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BACKGROUND: Recent prospective studies have shown
a strong inverse association between sex hormone–
binding globulin (SHBG) concentrations and risk of
clinical diabetes in white individuals. However, it re-
mains unclear whether this relationship extends to
other racial/ethnic populations.

METHODS: We evaluated the association between base-
line concentrations of SHBG and clinical diabetes risk
in the Women’s Health Initiative Observational Study.
Over a median follow-up of 5.9 years, we identified 642
postmenopausal women who developed clinical diabe-
tes (380 blacks, 157 Hispanics, 105 Asians) and 1286
matched controls (777 blacks, 307 Hispanics, 202
Asians).

RESULTS: Higher concentrations of SHBG at baseline
were associated with a significantly lower risk of clinical
diabetes [relative risk (RR), 0.15; 95% CI, 0.09 – 0.26
for highest vs lowest quartile of SHBG, adjusted for
BMI and known diabetes risk factors]. The associations
remained consistent within ethnic groups [RR, 0.19
(95% CI, 0.10 – 0.38) for blacks; RR, 0.17 (95% CI,
0.05– 0.57) for Hispanics; and 0.13 (95% CI, 0.03–
0.48) for Asians]. Adjustment for potential confound-
ers, such as total testosterone (RR, 0.11; 95% CI, 0.07–
0.19) or HOMA-IR (RR, 0.26; 95% CI, 0.14 – 0.48) did
not alter the RR substantially. In addition, SHBG con-
centrations were significantly associated with risk of
clinical diabetes across categories of hormone therapy use
(never users: RRper SD � 0.42, 95% CI, 0.34–0.51; past

users: RRper SD � 0.53;, 95% CI, 0.37–0.77; current users:
RRper SD � 0.57; 95% CI, 0.46–0.69; P-interaction �
0.10).

CONCLUSIONS: In this prospective study of postmeno-
pausal women, we observed a robust, inverse relation-
ship between serum concentrations of SHBG and risk
of clinical diabetes in American blacks, Hispanics, and
Asians/Pacific Islanders. These associations appeared
to be independent of sex hormone concentrations, ad-
iposity, or insulin resistance.
© 2012 American Association for Clinical Chemistry

Sex hormone– binding globulin (SHBG)11 is a ho-
modimeric protein that serves to transport sex steroids
in circulation (1–3 ). Although SHBG’s chief function
is classically thought to be regulation of the concentra-
tions of free sex steroids in plasma, recent evidence
indicates a more direct role for SHBG through an in-
tracellular signaling cascade mediated by membrane-
bound SHBG receptors (4, 5 ). These novel mecha-
nisms suggest that SHBG may play a more direct role in
disease etiology than previously believed.

A large body of clinical studies has consistently
shown that SHBG concentrations were lower in pa-
tients with type 2 diabetes compared with controls (6 –
8 ). In a recent prospective study of white men and
women followed for 10 years, participants in the lowest
quartile of SHBG concentrations at baseline (5.8 –24.7
nmol/L) had an approximately 10-fold increased risk
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of developing type 2 diabetes compared to those in the
highest quartile (44.4 –122.0 nmol/L), even after body
mass index (BMI) and other known risk factors were
accounted for (9 ). Instrumental variable analysis with
genetic polymorphisms as randomization instruments
further corroborated the potentially causal relation-
ship between SHBG concentrations and type 2 diabetes
risk, which was confirmed by a subsequent pooled
analysis of 15 European populations (10 ).

To further expand on the prior work conducted in
white populations, we investigated the distributions of
SHBG and its role in the development of clinical dia-
betes in black, Hispanic, and Asian participants from
the Women’s Health Initiative Observational Study
(WHI-OS). In particular, we examined the relation-
ship between SHBG and clinical diabetes with a com-
prehensive assessment of lifestyle factors and biological
markers (e.g., adiposity, sex hormones, insulin resis-
tance), including an examination of the influence of
postmenopausal hormone therapy on the association
between SHBG concentrations and risk of clinical
diabetes.

Materials and Methods

STUDY POPULATION

WHI-OS was a longitudinal study of postmenopausal
women from multiple ethnic groups in the US. De-
tailed descriptions of the rationale, eligibility, and de-
sign have been published elsewhere (11, 12 ). Briefly,
between September 1994 and December 1998, the
WHI-OS enrolled a total of 93 676 postmenopausal
women aged 50 –79 years at 40 clinical centers
throughout the US. At baseline, women completed
screening and enrollment questionnaires, underwent a
physical examination, and provided a fasting blood
specimen. Participants were followed annually by self-
administered questionnaires that were updated for ex-
posures and medical history. In each questionnaire,
women were asked whether their doctor prescribed for
the first time any pills or treatments for diabetes (i.e.,
oral hypoglycemic medications or insulin shots). Eligi-
ble cases included women who provided adequate
blood specimens and subsequently reported new dia-
betes treatment with oral hypoglycemic drugs or insu-
lin or hospitalization for diabetes during the follow-up
period (median � 5.9 years). Self-reported diabetes
validated against medication histories yielded a posi-
tive predictive value of 72% and negative predictive
values of �99.9% (13 ). For the current study, we ex-
cluded women who reported a history of diabetes or
cardiovascular disease at baseline. We further re-
stricted selection of cases and controls to black, His-
panic, and Asian/Pacific Islander women because pre-
vious studies of SHBG and diabetes indicated a strong

association in white men and women. In accordance
with the principles of risk-set sampling, for each new
case developed during follow-up, up to 2 controls were
selected randomly among women who remained free
of clinical diabetes at the time the case was identified.
Controls were matched to cases by age (�2.5 years),
racial/ethnic group (black, Hispanic, and Asian/Pacific
Islander), clinical center (geographic location), time of
blood draw (�0.10 h), and length of follow-up. We
excluded 1 outlying participant whose SHBG concen-
trations were over 3.0 SDs above the mean. For the
current analysis, 642 incident cases and 1286 controls
met the eligibility criteria, of which 380 cases and 777
controls were black, 157 cases and 307 controls were
Hispanic, and 105 cases and 202 controls were Asian/
Pacific Islander (14, 15 ). This study was approved by
the human study participants review committees at
each participating institution, and signed informed
consent was obtained from all women enrolled.

ASSAYS OF BIOLOGICAL MARKERS

Fasting serum specimens collected at baseline from
each participant were processed locally, frozen, and
then shipped to a central repository, where they were
stored at �80 °C. All biochemical assays were pro-
cessed in random order by laboratory staff blinded to
case status. Samples from cases and their matched con-
trols were handled identically, shipped in the same
batch, and assayed in the same analytical run to reduce
systematic bias and interassay variation. Fasting glu-
cose and high-sensitivity C-reactive protein (hsCRP)
were measured on a chemistry analyzer (Hitachi 911;
Roche Diagnostics) using an immunoturbidimetric
immunoassay (Denka Seiken), as described previously
(14, 15 ). Fasting insulin concentrations were deter-
mined by an ultrasensitive enzyme-linked immu-
nosorbent assay from ALPCO Diagnostics. The ho-
meostatic model assessment of insulin resistance
(HOMA-IR) and the homeostatic model assessment of
�-cell function (HOMA-�) were computed from the
mathematical approximation equations originally de-
scribed by Matthews et al. (16 ). Serum concentrations
of estradiol, testosterone, and SHBG were measured by
electrochemiluminescence immunoassays on the Elec-
sys 2010 immunoanalyzer (Roche Diagnostics). Com-
petitive immunoassays were used to measure estradiol
and testosterone, whereas a sandwich format was used
to measure SHBG. The lower limits of detection were
5.0 pg/mL (18.4 pmol/L) for estradiol (n � 164 below
5.0 pg/mL), 2.0 ng/dL (0.069 nmol/L) for testosterone
(n � 224 below 2.0 ng/dL), and 0.35 nmol/L for SHBG
(none below 0.35 nmol/L). We calculated free estradiol
and free testosterone using the methods described by
Vermuelen et al. (17 ) and Sodergard et al. (18 ), which
have been previously validated in postmenopausal
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women (17–21 ). Standardized, QC serum samples
(Liquichek Immunoassay Plus Control, Bio-Rad Lab-
oratories) were run with each batch for QC and evalu-
ation of interbatch variability. CVs on QC samples run
on separate days were 5.4% for SHBG, 10.3% for total
testosterone, and 12.4% for total estradiol.

STATISTICAL ANALYSIS

Biomarker values were log transformed to enhance
compliance with normality assumptions. Biomarker
values that were below the assay’s lower limits of detec-
tion were given the midpoint value between zero and
the lower limit.

We compared baseline characteristics of partici-
pants using mixed-effects regression and conditional
logistic regression. Quartiles of circulating SHBG con-
centrations were defined by the distribution among
controls. The association between SHBG and clinical
diabetes risk was assessed by conditional logistic re-
gression, in which SHBG concentrations were modeled
as continuous (in standardized units) and categorical
(quartiles) variables with the lowest quartile as the ref-
erent category. To test the linear trend the median
value of each category was assigned to individuals and
then treated as a continuous variable in the regression
models. To aid in the identification of potential con-
founders, we examined the relations between circulat-
ing SHBG concentrations and various demographic
and lifestyle factors (see Table 2 in the Data Supple-
ment that accompanies the online version of this article
at http://www.clinchem.org/content/vol58/issue10).
The primary multivariable model adjusted for poten-
tial confounders, which included postmenopausal hor-
mone use, smoking status, alcohol intake, physical ac-
tivity levels, history of treated hypertension, and
history of diabetes in a first-degree relative. To examine
the additional role of adiposity after adjustment for
potential confounders in the link between SHBG and
clinical diabetes risk, we added BMI (continuous) as a
covariate in the multivariable model. In a similar man-
ner, we also assessed the influences of biological mark-
ers on the SHBG– diabetes relationship by adding
waist/hip ratio, hsCRP, HOMA-IR, free estradiol, total
estradiol, free testosterone, and total testosterone sep-
arately to the multivariable model.

Women with clinical diabetes may represent a spe-
cific phenotype of diabetes (e.g., symptomatic cases),
which may differ from other diabetes phenotypes (e.g.,
asymptomatic cases). Thus, as a sensitivity analysis, we
assessed the association of SHBG concentrations on a
modified definition of type 2 diabetes based on fasting
glucose concentrations at baseline, in which we ex-
cluded women whose fasting plasma glucose concen-
trations at baseline were �126 mg/dL.

To assess whether obesity or insulin resistance
modified the association between SHBG and risk of
clinical diabetes, we examined associations of continu-
ous SHBG concentrations, as log-transformed stan-
dardized units, on clinical diabetes risk stratified by
BMI categories (normal weight, overweight, obese),
HOMA-IR (tertiles), postmenopausal hormone ther-
apy use (never users, past users, current users), and
self-reported race/ethnicity (black, Hispanic, Asian)
using unconditional logistic regression adjusted for
matching factors. To minimize residual confounding
by incomplete control of BMI or HOMA-IR during the
stratification, we further adjusted for the respective
variable as a continuous covariate in the models.

Results

Overall, circulating concentrations of SHBG were
lower in those who developed clinical diabetes during
follow-up [mean � 58.5 nmol/L, median � 41.8, SD �
46.5, interquartile range (IQR) � 28.4 –71.1] com-
pared to controls (mean � 89.9 nmol/L, median �
73.7, SD � 55.6, IQR � 47.5–125.3). Among controls,
Asians (mean � 95.4 nmol/L, 95% CI � 87.7–103.0)
and Hispanics (mean � 95.8 nmol/L, 95% CI � 89.6 –
102.0) had higher SHBG concentrations than blacks
(mean � 86.2 nmol/L, 95% CI � 82.3–90.1) (Table 1;
also see online Supplemental Table 1). However, these
racial/ethnic differences in SHBG concentrations were
not significant after adjustment for BMI.

Because ethnic differences in the SHBG– diabetes
association were not detected (P for heterogeneity �
0.67), we also conducted analyses combining all sam-
ples. In all models examined, baseline SHBG concen-
trations were inversely associated with risk of develop-
ing clinical diabetes in a dose–response fashion. During
the 6 years of follow-up, women in the highest quartile
of circulating SHBG concentrations (range: 125.3–
388.8 nmol/L) had an 85% lower risk of clinical diabe-
tes compared to women in the lowest quartile (range:
7.2– 47.4 nmol/L) in the unadjusted model (Table 2).
Adjustment for potential confounders in the primary
multivariable model did not alter estimates substan-
tially [relative risk (RR) � 0.11, 95% CI � 0.07– 0.18
for comparison of highest to lowest quartiles]. Exam-
ined in separate multivariable models, further adjust-
ments for BMI, waist/hip ratio, hsCRP, estradiol, or
testosterone concentrations also did not materially al-
ter estimates. RR estimates were attenuated slightly af-
ter adjustment for HOMA-IR, a measure of insulin re-
sistance (RR � 0.26, 95% CI � 0.14 – 0.48). Despite a
high Spearman correlation between HOMA-IR and
SHBG concentrations among controls (r � – 0.40), the
inverse association between SHBG concentrations and
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risk of clinical diabetes remained robust across multi-
ple models.

To further assess these associations using an alter-
nate subphenotype of type 2 diabetes that omitted po-
tentially asymptomatic cases, we conducted a sensitiv-
ity analysis by excluding 218 individuals whose
baseline fasting plasma glucose concentrations were
�126 mg/dL (6.99 mmol/L). After these exclusions,
the inverse associations between SHBG concentrations
and clinical diabetes risk remained strong (RR � 0.26,
95% CI � 0.18 – 0.37, comparing highest to lowest
quartiles) (see online Supplemental Table 3).

In subgroup analyses, the SHBG– diabetes associ-
ation was not modified by BMI categories, HOMA-IR
categories, use of postmenopausal hormone therapy,
or race/ethnicity (Fig. 1; also see online Supplemental
Table 4). Interestingly, SHBG concentrations appeared
to be a stronger predictor of clinical diabetes risk
among women with fasting glucose �100 mg/dL (5.55
mmol/L) at baseline (RRper SD � 0.57, 95% CI � 0.47–
0.70) compared to women with fasting glucose �100
mg/dL (RRper SD � 0.76, 95% CI � 0.61– 0.94, P-inter-
action � 0.005) (see online Supplemental Table 5).

Discussion

In this large cohort of black, Hispanic, and Asian post-
menopausal women in the US, low circulating concen-
trations of SHBG at baseline were significantly and
prospectively associated with increased risk of clinical
diabetes. This robust association was identical in obese
and nonobese individuals as well as across racial/ethnic
groups and by postmenopausal hormone therapy cate-
gories. In addition, these associations were indepen-
dent of known clinical diabetes risk factors, including
age, race/ethnicity, BMI, reproductive factors, inflam-
matory markers, insulin resistance, and sex hormone
concentrations.

Few studies have directly examined the relation-
ship between serum SHBG concentrations and risk of
type 2 diabetes in nonwhite populations. In a cross-
sectional study of 483 Japanese-Americans, SHBG con-
centrations were higher in controls than in those with
type 2 diabetes (22 ). Similarly, a study of 109 white and
Mexican women revealed higher SHBG concentrations
among controls compared to diabetes cases. However,
the SHBG– diabetes relationship remained uncertain
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among postmenopausal women in this study (8 ). A
recent multiethnic study of postmenopausal women
reported associations of similar magnitude and direc-
tion as ours (23 ). In this study the investigators focused
on postmenopausal women who never used post-
menopausal hormone therapy, yet we observed that
differences in the association between SHBG concen-
trations and clinical diabetes risk were negligible be-
tween never, past, and current users of postmeno-
pausal hormone therapy. This multiethnic study and
the present study are 2 of the largest population studies
examining the prospective association between SHBG
concentrations and risk of type 2 diabetes in black, His-
panic, and Asian Americans. The highly robust associ-
ations across these 2 studies were consistent with pre-
vious observations in white men and women. Taken
together, these findings from multiple large and well-
characterized prospective cohorts indicate that the in-
verse associations between SHBG concentrations and
risk of clinical diabetes hold true for all major US ethnic
groups.

Classically, the involvement of circulating SHBG
in biological functions has been attributed to its regu-
lation of bioavailable sex hormone concentrations.
Both testosterone and estradiol may regulate SHBG
levels and have been associated with the development
of type 2 diabetes (6, 24 ); therefore, sex hormones may
partially explain the association between SHBG and di-
abetes. However, our analyses indicated that a large
portion of SHBG’s influence on clinical diabetes was
independent of free or total sex hormone concentra-
tions, suggesting that the observed association between
SHBG and diabetes could not be entirely attributed to
confounding or mediation by sex hormone concentra-
tions. Nevertheless, because the relationship between
estrogen and SHBG are highly dynamic and complex,
additional studies are needed to further elucidate the
relationship between sex hormones and SHBG on dia-
betes risk.

Emerging research has revealed a novel mecha-
nism for direct SHBG signaling through membrane-
bound SHBG receptors, which operate independently
from sex-steroid binding to intracellular receptors
(4, 5, 25, 26 ). In vitro studies have demonstrated that
membrane-bound SHBG receptors preferentially bind
SHBG proteins that are not bound to steroids (27, 28 ).
Thus, high concentrations of sex hormones may reflect
a higher proportion of steroid-bound SHBG, thereby
reducing SHBG signaling and subsequently attenuat-
ing the association between SHBG and diabetes risk.
However, neither endogenous concentrations of estra-
diol nor testosterone modified the SHBG– diabetes as-
sociation in our data. Another area needing further
research is the identification of the metabolically im-
portant tissues in which this novel SHBG-receptor sig-

naling pathway is relevant. SHBG-receptors have been
detected primarily in reproductive tissues and their
presence in skeletal muscle are likely to be low (29 –31 ).
Hepatocytes, the primary source of SHBG synthesis in
humans, express SHBG receptors, yet the role of the
liver in explaining the SHBG– diabetes association re-
mains unclear (30 ).

The associations between circulating SHBG con-
centrations and risk of developing diabetes may be
confounded by levels of insulin resistance. Although
adjustment for HOMA-IR led to a slight attenuation of
the association between SHBG and diabetes risk, the
relation remained significant. Even after we minimized
the differences in insulin resistance at baseline by ex-
cluding all women with impaired fasting glucose
(�100 mg/dL or �5.55 mmol/L), the association be-
tween SHBG concentrations and diabetes risk re-
mained (data not shown). Thus, our analyses provide
evidence for an association between SHBG concentra-
tions and risk of clinical diabetes that was independent
of insulin resistance.

Several limitations should be considered in the in-
terpretation of our results. First, only a single measure-
ment of SHBG was used to estimate its relationship
with diabetes risk, possibly leading to a conservative
estimate. By reducing random within-person varia-
tion, multiple measurements of SHBG would have
strengthened the observed association further. Also,
SHBG is a stable protein with a relatively constant di-
urnal pattern, and its concentrations tend to be much
more reliably measured than those of sex steroids
(32, 33 ). Second, sample sizes were limited within ra-
cial/ethnic groups. Still, this was the largest population
in which ethnic-specific associations between circulat-
ing SHBG concentrations and risk of diabetes were ex-
amined. Nevertheless, the inverse relationship between
SHBG concentrations and risk of clinical diabetes was
robust and consistently observed within each racial/
ethnic group. Another limitation was the use of self-
reported clinical diabetes. Although some disease mis-
classification may have occurred, it was likely to be
nondifferential in respect to the exposure; thus, the ob-
served estimates would be biased toward the null, lead-
ing to more conservative estimates. Moreover, our sen-
sitivity analysis indicated that the inverse association
between SHBG concentrations and clinical diabetes
risk remained even when a single measurement of fast-
ing glucose was used to refine our case definition.

In summary, the strong prospective association
between circulating concentrations of SHBG and clin-
ical diabetes risk previously reported in white men and
women was robustly replicated in black, Hispanic, and
Asian/Pacific Islander populations in the US. These
data support the notion that SHBG serves as an impor-
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tant biomarker for the prediction of clinical diabetes in
US women.
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