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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death for both women and men, 

accounting for 1 in every 3 deaths in the United States (US) [1]. Since the mid-1980s, CVD 

has killed more women than men each year. In 2011 alone, CVD caused about 10,000 more 

deaths in women than men [1]. CVD in women is a disease of aging, rarely occurring before 

the 6th decade of life [2]. It has been proposed that deprivation of ovarian hormones, 

specifically estrogen, in menopause is causally related to increased CVD risk in aging 

women [3]. Observational and randomized controlled trials showed differential effects of 

menopausal hormone therapy (MHT), which included estrogen, on CVD risk: observational 

studies almost uniformly suggested benefit, while randomized trials showed harm, 

particularly in elderly women who were many years post-menopausal [4,5].

Multiple hypotheses have been proposed to explain the differences between the unfavorable 

effects of MHT in randomized studies and the body of observational evidence supporting the 

beneficial effects of MHT. Prominent among these is the “timing hypothesis” which 

proposes that MHT started in the perimenopausal or early postmenopausal period is 

cardioprotective, whereas MHT begun late after menopause increases the risk of CVD [6]. 

In this review we discuss observational studies and randomized controlled trials of MHT in 

women and examine the age-dependent effects of estrogen in animal models of acute 

vascular injury, as well as the effects of estrogen on cellular (macrophage and vascular 

smooth muscle cell (VSMC)) responses to inflammatory stimuli in vitro.

STUDIES OF MENOPAUSAL HORMONES IN WOMEN

Observational Studies—A meta-analysis of 25 observational studies showed a 

decreased relative risk of CVD and coronary heart disease (CHD) in postmenopausal 

women taking MHT compared to those who had never taken hormones (RR=0.70; CI, 

0.65-0.75) [7]. The largest and most frequently cited of these, the Nurses’ Health Study 

(NHS), was a prospective observational study that enrolled 121,700 female nurses 30-55 

years of age (Table 1) [8]. The 20 year follow up study of the 70,533 postmenopausal 
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participants (accruing 808,825 person-years of follow up) demonstrated significantly fewer 

CVD events, non-fatal myocardial infarctions (MIs) or fatal CHD in women on MHT 

compared to MHT never-users after adjustment for age, body mass index (BMI), weight, 

diabetes history, hypertension, increased cholesterol, age of menopause, smoking, and 

family history (RR=0.61; 95% CI 0.52-0.71).

The major limitation of the NHS and other observational studies are its non-randomized 

design [9]. Observational studies are inherently unable to control for selection bias and for 

confounding differences between treatment groups. Although all of the participants in the 

NHS were female nurses, there may have been significant differences in unknown or 

unmeasured variables between the groups due to the non-randomized design of the study. 

Further studies demonstrated that women who chose to use MHT were more often 

Caucasian, healthier, wealthier and had more access to healthcare than non-users [10, 11, 

12]. To control for these confounding factors, randomized placebo controlled trials were 

needed to determine the efficacy of MHT as a preventive strategy for CVD.

Randomized Controlled Trials

Heart and Estrogen/Progesterone Replacement Study: The Heart and Estrogen/

Progesterone Replacement Study (HERS) was a randomized blinded placebo controlled 

study that tested the effects of MHT in postmenopausal women with pre-existing CHD 

(Table 1) [13]. HERS randomized 2,763 women with a mean age of 67 years to MHT with 

0.625mg of conjugated equine estrogens (CEE) and 2.5mg of medroxyprogesterone acetate 

(MPA) daily or placebo and followed them for a mean of 4.1 years. There was no significant 

difference in the primary outcome (non-fatal MI or fatal CHD) between the 2 groups at the 

end of the study (RR=0.99; CI 95% 0.80-1.22) (Figure 1). However, there was a significant 

time trend with an early increase in risk associated with MHT use and subsequent decreased 

risk in years 4 and 5 (year 1 Relative Hazard (RH)=1.52 95% CI 1.01-2.29; years 4 and 5 

RH= 0.67 95% CI 0.43-1.04, p=.009). The apparent benefit of long term (4-5 years) MHT 

on occurrence of CVD events reported in the primary outcome paper from the study was not 

confirmed in the extended (mean 6.8 year) unblinded follow up report (RR,0.97; 95% CI 

0.82-1.14) [14]. HERS also showed that women in the MHT group were significantly more 

likely to have venous thromboembolic events and gallbladder disease than those on placebo 

[13, 14]. Following the demonstration in HERS that MHT did not reduce CVD events in 

postmenopausal women with established CHD, MHT was no longer recommended as a 

preventive treatment for CVD progression.

The negative results of the HERS trial, which conflicted with findings from the previous 

observational studies outlined above, could partially be explained by the recruitment of 

women with established CHD [13, 15]. Use of the synthetic progestin, MPA, and the 

formulation of estrogen, CEE, was also proposed to play a role in the negative results of 

HERS. Importantly, the unexpected negative findings of HERS reinforced the need for 

further clinical trials and mechanistic studies to determine the effects of estrogen on CVD 

prevention.
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Women's Health Initiative: The Women's Health Initiative Estrogen + Progestin Study 

(WHI-E + P) was a randomized placebo controlled clinical trial that tested the effects of 

MHT with estrogen plus progestin (0.625 mg/d CEE and 2.5 mg/d MPA) on CVD events in 

16,608 postmenopausal women who had an intact uterus (Table 1) [16]. WHI E + P was 

stopped after 5 years, 3 years earlier than expected, by the data safety monitoring board due 

to increased incidence of adverse events and no evidence of CVD benefit in the MHT arm. 

After an average follow up of 5.2 years the primary endpoint (non-fatal MI and fatal CHD) 

was significantly increased in women randomized to receive MHT compared to placebo 

(HR, 1.29; 95%CI 1.02-1.63) (Figure 1). Further, women in the MHT group had increased 

incidence of stroke (HR, 1.41; 95% CI 1.07-1.85), venous thromboembolism (HR, 2.11; 

95%CI 1.58-2.82) and invasive breast cancer (HR, 1.26; 95%CI 1.00-1.59).

The randomized placebo controlled WHI Estrogen Study (WHI-E) enrolled 10,739 

postmenopausal women who had undergone a hysterectomy and randomized them to receive 

estrogen (0.625 CEE) or placebo (Table 1) [17]. The WHI-E was stopped early by the NIH/

NHLBI review board due to an increased incidence of stroke and no evidence of CVD 

benefit, although these outcomes did not cross pre-defined levels for trial termination by the 

data safety monitoring board [18]. After a mean follow up of almost 7 years, the primary 

outcome (non-fatal MI or CHD death) was not different between the 2 treatment groups 

(HR, 0.91; 95%CI 0.75-1.12) (Figure 1). The MHT group had an increased incidence of 

stroke (HR, 1.39; 95%CI 1.10-1.77) and a trend toward increased venous thromboembolism 

(HR, 1.33; 95%CI 0.99-1.79). Unlike the combination of CEE plus MPA, CEE alone did not 

increase invasive breast cancer incidence (HR, 0.77; 95%CI 0.59-1.01). The unblinded 10 

year follow up of WHI-E showed no significant benefit of 6 years of MHT use on CVD 

events and no harmful effects of MHT in the overall population of postmenopausal women 

[19].

WHI and the Timing Hypothesis—MHT prescriptions almost doubled between 1995 

and 1999 but decreased dramatically after 2002 as a result of WHI [20]. In 2004 an expert 

panel concluded that MHT should not be used as an intervention for CVD prevention [21]. 

The differential results between observational studies, such as NHS, and WHI studies were 

attributed to differences in study designs and study populations. The most prominent of 

these include: age and time since menopause, pre-existing CVD, the composition of the 

estrogen and progestin used, and their route of administration [22]. In 2005, Phillips and 

Langer proposed a unified hypothesis, the “timing hypothesis”, which stated that the time 

since menopause determined the effect of MHT on the cardiovascular system: MHT was 

cardioprotective in women who were perimenopausal or early postmenopausal, while MHT 

administered late in menopause had neutral or detrimental cardiovascular effects.

Subsequent follow up analyses of the WHI-E and WHI E + P studies that stratified data by 

age demonstrated a decreased HR for the primary outcomes of CHD death and non-fatal MI 

in women who began MHT within the first 10 years of menopause (HR, 0.76; 95%CI 

0.50-1.16) and an increased HR in women who began therapy 10-19 years (HR, 1.10; 

95%CI 0.84-1.45) or 20+ years after menopause (HR,1.28; 95%CI 1.03-1.58) (Figure 1) 
[23]. Although the p-value for trend was 0.02, this did not meet the predefined criterion for 

statistical significance of 0.01 which accounted for multiple testing. The trend was driven 
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primarily by the WHI-E data, where a greater benefit was seen in women who were enrolled 

within 10 years of menopause (HR, 0.48; 95%CI 0.20-1.17).

A post hoc analysis of the WHI E + P study suggested increased CHD risk in the first 2 

years of MHT use (HR,1.29; 95%CI 0.52-3.18) with subsequent decreased risk (HR, 0.64; 

95%CI 0.21-1.99 in the first 8 years) in women randomized within 10 years of menopause 

[24]. The CHD-free survival curves crossed at around 6 years (95% CI 2-10 years), 

suggesting possible benefit with prolonged treatment of younger women. Similar analyses 

that included all women recruited in the WHI-E showed a significant decrease in CHD risk 

after 7 years of MHT compared to placebo (RR=0.46; 95% CI 0.28-0.78) [25].

A recent publication synthesized data from WHI-E (intervention average 7.2 years) and 

WHI-E+P (intervention average 5.6 years) on primary, secondary and quality of life 

outcomes after 13 years’ cumulative follow up [26]. The results confirmed previous findings 

that MHT usage in the intervention phase of WHI-E + P resulted in increased incidence of 

CHD events and invasive breast cancer and showed that the risks had dissipated in the 13 

year cumulative follow up. In contrast, MHT with unopposed CEE was associated with 

nonsignificant trends toward reductions in CHD (HR, 0.94; 95%CI 0.78-1.14) and invasive 

breast cancer (HR, 0.79; 95%CI, 0.61-1.02) in the WHI-E population as a whole. Younger 

women, aged 50-59, had a decreased risk for all-cause-mortality, MI and major CVD 

outcomes. However, post intervention outcomes after 13 years showed no protective effects 

of MHT on primary or secondary CVD outcomes in either WHI study. Because the hazards 

of MHT use appeared to outweigh the benefits, the authors concluded that their findings do 

not support the use of CEE alone or CEE + MPA as treatment for chronic disease 

prevention.

The WHI Observational Study (WHI-OS) was a multicenter prospective study that 

compared the effect of oral and transdermal MHT (which contained E2) use on CVD 

outcomes in 93,676 postmenopausal women [27]. The 10.4 year mean follow up excluded 

from the analysis 38,024 women who had never used MHT and 13,931 who had previously 

used MHT but discontinued use. The remaining women were stratified by the formulation of 

estrogen used: 2,149 used oral CEE at a low dose (<0.625mg); 24,399 used oral CEE at the 

conventional dose (0.625mg); 3,396 used oral CEE at a high dose (>0.625mg); 3,024 used 

oral E2 and 2,187 used transdermal E2. However, there was a non-statistically significant 

trend toward decreased major CHD outcomes in women using transdermal E2 compared to 

conventional dose CEE (HR, 0.63; 95%CI 0.37-1.06). Limitations of this study include its 

observational nature, the small sample size in 4 of the 5 treatment groups, and the small 

number of CVD and CHD events observed.

An analysis that projected the findings of the WHI-E in women aged 50 to 59 years to the 

entire population of comparable women in the US estimated that failure to treat 

hysterectomized women with estrogen therapy was associated with 18,500-90,000 

premature deaths over a 10 year period [28]. This analysis suggests the declining use of 

MHT in younger hysterectomized women may be associated with a significant number of 

deaths. Further research is needed in younger women to allow patients and physicians to 

make educated and informed decisions on MHT use in the perimenopausal period.
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Danish Osteoporosis Prevention Study: The Danish Osteoporosis Prevention Study 

(DOPS), a prospective randomized study of 1006 healthy peri- and early postmenopausal 

women 45-58 years old, evaluated the CVD outcomes of MHT started 3-24 months after last 

menses (Table 1) [29]. Women were randomly assigned to receive MHT (2mg synthetic 17-

β estradiol [E2] in those who had undergone hysterectomy and E2 with 1 mg norethisterone 

acetate added for 10 days every month in those with an intact uterus) or no treatment starting 

in 1990-1993. After a mean follow up of 10 years, and following the publication of the WHI 

findings, women were encouraged to stop MHT due to concerns for adverse effects of MHT. 

After termination of randomization, the women were followed up for an additional 6 years 

for a total follow up of 16 years. Both at the end of randomization (HR, 0.48; 95%CI 

0.26-0.87) and at the 16 years of follow up (HR, 0.61; 95%CI 0.39-0.94) there was a 

decrease in the primary endpoint of death, non-fatal MI or admission to hospital for heart 

failure in women who used MHT (Figure 1). There was a trend towards reduction in MI 

(HR, 0.45; 95%CI 0.16-1.31) and all-cause mortality (HR, 0.66; 95%CI 0.41-1.08) with 

MHT and no difference in breast cancer incidence (HR, 0.90; 95%CI 0.52-1.57) at the end 

of follow up. These data provide additional evidence that early estrogen treatment is 

protective against CVD in menopausal women. Further support for the timing hypothesis 

comes from a significant interaction between age and randomization on outcomes, whereby 

younger women (<50 years) derived greater benefit.

Kronos Early Estrogen Prevention Study: The Kronos Early Estrogen Prevention Study 

(KEEPS) was a randomized double blind placebo controlled study that enrolled 720 healthy 

postmenopausal women 42-56 years old who were 6 to 36 months from their last menses 

(Table 1) [30]. Participants were randomized to receive oral CEE 0.45 mg/d plus 200mg 

oral progesterone 12 das monthly, 50 mg/d transdermal E2 patch plus 200 mg oral 

progesterone 12 das monthly or placebo. The primary outcome of the study was the change 

in carotid intima-media thickness (CIMT) by high-resolution ultrasonography. Secondary 

outcomes included changes in coronary artery calcification (CAC) and serum levels of C-

reactive protein (CRP), IL-6, HDL cholesterol, LDL cholesterol, triglycerides, sex-hormone 

binding globulin, glucose and insulin.

During 4-year follow up, CIMT increased by 0.0076mm per year on average, and there was 

no difference between groups in the progression of CIMT. Similarly, there was no difference 

between the groups in the rate of progression of CAC (21% in the placebo group, 17% in the 

oral CEE group, and 19% in the transdermal E2 group) [31, 32]. Compared to placebo, oral 

CEE reduced LDL and increased HDL cholesterol, and reduced triglycerides, CRP and sex 

hormone binding globulin levels. Transdermal E2 decreased total cholesterol, HDL and non-

HDL cholesterol, and increased sex hormone binding globulin levels. Both oral CEE and 

transdermal E2 were associated with lower levels of fasting insulin and decreased 

Homeostasis Model Assessment of Insulin Resistance (HOMA) score compared to placebo.

Both estrogen treatment groups had significantly lower incidence of vasomotor symptoms 

than placebo. The improvement in symptom burden was associated with improvement in 

some markers of CVD, but no effect on atherosclerosis progression as outlined above. Thus, 

data from KEEPs support use of MHT for vasomotor symptoms in early menopause. Since 

the population recruited in KEEPs was small, relatively healthy and at low CVD risk, 
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generalizations of these findings to perimenopausal and early menopausal women with 

established CVD or multiple CVD risk factors is limited.

Genetic polymorphisms may alter susceptibility to CVD and other diseases. DNA was 

isolated from leukocytes of 610 KEEPS participants and screened for 13,229 single 

nucleotide polymorphisms (SNPs) [33]. There were no correlations between genetic 

polymorphisms for estrogen receptor α (ERα), estrogen receptor β (ERβ), CIMT and CAC 

at baseline. Four SNPs were significantly associated with CIMT: SNPs of MAP4K4 and IL5 

were positively associated with CIMT, whereas 2 CCL5 (RANTES) SNPS were negatively 

associated with CIMT. IL5 is a TNFα mediator and plays a role in B cell differentiation. 

CCL5 is an inflammatory and immune modulator, and increased levels of CCL5 have been 

shown to be associated with atherosclerosis in mouse models [34, 35]. Three SNPs were 

associated with CAC score; SNPS of IRAK2 and SERPINA1 were positively correlated 

with CAC, while an ABO SNP was negatively associated with CAC [33]. IRAK2 is a 

transcriptional protein that affects transcription mRNA stability and IL-1 induced NFκB 

signaling, and SERPINA1 is a protein that is associated with lung fibrosis. O blood type has 

been identified as a risk factor for venous thrombosis in a GWAS study in women and men 

[36]. Functional studies, both preclinical and clinical, are needed to determine the effects of 

these SNPs on cellular function, CVD progression and response to MHT.

Early Versus Late Intervention Trial with Estradiol: The Early Versus Late Intervention 

Trial with Estradiol (ELITE) (NCT00114517) is a randomized double blind placebo 

controlled study that tested the effects of 1mg/day oral E2 (combined with transvaginal 

micronized progesterone in those with an intact uterus) in 643 healthy women without CVD 

or diabetes who were either early (<6 years) or late (>10 years) after the onset of menopause 

(Table 1) [37]. The primary outcome of the study was the rate of change in CIMT. 

Preliminary data from ELITE, showed that over a period of 6 years, E2 treatment of women 

in early, but not late menopause was associated with slower progression of CIMT. The 

interaction by age group was statistically significant. Further, MHT adherence was >90% 

among the women in the trial, suggesting that the decreased CIMT progression is due to 

MHT treatment. These exciting preliminary data lend further support to the timing 

hypothesis.

The above studies in women have resulted in inconclusive and conflicting results on the 

efficacy of MHT in CVD prevention. To understand these conflicting results we must 

further elucidate the role of estrogen in the cardiovascular system. Cell and animal model 

systems facilitate this process by allowing us to answer specific mechanistic questions with 

respect to estrogen's cardioprotective effects. Work determining the role of estrogen in acute 

vascular injury will be described below.

PRE-CLINICAL STUDIES

E2 inhibits the vascular injury response in young rodents—E2 (17 β-estradiol) 

administration delays CVD progression and attenuates the inflammatory response to acute 

vascular injury in animal models, including mice, rats, and monkeys [38]. We have 

demonstrated that the vasoprotective effects of E2 are sexually dimorphic (female > male) 
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and age dependent (young > aged) (Figure 2). Using the highly reproducible rat carotid 

balloon injury model, we initially demonstrated that, compared to intact female rats, intact 

male rats had increased neointima formation [38, 39]. Further, E2 decreased neointima 

formation in both orchiectomized males and ovariectomized (OVX) females but testosterone 

had no effect on neointima formation [39]. Administration of MPA alone did not alter the 

neointimal response to balloon injury, but combining MPA with E2 blunted the effects of E2 

on neointima formation in female OVX rats [40, 41]. Our observation that MPA blocks the 

vasoprotective effects of E2 in the setting of vascular injury predicted the findings of the 

WHI-E + P clinical trial, in which MHT containing the progestin MPA was found to 

increase CVD events in postmenopausal women. A subsequent time course study in the 

OVX rat model showed that E2 treatment begun immediately prior to balloon injury and 

continued for 3 das was as effective as long term treatment in preventing neointima 

formation [42]. Further, delay of E2 treatment until 7 days post injury abolished its 

inhibitory effect on neointima formation. These observations indicate that the E2 effect on 

the vascular injury response is mediated by molecular events that occur in the first 72 hrs 

post injury and that inhibition of neointima formation is not dependent on long term 

treatment with E2.

We then examined the effects of E2 on the early phase of the injury response. There were 

robust increases in mRNA levels of inflammatory mediators, leukocyte infiltration and 

adventitial fibroblast proliferation and migration toward the lumen in injured arteries of 

untreated or placebo treated OVX rats [38]. E2 treatment resulted in major decreases in 

mRNA expression of inflammatory cytokines and chemokines, specifically CINC-2β (rat 

homolog to IL-8, neutrophil chemoattractant) and MCP-1 (monocyte chemoattractant 

protein-1), attenuation of leukocyte infiltration, and inhibition of adventitial fibroblast 

migration and proliferation compared to vehicle treated controls [38]. E2 reduced CINC-2β 

protein expression within 2 hrs of injury and led to decreased neutrophil and monocyte 

infiltration in the injured artery at the 24 hr time point [43, 44]. Further, E2 decreased 

expression of the adhesion molecules VCAM-1, ICAM-1 and P-selectin and the cytokines 

MCP-1, IL-1β, IL-6 at 2 and 24 hrs post injury [44].

E2 inhibits TNF- α induced inflammation in isolated rat aortic smooth muscle 
cells—In order to elucidate the molecular mechanisms by which E2 inhibits injury-induced 

inflammation in arteries, we utilized vascular smooth muscle cells (VSMCs) isolated from 

rat aortae and treated with the inflammatory mediator TNF-α as an in vitro model. TNF-α 

dose dependently increased CINC-2β mRNA and protein expression, as well as mRNA 

expression of the inflammatory mediators MCP-1, ICAM-1, VCAM-1 and P-selectin within 

24hrs post treatment [45]. Pretreatment with E2 decreased expression of all inflammatory 

mediators. We assessed the functional significance of the increased CINC2β expression on 

neutrophil chemotaxis using a modified Boyden Chamber migratory assay. Conditioned 

media from TNFα treated VSMCs stimulated neutrophil migration, and this effect was 

inhibited by E2 pretreatment via an ER-β dependent mechanism, as shown by decreased 

neutrophil chemotaxis in response to pretreatment with the selective ER-β agonist 

diarylpropiolnitrile (DPN), but not the selective ER-α agonist pyrazole triol (PPT).
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Subsequent studies demonstrated that TNF-α induced upregulation of CINC-2β and MCP-1 

in isolated VSMCs is mediated via NFκB signaling and that this signaling pathway is 

inhibited by E2 [46]. Iκβα is phosphorylated in response to TNF-α targeting it for 

degradation. This effectively removes the inhibition of NFκB which translocates to the 

nucleus and stimulates CINC-2β and MCP-1 mRNA expression, thus producing an 

inflammatory phenotype within the cell. E2 inhibits this inflammatory cascade by two 

distinct mechanisms, 1) by promoting Iκβα production to bind NFκB and inhibit its 

translocation and 2) by directly inhibiting the binding of NFκB binding to the DNA 

promotor region of CINC-2β and MCP-1, thus inhibiting production of these pro-

inflammatory mediators. Together, these data elucidate important mechanisms by which E2 

attenuates inflammation in acute vascular injury.

E2 decreases vascular smooth muscle cell and fibroblast proliferation and 
migration in vivo and in vitro—Acute vascular injury induces VSMC proliferation, 

increasing cell number, and activation, releasing cytokines and chemokines that reach the 

periadventitial space and cause leukocyte migration and further inflammation within the 

injured artery [39, 47, 48, 49]. E2 treatment in OVX rats attenuates VSMC proliferation as 

depicted by a reduction in BrdU staining in the injured artery at 7 days post treatment [47]. 

A Boyden chamber migratory assay demonstrated that conditioned media from rat VSMCs 

caused an increase in adventitial fibroblast migration that was attenuated by pretreatment 

with E2 for 24 hrs [48]. Adventitial fibroblast chemotaxis is dependent on integrin-β3 and 

osteopontin produced by VSMCs [49]. E2 inhibits adventitial fibroblast migration by 

decreasing osteopontin production in VSMCs which, at least in part, explains its role in the 

attenuation of neointima formation in acute vascular injury.

E2 has age dependent effects on neointima formation and inflammation in 
vivo and in vitro—The studies summarized above that demonstrated inhibitory effects of 

E2 on inflammation and neointima formation in injured arteries were all preformed on 

young (10-12 week old) Sprague Dawley rats. In an effort to model the effects of MHT on 

arteries of aged postmenopausal women, we studied the modulation by E2 of the acute 

vascular injury response to its modulation by E2 treatment in aged (52 weeks) female rats 

(Figure 2) [50]. We observed that E2 treatment no longer attenuated the inflammatory 

response and neointima formation in the aged animals.

To further elucidate the differential effects of E2 in young and aged animals, we used the C-

reactive protein transgenic mice (CRPtg) and ERα and ERβ knock out mouse models. The 

CRPtg mouse model expresses human CRP in a manner similar to the human condition [51, 

52, 53]. During basal conditions, CRP is expressed at low levels but after injury, human 

CRP production quickly increases resulting in a more robust neointima formation in 

response to acute vascular injury [51]. In young (12 week) CRPtg OVX mice, E2 attenuated 

the increased neointima formation after acute vascular injury [51, 52, 53]. In contrast, E2 

treatment did not attenuate and may have increased neointima formation and inflammatory 

cytokine production in aged CRPtg mice (52 weeks old) (Figure 2) [54]. The increases in 

inflammation and neointima formation in to E2 treated aged mice provides additional 
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evidence supporting the timing hypothesis, which proposes MHT treatment in late 

menopausal women may increase CVD risk [6].

In vitro studies using bone marrow macrophages (BMMs) and VSMCs derived from young 

and old mice showed increases in inflammatory cytokines in response to CRP treatment for 

24hrs [54]. E2 attenuated the CRP mediated inflammatory responses in BMMs derived from 

young mice by decreasing mRNA expression of CCL3, CCL4, IL-1, and C3 and in VSMCs 

derived from young mice by decreasing mRNA expression of ICAM, VCAM, and p-

selectin. In contrast, E2 exhibited no attenuation or increased inflammation in response to 

CRP in BMMs and VSMC derived from aged mice. These data indicate age dependent, anti-

inflammatory effects of E2. Further, to test the ER dependent anti-inflammatory effects of 

E2, we used BMMS and VSMCs derived from ERα and ERβ knock out mice and 

demonstrated that the anti-inflammatory effects of E2 were dependent on ERα in BMMs 

and ERβ in VSMCs (Figure 2). We have shown that BMMs derived from aged mice express 

less ERα compared to those from young mice, which may explain the decreased efficacy of 

E2 in aged BMMs.

Further studies that pretreated the cells with the G-protein coupled estrogen receptor 

(GPER) agonist, G1 showed significant attenuation of CRP induced inflammation in young 

and old BMMs [54]. Studies by Chakrabarti and Davidge have also demonstrated G1, but 

not E2, has anti-inflammatory effects in TNF-α activated human umbilical vein endothelial 

cells [55]. GPER also plays a role in atherosclerotic plaque formation and GPER knock out 

mice have increased atherosclerotic plaque progression when fed an atherogenic diet 

compared to wild type controls [56]. These data suggest that GPER may be a novel target 

for CVD prevention and/or treatment in older postmenopausal women in whom estrogen is 

not cardioprotective.

Translational Studies

Macrophage studies in women: We are currently testing the effects of ERα expression and 

its anti-inflammatory role in macrophages derived from premenopausal and postmenopausal 

women [57]. Preliminary studies in human macrophages show a decrease in ERα mRNA 

and protein levels in postmenopausal women compared to premenopausal women. 

Importantly, continuous MHT from the time of menopause maintains ERα expression at 

premenopausal levels. Further, E2 attenuates CRP-driven inflammation in macrophages 

derived from premenopausal women and postmenopausal women on MHT but not those 

from postmenopausal women not on MHT. We hypothesize that maintaining ERα 

expression in macrophages conserves the anti-inflammatory effects of E2 in these cells. 

Decreases in ER levels in aging women may play a role in the deleterious effects of estrogen 

therapy in older, postmenopausal women.

Human uterine arteries have differential responses to E2 dependent on time since 
menopause: An ex vivo assay carried out in uterine arteries from 68 postmenopausal 

women, 3 months to 10+ years after menopause, showed differential inflammatory 

responses to E2 dependent on years since menopause [58]. Arteries were sectioned and 

treated for 24 hrs for with E2 or vehicle. Direct correlations were established between years 
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after menopause and protein expression levels of inflammatory markers IL-1β, VEGF, 

TNFα, MCP-1, s ICAM, and sVCAM. Treatment with E2 decreased IL-1β, VEGF and 

TNFα at all ages post menopause. When arteries were grouped into <5, 5-10, and >10 years 

post menopause, MCP-1, sICAM, sVCAM, IL-6 and IL-8 were all decreased by E2 

treatment (<5 years), unchanged by E2 (5-10 years), and increased by E2 (>10 years).

Protein levels of ERβ increased in uterine arteries with increasing years post menopause, 

while ERα levels remained unchanged. Further, ERβ protein expression and protein levels 

of IL-β, VEGF, TNFα, MCP-1, sICAM, sVCAM, IL-6 and IL-8 following 24 hrs of E2 

treatment were positively correlated. These data suggest than an increased ERβ mediated 

response to E2 in VSMCs can play a role in the deleterious effects of estrogen therapy in 

older menopausal women. The increasing pro-inflammatory response to E2 of the uterine 

arteries with increasing time post menopause supports the timing hypothesis. Further 

mechanistic studies are needed to determine the role of altered ER expression and function 

in menopause and the age related response to E2.

Conclusions and Future Directions

Large randomized clinical trials with concurrent basic science studies testing the timing 

hypothesis are needed to determine the mechanisms behind the protective effects of MHT 

and bridge bench to bedside research. Further mechanistic studies are needed to elucidate 

the cellular and molecular pathways through which estrogen mediates its anti-inflammatory 

and cardioprotective actions. The effects of estrogen deprivation on inflammation need to be 

further studied. Translational animal to human studies should be considered for evaluating 

the effects of aging on cellular responses to estrogen. Importantly, fundamental studies 

elucidating aging-affected pathways may reveal novel strategies for estrogen rescue. 

Together these studies will help to determine the role of E2 is CVD prevention.
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Figure 1. Studies of Menopausal Hormone Therapy (MHT) and the Timing Hypothesis
Estrogen (E2) levels decrease with age and menopause status while cardiovascular disease 

(CVD) events increase with age in women. The Heart and Estrogen/Progesterone 

Replacement Study (HERS) showed no significant CHD benefit of MHT in postmenopausal 

women with previous diagnosis of CHD. The Women's Health Initiative (WHI) Estrogen + 

Progestin (WHI-E + P) study showed a significant increase in CHD events in the MHT 

group while the WHI Estrogen (WHI-E) alone study showed no significant benefit of MHT 

therapy. Further, when MHT treatment was stratified by time since menopause, the 

cumulative results from the WHI-E + P and WHI-E show significant decreases in CHD 

events in early menopausal women (<10yrs since menopause) compared to postmenopausal 

women (10-19 yrs and >20 yrs since menopause) using MHT. Results from the Danish 

Osteoporosis Prevention Study (DOPS) indicated a 50% reduction in CHD risk if MHT was 

begun immediately after menopause, in perimenopause. Arrows indicate average age of 

study participants. Hazard Ratio, HR for CHD events.
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Figure 2. 17 β-Estradiol (E2) Effects on the Acute Vascular Injury Response are Age Dependent
(A) Cross section of an injured carotid artery from young and aged rodent's shows young 

rodents have robust neointima formation compared to aged rodents. The insert shows that 

vascular smooth muscle cells (VSMCs) and bone marrow macrophages (BMMs) from 

younger rodents have higher levels estrogen receptors (ER), ERβ and ERα respectively, 

compared to aged rodents. (B) Cross section of an injured carotid artery from young and 

aged rodents pretreated with E2 shows that E2 decreases the inflammatory response in 

young rodents by decreasing inflammatory cytokines, such as IL-8, and MCP-1, and 

decreasing leukocyte (neutrophils and bone marrow macrophages) recruitment to the injured 

vessel compared to aged mice. In aged rodents, E2 treatment can exacerbate the 

inflammatory response, increase leukocyte infiltration to the vessel and may cause an 

increase in neointima formation.
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