardiovas-
cular health, bone integrity, cognition, and behavior. Given this widespread role for estrogen in human physiology, 
it is not surprising that estrogen is also implicated in the development or progression of numerous diseases, which 
include but are not limited to various types of cancer (breast, ovarian, colorectal, prostate, endometrial), osteoporosis,  
neurodegenerative diseases, cardiovascular disease, insulin resistance, lupus erythematosus, endometriosis, and obe-
sity. In many of these diseases, estrogen mediates its effects through the estrogen receptor (ER), which serves as the 
basis for many therapeutic interventions. This Review will describe diseases in which estrogen, through the ER, plays 
a role in the development or severity of disease.

Estrogen receptor mechanism of action
Estrogens induce cellular changes through several different mech-
anisms (Figure 1). Central to these mechanisms is the protein to 
which estrogens bind, the estrogen receptor (ER). In the “classical” 
mechanism of estrogen action, estrogens diffuse into the cell and 
bind to the ER, which is located in the nucleus. This nuclear estro-
gen-ER complex binds to estrogen response element sequences 
directly or indirectly through protein-protein interactions with 
activator protein 1 (AP1) or SP1 sites in the promoter region of 
estrogen-responsive genes, resulting in recruitment of coregulatory 
proteins (coactivators or corepressors) to the promoter, increased 
or decreased mRNA levels and associated protein production, and 
a physiological response. This classical, or “genomic,” mechanism 
typically occurs over the course of hours. In contrast, estrogen can 
act more quickly (within seconds or minutes) via “nongenomic” 
mechanisms, either through the ER located in or adjacent to the 
plasma membrane, or through other non-ER plasma membrane–
associated estrogen-binding proteins (Figure 1), resulting in cellu-
lar responses such as increased levels of Ca2+ or NO, and activation 
of kinases. The ER may be targeted to the plasma membrane by 
adaptor proteins such as caveolin-1 or Shc.

The ER exists in 2 main forms, ERα and ERβ, which have dis-
tinct tissue expression patterns (1) in both humans and rodents, 
and gene-targeted animal models lacking these receptors exhibit 
distinct phenotypes and provide some of the most definitive 
experimental models for evaluating the role of the ER in disease 
and normal physiology (2). ERα and ERβ are encoded by separate 
genes, ESR1 and ESR2, respectively, found at different chromo-
somal locations, and numerous mRNA splice variants exist for 
both receptors in both diseased and normal tissue (Figure 2), 
although the corresponding protein products have been difficult 
to confirm (3). Because these splice variants are frequently coex-
pressed with their wild-type counterparts, the exact function and 
potential role of these variants in normal physiology and human 
disease remain to be elucidated.

Selective estrogen receptor modulators (SERMs) such as tamoxi-
fen and raloxifene (Figure 3) are examples of compounds that 
exhibit tissue-specific estrogenic activity. Tamoxifen, although an 
ER agonist in bone and uterus, is an antagonist in the breast and 
has been a safe and effective adjuvant endocrine therapy for breast 
cancer for almost 20 years. Raloxifene is similar to tamoxifen in its 
tissue-specific agonist/antagonist profile but exhibits greater ago-
nist activity in bone and less in the uterus (4) — hence its use for 
the prevention of osteoporosis (see “ERs and osteoporosis,” below). 
Whether a SERM is an ER agonist or antagonist in a particular tis-
sue depends on several factors. Binding of a SERM to the ER causes 
a specific conformational change in the receptor, and the resulting 
3D structure determines which coactivators and/or corepressors are 
recruited to the promoter. Thus, the relative level of corepressors 
and coactivators in a particular tissue is a critical determinant of a 
SERM’s agonist/antagonist activity. For example, tamoxifen recruits 
a coactivator complex to estrogen-regulated genes in endometrial 
cells but a corepressor complex to the same gene in breast cancer 
cells (5). The specific coregulators recruited to a particular promoter 
also depend on the type of ER-dependent regulatory sequences that 
are present in the promoter, such as estrogen response elements 
or other transcription factor binding sites, such as AP1. Lastly, the 
ERα/ERβ ratio varies between tissues, and which ER form predomi-
nates also affects SERM activity. Thus, the physiological response 
to a particular SERM results from a combination of factors, includ-
ing its chemical structure and the cellular and promoter context in 
which the SERM acts.

In parallel with the development of therapeutic strategies based on 
the modulation of ER activity, compounds that inhibit the produc-
tion of estrogen have also been generated and are currently in use 
clinically. Inhibitors of aromatase, the enzyme that converts andro-
gens to estrogens, have been successfully used in the treatment of 
breast cancer and other diseases. Thus, targeting both the ER and 
the production of its activating ligand provides complementary 
strategies for the management of estrogen-regulated diseases.

ERs and cancer
Breast cancer. Estrogen is implicated in the development of breast 
cancer, based on data from both clinical and animal studies; risk 
factors associated with breast cancer reflect cumulative exposure 
of the breast epithelium to estrogen (6). Two current hypotheses 
exist to explain this relationship (7). In the first, binding of estro-
gens to the ER stimulates proliferation of mammary cells, increas-
ing the target cell number within the tissue, and the increase in cell 
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division and DNA synthesis elevates the risk for replication errors, 
which may result in the acquisition of detrimental mutations 
that disrupt normal cellular processes such as apoptosis, cellular 
proliferation, or DNA repair. In the second hypothesis, estrogen 
metabolism leads to the production of genotoxic by-products that 
could directly damage DNA, again resulting in point mutations. 
There is evidence that estrogen may act through both mechanisms 
to initiate and/or promote mammary cancer.

Currently, both SERMs and aromatase inhibitors are used in 
the treatment of breast cancer, and patients whose tumors are 
ER-positive respond well to these endocrine therapies. Further, 
both tamoxifen and raloxifene have proven effective as chemo-
preventative agents for breast cancer in high-risk women (4). The 
randomized, clinical Raloxifene Use for the Heart (RUTH) trial is 
currently testing the efficacy of chronic raloxifene treatment in 
postmenopausal women in (a) reducing the incidence of coronary 
heart disease (multiple endpoints), and (b) reducing the risk of 
invasive breast cancer in women at high risk for major coronary 
events (8). In addition, ICI 182,780 (known clinically as Faslodex), 
an ER antagonist that inhibits ER activity and reduces ER levels, 
is also used in the treatment of breast cancer. ERα expression is 
associated with more differentiated tumors and a more favorable 
prognosis, and although the potential role of ERβ in tumor pro-
gression is controversial, studies of ERβ protein levels suggest that 
it is also a favorable prognostic indicator (3).

Several sequence variations or single-nucleotide polymorphisms 
(SNPs) in the ERα gene (ESR1) have been identified that are asso-
ciated with either an increased or a decreased risk of breast can-
cer. The best-characterized SNPs of ESR1 are the PvuII and XbaI 
restriction site polymorphisms, both of which are located in the 
first intron (9, 10). The PvuII polymorphism (also known as ESR1 
c. 454–397T→C) is associated with increased breast cancer risk 
(11), as well as risk for other diseases in which estrogen is impli-

cated. SNPs in the gene for ERβ (ESR2) have also been identified, 
but their association with breast cancer risk is less clear than that 
of SNPs in ESR1. Zheng et al. identified 2 ESR2 SNPs associated 
with increased breast cancer risk in postmenopausal but not in 
premenopausal women (12). A recent study of 3 ESR2 SNPs found 
no association of the individual SNPs, but 1 haplotype of these 
SNPs was identified that was associated with an increased risk of 
sporadic breast cancer (13). Further analysis of the functional con-
sequences of SNPs for ESR1 and ESR2 and association of SNPs in 
particular subject study groups, as well as identification of novel 
SNPs, may shed further light on the hereditary contributions to 
the development of breast cancer.

Both cell culture and animal model studies indicate that the ER 
is involved in mammary gland development and mammary cancer. 
Studies in ERα knockout (αERKO) mice demonstrate that ERα 
is required for normal mammary gland development (14). Adult 
αERKO females exhibit mammary glands that are similar to those of 
normal prepubertal female mice, i.e., lacking ductal development and 
terminal end buds. In Neu/ErbB2 knock-in transgenic mice, which 
develop mammary tumors with a long latency period, loss of ERα 
resulted in no incidence of tumor development, indicating that ERα 
contributes to the development and/or progression of Neu-induced 
carcinogenesis in this model (V. Giguère, personal communication). 
However, in a second Neu model, αERKO animals were crossed with 
mice expressing a mammary-specific mutant Neu, which was con-
stitutively active (resulting in much higher levels of the oncogene 
compared with the first model). In this second model, females that 
lacked ERα still developed mammary tumors, although tumor onset 
was delayed (15). These studies indicate that ERα influences tumor 
progression but not incidence for Neu-induced carcinogenesis when 
the oncogene is highly expressed. In the C3(1)/T(AG) mouse model 
of estrogen-promoted mammary tumorigenesis, mammary tumor 
incidence is minimized with the loss of ERα expression (16). These 
data suggest that ERs may serve different functions, depending on 
the stage of tumor development and/or progression. Thus, both 
basic science and clinical data indicate that ERα is a primary media-
tor of estrogenic actions in breast cancer.

These ER-dependent actions of estrogen in breast cancer also 
involve transcriptional coregulators, such as members of the SRC 
family (17). For example, the coactivator amplified in breast can-
cer-1 (AIB1, also known as SRC3), which is overexpressed in some 
breast tumors, mediates hormone-dependent cellular proliferation 
in cultured cells, and tumor initiation and growth in mouse mod-
els of mammary tumorigenesis (18). The mechanisms by which 
ERs and coregulators regulate tumor development and progres-

Figure 1
Models of estrogen action. In the “classical” pathway of estrogen action 
(i), estrogen or other selective estrogen receptor modulators (SERMs) 
bind to the estrogen receptor (ER), a ligand-activated transcription 
factor that regulates transcription of target genes in the nucleus by 
binding to estrogen response element (ERE) regulatory sequences 
in target genes and recruiting coregulatory proteins (CoRegs) such 
as coactivators. Rapid or “nongenomic” effects of estrogen may also 
occur through the ER located in or adjacent to the plasma membrane 
(ii), which may require the presence of “adaptor” proteins, which target 
the ER to the membrane. Activation of the membrane ER leads to a 
rapid change in cellular signaling molecules and stimulation of kinase 
activity, which in turn may affect transcription. Lastly, other non-ER 
membrane-associated estrogen-binding proteins (EBPs) may also trig-
ger an intracellular response (iii).
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sion are now beginning to be understood, and future research will 
increase our understanding of the variety of coregulators involved 
and the mechanisms by which they regulate estrogen-dependent 
transcription and cellular growth.

Ovarian cancer. In the US, ovarian cancer is the fifth most common 
cancer in females (19). Eighty to ninety percent of ovarian tumors 
arise from the ovarian surface epithelium, while approximately 5% 
are derived from granulosa cells. There is evidence that both steroid 
hormones and gonadotropins contribute to the etiology of ovarian 
cancer in humans. The ER is present in approximately two-thirds 
of human ovarian tumors, with ERα being expressed in tumors 
of both epithelial and stromal origin, whereas ERβ is abundantly 
expressed predominantly in granulosa cell–derived tumors and to 
a lesser extent in mucinous tumors of epithelial origin (20). A role 
for ERs in mediating ovarian cancer cell growth is supported by cell 
culture studies. Estrogens stimulate proliferation of ovarian cancer 
cell lines and normal ovarian surface epithelial cells in culture (21, 
22). In contrast, growth is inhibited by ER antagonists (21). Despite 
these findings, clinical trials indicate that tamoxifen does not effec-
tively inhibit recurrence of ovarian cancers (23, 24).

Gonadotropin stimulation is also implicated in the etiology of 
ovarian cancer, since gonadotropins stimulate steroidogenesis 
and increase localized estrogen levels in the ovary, and ERs may 
be involved in this process. In rodents, disruption of negative feed-
back on the hypothalamic-pituitary axis elevates gonadotropin lev-
els, and this chronic stimulation leads to development of ovarian 
tumors. Experimental animals with elevated luteinizing hormone 
(LH) levels, specifically αERKO mice and transgenic LHβ-C-termi-
nal peptide (LHβCTP) mice, develop interstitial/stromal hyperpla-
sia and granulosa cell–derived tumors (2, 25). Interestingly, ERβ 
appears to be involved in the manifestation of both interstitial and 
granulosa cell hyperplasia in LHβCTP mice, since the incidence of 
luteinized interstitial hyperplasia and granulosa cell hyperplasia 
was reduced in LHβCTP mice lacking ERβ (26). However, granulo-
sa cell tumors develop in inhibin-α–null (Inha–/–) mice lacking ERα 
or ERβ, suggesting that ER signaling is not required for granulosa 
cell tumor development in this model (27). Thus, the role of estro-
gen in ovarian cancer remains to be fully understood.

Colon cancer. ERβ is the predominant ER form in both normal 
and malignant human colon tissue, as well as several human colon 

Figure 2
Exon structure, primary transcript, and common mRNA splice variants of the ER. (A) The most common splice variants of ERα are expressed in 
multiple tissues and arise from deletions of internal exons, resulting in truncated proteins lacking segments of the DNA-binding domain (DBD) or 
hormone-binding (ligand-binding) domain (LBD) of the receptor. Most variant isoforms possess little transcriptional activity, with the exception of 
ER∆E5, which binds DNA but lacks most of the LBD, resulting in low levels of constitutive activity in some cell lines. ER∆E2 lacks the DBD and 
the dimerization domain, while ER∆E3 lacks part of the DBD. ER∆E4, which lacks part of the LBD, does not bind DNA or hormone, and ER∆E6 
is missing part of the LBD and dimerization domain. ER∆E7 lacks the activation function 2 (AF2) domain and part of the LBD. ER∆E3, ER∆E5, 
and ER∆E7 variants have demonstrated a dominant-negative effect on transcriptional activity mediated by wild-type ER. Adapted with permission 
from Molecular Endocrinology (S33). (B) Mammalian ERβ variants identified in humans (h), rats (r), mice (m), cows (b), sheep (o), and pigs (p). 
As described for ERα, wild-type ERβ (ERβ1) possesses both a DBD (C domain) and an LBD (E domain). ERβ2 codes for a variant that contains 
an additional 18 amino acids in the LBD, while ERβ1-δ3 lacks exon 3 and therefore part of the DBD. ERβ2-δ3 contains both of these variations. 
ERβ1-δ5 lacks exon 5, and in ERβCX, the C-terminal 61 amino acids are replaced by a unique sequence of 26 amino acids. ERβ4 is truncated at 
both the N and the C termini. In humans, variants lacking exon 2, exon 4, exon 6, and exon 7 also exist. Adapted from ref. S34.
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cancer–derived cell lines (28–31). ERβ protein levels are reportedly 
lower in colon tumors compared with normal colon tissue, and 
loss of ERβ is associated with advanced stages of colon cancer and 
tumor cell dedifferentiation, suggesting a protective role for ERβ 
in colon tumorigenesis (30, 32–34). Clinical studies indicate that 
the incidence of colon cancer is lower in women than in men (35), 
and data from the Women’s Health Initiative (WHI) indicate a sig-
nificantly reduced incidence of colon cancer in postmenopausal 
women receiving combined hormone replacement therapy (HRT; 
estrogen plus progestin) (36), consistent with a protective role of 
ERβ. Development of an ERβ-specific agonist for treatment of 
inflammatory bowel disease (i.e., Crohn disease) and rheumatoid 
arthritis has been reported (37). In vitro, both tamoxifen and ral-
oxifene inhibit proliferation and viability of colon cancer cell lines, 
which may indicate the value of SERMs for the prevention and 
treatment of colon cancer (38).

Prostate cancer. Since the late 1980s, prostate cancer has been the 
second leading cause of death due to cancer in men (35). To date, 
the clinical evidence linking increased serum estrogen levels or an 
increased estrogen/androgen ratio with elevated risk of prostate 
cancer remains inconclusive (39). Still, experimental data in rodents 
strongly suggest that prolonged or prenatal/neonatal exposure to 
estrogens can affect prostate development and function and cause 
epithelial hyperplasia including drastic alterations in the expres-
sion pattern of steroid receptors (40). In both human and rodent 

prostate, ERβ is more highly expressed than ERα, and while ERβ is 
found in both epithelial and (to a lesser extent) stromal cells, ERα is 
generally localized to the stroma (40). Although the role of the ERs 
in prostate physiology remains unclear, ERβ expression is report-
edly reduced in prostate tumors (41, 42), and prostatic epithelial 
hyperplasia has been reported in adult ERβ knockout (βERKO) 
mice (43). Recent studies have suggested a protective role for ERβ-
specific agonists, as treatment of rodents with these compounds 
results in prostate atrophy due to apoptosis (44).

In rodents, neonatal exposure to 17β-estradiol (estradiol) or 
other estrogens such as diethylstilbestrol (DES) disrupts normal 
morphogenesis and inhibits prostate growth, resulting in aberrant 
prostate function and morphology in the adult prostate, as well 
as inflammation, hyperplasia, and dysplasia (45). ERα is the key 
mediator of these estrogenic effects, since neonatal DES exposure 
of αERKO mice did not result in developmental estrogenization of 
the prostate resulting in prostate hyperplasia (46). A role for ERα 
in estrogenic actions in the prostate is also supported by the obser-
vation that adult αERKO mice treated with DES do not develop 
the prostatic squamous metaplasia observed in DES-treated wild-
type mice (47). Despite the experimental evidence supporting 
a role for ERs in prostate development and normal function in 
rodents, clinical trials with the SERMs tamoxifen and toremifene 
have demonstrated limited efficacy in inhibition of disease pro-
gression of androgen-independent tumors (48, 49).

Figure 3
Differential ER structure and coactivator recruitment by ER agonists, antagonists, and SERMs. Upon binding ER ligands such as estradiol or 
SERMs, the receptor undergoes a conformational change, allowing the ER to exist in a spectrum of conformations from active to inactive depend-
ing on the nature of the bound ligand. This conformation, in turn, regulates the recruitment of specific transcriptional coregulatory proteins and the 
resulting transcriptional apparatus. Coactivators such as SRC1 bind to the active (agonist-bound) form of the receptor and activate transcription, 
while corepressors interact with the antagonist-bound receptor, inhibiting transcription. Depending on the cellular and promoter context, both unique 
and overlapping sets of genes may be regulated by various ligands. Adapted with permission from The American Journal of Cardiology (S35).
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Endometrial cancer. Approximately 70–80% of sporadic endometrial 
carcinomas are distinguished as type I carcinomas and are associat-
ed with endometrial hyperplasia, hyperestrogenism, and expression 
of ER. The remaining 20% constitute type II carcinomas, are gener-
ally unrelated to estrogen, and exhibit negative or low ER expression 
(50). Estrogen-dependent endometrial tumors are thought to arise 
because of prolonged exposure to estrogens in the absence of suffi-
cient progesterone (the “unopposed estrogen hypothesis”), and this 
hypothesis has been supported by many studies (51). Unopposed 
estrogen can result from obesity, ovarian tumors that secrete estro-
gen, estrogen therapy (in the absence of progestin), and tamoxifen 
treatment (agonist activity), among other causes. The reason for 
increased risk of endometrial cancer due to tamoxifen treatment 
is not well understood, but a recent study suggests that tamoxifen 
and estradiol induce overlapping but distinct sets of genes in both 
cells from type I endometrial carcinoma and normal endometrial 
epithelial cells (52). The authors identified a gene, paired-box gene 2 
(PAX2), that demonstrated increased expression after estradiol and 
tamoxifen treatment of endometrial carcinoma cells but not normal 
cells. ERα was recruited to the PAX2 promoter in response to both 
treatments. They found that the PAX2 promoter was hypomethyl-
ated in the carcinoma samples compared with the hypermethylation 
observed in normal endometrium, suggesting that PAX2, which is 
normally silent, is “reactivated” in endometrial cancer. These and 
future studies will further clarify the role of ERα in the develop-
ment and/or progression of endometrial carcinoma and may help 
to identify diagnostic or therapeutic markers.

ERs and osteoporosis
Estrogens regulate skeletal homeostasis in both men and women. 
Osteoporosis is due to increased bone resorption in both females 
and males and is associated with estrogen deficiency. Estrogens 
inhibit bone turnover by reducing osteoclast-mediated bone 
resorption and enhancing osteoblast-mediated bone formation. 
Both estrogen and raloxifene are currently prescribed for the pre-
vention of postmenopausal bone loss, and the recent WHI study 
indicated that HRT reduces the incidence of osteoporotic fracture 
in postmenopausal women (36).

Although numerous studies have investigated a possible asso-
ciation between ERα and ERβ SNPs (including the ESR1 PvuII 
and XbaI polymorphisms) and osteoporotic risk, this association 
remains controversial and requires further investigation (53). 
A role for the ER in development of osteopenia and in skeletal 
growth and maintenance is exemplified by the case of an estro-
gen-resistant male patient carrying a loss-of-function muta-
tion in the gene encoding ERα (54). This patient demonstrated 
incomplete epiphyseal closure and reduced bone mineral density 
(BMD). Patients with a mutation in the gene encoding aromatase 
also show similar skeletal abnormalities due to the deficiency in 
estrogen production (55). ERα and ERβ have been detected in cul-
tured human osteoblast-like cells, and in uncultured osteoblast 
cells (56–62), osteoclasts (56–58, 63, 64), and bone marrow cells 
(65). These studies also indicate that the presence of the recep-
tor varies with age and bone type, i.e., whether the bone is corti-
cal (solid bone) or cancellous (spongy). Interestingly, a 46-kDa 
isoform of ERα is expressed in human primary osteoblasts and is 
reported to inhibit proliferation induced by the full-length ERα 
isoform in a human osteosarcoma cell line (66). The expression of 
these 2 ERα isoforms may help explain the differential response 
of bone and other tissues to SERMs.

A role for the ERs in bone has been shown in both cell culture 
and rodent model systems. In 1988, Komm et al. demonstrated ER 
expression and estradiol-mediated induction of type I procollagen 
and TGF-β in human clonal osteoblast-like osteosarcoma cells 
(62). In cultured neonatal rat bone marrow, raloxifene reduces the 
generation of osteoclasts in response to 1,25-dihydroxyvitamin D3 
treatment in a dose-dependent manner and increases the prolifera-
tion of primary neonatal mouse osteoblasts (67), suggesting that 
raloxifene reduces bone turnover by inhibiting bone resorption 
and promoting bone formation. In rodents, osteoblasts and osteo-
clasts also express ERs, and studies indicate an age- and sex-specific 
effect of estrogens on bone (68). To date, data from ER-null mouse 
models have yielded equivocal results (68). Femur length (FL) and 
BMD are used as measures of rodent bone growth, development, 
and maintenance. Several studies report reduced FL in both female 
and male adult mice lacking ERα compared with wild-type ani-
mals (69–71), although other studies report no change (72). The 
data regarding FL in ERβ-null mice are also conflicting and require 
further study. BMD has also been investigated in ER knockout ani-
mals. However, contrary reports exist with respect to the effect of 
the ER on adult BMD, and this effect varies with ER isoform, type 
of bone (cancellous or cortical), age, and sex (71–73).

Both treatment with estradiol and effect of gonadectomy have also 
been used as measures of estrogen’s effect on bone in ER knockout 
animals. Gonadectomy induces bone loss in both sexes, and neither 
αERKO nor βERKO mice are protected against cancellous bone 
loss after ovariectomy (68, 73). Pharmacological doses of estradiol 
stimulate cancellous bone formation in intact female mice, and this 
effect is blocked by the ER antagonist ICI 182,780, suggesting a role 
for ER in this process (74). This hypothesis is supported by stud-
ies in which estradiol stimulates cancellous bone formation in male 
wild-type mice, but not in male αERKO mice (75). Taken together, 
these findings suggest that ERα mediates estrogen-stimulated net 
increase in bone formation, while ERβ’s role in bone is less clear.

Neurodegenerative diseases
There are clinical and experimental data to support a protective 
effect of estrogens against neurodegenerative disease in humans. 
Several recent reviews described the various mechanisms by which 
estrogens may provide neuroprotection (76–79). Below, we focus 
on data illustrating estrogen’s neuroprotective effects in stroke, 
Parkinson disease (PD), and Alzheimer disease (AD).

Stroke. Premenopausal women exhibit a lower risk of stroke com-
pared with men; however, this difference is not observed when 
postmenopausal women are compared with men, suggesting that 
estrogen protects against stroke. The ESR1 PvuII polymorphism is 
associated with a higher risk of stroke in men (80). Several observa-
tional studies also report an association between estrogen therapy 
and a lower risk for cardiovascular disease (81). Still, the efficacy 
of postmenopausal estrogen therapy or HRT in reducing the inci-
dence or recurrence of stroke remains controversial (36, 82–84). 
In the recent Heart and Estrogen-Progestin Replacement Study 
(HERS) trial, the risk of stroke in women with known coronary 
artery disease was not reduced by HRT treatment (85). This con-
clusion was supported by results from both arms of the recent 
WHI study (estrogen therapy alone, and estrogen combined with 
progestin [HRT]). Neither HRT nor estrogen therapy reduced the 
risk of stroke in the WHI study; in fact, an increased risk of stroke 
was reported in both arms (36, 82). There are probably several rea-
sons for this apparent lack of agreement between experimental and 



review series

566 The Journal of Clinical Investigation   http://www.jci.org   Volume 116   Number 3   March 2006

observational studies and the recent randomized control trials (81); 
however, one of the key issues currently under discussion is the 
time from menopause at which hormone treatment is initiated (the 
“timing hypothesis,” which has recently been validated in a pro-
spective analysis of data from the Nurses’ Health Study) (86, 87).  
This hypothesis suggests that a window of opportunity exists at 
perimenopause during which hormone therapy is beneficial to 
protect against cardiovascular disease, but that these beneficial 
effects are lost if treatment is begun later in the postmenopausal 
years. Although the majority of women in observational studies are 
perimenopausal upon initiation of hormone therapy, recent ran-
domized clinical trials have studied older women who have been 
postmenopausal for varying numbers of years upon initiation of 
treatment. The Heart and Estrogen-Progestin Replacement Study 
(HERS) trial involved older women (beyond 65 years), and women 
in both arms of the WHI trials also were well into menopause upon 
treatment. Primate models indicate that HRT must be administered 
soon after estrogen deficiency to inhibit progression of coronary 
artery atherosclerosis, and that protection is lost when hormone 
treatment is delayed for 2 years (comparable to 6 years in women) 
(88). Therefore, more studies involving perimenopausal women will 
be required to further test this hypothesis, and to reduce the diver-
gence between experimental data, observational studies, and results 
from randomized control trials. Development of new experimental 
models may also contribute to this understanding.

Experimental evidence from animal and cell culture models show 
that estrogen treatment protects against neuronal cell death due to 
insult (78). Experimental data also suggest that estrogens protect 
against stroke. Both ERα and ERβ are found in various regions of 
the human and rodent brain, including the hypothalamus, hip-
pocampus, cerebral cortex, midbrain, brainstem, and forebrain, 
and ER-mediated effects are thought to provide neuroprotection. 
In an ovariectomized/ischemia mouse model of stroke, estradiol 
treatment protects wild-type and ERβ-null mice from brain injury, 
while this protection is abolished in ERα-null animals (89), sug-
gesting an important role for ERα. Still, a separate study in which 
stroke is induced by reversible middle cerebral artery occlusion 
found no increased tissue damage in ERα-null females, suggest-
ing that non-ER events are involved (90). A recent explanation for 
estrogen-mediated neuroprotection is an ER-dependent increase 
in the angiogenic factor angiopoietin-1 in the brains of ovariecto-
mized rats treated with estradiol, an effect that is lost in αERKO 
mice (91). Therefore, this protection by estrogen may involve both 
ER-dependent and ER-independent mechanisms.

Parkinson disease and Alzheimer disease. PD results from the degen-
eration of dopamine-synthesizing (DA-synthesizing) neurons in 
the substantia nigra, leading to a corresponding reduction of DA 
levels in the striatum, where the terminals of these neurons are 
located. The cause of cell death remains unknown, but PD is cer-
tainly more prevalent in men than in women. In addition, experi-
mental studies suggest that estrogens may influence the onset 
and severity of PD. The clinical link between estrogen and PD 
remains controversial, with studies indicating either an increase 
or a decrease in disease severity after estrogen therapy, or no effect 
at all (92). Some reports indicate that postmenopausal estrogen 
therapy can reduce the risk of PD (93).

Cell culture and animal studies indicate that estrogens regu-
late dopaminergic neurotransmission by influencing DA synthe-
sis, uptake, and release (94). Estrogen may inhibit dopaminergic 
degeneration by a variety of mechanisms, including reducing 

apoptosis, regulating neurotrophic growth factors, reducing neu-
roinflammation, regulating NO levels in brain vasculature, and 
protecting against damage from oxidative stress (78, 94). In rodent 
models of PD, endogenous estradiol in female rats or exogenous 
estradiol administration after ovariectomy protects against loss of 
DA content and cell death after insult (95, 96). Cell culture stud-
ies indicate that ERs may mediate some of these effects. ERα and 
ERβ transcripts and protein are reported in the rodent substantia 
nigra (97–99). Rat mesencephalic neurons cultured in estradiol-
containing medium are resistant to apoptosis and neuronal inju-
ry, and this effect is blocked by ICI 182,780, suggesting a role for 
ER in this protection (100–102). Interestingly, tamoxifen did not 
block the effect of estrogen in these studies, but rather exagger-
ated neurotoxicity when given alone (100, 101). Further clinical 
and experimental research will be required to determine whether 
SERMs or estrogen therapy will be a useful therapeutic approach 
for ameliorating the severity or incidence of PD.

AD is the primary cause of dementia in old age and is character-
ized by a loss of memory and other cognitive abilities. Although 
numerous case-control and cohort studies (103) indicate that 
estrogen therapy reduces the risk of AD in women, data from 
randomized controlled treatment studies indicate that estrogen 
therapy is not an effective treatment for postmenopausal women 
already diagnosed with AD (103). In the Women’s Health Initiative 
Memory Study (WHIMS), conducted in association with the WHI 
study, dementia increased in response to both estrogen therapy 
and HRT, again in contrast to previous indications from obser-
vational studies that hormone treatment reduces the risk of AD 
(104). As previously mentioned for cardiovascular disease, it has 
been suggested that estrogen treatment in early menopause (rath-
er than later in menopause) might delay the onset of age-related 
cognitive changes or reduce the risk or severity of AD (104).

AD is characterized histopathologically by the presence of neu-
rofibrillary tangles and neuritic plaques, whose major components 
include hyperphosphorylated tau protein and β-amyloid protein, 
respectively (104). Accumulation of these proteins is thought to 
eventually result in neural cell death. Estrogens may reduce the 
risk or severity of AD via reducing oxidative stress, increasing cere-
bral blood flow, and increasing glucose transport (104). In addition 
to its effect on the dopaminergic system, estrogen also affects the 
cholinergic, serotonergic, and noradrenergic neurotransmitter sys-
tems. In an ovariectomized rat model, estrogen treatment increases 
choline acetyltransferase activity, which regulates the synthesis of 
acetylcholine, a neurotransmitter that is known to be present at 
reduced levels in AD (105). Estradiol treatment of ovariectomized 
guinea pigs reduces the amount of β-amyloid protein in brain 
extracts (106). Furthermore, estradiol reduces β-amyloid–induced 
cell death in a cholinergic cell line, and this effect is blocked by ICI 
182, 780, suggesting an ER-mediated mechanism (107). Another 
hallmark of AD is a loss of synapses and dendritic branches, and 
estrogens have been shown to affect these structures (104). There-
fore, while experimental evidence suggests that estrogens may be 
beneficial in reducing the risk of AD, further clinical investigation 
in pre/perimenopausal and postmenopausal women is needed.

Cardiovascular disease
The incidence of cardiovascular diseases is low in premenopausal 
women but increases substantially after menopause (matching 
that seen in men), suggesting that estrogens protect the female 
cardiovascular system. Although for years HRT was prescribed to 
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postmenopausal women to provide protection from cardiovascu-
lar disease, a summary of recent clinical trials indicates that such 
treatment may have had negative cardiovascular consequences — 
namely, an increased risk of venous thromboembolism or stroke 
(108). As previously mentioned (see “Stroke,” above), the discrep-
ancy between observational and recent randomized control stud-
ies may be related to the age at treatment initiation — the “timing 
hypothesis.” SERMs may be useful for the reduction of cardiovas-
cular risk, and in the current Raloxifene Use for the Heart (RUTH) 
study, the efficacy of raloxifene treatment in lowering the risk of 
cardiovascular disease in women is being investigated (8).

Reduced levels of ERα have been associated with the develop-
ment of coronary artery disease in females (109). In coronary 
artery samples from pre- and postmenopausal women, ERα was 
expressed in the majority of normal arteries, but only in a minor-
ity of arteries obtained from women with coronary artery disease 
(109). This is supported by evidence indicating an increase in 
methylation (and an associated decrease in expression) of the gene 
encoding ERα in human coronary atherosclerotic plaques com-
pared with normal aortic tissue (110).

Polymorphisms in both ERs have been associated with cardio-
vascular disease. Polymorphisms in ERα that link it to severity and 
risk of coronary artery disease have been identified (111–113). In 
the Framingham Heart Study, the ESR1 PvuII polymorphism is 
associated with an increased risk of myocardial infarction in men 
(114), and with blood pressure variation in men (115). In the Vic-
torian Family Heart Study, this polymorphism was also associated 
with increased systolic blood pressure in men (116). In addition, 
the haplotype encompassing both ESR1 PvuII and XbaI polymor-
phisms is associated with an increased risk of myocardial infarc-
tion and ischemic heart disease in postmenopausal women in the 
Rotterdam Study (117). ERβ polymorphisms have also been asso-
ciated with left ventricular mass and left ventricular wall thick-
ness in women with hypertension (118), and with blood pressure 
in men (116) and in healthy postmenopausal Japanese women 
(119). These associations are supported by data from animal mod-
els indicating that mice lacking ERβ develop hypertension upon 
aging and exhibit abnormal vascular function (120).

Data from animal model and clinical studies also support a protec-
tive role for estrogens in the regulation of lipid and cholesterol levels, 
direct effects on vascular cells, and recovery from vascular injury. The 
ERs are thought to be involved in this protective effect. Estrogen is 
known to increase HDL plasma levels; however, this response varies 
greatly in women and may be due in part to genetic factors. ESR1 
polymorphisms are associated with increased HDL levels in post-
menopausal women with coronary disease in response to estrogen 
therapy or HRT (121). In addition, an ESR2 polymorphism is associ-
ated with reduced LDL cholesterol levels in premenopausal or post-
menopausal women exposed to HRT, but not in postmenopausal 
women unexposed to HRT (122). Estrogens induce several effects in 
the vasculature, including vasodilation, which is considered a rapid 
nongenomic effect because it occurs 5–20 minutes after estrogen 
exposure and does not require changes in gene expression. Genomic 
effects of estrogens on blood vessels include inhibition of the injury 
response and protection against atherosclerosis (123). ERα, but not 
ERβ, mediates estrogen’s regulation of serum lipid and cholesterol 
concentrations in mice (124). Mice carrying a disruption of the Apoe 
gene (Apoe–/– mice) develop spontaneous atherosclerotic lesions and 
possess elevated plasma cholesterol levels similar to those seen clini-
cally (125), but these phenotypes are reduced by treatment with estra-

diol (126, S1). When Apoe–/– mice are crossed with ERα-null mice and 
treated with estradiol, the protective effect of estradiol is lost in terms 
of both reduced cholesterol levels and lesion size (S2). Interestingly, 
estradiol still reduces the histological complexity of the atheroscle-
rotic plaques in the compound gene-targeted animals, suggesting 
that ERα may be involved in some elements of plaque formation.

Although the cardioprotective effects of estrogens can be attrib-
uted in part to indirect actions via a reduction in circulating lipid 
levels, a direct effect on blood vessels has also been demonstrated, 
and evidence suggests that this effect may occur via ERs. Blood 
vessel walls consist of smooth muscle cells and an endothelial cell 
lining. In humans, both ERα and ERβ are expressed in vascular 
endothelial cells, vascular smooth muscle cells, and cardiomyo-
cytes (87, 123). NO released by vascular endothelial cells induces 
relaxation of vascular smooth muscle and inhibits activation of 
platelets. Estrogen triggers the rapid release of NO from cultured 
endothelial cells by a nongenomic mechanism, which involves acti-
vation of eNOS through an ERα-dependent mechanism in cultured 
ovine endothelial cells (S3). In addition to activating eNOS, estra-
diol increases the abundance of eNOS by activating transcription 
of the eNOS gene through an ER-dependent mechanism (S4). The 
in vitro data supporting a role for the ER in regulating the levels of 
active eNOS are consistent with premature coronary artery disease 
in the male patient with an ER mutation. The patient lacks flow-
mediated, endothelium-dependent peripheral vasodilation, which 
is attributed to a lack of NO production (S5, S6). A similar reduc-
tion in NO production is observed in male αERKO animals (S7).

Estrogens protect vascular endothelial cells against injury in a 
mouse carotid injury model, and this protection is maintained 
in ERβ-null mice (S8) but lost in ERα-null mice (S9), indicating 
that ERα is required for this protection. Some studies support a 
role for the individual receptors in mediating estrogen’s protec-
tive effects on vascular injury. In a different carotid injury model, 
estradiol treatment enhances reendothelialization (endothelial cell 
growth) after injury in ovariectomized wild-type and ERβ-null ani-
mals, but this effect is lost in ERα-null animals (S10). In a similar 
study with ER knockout animals, ERα is required for cardiopro-
tection in a myocardial ischemia model (S11). After myocardial 
infarction, βERKO animals demonstrate increased mortality and 
incidence of markers of heart failure, suggesting that ERβ attenu-
ates the development of chronic heart failure (S12). Similarly, 
recent experimental studies reflective of a pressure overload left 
ventricular hypertrophy indicate that ERβ mediates the protective 
effect of estrogen in female mice (S13).

Obesity
Obesity results from excess white adipose tissue, which is con-
sidered to be an endocrine organ based on its ability to store and 
metabolize steroid hormones. Estrogens regulate both the metab-
olism and the location of white adipose tissue and play a role in 
adipogenesis, adipose deposition, lipogenesis, lipolysis, and adipo-
cyte proliferation (S14). In women, the loss of circulating estrogen 
following menopause is associated with an increase in central body 
fat, and this effect is attenuated by estrogen treatment (S15).

Many groups have demonstrated that ERα and ERβ mRNA 
and protein are expressed in human adipose tissue (S16–S22). 
In mature human adipocytes, ERα is the more highly expressed 
isoform, while ERβ appears to be more highly expressed in 
women than in men (S21). Interestingly, only ERα, not ERβ, is 
expressed in preadipocytes, although the expression of ERα in 



review series

568 The Journal of Clinical Investigation   http://www.jci.org   Volume 116   Number 3   March 2006

preadipocytes is very low compared with that in mature adipo-
cytes (S21). Both ERs are also expressed in rat adipose tissue, 
again with a predominance of ERα (S23).

Although the mechanisms responsible for estrogen’s regulation of 
adipogenesis remain unclear (S16), they may involve estrogen’s sup-
pression of lipoprotein lipase (LPL), a lipogenic enzyme that regu-
lates the metabolism of plasma triglycerides to free fatty acids and 
increases lipid storage by adipocytes. The LPL gene is a direct tran-
scriptional target of estrogen (S24). In women, LPL levels increase 
after menopause (S25). In addition to inhibiting lipogenesis (fatty 
acid uptake), estrogen also increases lipolysis (fatty acid and glyc-
erol release) by increasing expression of hormone-sensitive lipase, 
which catalyzes the breakdown of stored triacylglycerol and the 
release of fatty acids (S26). However, estrogen has also been shown 
to inhibit lipolysis. Estrogen treatment of postmenopausal women 
increases expression of the α2A-adrenergic receptor in subcutaneous 
adipose tissue. Activation of this receptor inhibits lipolysis; there-
fore, increased expression due to estrogen would inhibit lipolysis. 
This increase was recapitulated in vitro using cultured human tis-
sue adipose fragments incubated with estradiol and was correlated 
with inhibition of lipolysis (S27), suggesting a direct role for ER 
in regulating lipolysis. The complex relationship between the ERs 
and adipogenesis remains to be elucidated and may provide critical 
information for the prevention and treatment of obesity.

There is also evidence for rapid nongenomic estrogen actions via a 
membrane-bound ER in adipocytes (S28). Rodent models also sup-
port a role for ER in human adipose tissue. Both male and female 
αERKO mice, as well as aromatase knockout mice, possess 50–100% 
more adipose tissue than do wild-type controls, and this appears to 
be due to increases in both adipocyte number and size, implicat-
ing a role for ERα in adipocyte growth and proliferation (S29). In 
addition, a role for ERβ in the effect of estrogen on adipose tissue 
has been suggested (S30). Ovariectomy of ERα animals decreases 
adipose tissue and body weight, suggesting that ERβ may also be 
involved in adipogenesis in some undetermined manner (S30).

Concluding remarks
Loss of estrogen or its receptor(s) contributes to the development 
or progression of various diseases. Both activation (via estrogen 
agonists) and inhibition (via estrogen antagonists) of ER action 
are therapeutic strategies currently used in the clinical setting. ER 
antagonists are effective for the treatment of breast cancer, and 

their efficacy in the treatment of other hormone-dependent can-
cers awaits further study. However, despite supporting evidence 
from animal models, the utility of estrogen treatment to reduce 
the risk or severity of neurodegenerative or cardiovascular disease 
remains unsettled, and studies disagree on the optimum dose 
and frequency of treatment, as well as the optimum patient age at 
treatment initiation. Correct timing of treatment initiation dur-
ing the “window of opportunity” may be required to determine 
the true efficacy of estrogen treatment. In addition, tailoring the 
type and duration of hormone therapy based on genetic profile 
may provide a means to optimize treatment for each patient. 
Development of tissue-specific SERMs, such as those specific to 
the brain (S31), vasculature, and skeleton, might alleviate some of 
the risks associated with traditional estrogen therapy complicated 
by effects in other tissues. Given that estrogen is the most consis-
tently effective treatment for vasomotor symptoms, development 
of SERMs specific for these symptoms would be particularly desir-
able. A role for estrogen and ERα in male fertility has also been 
demonstrated, and further investigation of these mechanisms 
may provide novel therapeutic strategies for male infertility (S32). 
Finally, diseases exist for which estrogen has been implicated in 
their pathogenesis but a definitive role for the ER has yet to be 
established. These include endometriosis and polycystic ovary 
syndrome, and diseases with sex-specific biases, such as lupus 
erythematosus, which is more common in females than in males. 
What role the ER may play in the risk or severity of these and 
other diseases will no doubt increase our ever-expanding knowl-
edge of the relationship among estrogen, ERs, and disease.
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