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OBJECTIVEdThe association between total testosterone and metabolic syndrome has
prompted speculation that low testosterone contributes to the pathophysiology of metabolic
syndrome in men. We determined whether testosterone or sex hormone–binding globulin
(SHBG) is independently associated with the risk of metabolic syndrome.

RESEARCH DESIGN ANDMETHODSdCross-sectional relationships of hormone lev-
els withmetabolic syndromewere assessed in a sample of men in generation 2 of the Framingham
Heart Study (FHS) who did not receive testosterone or androgen-deprivation therapy (n = 1,625)
and confirmed in a validation sample of men in FHS generation 3 (n = 1,912). Hormone levels in
generation 2 examination 7 were related prospectively to incident metabolic syndrome 6.6 years
later at examination 8. Testosterone was measured using liquid chromatography–tandem mass
spectrometry, SHBG was measured by immunofluorometric assay, and free testosterone was
calculated. Metabolic syndrome was defined using the National Cholesterol Education Program
Adult Treatment Panel III criteria.

RESULTSdCross-sectionally, testosterone and SHBG were more strongly associated with
metabolic syndrome than free testosterone in the training sample. SHBG, but not testosterone
or free testosterone, was significantly associated with metabolic syndrome after adjusting for
age, smoking, BMI, and insulin sensitivity (homeostasis model assessment of insulin resis-
tance [HOMA-IR]). These findings were confirmed in a validation sample. Longitudinally,
SHBG at examination 7, but not testosterone or free testosterone, was associated with in-
cident metabolic syndrome at examination 8 after adjusting for age, smoking, BMI, and
HOMA-IR. Multivariable analyses suggested that age, BMI, and insulin sensitivity indepen-
dently affect SHBG and testosterone levels and the risk of metabolic syndrome and its com-
ponents.

CONCLUSIONSdSHBG, but not testosterone, is independently associated with the risk of
metabolic syndrome. These data do not reveal an independent prospective relationship between
testosterone and metabolic syndrome in men.
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Epidemiological studies have repor-
ted that low total testosterone levels
are associated with an increased risk

of metabolic syndrome in men (1–8). Cir-
culating testosterone levels also have been
associated with individual components of
metabolic syndrome, such as insulin re-
sistance (9,10), visceral adiposity (10),
hypertension (11), and dyslipidemia.
These epidemiological observations have
led to speculation that testosterone defi-
ciency contributes to the pathophysiol-
ogy of metabolic syndrome and that
diagnostic evaluation for androgen defi-
ciency and testosterone therapy might
be indicated in men with metabolic syn-
drome (12,13).

Circulating testosterone is partly
bound to sex hormone–binding globulin
(SHBG) with high affinity, and testoster-
one levels are strongly related to SHBG
concentrations. SHBG levels also have
been associated with the risk of metabolic
syndrome in men (1–4,8). However, we
do not know whether the observed asso-
ciation between total testosterone and
metabolic syndrome reflects an indepen-
dent influence of testosterone on the risk
of metabolic syndrome or primarily an
association of SHBG with this disorder.
The relationship of free testosterone and
metabolic syndrome has been inconsis-
tent or weak (1–8), suggesting that SHBG
may be the primary determinant of the
apparent relationship between total tes-
tosterone and metabolic syndrome.

This issue has therapeutic implica-
tions; if low testosterone levels are caus-
ally related to metabolic syndrome, then
testosterone therapy of men with low
testosterone levels might be expected to
prevent or ameliorate metabolic syn-
drome, as has been suggested (12–14).
If SHBG is the primary determinant of
this apparent relationship between total
testosterone and metabolic syndrome, as
we hypothesize, then efforts should be di-
rected at remediable factors, such as obe-
sity and insulin resistance that regulate
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SHBG as well as the risk of metabolic syn-
drome.

Here, we investigated the relationship
between total and free testosterone as well
as SHBG with metabolic syndrome cross-
sectionally in community-dwelling men
in the Framingham Heart Study (FHS) and
confirmed these associations in a validation
sample. We also longitudinally evaluated
the association of these hormones with
incident metabolic syndrome. Previous
studies measured testosterone levels us-
ing immunoassays (1–7) that lack accu-
racy in the low range (15). We measured
total testosterone by liquid chromatogra-
phy–tandemmass spectrometry (LC-MS/
MS), the method with the highest accu-
racy and specificity (15). We adjusted the
analyses for factors that independently af-
fect metabolic syndrome and testoster-
one levels, such as age, BMI, smoking,
and insulin sensitivity index (homeosta-
sis model assessment of insulin resistance
[HOMA-IR]).We also determined whether
testosterone levels were associated with
metabolic syndrome after adjusting for
SHBG. We hypothesized that the apparent
relationship between total testosterone and
metabolic syndrome is driven mostly by
the association of SHBG with metabolic
syndrome.

RESEARCH DESIGN AND
METHODSdThe Boston University In-
stitutionalReviewBoardapproved the study.
All subjects provided written consent.

Study sample
In 1971, the offspring of the original FHS
participants and the spouses of the off-
spring (FHS generation 2) were enrolled
into the Framingham Offspring Study
(16) and have since completed eight ex-
aminations at 4- to 8-year intervals. Gen-
eration 2 men who attended examination
7 (1998–2001) were eligible for inclusion
in cross-sectional analyses (n = 1,625).
The validation sample included childrenof
the offspring cohort (generation 3) who
attended examination 1 (n = 1,912). Men
receiving testosterone or androgen-depri-
vation therapy for prostate cancer and
those missing testosterone or data neces-
sary for defining metabolic syndrome
were excluded, resulting in a sample size
of 1,407 subjects for the cross-sectional
analyses of the training sample and 1,887
subjects for the validation sample (Fig. 1).

To determine whether hormone levels
were associated with incident metabolic
syndrome, the men of generation 2 who
hadhormonemeasurements at examination

7 were examined, on average, 6.6 years
later (2005–2008) at examination 8. We
excluded men who were receiving testos-
terone or androgen-deprivation therapy
for prostate cancer or those who hadmiss-
ing testosterone or other data necessary for
defining metabolic syndrome at either ex-
amination 7 or examination 8. We also
excluded men who reported metabolic
syndrome at examination 7 (n = 668).
Hence, 618 men were available to pro-
spectively examine the association be-
tween hormone levels at examination 7
and incident metabolic syndrome at ex-
amination 8 (Fig. 1).

Hormone measurements
Total testosterone and SHBG levels were
measured in generation 2 at examination
7 and in generation 3 at examination 1.
Samples were obtained after an overnight
fast between 7:00 and 9:00 A.M. and stored
at 2808C. Total testosterone was mea-
sured by LC-MS/MS (17) with a sensitiv-
ity of 2 ng/dL and interassay coefficients
of variation (CVs) of 7.8, 5.9, and 3.5% at
testosterone concentrations of 250, 500,
and 1,000 ng/dL, respectively.

SHBG levels were measured using an
immunofluorometric assay (DELFIA-
Wallac, Turku, Finland) with a sensitivity
of 2.5 nmol/L (17). Interassay CVs were
8.3, 7.9, and 10.9%, and intra-assay CVs
were 7.3, 7.1, and 8.7%, respectively,
in the low, medium, and high pools.
Free testosterone was calculated using a

law-of-mass-action equation whose dis-
sociation constants and assumptions
have been published (17).

Metabolic syndrome
Metabolic syndrome was defined using
modified Adult Treatment Panel III crite-
ria (18), which defines metabolic syn-
drome by the presence of at least three
of the following: waist circumference
.40 inches (102 cm); HDL cholesterol
,40 mg/dL; triglycerides $150 mg/dL;
high blood pressure defined as systolic
blood pressure$130 mm Hg or diastolic
blood pressure $85 mm Hg or on anti-
hypertensive treatment; and fasting
glucose$100 mg/dL or on diabetes treat-
ment.

Other variables
HOMA-IR was calculated as follows:
([insulin] 3 [fasting glucose 3 0.055]/
22.5). The men who reported smoking
during the past year were categorized
as smokers. High-sensitivity C-reactive
protein (hsCRP) was measured using a
published assay (19).

Statistical analyses
Descriptive statistics for continuous var-
iables and percentages for dichotomous
variables were generated. Cross-sectional
associations among sex hormones and
metabolic syndrome were assessed using
multiple logistic regression. Models were
adjusted for age and smoking because

Figure 1dStrobe diagram illustrating the selection of the generation 2 cross-sectional and
longitudinal samples and the generation 3 cross-sectional validation sample. (A high-quality
color representation of this figure is available in the online issue.)
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these variables were significantly associ-
ated with testosterone levels. To determine
whether the association of total testoster-
one with metabolic syndrome was influ-
enced by SHBG, we adjusted the analyses
for SHBG. In additional models, BMI and
HOMA-IR were added sequentially.

We used multiple logistic regression
to examine the relationship between sex
hormone levels at examination 7 and in-
cident metabolic syndrome at examination
8 in men free of metabolic syndrome at
examination 7, adjusting for age and smok-
ing. Additional models to examine the
association between total and free testoster-
one at examination 7 with incident meta-
bolic syndrome at examination 8 were
generated after sequential adjustment for
age, smoking, SHBG, BMI, and HOMA-
IR. Statistical significance level was set at
two-sided P , 0.05.

RESULTS

Baseline characteristics
The original sample for cross-sectional
analyses included 1,407 men of genera-
tion 2 who attended examination 7, had
nonmissing total testosterone, and were
not receiving testosterone or androgen-
deprivation therapy (Fig. 1). The validation
sample included 1,887menof generation 3
who attended examination 1, had non-
missing testosterone, and were not receiv-
ing androgen-deprivation therapy.

For longitudinal analyses, of 1,625
men in generation 2 who attended exam-
ination 7, we excluded those who had
missing testosterone or metabolic syn-
drome data, those who received hormonal
treatment for prostate cancer, and those
who had metabolic syndrome at examina-
tion 7; the remaining 618 men constituted
the analytic sample for longitudinal analy-
ses. Men who were excluded did not differ
from those who were included in longi-
tudinal analyses (not shown).

Men in the original sample were, on
average, 61.1 years old with mean total
testosterone, free testosterone, and SHBG
levels of 586 6 227 ng/dL, 87 6 32
pg/mL, and 586 27 nmol/L, respectively
(Table 1). A total of 47.5% of men in the
sample had metabolic syndrome at base-
line, 51.8% had abdominal adiposity,
57.3% had fasting glucose .100 mg/dL,
61.4% had hypertension, 33.1% had hy-
pertriglyceridemia, and 36.0% had low
HDL cholesterol. In contrast, the men in
the validation sample were, on average,
younger and had higher total and free tes-
tosterone levels and a lower prevalence of

metabolic syndrome and all of its compo-
nents. Because men with metabolic syn-
drome at examination 7 were excluded
from longitudinal analyses, the sample
used for longitudinal analyses had a lower
prevalence of cardiovascular disease, hy-
pertension, abdominal adiposity, impaired
fasting glucose, hypertriglcyeridemia, and
low HDL cholesterol.

Cross-sectional analyses
In cross-sectional analyses of the original
sample, total as well as free testosterone
levels were significantly negatively associ-
ated with the risk of metabolic syndrome
after adjusting for age and smoking;
the association of metabolic syndrome
was stronger with total than with free
testosterone (Table 2). For each SD
decrease in total and free testosterone
levels, the odds of prevalent metabolic
syndrome were increased by 83 and
25%, respectively, after adjusting for age

and smoking (Table 2). The men in the
lowest quartile of total testosterone had
4.5 times the odds of having prevalent
metabolic syndrome than men in the
highest quartile (P , 0.0001) (Fig. 2A)
(Supplementary Table 1). The men in
the lowest quartile of free testosterone
had 1.9 times the odds of having meta-
bolic syndrome than those in the highest
quartile (P , 0.0001).

In addition to age and smoking, total
and free testosterone levels were associ-
ated with SHBG, BMI, HOMA-IR, and
hsCRP levels. SHBG levels also were re-
lated to age, smoking, BMI, andHOMA-IR.
Accordingly, in sensitivity analyses, we
adjusted the analyses sequentially for
these covariates in addition to age and
smoking. The associations of total and free
testosterone with the risk of metabolic
syndrome were attenuated after adjusting
for SHBG and BMI sequentially; the asso-
ciation was substantially weakened when

Table 1dThe characteristics of the analytic samples

Generation 2
cross-sectional

sample

Generation 3
cross-sectional

sample

Generation 2
longitudinal

sample

n 1,407 1,887 618
Age (years) 61.1 (9.5) 40.3 (8.8) 59.1 (9.3)
Total testosterone (ng/dL) 585.9 (226.8) 646.1 (224.5) 649.4 (238.6)
Free testosterone (pg/mL) 86.5 (31.9) 125.4 (45.42) 92.0 (31.7)
SHBG (nmol/L) 58.3 (26.7) 39.8 (17.9) 62.3 (26.3)
BMI (kg/m2) 28.8 (4.5) 28.0 (4.7) 27.0 (3.7)
Cancer 132 (9.4) 27 (1.4) 54 (8.7)
Prevalent cardiovascular disease 248 (17.6) 44 (2.3) 63 (10.2)
Hypercholesterolemia 465 (33.1) 368 (19.5) 150 (24.3)
Smoker 175 (12.4) 346 (18.4) 74 (12.0)
Metabolic syndrome 668 (47.5) 520 (27.6)
Elevated blood pressure 864 (61.4) 695 (36.8) 239 (38.7)
Triglycerides $150 mg/dL 465 (33.1) 565 (29.9) 69 (11.2)
HDL ,40 mg/dL 506 (36.0) 546 (28.9) 84 (13.6)
Abdominal adiposity (waist
circumference .102 cm) 729 (51.8) 631 (33.4) 164 (26.5)
Glucose $100 mg/dL and/or
diabetes treatment 806 (57.3) 642 (34.0) 205 (33.2)

Number of metabolic
syndrome factors
0 151 (10.7) 528 (28.0)
1 232 (16.5) 465 (24.6)
2 356 (25.3) 374 (19.8)
3 359 (25.5) 275 (14.6)
4 196 (13.9) 184 (9.8)
5 113 (8.0) 61 (3.2)

Data are n (%) unless otherwise indicated. Baseline characteristics of the three analytic samples. To convert
total testosterone from ng/dL to nmol/L (SI units), multiply the value in ng/dL by 0.0347; to convert free
testosterone from pg/mL to pmol/L (SI units), multiply the value in pg/mL by 3.47. To convert triglycerides
from mg/dL to mmol/L, multiply triglyceride level in mg/dL by 0.01129. To convert HDL cholesterol from
mg/dL to mmol/L, multiply the HDL cholesterol level in mg/dL by 0.02586. To convert glucose concen-
trations from mg/dL to mmol/L, divide the glucose concentration in mg/dL by 18.
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the analyses were adjusted for all covari-
ates (i.e., age, smoking, SHBG, BMI, and
HOMA-IR) simultaneously. Free testos-
terone was no longer significantly associ-
ated with prevalent metabolic syndrome
after adjusting for BMI and HOMA-IR
(Table 2). Additional adjustment for
hsCRP had little effect on the strength of
association of hormone levels with meta-
bolic syndrome (not shown).

SHBG levels were significantly nega-
tively associated with the risk ofmetabolic
syndrome; each SD decrease in SHBGwas
associated with 78% higher odds of prev-
alent metabolic syndrome after adjusting
for age and smoking (Table 2). Men in the
lowest quartile of SHBG had nearly five
times the odds of having prevalent meta-
bolic syndrome than those in the highest
quartile (Fig. 2A) (Supplementary Table 1).
Unlike total and free testosterone, the as-
sociation of SHBG with the risk of meta-
bolic syndrome persisted after adjusting
for age, smoking, testosterone, BMI, and
HOMA-IR.

Validation analysis
The results of the cross-sectional analyses
in the original sample were confirmed by
analyses of the validation sample (Table 2)
(Supplementary Table 2). Total and
free testosterone levels in generation 3
were negatively associated with the odds
of having metabolic syndrome after
adjusting for age and smoking; this asso-
ciation was attenuated after adjusting for
SHBG and attenuated further after addi-
tional adjustments for BMI and HOMA-IR.
Free testosterone was not significantly
associated with metabolic syndrome after
adjusting for age, smoking, BMI, and
HOMA-IR.

Longitudinal analyses
Neither total nor free testosterone at
examination 7 was significantly associ-
ated with incident metabolic syndrome at
examination 8 regardless of whether total
and free testosterone levels were consid-
ered as continuous variables or catego-
rized in quartiles (Table 2) (Fig. 2A)
(Supplementary Table 3). Only SHBG at
examination 7 was significantly associ-
ated with incident metabolic syndrome
at examination 8 (Table 2). The associa-
tion of SHBG with incident metabolic
syndrome persisted after adjusting for
age, smoking, BMI, and HOMA-IR
(Fig. 2A). The men in lower quartiles of
SHBG levels had progressively higher
risk of incident metabolic syndrome
than men in the highest quartile, even
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after adjusting for total testosterone, BMI,
and HOMA-IR.

Association of SHBG with
components of metabolic syndrome
SHBG levels were significantly associated
with each individual component of met-
abolic syndrome in both the original and
the validation samples, although the as-
sociation was generally stronger for ab-
dominal adiposity and high triglycerides
than for other components (Fig. 2B) (Sup-
plementary Tables 4–6). The association
of SHBG with individual components of
the metabolic syndrome was attenuated
after a multivariable adjustment for age,
BMI, and HOMA-IR.

CONCLUSIONSdOur analyses re-
veal that SHBG, but not testosterone, is
an independent predictor of incident
metabolic syndrome. Consistent with a
large body of published data (1–9), our
cross-sectional analyses also revealed a
significant association of total and free
testosterone levels with prevalent meta-
bolic syndrome. However, the association
of total testosterone and SHBG with prev-
alent metabolic syndrome was stronger
than that of free testosterone. Further-
more, the cross-sectional association of
total testosterone with metabolic syn-
drome was attenuated substantially
when the analyses were adjusted for
SHBG, age, BMI, and insulin sensitivity.
Likewise, the association of free testoster-
one with metabolic syndromewas no lon-
ger significant after adjusting for age, BMI,
and insulin sensitivity. In longitudinal
analyses, neither total nor free testoster-
one was significantly associated with in-
cident metabolic syndrome. Only SHBG
was significantly associated both cross-
sectionally and longitudinally with the
risk of metabolic syndrome, independent
of testosterone levels.

SHBG has been reported to be asso-
ciated with incident diabetes (20) and
fracture risk (21). Polymorphisms of the
SHBG gene also have been linked with
diabetes (20,22). These observations,
when viewed together with our data,
highlight the importance of SHBG as an
independent predictor of metabolic dis-
orders, such as diabetes and metabolic
syndrome.

Our study has several strengths. The
FHS cohort included community-dwelling
men over a wider age range (aged 19–
95 years) than has been included in other
studies, which were focused mostly on
older men. The findings from the original

Figure 2dA: Odds ratios expressing the association between hormone quartiles and the meta-
bolic syndrome. For each measure (total testosterone, free testosterone, and SHBG) the highest
quartile (Q4) is the reference group with which the other three quartiles (Q1, Q2, and Q3) are
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sample were confirmed in a separate
validation sample. The longitudinal anal-
yses lend additional strength to our in-
ferences. Furthermore, the progressive
decrease in odds ratios as hormone levels
increased from the first to the fourth
quartile suggests robust dose-response
relationships in these associations. We
adjusted our analyses for potential con-
founders, including age, BMI, smoking,
and insulin sensitivity. We measured
testosterone levels using LC-MS/MS, the
reference method for testosterone meas-
urements (15).

Our study also has some limitations.
Epidemiologic studies can define associ-
ations but not causality. The FHS popu-
lation is largely white and of European
ancestry; therefore, our findings may not
be generalizable to other races/ethnicities.
We did not have sex hormones measured
at examination 8 to evaluate the relation-
ship between age-related changes in tes-
tosterone and SHBG levels and incident
metabolic syndrome.We did not measure
estradiol and are unable to assess the
possible role of aromatization on these
outcomes. Testosterone levels are affected
by pulsatile, diurnal, and circannual
rhythms, and single samples ignore rhyth-
mic hormone secretion. Our analyses show
that single, early-morning SHBG levels, ob-
tained in a manner similar to that used by
physicians in clinical practice, were associ-
ated with incident metabolic syndrome.
The FHS cohort was younger and healthier
than some other epidemiologic studies,
resulting in lower rates of metabolic
syndrome.

These data have clinical implications
and suggest that previously reported re-
lationships between testosterone and
metabolic syndrome should be interpre-
ted cautiously (1–8). Our data do not
support the notion that low testosterone
is independently related tometabolic syn-
drome. However, on the basis of the CIs
obtained in the regressions of testosterone
on incident metabolic syndrome, we can-
not exclude the possibility of effects as
high as an odds ratio of 1.45 for total tes-
tosterone in the age-adjusted model and

1.04 in the fully adjustedmodel (1.27 and
1.09, respectively, for free testosterone).
Testosterone levels are strongly associ-
ated with SHBG levels; because of this co-
linearity between testosterone and SHBG,
it is not surprising that total testosterone
also is associated with metabolic syn-
drome. Our findings assert that preven-
tion strategies should focus on factors
such as such as adiposity, insulin resis-
tance, and inflammation, which may af-
fect SHBG levels as well as the risk of
metabolic syndrome rather than on tes-
tosterone therapy.

We do not know whether SHBG is
a marker of metabolic syndrome or
whether it is causally linked to metabolic
syndrome. Additional research is needed
to determine whether SHBG is an early
predictor of metabolic syndrome and its
components or whether it should be
considered as an additional component
of the metabolic risk assessment. The
mechanistic basis of the relationship
between SHBG and metabolic syndrome
is poorly understood. SHBG can modu-
late the bioavailability and the bio-
logic effects of testosterone and estradiol
on the target tissues (23). SHBG-bound
testosterone can be internalized by
endocytosis through the megalin recep-
tor (24). SHBG may have testosterone-
independent actions (23); it has been
reported to regulate the growth of pros-
tate cancer cells and to interact with estro-
gen receptor.

Our multivariable analyses, consis-
tent with previous reports, suggest that
age and BMI independently affect the risk
of metabolic syndrome as well as the
circulating concentrations of SHBG and
total and free testosterone. SHBG levels
are independently associated with the risk
of metabolic syndrome as well as with
total and free testosterone levels. Our
analyses suggest that age, BMI, and in-
sulin sensitivity, rather than testosterone,
may be the independent pathophysio-
logic determinants of the risk of metabolic
syndrome; among these, BMI and insulin
sensitivity are potentially modifiable risk
factors. Insulin is known to inhibit hepatic

SHBG production (25). Age, BMI, and in-
sulin sensitivity could independently affect
SHBG, testosterone, and metabolic risk.
Although caution is warranted because of
the colinearity and bidirectionality of
some of these relationships, overall, our
analyses do not reveal an independent
prospective relationship between testos-
terone and incident metabolic syndrome.
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