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OBJECTIVE—It has been suggested that the high prevalence of subnormal free testosterone
concentrations, along with low or inappropriately normal gonadotropins in men with type 2
diabetes, may be the result of an increase in plasma estradiol concentrations secondary to an
increase in aromatase activity in the adipose tissue that leads to the suppression of the hypothalamo-
hypophyseal-gonadal axis.

RESEARCH DESIGN AND METHODS—To investigate this hypothesis, plasma estra-
diol, testosterone, leutinizing hormone, follicle-stimulating hormone, and sex hormone–binding
globulin (SHBG) concentrations were measured in fasting blood samples of 240 men with type 2
diabetes. Free estradiol concentrations were either calculated (n = 198) using total estradiol and
SHBG measured by immunoassay or directly measured by liquid chromatography tandem mass
spectrometry (LC-MS/MS) and equilibrium dialysis (n = 102).

RESULTS—The calculated free estradiol concentration in men with subnormal free testoster-
one concentrations was lower than that in men with normal free testosterone concentrations
(median 0.047 vs. 0.063 ng/dL, P, 0.001). Directly measured (LC-MS/MS) free estradiol con-
centrations were also lower in men with subnormal free testosterone concentrations (median
0.025 vs. 0.045 ng/dL, P = 0.008). Free estradiol concentrations were directly related to free
testosterone but not to BMI or age.

CONCLUSIONS—These data show that the suppression of the hypothalamo-hypophyseal-
gonadal axis in patients with subnormal free testosterone concentrations and type 2 diabetes is
not associated with increased estradiol concentrations. The pathogenesis of subnormal free
testosterone concentrations in type 2 diabetes needs to be investigated further.
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We have previously demonstrated
that at least one-third of male
patients with type 2 diabetes.18

years of age have subnormal free testos-
terone concentrations in association with
inappropriately low gonadotropin con-
centrations (1,2). The high frequency of
subnormal free testosterone concentra-
tions in type 2 diabetes has been con-
firmed by several other studies from the
U.S., the U.K., Brazil, Italy, and Australia
(3,4). Because type 2 diabetes is a com-
mon condition affecting more than 20
million Americans, clinicians are likely
to encounter a man with type 2 diabetes

and subnormal free testosterone on a very
frequent basis. Thus, the underlying
mechanism is important; it may also affect
the therapeutic strategies used in this con-
dition. The patients with subnormal tes-
tosterone concentrations tend to be obese,
and indeed, there is an inverse relationship
of BMI with total and free testosterone con-
centrations (1–3). Because adipose tissue
expresses the enzyme aromatase, which
converts testosterone to estradiol, it has
been suggested that the decrease in free tes-
tosterone concentrations in these patients
may be the result of an excessive aromatase-
dependent conversion of testosterone into

estradiol (5–8). Elevated concentrations
of estradiol may in turn suppress hypo-
thalamic gonadotropin-releasing hor-
mone and gonadotropin secretion from
the pituitary gland (9). This would then
explain the pathogenesis of subnormal
free testosterone concentrations. We there-
fore investigated the hypothesis that the
plasma concentrations of estradiol in
patients with type 2 diabetes and subnor-
mal free testosterone concentrations are el-
evated when compared with those who
have normal testosterone concentrations.

RESEARCH DESIGN AND
METHODS—The study was carried
out at a tertiary diabetes referral center,
Diabetes-EndocrinologyCenter ofWestern
New York; Department of Endocrinology,
Diabetes, and Metabolism, State University
of New York at Buffalo; and at Kaleida
Health. This is a cross-sectional study of
240 consecutive type 2 diabetic men who
presented to the diabetes center between
September 2008 and September 2010. It
is our practice to screen all male type 2
diabetic patients for hypogonadism with
total testosterone and free testosterone
concentrations because of the high prev-
alence of subnormal free testosterone
concentrations in our population and as
recommended by the Endocrine Society
(10). For a complete evaluation, we also
measure sex hormone–binding globulin
(SHBG), leutinizing hormone (LH), follicle-
stimulating hormone (FSH), and prolactin
in all male diabetic patients. For the past
2 years, we have also included estradiol in
our routine measurements to determine
if men with subnormal free testosterone
concentrations have elevated estradiol
concentrations. We excluded patients with
history of panhypopituitarism or congenital
hypogonadotropic hypogonadism; severe
depression or psychiatric illness; head
trauma, renal failure, hemochromatosis, cir-
rhosis, hepatitis C, or HIV; treatment with
testosterone, steroids, or opiates; and foot
ulcers; as well as patients with active infec-
tion or who had a recent surgery or hospi-
talization for any reason in the past 6weeks.
Health Insurance Portability and Account-
ability Act formswere signed by all patients.
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The collected data were kept confidential
by the investigators, and patient identifiers
were eliminated from the database once
the master database had been created. Per-
mission to review the charts of the patients
to collect data was obtained from the hu-
man research committee of the State Uni-
versity of New York at Buffalo.

Patients were asked to provide fasting
blood samples between 8:00 and 10:00
A.M. to measure serum total testosterone
and estradiol, SHBG, LH, and FSH. All
measurements were carried out by Quest
Diagnostics. Total testosterone concentra-
tions were measured by liquid chromatog-
raphy tandem mass spectrometry (LC-MS/
MS). A detailed description of the method-
ology has previously been published (11).
The sensitivity of the assay (limit of quan-
tification [LOQ]), set at a coefficient of var-
iation (CV) of #20%, was 0.3 ng/dL. The
intra-assay CV ranged from 7.6 to 10.8%
and interassay CV ranged from 9.8 to
13.4% at total testosterone concentrations
between 10 and 1,200 ng/dL. Reference
range for total testosterone (250–1,100
ng/dL) was determined from 264 appar-
ently healthy men.

Total estradiol was measured by solid
phase competitive chemiluminescence en-
zyme immunoassay in 198 men. The nor-
mal range of total estradiol (2.0–5.5 ng/dL)
is based on serum samples of 115 appar-
ently healthymen.The sensitivity and assay
range for total estradiol is 0.7–100 ng/dL.
The total CV of the assay is 12%. The assay
is highly specific for estradiol and has neg-
ligible cross-reactivity with estrone or me-
tabolites of estrogens.

Although most prior studies have
measured total estradiol by chemilumines-
cence enzyme immunoassays or radioim-
munoassay (5,12), LC-MS/MS is more
sensitive and specific and is now consid-
ered the method of choice for measuring
estradiol, especially in subjects with low
levels, such as children and adult men.
For this reason we switched to the LC-
MS/MS estradiol assay during the 2nd
year of our study. The LC-MS/MSmethod-
ology used to measure total estradiol is
similar to that previously described for
measuring total testosterone by LC-MS/
MS. The CV of the assay is 15% at an estra-
diol concentration of 1.5 ng/dL and 13% at
20 ng/dL. The LOQ for estradiol in this
assay is 0.2 ng/dL. With this assay, the refer-
ence range for total estradiol in men is,2.9
ng/dL. This was based on a study per-
formed byQuest Diagnostics on 39 healthy
men (R.F., personal communication). Of
normal men, 52% have undetectable

estradiol concentrations. To provide com-
parative data on estradiol concentrations
for our study subjects, we measured estra-
diol in blood samples from 18 lean, healthy
young men. For this purpose, we used fro-
zen blood samples from previous studies
done at our research center.

Because LC-MS/MS assays are more
specific than the antibody-based assays,
the reference ranges for LC-MS/MS assays
are generally lower than those for immuno-
assays. In our study, 102men had estradiol
concentrations measured by LC-MS/MS.
Of these men, seven had estradiol concen-
trations below the LOQ (0.2 ng/dL) of the
assay, and five of these seven men also had
subnormal free testosterone concentra-
tions. Concentrations below LOQ are often
encountered in studies, and discarding
these observations would create a bias,
making the remaining lower concentra-
tions selectively too high. Conversely, as-
signing them a value of 0 would also
introduce a bias, making the concentrations
on the lower side falsely low. A commonly
recommended method is to assign a value
of LOQ/2 for the purpose of statistical
analysis (13). Therefore, men with estradiol
concentrations below LOQwere assigned a
value of 0.1 ng/dL for analysis.

Free and bioavailable testosterone
and estradiol concentrations were calcu-
lated from the concentrations of total testos-
terone, total estradiol, SHBG, and albumin
by the formula of Södergård, Vermeulen,
and colleagues (5,14,15). The formula to
calculate free testosteronewas [FT] = {[T]2
(N[FT])} / Kt {B[SHBG] 2 [T] + N[FT]}
where Kt is the association constant of T
for SHBG (13 109 L/mol), T is total testos-
terone, B is number of binding sites per
SHBG dimer, FT is free testosterone, and
N is 1 + Ka[A] (where Ka is the association
constant of T for albumin [3.63 104 L/mol]
andA is albumin), and testosterone andpro-
tein concentrations are in mol/L. Because
1 mol of SHBG homodimer binds to 2
mol of testosterone, a value of 2 was used
for B in the equation (11). With this adjust-
ment for the number of SHBG binding sites,
free testosterone measured by equilibrium
dialysis or calculatedwith the above formula
has been found to be very similar, corre-
lating with an r2 of .0.98, slope of 1.02,
and intercept of 0.16 (11). To calculate
free estradiol, first the testosterone bind-
ing was calculated, then estradiol binding
was calculated on the remainder of non-
testosterone-bound SHBG using the same
formula as above, but this time with
the weaker association constants for estra-
diol for SHBG (0.6 3 109 L/mol) and for

albumin (0.613104 L/mol) (5,12,16). The
normal range used for free estradiol was
0.03–0.13 ng/dL. This is based on mea-
surements obtained from 207 healthy men
by Hofstra et al. (5). Bioavailable testoster-
one and estradiol were similarly calculated.

Tracer equilibrium dialysis is con-
sidered the gold standard for measuring
free steroid hormone concentrations, and
during the second year of the study, this
methodologywas used to determine the free
testosterone and free estradiol levels in our
subjects. Because patients were getting the
laboratory tests as part of their clinical
work-up, samples were collected at the local
patient service center and allowed to clot
(15 min) and centrifuged, and the super-
natant was sent to the Pittsburgh business
unit refrigerated (cold packs). The Pitts-
burgh business unit then sent the refriger-
ated samples to the appropriate Nichols site.
The free testosterone was done at Nichols
Institute in Chantilly, and the free estradiol
was done at Nichols Institute in San Juan
Capistrano, California. For free estradiol,
samples are stable for 4 h at room temper-
ature, 3 days refrigerated, and2 years frozen.
For free testosterone, the samples are stable
for 7 days room temperature, 7 days re-
frigerated, and 2 years frozen. The method-
ology for free testosterone measurement at
Nichols Institute has been published (11).
The normal range for free testosterone is
3.5–15.5 ng/dL. The same methodology
wasused tomeasure free estradiol (R.F., per-
sonal communication). The normal range
provided by Quest Diagnostics for free es-
tradiol is 0–0.045 ng/dL, respectively.

SHBG (normal range 13–71 nmol/L),
LH, and FSH concentrations were mea-
sured by a solid-phase, chemiluminescent
immunometric assay (IMMULITE 2500;
Siemens, Deerfield, IL). Hypogonadotropic
hypogonadism was defined as free testos-
terone concentration ,3.5 ng/dL along
with an inappropriately low LH of ,10
units/L (10).

The mean age and BMI of the 240
type 2 diabetic men were 56 6 12 years
(range: 23–83 years) and 35 6 7 kg/m2

(range: 17–59 kg/m2). The mean age and
BMI of the 18 lean, healthy men were
31 6 8 years (range: 24–56 years) and
23 6 2 kg/m2 (range: 20–25 kg/m2).

Statistical analysis
Group comparisons were performed by
one-way ANOVA, t tests, Mann-Whitney
U tests, and x2 tests as appropriate. Adjust-
ment for age and BMI in group comparisons
was done with ANCOVA and generalized
linear model analysis. Data that were not
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normally distributed (Kolmogorov-Smirnov
test) were log transformed to perform the
parametric statistical tests. Estradiol, testos-
terone, and SHBG were not normally dis-
tributed andwere log transformed. Pearson
correlation and multiple linear regression
analyses between variableswere doneusing
SPSS software (SPSS Inc., Chicago, IL).
Data are presented as means 6 SD for
normally distributed data and median
[25th–75th percentile] for nonnormal
data. P , 0.05 was considered significant.

RESULTS

Comparison of total estradiol
measured by immunoassay (group 1)
Out of the total sample size of 240 men,
198 men had total estradiol measured by
solid phase competitive chemilumines-
cence enzyme immunoassay. Free and bio-
available estradiol and testosterone were
calculated as described above. The median
total, free, and bioavailable estradiol con-
centrations were 3.7 [3.0–4.6], 0.061
[0.043–0.075], and 2.26 [1.66–2.87] ng/dL,
respectively. The median total, free, and
bioavailable testosterone concentrations
were 309 [234–417], 4.53 [3.36–6.11],
and 100 [74–142] ng/dL, respectively. Fifty
men had subnormal (,3.5 ng/dL) free tes-
tosterone concentrations and low or inap-
propriately normal LH concentrations.
These men tended to be older and had a
higher BMI than men with normal free tes-
tosterone concentrations. The age- and
BMI-adjusted estradiol and testosterone
concentrations of type 2 diabetic men with
and without subnormal free testosterone
concentrations are shown in Table 1. Con-
trary to the hypothesis tested, the mean
estradiol concentration ofmenwith subnor-
mal free testosterone concentrations was
significantly lower than that of men with
normal free testosterone concentrations.
Five men had free estradiol concentrations
above the normal range. All of them had
normal free testosterone concentrations.

We compared the ratio of free estra-
diol and free testosterone concentrations
among the men with normal or subnor-
mal free testosterone concentrations. This
free estradiol to free testosterone (FE/FT)
ratio can serve as a surrogate marker of
aromatase activity. As shown in Table 1,
free estradiol concentrations were 1.9 and
1.2% (P, 0.001) of the free testosterone
concentrations in men with and without
subnormal free testosterone concentra-
tions, respectively.

Nine men had subnormal free testos-
terone concentrations and supranormal

LH concentrations (.10 units/L). The
median free estradiol concentration in
these men (0.046 [0.028–0.059] ng/dL)
was lower than that in eugonadal men
(P = 0.05) but similar to those of men
with subnormal free testosterone concen-
trations (P = 0.88).

On univariate analyses, BMI was nega-
tively related to free testosterone (r=20.18,
P = 0.02) but not to free estradiol concen-
trations (r = 0.06, P = 0.42). Free estradiol
concentrations were directly related to free
testosterone (r = 0.24, P = 0.001) (Fig. 1).
Age was related negatively to free testoster-
one (r = 20.24, P = 0.001) but not to free
estradiol (r = 20.14, P = 0.06). BMI was
positively related to FE/FT ratio (r = 0.16,
P = 0.03). In multiple regression analysis,
free estradiol was independently and di-
rectly related to free testosterone (b = 0.24,
P = 0.001) but not to BMI (b = 0.10, P =
0.17) or age (b =20.07, P = 0.37).

Total estradiol measured by
LC-MS/MS (group 2)
In 102men, total estradiol concentrations
were measured by LC-MS/MS. All these
men also had free estradiol and free
testosterone measured by equilibrium di-
alysis. The median total and free estradiol
concentrations were 1.90 [0.9–3.0] and
0.042 [0.021–0.067] ng/dL, respectively.
The median total and free testosterone
concentrations were 262 [205–349] and
4.92 [3.56–6.38] ng/dL, respectively.
Thirty men had subnormal free testoster-
one concentrations (Table 1). Consistent
with the results in group 1, we found
lower estradiol concentrations in men
with subnormal free testosterone concen-
trations. Free estradiol concentrations
were directly related to free testosterone
(r = 0.24, P = 0.02) (Fig. 1) but not to age
(r =20.13, P = 0.18) or BMI (r = 0.06, P =
0.54). Free testosterone concentrationswere
negatively related to both age (r=20.31,P=
0.001) and BMI (r = 20.17, P = 0.03). In
multiple regression analysis, free estradiol
was directly related to free testosterone
(b = 0.24, P = 0.03) but not to BMI (b =
0.08, P = 0.42) or age (b =20.04, P = 0.68).
BMIwas not related to FE/FT ratio (r = 0.12,
P = 0.24). Total estradiol and total testoster-
one concentrations were positively related
to each other (r = 0.33, P = 0.001), indepen-
dently of age, BMI, or SHBG. We found
47% of eugonadal men and 27% of men
with subnormal free testosterone concen-
trations had supranormal free estradiol
concentrations (P = 0.09), and 3% of eugo-
nadal men and 17% of men with subnor-
mal free testosterone concentrations had

undetectable estradiol concentrations (P =
0.04).

Four men had subnormal free testos-
terone concentrations with elevated LH
concentrations. Their median total and free
estradiol concentrations were 1.60 [0.77–
3.10] and 0.036 [0.017–0.056], respec-
tively. These values were similar to those
found in men with subnormal free testos-
terone concentrations and hypogonado-
tropism.

Estradiol concentrations measured
by LC-MS/MS in lean, healthy men
The median total and free estradiol con-
centrations in healthy men were 1.45
[0.70–2.35] and 0.037 [0.022–0.072]
ng/dL, respectively. The mean total and
free estradiol concentrations in healthy
men were 1.68 6 1.11 and 0.050 6
0.031 ng/dL, respectively. These concen-
trations were not significantly different
than those in type 2 diabetic men with
normal or subnormal free testosterone
concentrations, with or without adjust-
ment for age. One subject had undetect-
able estradiol concentrations. Using the
reference ranges mentioned in RESEARCH

DESIGN AND METHODS, one subject had su-
pranormal total estradiol, whereas eight
men had supranormal free estradiol con-
centrations.

Comparison of total estradiol
measured by immunoassay
and LC-MS/MS
Of the subjects, 60men had total estradiol
measured by both the assays. The mean
and median total estradiol concentrations
measured by immunoassay were 3.95 6
1.31 and 3.9 [3.1–4.8] ng/dL, respec-
tively. In contrast, the mean and median
total estradiol concentrations measured
by LC-MS/MS were lower by almost half
(2.16 6 1.66 and 1.9 [0.8–3.2] ng/dL, re-
spectively; P, 0.001 for comparison with
immunoassay). The total estradiol concen-
trations measured by the two assays corre-
lated only weakly (r = 0.37, P = 0.004).

CONCLUSIONS—Our data show
clearly that estradiol concentrations in
patients with type 2 diabetes with sub-
normal free testosterone concentrations
are significantly lower than in those with
normal free testosterone concentrations.
Furthermore, we show that in patients
with type 2 diabetes, estradiol and testos-
terone concentrations are significantly
and positively correlated. It would thus
appear that the suppression of LH, FSH,
and testosterone in patients with type 2
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diabetes is not the result of an excessive
concentration of estradiol but instead, the
consequence of some as yet unidentified
hypothalamic mechanism. The direct re-
lationship between plasma estradiol and
testosterone concentrations is consistent
with the concept that estradiol concen-
trations are dependent upon testoster-
one, the substrate for estradiol synthesis.
Furthermore, BMI was related negatively
to testosterone but not to estradiol concen-
trations. The absence of a relationship
between BMI and estrogen in our study
is probably accounted for by the relation-
ships between BMI and testosterone on
one hand and estradiol and testosterone
on the other hand, which exert opposing

influences on estradiol concentrations.
This is important because it has been
assumed hitherto that low concentrations
of testosterone in obesity are due to an in-
crease in aromatase activity and a parallel
increase in estradiol concentrations, which
suppress the hypothalamo-hypophyseal-
gonadal axis. It is, however, of interest
that FE/FT ratio was significantly related
to BMI. If, indeed, this ratio can be taken
to be a reflection of aromatase activity, our
data suggest that in spite of an increase in
this ratio, plasma concentrations of estra-
diol do not increase as a result of the lack
of the substrate, testosterone.

Studies in the past have found that
estrogen concentrations are elevated in

obese men as compared with lean men
and that estradiol concentrations corre-
late positively with BMI (5,17). These
studies were not done with the more spe-
cific assay for estradiol, LC-MS/MS. How-
ever, few studies have compared estrogen
concentrations in hypogonadal and eugo-
nadal obese men. One study found that
calculated free estradiol concentrations
were similar in obese men with low or
normal free testosterone concentrations
(5). A recent study that measured estra-
diol by LC-MS/MS (European Male Age-
ing Study) found lower total estradiol
concentrations in men with low testoster-
one (18), as compared with men with nor-
mal testosterone concentrations. Consistent

Table 1—Comparison of type 2 diabetic men with and without subnormal free testosterone concentrations

Group 1 testosterone concentrations Group 2 testosterone concentrations

Subnormal free Normal free P value Subnormal free Normal free P value

n 50 148 30 72
Age (years) 59 6 11 55 6 12 0.08 61 6 10 53 6 11 0.003
BMI (kg/m2) 37.2 6 8.8 34.2 6 6.6 0.02 36.3 6 7.5 35.6 6 7.6 0.68
Total testosterone (ng/dL) 198 [136–259],

217 6 171
347 [276–449],
385 6 166

,0.001 175 [128–234],
175 6 78

292 [235–367],
319 6 129

,0.001

Free testosterone (ng/dL) 2.8 [2.0–3.04],
2.8 6 0.76

5.18 [4.19–6.58],
5.5 6 1.81

,0.001 2.77 [2.34–3.33],
2.95 6 0.60

5.76 [4.75–6.77],
5.87 6 1.57

,0.001

Bioavailable testosterone (ng/dL) 62 [47–69],
64 6 17

118 [94–154],
125 6 42

,0.001

Total estradiol (ng/dL) 3.4 [2.2–4.8],
3.4 6 1.5

3.9 [3.1–4.6],
4.0 6 1.5

0.006 1.25 [0.04–2.60],
1.86 6 2.03

1.95 [1.23–3.08],
2.10 6 1.21

0.03

Free estradiol (ng/dL) 0.047 [0.035–0.068],
0.053 6 0.026

0.063 [0.046–0.077],
0.066 6 0.027

0.003 0.025 [0.012–0.047],
0.038 6 0.039

0.045 [0.028–0.071],
0.048 6 0.027

0.008

Bioavailable estradiol (ng/dL) 1.86 [1.32–2.55],
2.0 6 0.94

2.39 [1.84–2.95],
2.5 6 1.02

0.001

SHBG (nmol/L) 27 [20–38],
33 6 27

26 [17–36],
28 6 14

0.42 23 [15–36],
26 6 14

23 [15–29],
25 6 11

0.45

Free estradiol/free
testosterone (%) 1.9 [1.3–3.0],

2.2 6 1.4
1.2 [0.9–1.6],
1.3 6 0.6

0.002 1.2 [0.6–1.9],
1.4 6 1.5

0.8 [0.4–1.3],
0.9 6 0.5

0.006

LH (IU/L) 4.0 [1.7–5.9],
4.1 6 2.8

4.2 [2.9–6.5],
5.2 6 3.8

0.10 4.8 [3.0–7.0],
4.6 6 2.4

4.5 [3.2–6.5],
5.6 6 3.9

0.13

FSH (IU/L) 5.6 [3.2–8.4],
5.9 6 3.6

5.9 [3.2–9.1],
7.1 6 6.2

0.69 6.8 [4.9–11.9],
7.3 6 5.0

4.5 [3.5–9.0],
7.3 6 7.5

0.36

Prolactin (mg/L) 7.0 [5.0–8.4],
8.2 6 7.2

6.6 [5.1–8.6],
7.9 6 5.6

0.88 7.0 [4.7–8.3],
6.6 6 2.4

6.3 [4.7–9.0],
7.3 6 3.8

0.41

HbA1c (%) 6.8 [6.1–8.0],
7.5 6 1.9

7.3 [6.4–9.0],
7.9 6 2.0

0.34 7.6 [6.8–9.5],
8.2 6 2.1

7.9 [6.9–9.8],
8.2 6 1.9

0.98

Duration of diabetes (years) 7 [2–20],
11 6 9

8 [4–13],
9 6 7

0.52 11 [2–20],
11 6 11

8 [4–13],
9 6 8

0.56

Use of insulin (%) 56 66 0.40 70 56 0.73
Mean insulin dose (IU) 92 6 114 69 6 58 0.35 58 6 50 66 6 59 0.58
Use of oral hypoglycemics (%) 85 88 0.99 80 86 0.66
Use of exenatide (%) 17 19 0.79 20 18 0.88
Group 1: Total estradiol concentrations were measured by immunoassay. Free testosterone and free estradiol concentrations were calculated. Group 2: Total estradiol
concentrations were measured by LC-MS/MS. Free testosterone and free estradiol concentrations were measured by equilibrium dialysis. Data are expressed as
means 6 SD. SHBG, testosterone, and estradiol concentrations were not normally distributed; therefore, medians [25th–75th percentile] are also mentioned. Statistical
comparisons of hormonal concentrations were performed after log transformation and adjustment for age and BMI differences in the two groups. Total estradiol and total
testosterone concentrations were also adjusted for SHBG. P values are given for comparison between men with and without subnormal free testosterone concentrations.

care.diabetesjournals.org DIABETES CARE, VOLUME 34, AUGUST 2011 1857

Dhindsa and Associates

D
ow

nloaded from
 http://diabetesjournals.org/care/article-pdf/34/8/1854/609522/1854.pdf by guest on 19 August 2022



with our data, the estradiol concentration
was low regardless of whether the subnor-
mal testosterone was associated with ele-
vated or low gonadotropin concentrations.
We have not found any study showing ele-
vated estradiol concentrations in men with
subnormal testosterone concentrations. Ar-
omatase inhibitors, such as letrozole, have
been shown to increase testosterone andde-
crease estradiol concentrations in obese
men with low testosterone (19). This, how-
ever, cannot be taken as evidence of estra-
diol being the cause of low testosterone in
those men because eugonadal men also re-
spond to aromatase inhibition by an in-
crease in testosterone concentrations (20).

We measured estradiol concentrations
in samples from 18 lean, healthy, and pre-
sumably eugonadalmen. The prevalence of
undetectable estradiol concentrations was
similar in healthy men (5.6%) and in men
with type 2 diabetes (7%). The total and
free estradiol concentrations were also not
different from the estradiol concentrations
in men with type 2 diabetes. However, the
small sample size of the healthy men limits
any conclusions that can be drawn from
comparisons. Men with type 2 diabetes are
more obese and would likely aromatize a
larger percentage of their testosterone con-
centrations into estradiol. However, they
are also more likely to have lower testoster-
one concentrations than lean nondiabetic
men (21). This may limit the increase in

estradiol concentrations. The aim of our
study was to compare the estradiol concen-
trations in type 2 diabetic men with normal
or subnormal free testosterone concentra-
tions, rather than to compare the estradiol
concentrations in lean versus obese men.
Furthermore, the concept of increased es-
tradiol concentrations in obesity is based on
studies that have used the relatively non-
specific immunoassays. Future studies ex-
amining this concept should be done with
LC-MS/MS and should also take into ac-
count the difference in testosterone con-
centrations in lean and obese men.

The specific mechanism involved in
the pathogenesis of frequent occurrence
of subnormal free testosterone in type 2
diabetes is not known. We have previ-
ously suggested that this mechanism may
be related to the observations made by
Brüning et al. (22), which demonstrated
that the selective deletion of the insulin
receptor in the neurons of mice leads to
features of hypogonadotropic hypogo-
nadism in addition to an increased weight
and mild metabolic syndrome. These
mice have undeveloped seminiferous tu-
bules and markedly impaired spermatogen-
esis. Because type 2 diabetes is an insulin
resistant state with an interference with in-
sulin signal transduction andbecause insulin
is known to facilitate gonadotropin-releasing
hormone secretion by hypothalamic neu-
rons, in vitro, it is possible that this syndrome

is amanifestation of insulin resistance at the
neuronal level, which results in subnormal
secretion of gonadotropin-releasing hor-
mone from the hypothalamus (23). This
would in turn result in diminished secre-
tion of LH and FSH. Thus, interference
with insulin signal transduction, as is
known to occur in type 2 diabetes, may
result in low testosterone. It is also recog-
nized that the mechanism underlying insu-
lin resistance in obesity and type 2 diabetes
is dependent on inflammatory mediators,
which are significantly increased in this
condition at the molecular, cellular, and
plasma level (24). Because C-reactive pro-
tein concentrations are markedly elevated
in patients with subnormal free testoster-
one concentrations and are related in-
versely to testosterone concentrations
(4,25), it is possible that there exists an in-
flammation-based interference of insulin
signal transduction at the hypothalamic
level. Further studies are necessary to ex-
plore these hypotheses.

The majority of men in the study had
total estradiol concentrations measured
by immunoassay, and the free concentra-
tions of estradiol were calculated. This
maybe considered aweakness, but it is also a
strength of the study because we have been
able to present comparative data applying
the usually used immunoassay and LC-MS/
MS, the preferred assay to measure total
estradiol and equilibrium dialysis, to mea-
sure free estradiol. The data emerging from
both assay methods are consistent and
make it clear that total and free estradiol
concentrations are significantly lower in
patients with subnormal free testosterone
concentrations; therefore, an elevated estra-
diol concentration is not the mechanism
suppressing thehypothalamo-hypophyseal-
gonadal axis in these patients. Our data also
show that the concentrations of estradiol,
both total and free, are significantly lower
when measured by LC-MS/MS. They also
show that the immunoassay’s measure-
ments are probably inaccurate.

It is well known that there is significant
day-to-day variability in hormone concen-
trations, especially testosterone. As in most
epidemiologic or cross-sectional studies,
the hormone concentrationsweremeasured
only once in this study. In view of the
variability in testosterone concentrations,
this is a limitation. However, it is not likely
that the prevalence of subnormal free tes-
tosterone concentrationswould have altered
after repeated measurements because the
probability of testosterone concentrations
rising or falling with repeated measure-
ments is statistically equal. The issue of

Figure 1—Direct relationship between free testosterone and free estradiol. ●, Calculated free
testosterone and free estradiol (r = 0.24, P = 0.001). ○, Free testosterone and free estradiol di-
rectly measured by equilibrium dialysis (r = 0.24, P = 0.02). Upper limit of normal for calculated
free estradiol is 0.13 ng/dL and for measured free estradiol is 0.045 ng/dL.
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repeated measurements is important in the
context of diagnosing hypogonadism clin-
ically in individual patients. The fact that
our study included a moderately large
number of participants also helps to di-
minish the effect of hormonal variability
on study results. Our study population
was composed of patients from a diabetes
referral center and, therefore, may not be
applicable to the general population of
diabeticmen.However,wehavepreviously
shown and confirmed again that HbA1c,
medications, or the duration of type 2 di-
abetes do not appear to affect gonadal sta-
tus in patients with type 2 diabetes (1). We
also cannot exclude any effect of diet on the
variables measured in the study because
we do not have detailed dietary habits of
participants available to us. However, any
patient on over-the-counter androgen sup-
plements was excluded from our study.

In conclusion, subnormal free testos-
terone concentrations in men with type 2
diabetes are associated with significantly
lower estradiol concentrations than those
with normal free testosterone concen-
trations. Therefore, low testosterone con-
centrations are not the consequence of
estradiol dependent suppression of the
hypothalamo-hypophyseal-gonadal axis.
Furthermore, there is a significant direct
relationship between estradiol concentra-
tions and testosterone, consistent with the
dependence of estradiol concentrations on
the availability of testosterone. Clearly, the
mechanism underlying frequent preva-
lence of subnormal free testosterone con-
centrations in type 2 diabetes requires
further investigation.
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