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Abstract

The increasing prevalence of metabolic syndrome (MS) with age in older men has been linked with
decreasing testosterone levels. Interestingly, while testosterone levels decline with age, estradiol (E2)
levels remain relatively stable resulting in a decreased testosterone/estradiol ratio. Because E2 levels
tend to be elevated in morbid obesity, insulin resistance and diabetes, it is reasonable to hypothesize
that high E2 levels are associated with MS in older men.

We studied the relationship of total and free E2 with MS after adjustment for multiple confounders
including age, BMI, smoking, alcohol consumption, physical activity, interleukin-6 (IL-6), fasting
insulin and testosterone.

452 men 65 yr or older (age range 65-96) had complete data on estradiol, testosterone, fasting insulin,
sex hormone binding globulin, interleukin-6 (IL-6), and albumin. Concentrations of free estradiol
and free testosterone were calculated using the mass action equations. MS was defined according to
ATPIII criteria.

Participants with MS had significantly higher serum free and total E2 (p<.001) (p=0.003). After
adjusting for confounders, including age, smoking, alcohol consumption, physical activity, log
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(IL-6), log (insulin), participants with higher log (total E2) (OR: 2.31, 95 % CI 1.39-4.70, p=0.02)
and higher log (free E2) (OR: 2.69, 1.38-5.24, p<0.001) had an increased risk of having MS. Log
(free E2) (p=0.04) maintained significant correlation with MS even after further adjustment for BMI.

In older men high E2 is independently associated with MS. Whether confirmed in other studies,
assessment of E2 should be also considered in older men. Whether changes in this hormonal pattern
play a role in the development of MS should be further tested in longitudinal studies.

Keywords
estradiol; metabolic syndrome; older men

Introduction

The Metabolic syndrome (MS) is a cluster of metabolic alterations associated with high risk
of developing diabetes mellitus and cardiac disease (1-3). The prevalence of MS increases
with age and it is generally believed that its pathogenesis is multifactorial, especially in older
persons (4-7). The age-related increasing prevalence of MS has been linked with the parallel
decline in testosterone levels (8-11), perhaps due to increased conversion of testosterone into
estradiol (E2) in obese individuals (12-13). It has been proposed that the relative increase of
circulating levels of E2 derived from conversion of testosterone in the adipose tissue inhibits
the hypothalamic-pituitary unit (13) resulting in a reduction of testosterone/estradiol ratio and
leading to the vicious cycle of “obese estrogenic hypogonadism” (14-15). Previous studies
have shown that E2 levels are 2 fold higher in obese men (16) and are positively associated
with inflammation (17) and diabetes (18), suggesting that overproduction of E2 may be one of
the missing links between obesity and coronary artery disease and stroke (19-21). However,
to the best of our knowledge no previous study has tested the association between total and
free E2 and MS in older men.

Aim of the Study

To test the hypothesis that E2 levels are higher in older men with MS versus those without MS.

Methods

Study Population

The INCHIANTI is an epidemiological study conducted on a representative sample of the
population living in the Tuscany Region of Italy.

Overall 1260 persons (543 men and 726 women) aged 65 years and older were randomly
selected from the population registry, and were eligible for the study. Of these, 1154 consented
to participate in the INCHIANTI Study and 1055 donated a blood sample.

This analysis is limited to 459 male participants. Of these, 452 (83 % of the 534 men who
donated blood sample) (age range 65-96) had complete data on estradiol, testosterone, SHBG,
fasting insulin, interleukin-6 (IL-6), albumin and complete set of parameters for the diagnosis
of MS (7). The Italian National Institute of Research and Care of Aging Institutional Review
Board ratified the study protocol (22) and all participants received a full description of the
study and consented to participate.
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Definition of Metabolic Syndrome

In accordance with the National Cholesterol Education Program’s Adult Treatment Panel 111
(ATP-I11) criteria, the diagnosis of MS was established as the presence of three or more of the
following: fasting blood glucose levels > 126 mg/dl, fasting serum triglycerides > 150 mg/dl,
serum HDL-Cholesterol <40 mg/dl, blood pressure > 130/85 mmHg (or the use of anti-
hypertensive medications) and waist circumference > 102 cm (1).

Components of Metabolic Syndrome

Waist circumference was measured at the midpoint between the lower rib margin and the iliac
crest (normally umbilical level). Weight and height were measured using standard techniques.
Body mass index (BMI) was calculated as weight (in kilograms) divided by height (in
meters?). Baseline blood pressure was recorded using a standard mercury sphygmomanometer.
All blood pressure measurements were performed with the participant in a supine position on
three occasions separated by intervals of 2 minutes and the average of the last two measures
was used in the analysis.

Blood Assays

Fasting blood samples were drawn between 7:00 and 8:00 AM and were stored at —80°C until
analysis. Estradiol was measured by ultrasensitive RIA (DSL-4800 Diagnostic Systems
Laboratories, Webster, TX) and in same batch with a minimum detectable concentration
(MDC) of 2.2 pg/mL. Intra-assay coefficients of variation (CVs) and means for four different
concentrations were 8.9 % (5.3 pg/mL), 6.5% (24.9 pg/mL), 7.6% (40.4 pg/mL) and 6.9%
(92.6 pg/mL). The inter-assay CVs and correspondent means were 7.5 % (5.3 pg/mL), 9.7%
(28.0 pg/mL), 8.0 % (42.3 pg/mL) and 12.2% (108.7 pg/mL), respectively. Total testosterone
and dehydroepiandrosterone sulphate (DHEA-S) were assayed using commercial Kits
(Diagnostic Systems Laboratories, Webster, TX). For testosterone, MDC was 0.03 nmol/L;
intra-assay and inter-assay CVs for 3 different concentrations were less than 9.6 and 9.1%,
respectively. For DHEAS, MDC was 1.7 pg/dl; intra- and interassay CVs for three different
concentrations ranged between 4.1 and 5.3% and between 4.6 and 7.0%, respectively. Sex
hormone-binding globulin (SHBG) was measured by a radioimmunoassay (Diagnostic
Products Corporation, Los Angeles, CA) with a MDC of 0.04 nmol/L and inter-assay and intra-
assay CVs for 3 concentrations less than 6.9%, and 3.6%, respectively. Concentrations of free
estradiol were calculated using the mass action equations described by Sodergard et al. (23).
Concentration of free testosterone was calculated using the Vermeulen formula (24). Plasma
insulin level was determined with a double-antibody, solid-phase radioimmunoassay (intra-
assay CV= 3.1+ 0.3%; Sorin Biomedica, Milan, Italy). Cross-reactivity with human proinsulin
was 0.3% (7). Serum glucose level was determined by using an enzymatic colorimetric assay
(Roche Diagnostics, Mannheim, Germany) and a Roche-Hitachi 917 analyzer. Serum IL-6 was
measured by high sensitivity ELISA (BIOSOURCE, Camarillo, California). A commercial
enzymatic test was used to measure serum HDL cholesterol and triglycerides concentration
(Roche Diagnostics). The inter-assay CV was less than 3.8% for HDL cholesterol and less than
2.5 % for triglycerides (10).

Assessment of Covariates

Information on physical activity was collected by a modified version of a standard
questionnaire and coded as hours per week (25). Daily alcohol (g) intake was estimated by the
European Prospective Investigation Into Cancer and Nutrition Food Frequency Questionnaire
(26). Smoking was assessed by self-report and expressed as pack-years (packs smoked per day)
*(years of smoking). Social demographic variables included educational level.
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Statistical Analysis

Because of skewed distributions, log-transformed values for total and free E2, SHBG, IL-6,
DHEAS, free testosterone and insulin were used in the analyses. Differences in hormonal levels
and other parameters among participants with and without MS were tested using age-adjusted
linear regression models and Mantel-Haenszel Chi-Square Tests, when appropriate. Free E2
levels were also divided into quartiles to better describe their relationship with MS. Differences
in the prevalence of the metabolic syndrome according to specific free E2 quartiles were
formally tested by Pearson chi-square tests.

A fully adjusted logistic regression analysis was used to test the hypothesis that higher free
and total E2 level were associated with a significantly higher probability of having the MS,
after adjusting for potential confounders (age, smoking, alcohol consumption, physical
activity, log IL-6, log insulin) (model 1). To evaluate the association of E2 and metabolic
syndrome independently of other hormones precursors of E2 and body composition
measurements, we additionally adjusted logistic regression models for total testosterone,
DHEAS, SHBG (model 2) and then for BMI (model 3). Logistic regression analysis was also
used to test the relationship between log (total E2) and log (free E2) (predictors) and each
component of MS (outcome) after adjusting for all the covariates used in Model 1.

The SAS 8.2 statistical package (SAS Institute Inc, Cary, North Carolina) was used for all
analyses.

RESULTS

Characteristics of Study population according to MS

Table 1 shows the general characteristics of the study population, according to the presence or
absence of the MS criteria. Overall, 73 participants (15.8 %) had 3 or more recognized features
of MS. Participants with MS had higher fasting insulin levels and BMI. As expected, subjects
with MS compared to those without MS had lower HDL cholesterol, higher triglycerides,
higher glucose values, wider waist circumference. However, blood pressure did not
significantly differ between the two groups (Table 1).

Mean age of the sample was 75 (range 65-96) years. Total and free E2 were not significantly
affected by age (Fig. 1-2), while testosterone was significantly lower with older age (data not
shown). There was no significant effect of age in participants with MS for both total E2 (B =
SE: —0.002 + 0.11, p=0.9) and free E2 (—0.002 +£0.007, p=0.73). The age trend for total E2
(0.044 +0.04, p=0.30) and free E2 (—0.01 +£0.002, p=0.62) were not statistically significant also
in participants without MS.

Hormones according to presence of MS

Participants with MS had age-adjusted lower levels of total testosterone, but higher levels of
total and free E2 (Table 2). In the age adjusted analysis, log (total E2) and log (Free E2) were
significantly associated with MS (Table 3). After further adjustment for smoking, alcohol
intake, physical activity, log (IL-6), log (insulin), the association between log (E2) and MS did
not substantially change (Table 3). In the multivariate logistic regression model including all
the above-mentioned confounders, BMI and log (DHEAS)), total testosterone, log (SHBG), log
(total E2) and log (free E2) remained significantly associated with MS, (P = 0.05) and (P=0.04)
(Table 3).

Figure 3 shows the number and percentage of participants with and without MS according to
free E2 quartiles. The percentage of participants with MS was progressively and significantly
higher across quartiles of free E2 (P for trend <0.001). Similar results were found with total
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E2 (P for trend =0.002) (data not shown). Figure 4 shows age adjusted levels of sex hormones
for categories of number of ATP-I11 MS criteria (0, 1 and 3 or more). Interestingly, total and
free E2 increased with increasing number of MS criteria mirroring changes in testosterone.

Free and total Estradiol and components of MS

In the age-adjusted analysis, log (total E2) and log (free E2) were positively associated with
triglycerides (OR: 2.11, 95 % CI 1.24-3.60, p=0.006 and OR: 2.63, 95 % CI 1.64-4.21,
p<0.0001), hypertension (OR: 1.64., 95 % CI 1.04-2.57, p=0.03 and OR: 1.51, 95 % CI 1.05-
2.19, p=0.02) and waist circumference (OR: 1.93., 95 % CI 1.03-3.64, p=0.04 and OR: 2.24,
95 % CI 1.29-3.87, p=0.004). In the age-adjusted analysis, log (total E2) and log (free E2)
were not associated with HDL-cholesterol (OR: 0.93., 95 % CI 0.52-1.67, p=0.81 and OR:
0.79, 95 % CI 0.49-1.27, p=0.33) and fasting glucose (OR: 0.79, 95 % CI 0.44-1.41, p=0.41
and OR: 0.79, 95 % CI 0.49-1.27, p=0.33).

After adjustment for age, total E2 levels were significantly and positively associated with BMI
(Age-adjusted: b: 0.20, SE: 0.088; p=0.0225).

In addition total and free E2 levels were significantly higher in obese than non obese men.
Total E2 levels were 9.2 £+ 6.2 pmol/L (mean+SD) in non obese and 10.1 + 6.2 pmol/L (mean
+SD) in obese older men (age-adjusted p value=0.0479). Free E2 levels were 0.37+0.43 pmol/
L (meanxSD) in non obese and 0.43+ 0.32 pmol/L (meanSD) in obese older men (age-
adjusted p value=0.042). In the fully-adjusted analysis, log (total E2) and log (free E2) were
still positively associated with triglycerides (OR: 1.77, 95 % CI 1.02-3.07, p=0.04 and OR:
2.33,95 % CI 1.43-3.78, p=0.0007); log (free E2) (OR: 2.00, 95 % CI 1.12-3.58, p=0.02) but
not log (total E2) (OR: 1.65, 95 % CI 0.84-3.22, p=0.14) was still associated with waist
circumference, and both log (total E2) and log (free E2) were almost associated with
hypertension (OR: 1.55, 95 % CI 0.96-2.50, p=0.07 and OR: 1.43, 95 % CI 0.97-2.11, p=0.07).
Both log (total E2) and log (free E2) were not associated with HDL-cholesterol (p=0.81;
p=0.33) and fasting glucose (p=0.17; p=0.25) in the multivariate analysis.

DISCUSSION

In a representative sample of older Italian men, we found a positive independent relationship
of total and free E2 with MS.

Estradiol and age

In contrast to some studies (14,27-31), but in accordance with others (32-33) both total and
free fractions of E2 did not significantly change with age irrespective of MS.

Estradiol and presence of MS

Since this is the first study to our knowledge to evaluate the relationship between E2 and MS
in a population of older men, our results cannot be compared with other studies in the literature.
In contrast to our study, Muller et al failed to detect a significant association between E2 and
MS in adult men, although E2 levels were positively associated with central obesity and
triglycerides. However, the younger age of the study population (mean age=60 years) and lack
of information on the free fraction of E2 makes that study hardly comparable with our study
(8). Kiel et al found strong relationships of total and free E2 with total and HDL-cholesterol.
However, fasting insulin, alcohol consumption and physical activity (all factors known to
influence E2 levels) were not included as confounders in their multivariate analysis (35).

The role of E2 in men and its influence on features of MS are still unclear. Conditions of
estrogen deficiency, such as congenital aromatase deficiency, are associated with impaired
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glucose and lipid metabolism (36). On the contrary, in accordance with other studies we found
that obese have higher total and free E2 levels than non obese men (16). The discrepancy
between these two different conditions remains unclear.

Estradiol and presence of MS: the role of BMI

Total E2 levels were significantly and positively associated with BMI, independent of age.
After adjusting for all confounders including BMI, a rough measure of obesity and body
composition, free E2 was still associated with MS, suggesting that relationship between E2
and MS is only partially explained by BMI and by increased conversion from testosterone via
aromatization in adipose tissue. In previous studies low total testosterone was associated or
was a predictor of MS in men (8-11). Whether low testosterone levels are linked to increased
conversion to E2 levels in older men with MS it is not clear, although it has been shown that
E2 may operate in reducing testosterone levels through a negative feedback at the hypothalamic
and pituitary levels (13).

The relative condition of hypogonadotropic hypogonadism of obese male subjects was reported
several years ago and confirmed recently in large studies (37-38).

Estradiol and presence of MS: the role of the androgens

In the final model including all the covariates and the hormones, such as DHEAS, testosterone
and SHBG, the association between total or free E2 and MS was still significant, suggesting
that the role of E2 in MS is not accounted by the biological effects of its precursors.

Free and total Estradiol and components of MS

One of the most interesting findings is the association with increasing number of criteria for
metabolic syndrome. This association suggests a dose response effect of E2 on MetS. In the
adjusted analysis, total and free E2 levels were associated with three components of MS,
namely hypertension, triglycerides and waist circumference, which may also explain the
mechanisms by which E2 may have an impact on diabetes and cardiovascular diseases (18—
20). In addition in this older male population we found a positive association between E2 and
IL-6 (data not shown) which can explain another factor mediating the relationship between E2
and MetS. E2 was found to be an independent predictor of the progression of carotid intimae-
media thickness in middle-aged men (39). Moreover, in older men in the Honolulu-Asia Aging
Study with a negative history for coronary artery disease and cancer, E2 level, but not
testosterone or SHBG, was a strong predictor of stroke (21). However the presence of MS was
not investigated in any of these studies.

Limitations and Strengths of the Study

Our study has limitations. The main limitation of our study is the cross-sectional design, which
does not allow any inference on the causal role of E2 on MS. A mechanism of reverse causality,
i.e. that MS, classically associated with central obesity and inflammatory status, positively
influences E2 levels cannot be excluded. In this regard there is evidence that inflammatory
cytokines, also produced in adipose tissue, stimulate aromatase expression (40). Secondly, we
did not directly measure free estradiol, instead we estimated its levels from calculations (20),
and lacked information on E2 receptors which may have provided more details on the E2
pathway (32).

Estradiol assays were performed 8 years later after blood drawing in stored plasma samples
and more recently than Testosterone, SHBG and DHEAS. However, the samples used to
measure E2 were maintained at —80°C and never thawed before the analysis. Also even if some
decoy of the E2 molecule observed, it is likely that the relative values between individuals
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maintain the same rank order. Therefore we believe that in spite of this limitation, our findings
maintain their validity.

However, these limitations are offset by important strengths. This is the first study to evaluate
the relationship between E2, including the free fraction, and MS in a large representative sample
of older men with complete information on ATP IlI criteria for MS; the participants were
screened for multiple confounders, such as inflammatory markers, smoking, physical activity
and alcohol intake and fasting insulin levels. Furthermore, we evaluated E2 with ultrasensitive
methods. Although weakened by the cross-sectional nature, the results of this study have
important clinical and conceptual implications.

Clinical implications

Since previous epidemiologic studies in older men focused on testosterone rather than estradiol,
we suggest that further studies should test the relationship between this parameter and MS in
older men. Given the opposite relationship of testosterone and E2 with MS, future studies
should also look at the role of testosterone/estradiol ratio in MS. The findings, once confirmed
in other populations, raise the possibility that aromatase inhibitor therapy might be a good
therapeutic option in older male participants affected by MS.

In older men, high E2 levels are associated with MS, independent of potential confounders.
Whether changes in this hormonal pattern play a role in the development of MS should be
further tested in longitudinal studies.
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Figure 1.

Relationship between total estradiol (pmol/L) and age (years).
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Relationship between free estradiol (pmol/L) and age (years).
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Table 1

Characteristics of General Population According to Presence of Metabolic Syndrome.

Criteria for the Metabolic Syndrome

<3 (N= 389) >3 (N=73) P value®

Age (years) 5t7 74+6 0.74
Body Mass Index (kg/m?) 26+3 30+3 <0.001
Interleukin-6 (pg/ml) median (IQR)* 16(17) L3(11) 03
Insulin (mIU/L) median (IQR)# 94 (7.1) 11.1(99) <0.001
Physical Activity (hours/week) 1.920.5 1.89+0.4 0.55
Smoking (packs/year) 24124 30+28 0.06
Alcohol intake (g/day) 24+19 22420 0.32
Formal education (years) 6+4 6+3 0.32
Components of Metabolic Syndrome

HDL Cholesterol (mg/dL) 53+ 13 39+8 <0.001
Triglycerides, mg/dL, mean + SD 115+ 57 208+ 101 <.01
Blood Glucose (mg/dL) 94 +25 115+ 34 0.04
Waist Circumference (cm) 93+83 103.4+8.2 <0.001
Waist Circumference >102 cm N (%) 41 (11) 45 (63) 0.45
Blood Pressure >130/85 mmHg N (%) 195 (51) 64 (87) 0.13

Values expressed as means + standard deviations unless indicated otherwise.

# . .
IQR=interquartile range.

Page 14

*
Differences in parameters among patients with and without MS, were tested using age-adjusted linear regression model and Mantel-Haenszel Chi-

Square Test, when appropriate.
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Table 2

Hormonal Parameters According to Presence of Metabolic Syndrome in Older Men.

Criteria for the Metabolic Syndrome

Hormones <3 (N=389) 23 (N=73) P value™
Total Testosterone (ng/dL) means+SD 433 +129 399 + 139 0.03
Free Testosterone (ng/dL) 3.8(2.2) 4.2(1.9) 0.22
Dehydroepiandrosterone sulphate (ug/dL) 66.4 (66.5) 71.1(78.4) .98
Sex hormone binding globulin (nmoL/L) 104.0 (62.2) 83.6 (41.6) <0.001
Total Estradiol (pmol/L) 12.3 (6.5) 14.6 (6.8) 0.003
Free Estradiol (pmol/L) 0.54 (0.27) 0.72 (0.33) <0.001

Values expressed as medians and interquartile range unless indicated otherwise.

*
Differences in parameters among patients with and without MS were tested using age-adjusted linear regression model.
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Table 3

Page 16

Logistic Regression Models Evaluating The Relationship Between Circulating Levels of Estradiol (Total and

Free) (Predictors) and Metabolic Syndrome (Outcome) in Older Men.

Variable O.R. [95%Cl] P value™
Age-adjusted Log (Total Estradiol) (pmol/L) 2.69 [1.38-5.24] 0.004
Age-adjusted Log (Free Estradiol) (pmol/L) 3.35[1.84-6.07] <.0001
Model 1”

Log (Total Estradiol) (pmol/L) 2.31[1.39-4.70] 0.02
Log (Free Estradiol) (pmol/L) 2.69 [1.38-5.24] <0.001
Model 2 (Model 1+BMI + log (SHBG)+ total testosterone +log (DHEAS))

Log (Total Estradiol) (pmol/L) 2.61 [0.96-6.85] 0.053
Log (Free Estradiol) (pmol/L) 2.59 [1.01-6.66] 0.048
Model 3 (Model 1+ BMI)

Log (total Estradiol) (pmol/L) 1.79 [0.77-4.09] 0.18
Log (Free Estradiol) (pmol/L) 2.11[1.03-4.33] 0.041

*
Model 1: each line refers the results of a separate model adjusted for age, smoking, alcohol, physical activity, log (IL-6) and log (Insulin).
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