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Background. Age trends in estradiol and estrone levels in men and how lifestyle factors, comorbid conditions, testos-
terone, and sex hormone-binding globulin affect these age trends remain poorly understood, and were examined in men
of the Framingham Heart Study.

Methods. Estrone and estradiol concentrations were measured in morning fasting samples using liquid chromatogra-
phy tandem mass spectrometry in men of Framingham Offspring Generation. Free estradiol was calculated using a law
of mass action equation.

Results. There were 1,461 eligible men (mean age [+SD] 61.1£9.5 years and body mass index [BMI] 28.8 +4.5kg/
m?). Total estradiol and estrone were positively associated with age, but free estradiol was negatively associated with
age. Age-related increase in total estrone was greater than that in total estradiol. Estrone was positively associated with
smoking, BMI, and testosterone, and total and free estradiol with diabetes, BMI, testosterone, and comorbid conditions;
additionally, free estradiol was associated negatively with smoking. Collectively, age, BMI, testosterone, and other health
and behavioral factors explained only 18% of variance in estradiol, and 9% of variance in estrone levels. Men in the
highest quintile of estrone levels had significantly higher age and BMI, and a higher prevalence of smoking, diabetes,
and cardiovascular disease than others, whereas those in the highest quintile of estradiol had higher BMI than others.

Conclusions. Total estrone and estradiol levels in men, measured using liquid chromatography tandem mass spec-
trometry, revealed significant age-related increases that were only partially accounted for by cross-sectional differences
in BMI, diabetes status, and other comorbidities and health behaviors. Longitudinal studies are needed to confirm these
findings.
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HE estrogens have been linked to the pathophysiology
of gynecomastia, osteoporosis, inflammation, and car-
diovascular disease (CVD), but the precise biologic role of
the circulating estrone and estradiol in men remains poorly
understood (1,2). The function of estrone, which is at least
as abundant in the circulation as estradiol but is less potent

than estradiol in some bioassays (3), has been even less well
studied as compared with estradiol.

In men, circulating estradiol is derived partly from
direct testicular secretion and partly from peripheral aro-
matization of testosterone, whereas circulating estrone
is derived predominantly from peripheral conversion of
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delta 4-androstenedione (3—-10). A decline in testosterone
and androstenedione levels with aging would, therefore,
be expected to result in lower estradiol and estrone levels,
respectively, in older men as compared with younger men.
However, the data on age-related changes in estradiol levels
are conflicting. Although some studies have reported lower
estradiol levels in older men than in young men (11-15),
others have noted stable (16,17) or even rising estradiol lev-
els with age (18). Very few studies have investigated the age
trends in estrone levels (14,15). Additionally, few studies
have interpreted age trends in estrone and estradiol levels
in the context of age-related changes in lifestyle and health-
related factors. The estradiol levels were measured in most
studies using direct immunoassays, whose accuracy in the
low range prevalent in men has been questioned (19-21).

Using cross-sectional data from the Framingham Heart
Study (FHS), we examined the age distribution of estradiol
and estrone concentrations and the relationship of these
hormones to body mass index (BMI), total testosterone,
sex hormone-binding globulin (SHBG), diabetes mellitus,
C-reactive protein, and lifestyle factors such as smoking and
alcohol consumption in a sample of community-dwelling
men. We also determined how comorbid conditions, life-
style factors, inflammation, testosterone, and SHBG levels
influence the age trends in estrone and estradiol levels. We
adjusted the analyses for SHBG, the major binding protein
for circulating estradiol that has been associated with meta-
bolic disorders, which may indirectly affect estrogen lev-
els. We measured estrone and estradiol levels using liquid
chromatography tandem mass spectrometry (LC-MS/MS),
widely accepted as the method with the highest accuracy
and sensitivity (19-21).

METHODS

Study Sample

The FHS design and methods have been described (22).
Briefly, the original cohort was recruited from Framingham,
Massachusetts in 1948 to identify risk factors for CVD. In
1971, the study enrolled a second-generation cohort (the
Offspring cohort)—5,124 of the original participants’ adult
children and their spouses. The men of the Offspring cohort
who attended examination 7 (1998-2001) were eligible for
the present study (n = 1,625). Men with missing estrone and
estradiol measurements (n = 159) and those with prostate
cancer undergoing androgen deprivation therapy (n = 5)
were excluded, yielding a sample size of 1,461 for current
analyses.

Ascertainment of Covariate Data

Diabetes mellitus was defined as a fasting blood glucose
higher than 126 mg/dL and/or the use of diabetes medica-
tion. Obesity was defined as BMI higher than 30kg/m>

Cardiovascular events included coronary artery disease
(angina pectoris, myocardial infarction, sudden or nonsud-
den death attributable to coronary artery disease), conges-
tive heart failure, cerebrovascular disease (stroke or transient
ischemic attack), and intermittent claudication. Cancer was
ascertained by self-report of physician diagnosis supported
by medical records when available. A simple comorbidity
indicator captured the presence of CVD and/or cancer (one
or more vs neither) by the definitions above. A standard sin-
gle item self-rated health measure was used, that is, “In gen-
eral, how is your health now?” Response options included
“poor,” “fair,” “good,” or “excellent.” The responses were
reduced to a binary variable for analyses; good self-rated
health (included responses of good and excellent) versus
poor self-rated health (included responses of poor or fair
health). The men who reported smoking at least one cigarette
per day during the past year were categorized as smokers.
Alcohol consumption was measured in ounces per month
and was categorized into those who consumed no alcohol,
those who consumed between 1-14 ounces per month, and
those who consumed more than 14 ounces per month.

Hormone Assays

The FHS samples were obtained between 7:30 and 9:30
AM after an overnight fast, aliquoted and frozen immedi-
ately, and stored at —80°C until the time of assay. The stabil-
ity of FHS samples in storage has been evaluated previously
by measuring the concentrations of cholesterol and triglyc-
erides prior to freezing and storage at —80°C at examination
cycle 5 in 1991-1995 with repeated measurement in 2007
(23). The concentrations of these analytes were unchanged
over a 15-year period of storage at —80°C using processes
that are similar to those used for samples included in these
analyses (23).

Estradiol and estrone levels were measured using LC-MS/
MS after derivatization with dansyl chloride (24). Twenty
pL estrone-d4 and estradiol-d3 were added to 200 pL
serum, extracted with 1.2mL methyl #-butyl ether (24),
derivatized using dansyl chloride (3.7 mmol/L) in sodium
carbonate (10 mmol/L, pH 10.5) at 60°C for 10 minutes,
diluted in 50 pL acetonitrile and water (1:1 volume ratio of
acetonitrile and water), and injected in a C1 cartridge. Two-
dimensional chromatographic separation was used. First-
dimension separation was performed using a mobile phase
consisting of methanol with 10 mmol/L formic acid and
10 mmol aqueous formic acid. The effluent was directed
to second-dimension separation on a Germini Phenyl C6
column 100x2.0mm with 3 pm particles; the mobile
phase consisted of acetonitrile with 10 mmol/L formic acid
and 10 mmol/L aqueous formic acid (24). Effluent of the
first column was directed to waste during more than 90%
of the analysis time; therefore, unreacted dansyl chloride
and most derivatization byproducts are not transferred
to the analytical column. Effluent from the analytical
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column was directed onto an API 4000 triple quadrupole
mass spectrometer (Applied Biosystems/MDS Sciex) with
TurbolonSpray ion source.

The quadrupoles Q1 and Q3 were tuned to unit resolu-
tion and instrument was operated in positive ion mode with
V-Spray ion source (650°C), voltage 5000V, and entrance
potential 10V. Two MS/MS transitions were monitored for
each compound: for estrone, 504>171 and 504>156; for
estrone-d4, 508>171 and 508>156; for estradiol, 506>171
and 506>156; for estradiol-d5, 509>171 and 509>156. The
peak area ratio of the two transitions was used to assess
possible interferences in each sample (25). Each assay
included controls containing low and high concentrations
of estrone and estradiol, and negative controls consisting
of 0.05% bovine serum albumin; if concentrations in the
controls were outside 2 SDs of the historically observed val-
ues, the results were not accepted. The limit of quantitation
for both hormones was 2 pg/mL. Interassay coefficient of
variations for estrone were 4.5%, 7.7%, and 6.9% at con-
centrations of 8, 77, and 209 pg/mL, respectively, and for
estradiol 6.9%, 7.0%, and 4.8% at concentrations of 8, 77,
and 206 pg/mL, respectively. The validation of the method,
including comparisons with other LC-MS/MS methods, has
been published (24). In a proficiency testing program, the
estradiol and estradiol concentrations obtained using this
method agreed well with target values.

‘We measured total testosterone using a validated LC-MS/
MS assay (26). The limit of quantitation was 2ng/dL.
Interassay coefficient of variations were 15.8% at 12.0ng/
dL, 7.7% at 241 ng/dL, and 4.4% at 532 ng/dL, respectively.
Free testosterone and estradiol were calculated using a pub-
lished law of mass action solution that utilizes association
constants estimated from a systematic review of published
studies and an iterative numerical method to derive free
androgen and estrogen fractions simultaneously (26).

SHBG levels were measured using an immunofluoromet-
ric assay (DELFIA-Wallac, Inc., Turku, Finland) (25,26).
Interassay coefficient of variations were 8.3%, 7.9%, and
10.9%, and intraassay coefficient of variations 7.3%, 7.1%,
and 8.7%, respectively, in the low, medium, and high pools.
The analytical sensitivity of the assays was 0.5 nmol/L.

Statistical Analyses

Descriptive statistics estimating population distribu-
tional characteristics were obtained. Data analyses were
conducted in two stages. First, exploratory analyses were
performed to evaluate the distribution of estrone and estra-
diol and identify outliers using Tukey’s fences procedure.
Because estrone, estradiol, total testosterone, and SHBG
values were not distributed normally, log-transformed
values were used. Multiple regression models were built
sequentially by first estimating models including only age
as a covariate, then adding BMI, then incorporating meas-
urements of total testosterone, and finally including all

other predictors as a group to determine the contribution of
these factors to predictive value of the model. In view of the
potential for threshold associations, the men in the highest
quintile for each of the two estrogens were compared with
the men in the remaining combined quintiles on the descrip-
tive characteristics. All analyses were performed using SAS
version 9.2 (SAS Institute, Cary, NC).

RESULTS

Cohort Characteristics

The baseline characteristics of the analytical sample are
reported in Table 1; the mean age was 61.1 (range 37-89)
years and mean BMI 28.8 kg/m?. This subcohort is predom-
inantly Caucasian. Eighteen percent had CVD, 16% had
diabetes mellitus, and 10% had cancer. Thirty-two percent
of the men had BMI at least 30kg/m?>.

Distribution of Estrone and Total and Free Estradiol
Levels by Age

Means and SDs of estrone and estradiol by age decade
are given in Table 1; full distributional characteristics are
provided in Figure 1. Serum estrone and estradiol concen-
trations were positively associated with age; unadjusted
estimates indicated a 3.6% increase in estrone (p = .0003)
and a corresponding 3.4% increase in mean estradiol
concentrations (p = .0007) per cross-sectional 10 years
increase in age. However, free estradiol levels were neg-
atively associated with age (unadjusted estimate: 4.3%
cross-sectional decrease per decade age), suggesting that
the higher observed total estradiol levels in older men as
compared with younger men are likely due to higher SHBG
levels in older men.

Multivariate Correlates of Estrone and Estradiol

Multivariable analyses showed that both estrone
and estradiol levels were positively associated with
chronological age, BMI, total testosterone, and C-reactive
protein levels (Table 2). Current smoking was displayed
significant adjusted association with estrone levels, and
with free but not total estradiol. BMI was associated with
both estrone and estradiol, whereas diabetes displayed a
significant association with total estradiol but not estrone
levels. Total testosterone was more strongly associated with
total estradiol than with free estradiol or estrone, though
each association was highly statistically significant. Though
unadjusted age trends in estrone and estradiol were similar,
proportionate age-related cross-sectional increases in
estradiol were of somewhat lesser magnitude than that for
estrone after adjustment for covariates (Table 2).

Models assessing the effect of the sequential addition of
covariates on estimated age trends are provided in Table 3.
The magnitude of age trends was generally robust to control
for covariates. The overall power of the model to account
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Table 1. Description of the Analytical Sample, Mean (SD), or Count (percent), by Age

Age,y
30-39 (N =10) 40-49 (N =147) 50-59 (N =515) 60-69 (N =475) 70-79 (N = 288) 80+ (N =26)

Current smoking 1 (10%) 35 (24%) 91 (18%) 48 (10%) 14 (5%) —
Alcohol consumption, ounces/mo

0 4 (40%) 34 (23%) 112 (22%) 123 (26%) 112 (39%) 11 (42%)

1-14 2 (20%) 61 (41%) 214 (42%) 178 (38%) 81 (28%) 9 (35%)

>14 4 (40%) 52 (35%) 187 (36%) 173 (36%) 93 (33%) 6 (23%)
Body mass index, kg/m? 27.9 (4.5) 28.9 (4.9) 29.0 (4.7) 29.2 (4.6) 27.93 (3.8) 26.8 (4.1)
Body mass index, kg/m?

<25 3 (30%) 29 (20%) 82 (16%) 86 (18%) 65 (23%) 11 (42%)

25-30 4 (40%) 69 (47%) 263 (51%) 216 (45%) 151 (53%) 8 (31%)

30-35 3 (30%) 32 (22%) 121 (24%) 118 (25%) 57 (20%) 5 (19%)

>35 — 16 (11%) 49 (10%) 55 (12%) 13 (5%) 2 (8%)
Cardiovascular disease — 2 (1%) 51 (10%) 99 (21%) 91 (32%) 15 (58%)
Diabetes — 8 (5%) 64 (12%) 80 (17%) 61 (21%) 13 (50%)
Cancer 1 (10%) 2 (1%) 16 (3%) 56 (12%) 64 (22%) 3 (12%)
Estrone, pg/mL 442 (9.1) 48.0 (18.1) 50.3 (18.2) 52.9 (18.6) 52.4 (18.3) 58.2 (18.1)
Estradiol, pg/mL 25.1(7.4) 25.7 (12.5) 25.7 (8.7) 27.1(9.0) 27.5 (9.6) 29.7 (11.4)
Free estradiol, pg/mL 0.54 (0.11) 0.56 (0.27) 0.53 (0.19) 0.53 (0.18) 0.49 (0.18) 0.46 (0.17)

Note: To convert estrone and estradiol to pg/mL, multiply by 3.7 and 3.67, respectively.

for variation in hormone levels was limited; as quantified
by R? statistics, age and BMI together accounted for only
3.8% of the variance in estrone and 1.9% of the variance
in estradiol levels. In the case of estradiol, the addition of
total testosterone after age and BMI increased the variance
explained to 17.3%. The addition of other health and behav-
ioral factors to both models provided little improvement
in the explanatory ability of the model. Collectively, age,
BMLI, testosterone, and other health and behavioral factors
explained only 18% of variance in estradiol, and 9% of vari-
ance in estrone levels.

Characteristics of Men with the Highest Estrone
and Estradiol Levels

To identify the factors associated with high estrone and
estradiol levels, we compared men in the highest quintile of
estrone and estradiol levels with those in the lower quintiles
(Supplementary Table 1). The men in the highest quintile
of estrone and estradiol levels had significantly higher BMI
than those in other quintiles. The prevalence of diabetes and
CVD was higher in men in the highest quintile of estrone
levels than those in other quintiles.

DiscussIoN

In this FHS cohort, total estrone and estradiol levels were
significantly positively associated with age and were higher
in older men than in young men. However, free estradiol
levels revealed a negative association with age, suggesting
that the higher total estradiol levels in older men in compar-
ison with young men may be related to the increased SHBG
levels in older men. Although some studies have reported
higher total estradiol levels in older men than young men,
other studies have reported either no age-related change or
even lower estradiol levels in older men than in young men

(11-15,27-34). Some of the differences in the age trends
in estradiol levels among epidemiological studies may
be related to the differences in the age range of the study
populations, the prevalence of comorbid conditions, and the
assays used for measurements of estrone and estradiol lev-
els. The poor precision and inaccuracy in the low range of
the immunoassays used in some previous studies may have
masked the age trends in estradiol levels in those studies.
The age-related increase in total estradiol and estrone
levels is particularly remarkable because the circulating
concentrations of their precursors, testosterone, and delta
4-androstenedione, respectively, decline significantly with
age. We have reported previously (30) that older men
administered graded doses of testosterone enanthate had
higher estradiol levels than younger men, after adjusting for
testosterone dose, suggesting relatively greater conversion
of testosterone to estradiol in older men than in younger
men, partly related to the higher percentage fat mass in
older men. Age-related increase in SHBG levels may also
contribute to the higher observed total estradiol levels.
Although the role of estradiol in regulating bone health and
in pathogenesis of gynecomastia in men has been appreciated,
the important role of estradiol in regulating cardiometabolic
health, physical and sexual function, and adipose tissue
remains incompletely understood. The biologic role of E
in men is even less well understood; estrone has usually
been lumped together with estradiol under the broad term
“estrogens.” Our study provides novel information about
age trends in estrone levels and the health and behavioral
factors that are associated with estrone levels in men. Our
data show that the age-related increase in estrone levels was
somewhat greater than that in estradiol levels, and the factors
associated with estrone levels differed from those associated
with estradiol levels. In multivariate models, smoking
had a significant positive effect on estrone levels but was
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Figure 1. Distribution of estrone and estradiol (pg/mL) by decades of age. Box-and-whisker plot display the median value (heavy horizontal bar), 25th and 75th
percentiles (lighter horizontal bars), and range of outlying values. To convert estrone and estradiol to pmol/L, multiply by 3.70 and 3.67, respectively.

negatively associated with free estradiol levels. Testosterone
levels were more strongly associated with estradiol than
with estrone levels. Although BMI appeared to have an
independent relation to both estradiol and estrone, diabetes
was associated only with the latter after adjustment for other
factors. The relationship between estrogens and diabetes
may be bidirectional; hyperinsulinemia has been reported
to upregulate CYP19 aromatase; conversely, estrogens
downregulate insulin receptor expression and signaling
through estrogen receptor-a (35,36). These data suggest that
the factors that regulate the aromatization of androstenedione
to estrone in men may differ from those that regulate the
aromatization of testosterone to estradiol; these differences

might partly be explained by the fact that androstenedione,
rather than testosterone, is the direct precursor for estrone:
smoking is known to increase circulating levels of adrenal
androgens (37,38).

Age and BMI, which have been viewed traditionally as
major determinants of estrogen levels in men (11,17,18),
explained only a small amount of variation in estrone and
estradiol levels. In addition, in regression models for either
hormone, after the inclusion of age, BMI, and testosterone,
all the other factors that were studied explained only a
small part of the overall variance, suggesting that important
additional regulators of circulating estrone and estradiol
levels remain unrecognized.
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Table 2. Multivariable Regression Results

Estrone Estradiol Free Estradiol
Estimate (95% CI) P Estimate (95% CI) )4 Estimate (95% CI) )4

Age, 10y 4.6 (2.4,6.8) <.0001 35(1.4,5.5) .0007 -5.2(-7.3,-3.1) <.0001
Smoking, % 11.7 (5.6, 18.1) .0001 -1.5(-6.5,3.8) .58 -8.1(~13.3,-2.6) .0042
Alcohol, ounces/mo

0

1-14 -1.3(-5.7,3.4) .59 -0.4 (4.6, 4.0) .86 1.5(-3.2,6.5) .53

>14 2.9(-1.8,7.7) 23 -2.6 (6.7, 1.8) 24 -0.41 (-5.1,4.5) .87
Body mass index, kg/m? 1.7 (1.2,2.1) <.0001 1.8 (1.3,2.2) <.0001 2.0(1.5,2.4) <.0001
Diabetes 2.9(-2.3,8.5) 28 5.9 (0.9, 11.3) .02 5.2 (=0.39, 11.1) .07
Poor self-rated health 3.4 (-3.8,11.1) .36 1.5(-5.2,8.6) .67 —-0.86 (-8.01, 6.8) .82
Comorbidity (CVD/cancer) 2.8 (-1.7,7.6) 22 4.7(0.3,9.2) .03 6.5(1.6,11.6) .008
CRP" 0.8 (0.02, 1.5) .04 0.7 (-0.02, 1.4) .06 0.7 (-0.06, 1.5) .07
Total testosterone* 6.7 (4.7,8.7) <.0001 16.9 (14.7, 19.0) <.0001 7.6(5.4,9.8) <.0001

Notes: CRP = C-reactive protein; CVD = cardiovascular disease. Slope estimates quantify cross-sectional percentage trends in hormones per unit change in
variables at left. For instance, adjusted estrone values exhibit a mean cross-sectional increase of approximately 4.6% per 10 y difference in age.
*Estimated cross-sectional difference between two participants whose CRP or total testosterone concentrations differ by 50%.

Table 3. Estimated Trends in Hormones Per Decade Age After Adjustment for Major Covariates

Covariates Included in Models

Age only Age, BMI Age, BMI, total testosterone All covariates
Estimate (95% CI) p Estimate (95% CI) p Estimate (95% CI) p Estimate (95% CI) p
Estrone 3.6 (1.6,5.6) .0003 42(22,62) <.0001 4.8(2.9,6.8) <.0001 4.6(24,6.8) <.0001
Total estradiol 3.4(14,54) .0007 3.7(1.7,5.7) .0002 5.2(3.4,7.1) <.0001 3.5(1.4,5.5) .0007
Free estradiol -4.3(-6.2,-2.3) <.0001 -3.7(-5.6,-1.7) .0002 -3.0(-4.9,-1.1) .0023 -52(-7.3,-3.1) <.0001

Notes: BMI = body mass index. Slope estimates quantify cross-sectional percentage trends in hormones per decade of age. Moving left to right, models are
adjusted for covariates listed at the top of each column.Covariates included in the final model are age, BMI, total testosterone, smoking, alcohol consumption, self-
rated health, comorbidity, and C-reactive protein. Full information for the final (rightmost) model is presented in Table 2.

This investigation of the age trends in estradiol and
estrone has some notable strengths. We measured hormone
levels using LC-MS/MS, the method with the highest speci-
ficity and sensitivity (19-21). The FHS cohort had a wide
age range in contrast to some other cohorts that included
only older men. The FHS samples were collected in morning
in fasting state, and stored frozen at —80°C. An additional
unique aspect of this investigation is that we examined the
age-related changes in estrone and estradiol levels in the
context of lifestyle factors, testosterone, SHBG, and other
health-related factors that might affect age trends in estrone
and estradiol levels.

Our study also has some limitations. Only associations,
but not causality, can be determined from epidemiological
studies and reverse causality cannot be excluded. The cur-
rent study was cross-sectional in nature; longitudinal studies
are needed to confirm these findings. The FHS population
is predominantly Caucasian and geographically limited,
therefore, these findings may not be generalizable to other
race/ethnicities or residents of other geographic regions.
However, the age trends of total and free testosterone and
SHBG and their associations with outcomes in FHS are
similar to those reported in other large cohorts such as the
European Male Aging Study and MrOS (26). Estrone and
estradiol levels were measured in single morning samples
in a manner similar to what clinicians might do in clinical

practice, but single measurements may not reflect hormone
levels over time. We did not measure serum androstenedione,
which is an immediate precursor to estrone and which also
declines with advancing age (39,40). The percentage of body
fat for any given BMI increases with age; it is possible that
the age effect is partly the result of residual confounding due
to the inability to fully adjust for body composition. Even
though C-reactive protein did not have a significant interac-
tion with age for either estrogen, the role of other inflam-
matory markers, such as interleukin-6 and interleukin-11,
and cytokines in the regulation of aromatization, as has been
decribed previously, cannot be excluded (39).

In summary, the age trends in estrone and estradiol levels,
measured using LC-MS/MS in community-dwelling men,
revealed some notable differences, and were affected differ-
entially by BMI and diabetes. A large part of the variation in
circulating estrogen levels in men cannot be explained on the
basis of the expected health and behavioral factors, includ-
ing age and BMI. Longitudinal studies are needed to confirm
these age trends, and to elucidate the regulators of estrogen
levels in men and the mechanistic basis of age trends.
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