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Objective: Hormone therapy (HT) increases the risk of venous thrombosis and stroke. Risk of venous
thrombosis and stroke is higher in older, overweight, and obese women using HT. However, the
impact of age and obesity on estrogen concentrations among HT users is not well defined.

Method: We measured serum levels of estrone, total and free estradiol, and SHBG in 180 post-
menopausal women participating in the Estrogen in the Prevention of Atherosclerosis Trial (EPAT),
91 receiving estradiol therapy (ET) and 89 taking placebo, every 6 months over 2 yr. Mean on-trial
levels of estrogens and SHBG were compared across age, body mass index (BMI), and waist to hip
ratio categories among ET users and placebo separately.

Results: Among the ET users, total (P � 0.01) and free estradiol (P � 0.002) were significantly directly
associated with BMI adjusted for age. SHBG was inversely related to waist to hip ratio adjusted for
age (P � 0.005). Age was not associated with any of the estrogen or SHBG concentrations in ET or
placebo groups. BMI was positively associated with estrone concentrations among older but not
younger ET users (P for interaction � 0.03).

Conclusion: Overweight and obese women using ET attain greater concentrations of estrogen
compared to women with normal BMI, whereas ET users with abdominal obesity attain lower SHBG
levels. Obese older women using ET have the highest concentration of estrone. It may be useful to
consider age and obesity when prescribing HT to minimize the risk of venous thrombosis or stroke
in postmenopausal women. Further research regarding relationships among circulating hormone
levels and risk for these conditions is required to substantiate this conclusion. (J Clin Endocrinol
Metab 94: 4136–4143, 2009)

Age and obesity, two important risk factors for throm-
bosis, have a substantial influence on physiological

concentrations of sex hormones in women (1–4). How-
ever, the role of age and obesity in modulating the serum
levels of estrogens in women using postmenopausal hor-
mone therapy (HT) has not been fully studied. Because
women tend to gain weight as they proceed beyond meno-

pause, it is particularly important to understand this phe-
nomenon because accumulating evidence suggests a pro-
tective to no effect of HT on cardiovascular disease in
younger postmenopausal women who are in close prox-
imity to menopause (5–7).

Age-associated differences in the pharmacokinetics of
drugs may account for the differential effects of HT in
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younger and older postmenopausal women (8, 9). Pharma-
cokinetic differences between older and younger postmeno-
pausal women can be primarily attributed to decreased he-
patic and renal function, reduced cardiac output, impaired
pulmonary function, reduction in muscle mass, and changes
in body composition with age (10, 11). Oral bioavailability
of many drugs is increased in the elderly due to decreased
hepatic first pass metabolism, which is a consequence of de-
creased hepatic blood flow in conjunction with reduced he-
patic drug-metabolizing capacity (12).

Although altered pharmacokinetics is recognized in the
elderly, there is a scarcity of data regarding age-associated
changes in circulating sex hormone levels after estrogen
administration in postmenopausal women. If estrogen
pharmacokinetics is altered in older relative to younger
postmenopausal women, serum levels of estradiol (E2)
and estrone (E1) in older women should be higher than in
younger postmenopausal women. This could have impli-
cations for the thrombophilic effects of HT.

Another important factor that contributes to increased
estrogenicity in postmenopausal women is obesity. Andro-
stenedione and testosterone are converted to E1 and E2, re-
spectively, in adipose tissue, which is the major source of
circulatingestrogens inwomenaftermenopause (13).Cross-
sectional studies have shown that serum estrogen concentra-
tions are directly associated with body mass index (BMI) in
postmenopausal women (2, 14). In contrast to estrogens,
serum SHBG levels have been consistently reported to be
inversely associated with BMI, and particularly with central
obesity (2, 15, 16). Low serum SHBG levels result in higher
concentrations of free E2 and free testosterone in overweight
and obese women. However, little is known about the mod-
ifyingeffectofobesityonserumlevelsofestrogensandSHBG
with postmenopausal HT.

Risk of stroke is greater in older and heavier women using
postmenopausal HT (17). There is also evidence showing
gradual elevation in the risk of venous thrombosis in older as
well as overweight and obese women using postmenopausal
HTcomparedwithyoungerwomenwithnormalBMItaking
placebo, suggesting an interaction between age, weight, and
serum concentration of estrogens (18). Therefore, it is im-
portant to understand the interaction of aging and obesity
with postmenopausal HT-induced serum estrogen concen-
trations. We hypothesized that older, heavier, post-
menopausal women using E2 therapy (ET) will have
higher concentrations of serum estrogen than younger,
average body-sized women. To test this hypothesis, we
measured serum estrogens and SHBG levels in 91 post-
menopausal women randomized to ET and compared
these levels in relation to age and obesity. To compare
these associations with physiological concentrations of se-

rum estrogens and SHBG, we also included an analysis of
89 postmenopausal women randomized to placebo.

Subjects and Methods

Study population and design
We analyzed data from the Estrogen in the Prevention of

Atherosclerosis Trial (EPAT). EPAT was a randomized, double-
blind, placebo-controlled trial that was designed to investigate
whether unopposed ET slows the progression of subclinical ath-
erosclerosis in healthy postmenopausal women. Details of eligi-
bility criteria have been published previously (19). In brief, eli-
gible women were at least 45 yr old, not current smokers, and
postmenopausal with serum E2 less than 20 pg/ml. A total of 33
(32%) women in the placebo group and 43 (44%) women in the
E2 group had a history of hysterectomy at enrollment. As per
protocol, pelvic examination in all women and uterine ultra-
sonography in women with intact uterus were performed yearly.
Uterine biopsy was done if the endometrial thickness was 5 mm
or more. All women with 5 mm or more uterine thickness were
advised to take medroxyprogesterone acetate by their gynecol-
ogist. Participants were randomly assigned to receive either 1 mg
of oral micronized 17�-estradiol (n � 91) or placebo (n � 89)
daily for 2 yr and were followed with a clinic visit every 2 months
during the trial. Blood pressure and other vital signs were mea-
sured at each clinic visit. All study participants gave written in-
formed consent, and the study was approved by the Institutional
Review Board of the University of Southern California.

Anthropometric assessment
At each clinic visit, body weight and waist and hip circum-

ference were measured by trained clinical staff. BMI was calcu-
lated as weight (in kilograms)/height (in meters)2. The ratio of
waist to hip circumference [waist to hip ratio (WHR)] was cal-
culated to assess visceral adiposity. Baseline BMI was catego-
rized into the following three groups using Center for Disease
Control cut points: �25, 25–29, and 30 kg/m2 or greater. Base-
line WHR was categorized into three groups using the tertiles of
distribution in the EPAT participants: below 0.80, 0.80–0.83,
and above 0.83.

Blood sampling and laboratory assays
At study visits occurring every 6 months, blood samples were

obtained after an 8-h fast, and serum was stored at �70 C until
it was used to quantify analytes. Serum sex hormone and SHBG
levels were measured at the end of the study in all stored samples.
E2 and E1 levels were measured by RIA after their extraction
with ethyl acetate: hexane (3:2) and subsequent separation by
Celite column partition chromatography, as described previ-
ously (8, 9). The sensitivities of the E2 and E1 assays were 3 and
5 pg/ml, respectively. Intraassay and interassay coefficients of
variation were 7.0 and 11.0% for E2 and 7.4 and 10.0% for E1,
respectively. SHBG was measured by direct chemiluminescent
immunoassay on the Immulite analyzer (Siemens Medical Solu-
tions, Los Angeles, CA). The sensitivity of the SHBG assay was
0.2 nmol/liter, with intraassay and interassay coefficients of vari-
ation of 5.9 and 9.4%, respectively. Free E2 was calculated using
a validated algorithm (20–22).
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Statistical analysis
Serum estrogen and SHBG levels were available in 180 study

subjects, including 91 E2-treated and 89 placebo-treated
women. Women were categorized into the following baseline age
groups: younger than 60 yr, 60–65 yr, and older than 65 yr. For
each woman, the average of each of the follow-up hormone and
SHBG levels (levels measured during the trial after randomiza-
tion) was computed and used in the analysis; a total of 348
samples from 89 placebo-treated women and 360 samples from
91 E2-treated women were collected during the trial period with
a median (range) of four (one to five) samples per subject. To test
the associations of age, BMI, and WHR with sex hormone levels
in untreated and ET-treated women, analyses were conducted
separately by randomized treatment group. In each treatment
group, the mean estrogen and SHBG levels were compared
across age, BMI, and WHR categories. Each sex hormone or
SHBG level was modeled as the dependent variable in separate
linear regression models. The independent variables included
age, BMI, and WHR. Both univariate and multivariate models
were tested. Models testing associations of sex hormones and
SHBG levels with age were adjusted for BMI, and models testing
WHR and BMI were adjusted for age. Because of high correla-
tion, BMI and WHR were not included in the same model (Pear-
son’s correlation coefficient � 0.36; P � 0.0001). Among the
ET-treated group, an interaction term between age and BMI
was included in the model to test whether the association of
BMI with estrogens or SHBG differed by age. Interaction be-
tween age and WHR was also tested using similar models. All
statistical analyses used SAS version 9.1 (SAS Institute, Inc.,
Cary, NC).

Results

Baseline characteristics of study participants are summa-
rized in Table 1. The women were on average 62 yr old,
predominantly White (61%), and moderately overweight.
By trial design, none of the women were currently smok-
ing, although 48% were ex-smokers; 73% of the women
had at least three drinks of alcohol each week. These char-
acteristics were similar between women receiving E2 and
placebo treatment (Table 1).

Baseline levels of total E2, free E2, and SHBG also did
not differ between treatment groups (Table 2). Baseline E1
levels were moderately higher in the group randomized to
ET (P � 0.05). Average on-trial levels of E1, total E2, free
E2, and SHBG were significantly higher in E2-treated
compared with placebo-treated women (all P for differ-
ence �0.0001).

Among placebo-treated women, the mean serum levels
of total E2, free E2, E1, or SHBG were not associated with
age either unadjusted or adjusted for BMI (Table 3). In the
unadjusted analyses, serum total E2 (trend P � 0.05) and
free E2 levels (trend P � 0.001) were positively associated
with BMI, whereas serum SHBG levels were inversely as-
sociated with BMI in placebo-treated women (trend P �
0.002). In the unadjusted analysis, serum SHBG levels

were inversely related (trend P � 0.02) and serum free E2
levels were borderline positively related (trend P � 0.06)
with WHR in women taking placebo. Among placebo-
treated women, serum E1 levels were not associated
with BMI or WHR in either unadjusted or adjusted
analyses. Associations of serum estrogens and SHBG
levels with BMI and WHR remained with adjustment
for age (Table 3).

TABLE 2. Serum levels of sex hormones and SHBG by
treatment group

Placebo E2 P valuea

n 89 91
E1 (pg/ml)

Baseline 39.8 (13.3) 47.0 (31.2) 0.05
Follow-up 48.1 (42.0) 310.3 (167.2) �0.0001

E2 (pg/ml)
Baseline 19.1 (5.3) 21.4 (19.7) 0.27
Follow-up 14.7 (6.3) 68.2 (16.2) �0.0001

Free E2 (pg/ml)
Baseline 0.5 (0.2) 0.6 (0.5) 0.25
Follow-up 0.6 (0.2) 1.6 (0.6) �0.0001

SHBG (nmol/liter)
Baseline 35.2 (14.5) 35.2 (18.5) 0.90
Follow-up 36.5 (18.2) 58.2 (23.6) �0.0001

Data are expressed as mean (SD).
a P values were from t test for independent samples.

TABLE 1. Baseline characteristics of EPAT women

Characteristics Placebo E2
P

value
n 89 91
Age (yr) 62.3 (7.1) 60.8 (6.5) 0.15
Age categories (%)

�60 41 42 0.20
60–64 18 27
�65 42 31

Race (%)
Non-Hispanic white 64 57 0.55
African-American 8 13
Hispanic 18 21
Others 10 9

BMI (kg/m2) 29.0 (5.4) 28.9 (5.6) 0.93
BMI categories (%)

�25 kg/m2 25 26 0.95
25–29 kg/m2 36 36
�30 kg/m2 39 37

WHR 0.82 (0.05) 0.82 (0.06) 0.52
WHR categories (%)

�0.80 35 29 0.82
0.80–0.83 33 28
�0.83 33 34

Ex-smoker (%) 45 52 0.20
Alcohol intake (at

least 3 drinks per
week) (%)

33 21 0.08

Data are expressed as mean (SD) for continuous variables and
percentage for categorical variables. Sample includes 180 women with
baseline and at least one on-trial measure of sex hormone
concentration.
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Among the E2-treated women, univariate and multi-
variate analysis showed no association of age with any of
the serum estrogen or SHBG levels (Table 4). In univariate
analysis, BMI was directly associated with serum total E2
(trend P � 0.01) and free E2 levels (trend P � 0.002). None
of the serum estrogens was associated with WHR, and
serum E1 was not associated with BMI, but serum SHBG
(trend P � 0.01) was significantly inversely associated
with WHR in women receiving ET. Association of serum
total E2, free E2, and SHBG with BMI or with WHR
remained unchanged with adjustment for age (Table 4).
Further adjustment for blood pressure or alcohol con-
sumption did not alter the impact of age and obesity on
serum estrogen and SHBG concentrations; therefore,
blood pressure and alcohol consumption were not in-
cluded in the final multivariate linear regression model.

Among E2-treated women, a significant interaction be-
tween age and BMI categories was observed in relation to
serum E1 levels (Fig. 1A). A significant positive associa-
tion between serum E1 levels and BMI was only evident
among women older than 65 yr (P for interaction � 0.03).
Although a similar pattern was observed with serum total
E2 and free E2 levels and BMI, the tests for interaction
were not statistically significant (P for interaction 0.20
and 0.14, respectively; Fig. 1, B and C). No such interac-
tions were observed in the placebo-treated women. There
was no significant interaction between age and WHR in
either placebo- or E2-treated women.

Discussion

A number of studies have reported the impact of obesity on
endogenous sex hormone levels in postmenopausal
women (1, 4). Our results on circulating steroid hormone
concentrations in non-ET users in relation to body size and

composition are consistent with those reports. Specifi-
cally, we documented that BMI was positively associated
with serum estrogen concentrations and inversely associ-
ated with SHBG levels in postmenopausal women not us-
ing ET. After menopause, when ovarian estrogen produc-
tion ceases, adipose tissue serves as the primary source of
estrogen production via aromatization that converts an-
drostenedione to E2 and E1 (23). Therefore, the positive
association between BMI and circulating total E2 and free
E2 in postmenopausal women can be explained by the
increased fat mass. Consistent with other reports, our re-
sults show a strong inverse association between WHR and
serum SHBG in women not using HT (1). WHR is a mea-
sure of central obesity or visceral fat; visceral adiposity has
been described as more androgenic and associated with
decreased SHBG synthesis (15). The positive association
between serum free E2 concentrations and WHR can be
explained by the reduction in SHBG synthesis in this group
of women.

Age was not associated with serum E1 or E2 levels in a
cross-sectional study of 438 postmenopausal women not
taking HT, whereas SHBG concentration increased sig-
nificantly with age (24). In this current study, we also did
not find any association between age and endogenous es-
trogen concentrations in our 89 postmenopausal women
not taking ET. Our data suggested a slight increase in
serum SHBG levels with increasing age, but this positive
association did not reach statistical significance, possibly
because of the small sample size.

Although numerous studies have examined the impact
of obesity on endogenous sex hormone concentrations
among postmenopausal women, this is the first study to
document serum estrogen and SHBG concentrations ac-
cording to obesity status among women using postmeno-
pausal ET. Among women receiving oral E2 for up to 2 yr,

TABLE 3. Levels of estrogens and SHBG by age, BMI, and WHR among placebo-treated women

Age (yr)a P for
trend

BMI (kg/m2)b P for
trend

WHR (%)c P for
trend<60 60–64 >65 <25 25–29 >30 <0.80 0.80–0.83 >0.83

Univariate
analysis

n 36 16 37 22 32 35 31 29 29
E2 22.2 (1.7) 18.7 (2.6) 21 (1.7) 0.94 18.6 (2.2) 19.9 (1.8) 23.7 0.05 19.7 (1.8) 20.2 (1.9) 23.5 (1.9) 0.16
FE2 0.6 (0.04) 0.5 (0.1) 0.6 (0.04) 0.35 0.5 (0.1) 0.5 (0.04) 0.7 (0.04) 0.001 0.53 (0.04) 0.57 (0.05) 0.65 (0.05) 0.06
E1 50.1 (7.1) 40.3 (10.6) 49.6 (7.0) 0.88 47.5 (9.1) 47.2 (7.5) 49.4 (7.2) 0.85 46.4 (7.6) 42.6 (7.8) 55.5 (7.8) 0.42
SHBG 33.0 (3.0) 40.9 (4.5) 38.0 (3.0) 0.18 44.3 (3.7) 38.4 (3.1) 29.8 (2.9) 0.002 42.4 (3.2) 34.8 (3.3) 31.9 (3.3) 0.02

Multivariate
analysis

n 36 16 37 22 32 35 31 29 29
E2 21.5 (1.7) 18.8 (2.5) 20.9 (1.7) 0.94 18.4 (2.2) 19.6 (1.8) 23.2 (1.8) 0.06 19.2 (1.9) 20.02 (1.9) 23.1 (2.03) 0.13
FE2 0.6 (0.04) 0.5 (0.1) 0.6 (0.04) 0.35 0.5 (0.1) 0.5 (0.04) 0.7 (0.04) 0.002 0.51 (0.01) 0.56 (0.04) 0.64 (0.05) 0.03
E1 49.9 (7.3) 40.4 (10.7) 49.6 (7.1) 0.88 46.5 (9.2) 45.9 (7.8) 47.6 (7.6) 0.85 45.2 (7.9) 42.0 (8.0) 53.9 (8.4) 0.41
SHBG 34.9 (3.0) 40.8 (4.4) 38.5 (2.9) 0.18 44.5 (3.8) 38.9 (3.2) 30.8 (3.1) 0.003 43.8 (3.3) 34.9 (3.3) 32.3 (3.5) 0.01

Data are expressed as mean (SE). E2, Total estradiol; FE2, free estradiol.

Multivariate models with: a age adjusted for BMI; b BMI adjusted for age; c WHR adjusted for age.
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age was not associated with either serum estrogen or
SHBG concentrations. However, we observed a signifi-
cant positive association between BMI and serum E2 con-
centrations in these women; overweight and obese women
had significantly higher levels of serum total and free E2
levels compared with women with BMI below 25 kg/m2.
This is an indication of continued contribution of total fat
mass in E2 production among ET users.

Among ET users, our data showed a significant inverse
association between WHR and serum SHBG concentra-
tions. SHBG is synthesized in the liver and oral ET in-
creases serum SHBG concentrations through hepatic first
pass metabolism. Oral ET significantly increased the se-
rum SHBG concentrations in the overall sample (Table 2).
However, the oral ET-induced elevation of serum SHBG
concentration was lowest among women with the highest
WHR. Because the pretreatment level of serum SHBG was
lower in the women with high WHR as observed in the
placebo group, ET did not enhance SHBG production as
much as in women with less visceral fat. In EPAT, the mean
(SD) pretreatment to posttreatment increase in serum
SHBG levels in ET users was 25.8 (18.7), 23.9 (19.6), and
20.4 (14.9) among women with WHR less than 0.80, 0.80
to 0.83, and greater than 0.83, respectively (data not dis-
played in the tables). Alternatively, it is theoretically pos-
sible that the first pass effect occurs to a lesser degree in
women with increased WHR because visceral fat is highly
vascularized. Both BMI and WHR are associated with
increased risk of stroke in women (25), and there is a
growing body of evidence that central obesity is even a
stronger risk factor for stroke than BMI (26). Although
higher serum SHBG concentrations have been shown to be
protective against atherosclerosis and cardiovascular dis-
ease (27), it is largely unknown if and how SHBG relates
to stroke risk.

Our finding of an interaction between age and BMI on
serum E1 levels among ET users is important. HT in-
creases the risk of stroke and venous thromboembolism
(VTE) in postmenopausal women (28, 29), especially with
increasing dosages. The Nurses’ Health Study has shown
a gradual increase in stroke risk with higher dosages of HT
(30). In a large observational study, age and obesity sig-
nificantly influenced the risk of stroke among HT users
(17). The risk of first-ever stroke increased by 71% with
age (per 6 yr), 37% with BMI (per SD of 3.58 kg/m2), and
40% with waist circumference (per SD of 9 cm). Consistent
with the stroke findings, data from the Women’s Health
Initiative trial documented an increased risk of venous
thrombosis among estrogen plus progestin users; this HT-
associated risk gradually increased with older age and higher
BMI among women using HT compared with younger and
low BMI women taking placebo (18). Although obesity canTA
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be associated with thromboembolic events by several mech-
anisms, including increased levels of inflammation, dyslipi-
demia, and adipokines, it seems plausible that higher serum
estrogen and lower SHBG levels in overweight and obese

women may contribute to the increased
risk of VTE and stroke. However, this
hypothesis has not been tested. The im-
pact of serum concentrations of estro-
gens and SHBG on VTE and stroke in
postmenopausal women needs to be
evaluated in large-scale epidemiological
studies.

It should also be noted that circulat-
ing estrogen levels can be influenced by
polymorphisms of multiple genes in-
volved in steroid hormone metabolism
(31). However, the association of these
genetic determinants with obesity is not
clear. Polymorphisms in estrogen re-
ceptor-� were not a major correlate of
obesity (32); however, it has been re-
ported to be associated with coronary
artery disease but not with estrogen lev-
els (33). Further research is required to
understand the role of these genetic
variations in the association between
obesity, sex hormone concentrations,
and thromboembolic events.

Strengths of this study include re-
peated measures of sex hormones and
use of reliable hormone assays. In ad-
dition to the paucity of studies on this
topic, the reliability of existing estrogen
data is often questionable due to insuf-
ficient purification of steroids before
their quantification by RIA, lack of
thorough assay validation, and lack of
long-term quality control samples to
monitor assay changes over time. In
the present study, we used well-estab-
lished, highly reliable assays. Extrac-
tion/chromatography RIAs were used
to quantify serum E1 and E2, and a
highly specific direct chemiluminescent
immunoassay was used to quantify
SHBG in serum samples obtained at
baseline and every 6 months over 2 yr of
oral E2 or placebo treatment. In addi-
tion, all samples from each subject were
included in the same assay to reduce in-
trasubject measurement variability. One
limitation of the study is the relatively
small sample of women on ET. These re-

sults need to be reproduced in larger groups of women.
Despite the beneficial effects of estrogen on inflamma-

tion (34), serum lipids (35), carotid atherosclerosis (35),

FIG. 1. A, Association of serum E1 with BMI stratified by age among women taking ET.
Mean E1 levels for BMI categories are displayed within each age group. P value for interaction
between age and BMI � 0.03. B, Association of serum total E2 with BMI stratified by age
among women taking ET. Mean total E2 levels for BMI categories are displayed within each
age group. P value for interaction between age and BMI � 0.20. C, Association of serum free
E2 with BMI stratified by age among women taking ET. Mean free E2 levels for BMI
categories are displayed within each age group. P value for interaction between age and
BMI � 0.14.
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coronary artery calcium (36), and fracture (8), thrombo-
philic effects of estrogen can lead to VTE or stroke. Results
of this analysis demonstrate that age and obesity are im-
portant determinants of the serum levels of estrogens and
SHBG among HT users, suggesting possible clinical use-
fulness of considering age and obesity in guiding the ad-
ministration of HT. Current guidelines do not recommend
HT use for prevention of chronic conditions such as CHD,
and HT use has sharply declined since 2002; however,
according to a recent report, 10 to 15% of postmeno-
pausal women used HT in 2005 (37). Further research is
warranted to determine whether adjustment of HT dose
based on serum estrogen levels may be useful when pre-
scribing HT in older and heavier women, who are at
greater risk of venous thrombosis or stroke.
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