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ABSTRACT

Introduction Sex hormone binding globulin (SHBG) levels
are reported to be inversely associated with diabetes risk.
It is unknown whether diabetes prevention interventions
increase SHBG and whether resultant changes in SHBG
affect diabetes risk. The purpose of this analysis was
to determine whether intensive lifestyle intervention
(ILS) or metformin changed circulating SHBG and if
resultant changes influenced diabetes risk in the Diabetes
Prevention Program (DPP).
Research design and methods This is a secondary
analysis from the DPP (1996–2001), a randomized trial
of ILS or metformin versus placebo on diabetes risk over
a mean follow-up of 3.2 years. The DPP was conducted
across 27 academic study centers in the USA. Men,
premenopausal and postmenopausal women without
hormone use in the DPP were evaluated. The DPP included
overweight/obese persons with elevated fasting glucose
and impaired glucose tolerance. Main outcomes measures
were changes in SHBG levels at 1 year and risk of diabetes
over 3 years.
Results ILS resulted in significantly higher increases
(postmenopausal women: p<0.01) or smaller decrements
(men: p<0.05; premenopausal women: p<0.01) in SHBG
compared with placebo or metformin. Changes in SHBG
were primarily attributable to changes in adiposity. There
were no consistent associations of change in SHBG with
the risk of diabetes by treatment arm or participant group.
Conclusions Lifestyle intervention may be associated
with favorable changes in circulating SHBG, which is
largely due to changes in adiposity. Changes in circulating
SHBG do not independently predict reductions in diabetes
incidence.

INTRODUCTION
Sex hormone binding globulin (SHBG) levels
have been reported to be inversely proportional
to diabetes risk in multiple studies. In longitudinal observational studies, for example, higher

Significance of this study
What is already known about this subject?
►► Sex hormone binding globulin (SHBG) levels are in-

versely associated with diabetes risk. SHBG levels
are also inversely associated with insulin resistance
and measures of glycemia. Previous short-term randomized trials suggest an effect of interventions,
including lifestyle changes, weight loss, and glucose lowering medications, on SHBG levels. It is not
known whether diabetes prevention interventions,
per se, alter SHBG levels, whether resultant changes
in SHBG levels affect diabetes risk and, if so, whether these effects are independent of adiposity.

What are the new findings?
►► Randomization to intensive lifestyle intervention in

the Diabetes Prevention Program (DPP) modified
circulating SHBG levels, whereas metformin did not.
Specifically, intensive lifestyle intervention increased
SHBG levels in postmenopausal women and attenuated the decline in SHBG levels in men and premenopausal women.
►► Changes in SHBG levels due to lifestyle intervention
were primarily attributable to changes in adiposity.
►► Changes in SHBG levels in the DPP did not independently predict reductions in diabetes incidence.

baseline SHBG levels have been prospectively
associated with lower risk of incident type 2
diabetes, and conversely lower baseline SHBG
levels have been prospectively associated with
a higher risk of incident diabetes, even after
adjustment of other variables such as age, body
mass index, and free sex steroids.1–8 Cross-
sectional studies have likewise demonstrated
inverse associations of circulating SHBG levels
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Circulating sex hormone binding
globulin levels are modified with
intensive lifestyle intervention, but
their changes did not independently
predict diabetes risk in the Diabetes
Prevention Program

Clinical care/Education/Nutrition

How might these results change the focus of research or
clinical practice?
►► There is interest in understanding the relationship between SHBG

levels and diabetes risk, particularly whether SHBG can be independently targeted to reduce diabetes risk or whether the association between SHBG levels and diabetes risk is primarily due to
their shared association with adiposity. Our findings suggest that in
a higher risk population such as that studied in the DPP, changes
in SHBG levels are likely due to changes in adiposity and metabolic factors and that changes in SHBG levels do not independently
predict risk of diabetes. Measurement of SHBG does not replace
current markers of risk or treatment effect in populations at high
risk of type 2 diabetes.

with indices of insulin resistance and with measures of
glycemia.9–13
Short-term randomized trials have demonstrated an effect
of interventions related to glucose homeostasis on circulating SHBG concentrations, including lifestyle changes,
weight loss, and medications.9 14–17 No prior publications
have evaluated whether changes in circulating SHBG levels
as a result of such interventions impact the long-term risk of
diabetes. The Diabetes Prevention Program (DPP), a 3-year
multicenter randomized controlled clinical trial, compared
intensive lifestyle intervention (ILS) with a targeted goal
of weight reduction of at least 7% of initial body weight,
metformin, and placebo on the risk of diabetes in overweight/obese individuals with elevated fasting glucose and
glucose intolerance.18 Earlier reports from the DPP showed
that ILS significantly increased SHBG among postmenopausal glucose-
intolerant women in the DPP not using
exogenous estrogen (n=382), while metformin did not
affect endogenous sex hormones or SHBG.19 Contrary to
expectations, analyses using the complete evaluable DPP
population showed that baseline SHBG alone or SHBG
single-nucleotide polymorphisms (SNPs) did not predict
3-year incident diabetes in the DPP population.20
In the follow-up analyses reported here, we further explore
the relationship between circulating SHBG and diabetes
risk. Specifically, we evaluated whether intervention-
associated changes in SHBG, in turn, impacted diabetes
risk in the high-risk DPP population. We did so by: (1) evaluating the extent to which diabetes prevention interventions (ILS, metformin, and placebo) impacted circulating
SHBG levels in the DPP population, in subgroups defined
by sex and menopausal status; (2) exploring concomitant
determinants of SHBG change in the DPP (eg, adiposity,
sex hormones, and glucose measures); and (3) examining
the effects of change in SHBG on diabetes risk over an
average of 3.2-year follow-up.
RESEARCH DESIGN AND METHODS
Study design
The DPP design, eligibility, and baseline characteristics
have been reported previously.18 21 The DPP enrolled 3234
2

participants at least 25 years of age, body mass index (BMI)
Americans),
24 kg/m2 or higher (≥22 kg/m2 in Asian-
with fasting blood glucose 95–125 mg/dL (≤125 mg/dL
in American Indians), and impaired glucose tolerance.
Participants were randomly assigned to one of three
treatments: an intensive lifestyle program (ILS) with a
goal of at least 7% of weight loss through dietary modification and 150 min/week of moderate intensity exercise,
metformin 850 mg twice daily, or matching placebo. Mean
follow-up at the end of DPP was 3.2 years. All participants
provided written informed consent. The current analyses
are from participants who had baseline and 1-year SHBG
blood samples and provided approval for the use of their
blood samples in secondary analyses. In order to avoid
potentially confounding effects of hormone therapy (ie,
hormonal contraception or hormone replacement) on
SHBG concentrations, users of these medications were
excluded from the current analyses.
The final analysis included 2142 men and women with
no self-reported hormone use in the DPP who had baseline and year 1 SHBG levels. Participants were classified
prior to analysis as: men (n=886), premenopausal women
with no self-
reported hormone use (n=801), henceforth referred to as ‘premenopausal women’, and postmenopausal women with no self-reported hormone use
(n=455), referred to as ‘postmenopausal women’. Postmenopausal status was defined as age at enrollment over
55 years, or self-reported natural or surgical menopause.
Hormone use was assessed by self-reported medications.
Diabetes ascertainment and glucose measures
Diabetes status was determined by fasting glucose assessment every 6 months and/or by annual 75 g oral glucose
tolerance test. Diabetes was defined as fasting glucose
≥126 mg/dL and/or 2-
hour postchallenge glucose
≥200 mg/dL, confirmed. 1/fasting insulin was used as a
surrogate measure of insulin sensitivity.22
SHBG and sex hormone measurements
SHBG and sex hormone measurements (dehydroepiandrosterone, dehydroepiandrosterone sulfate, estrone;
estrone-S, estradiol, testosterone and dihydrotestosterone
(DHT)) were conducted on morning fasting plasma
samples, without regard to endogenous hormonal cycle.
Sex hormones were measured by gas chromatography/
mass spectrometry (Endoceutics, Quebec City, Canada),
and SHBG was measured using ELISA (Bioline), as previously described.20 23 24
Statistical analysis
Three analysis groups (males, premenopausal women,
and postmenopausal women) were considered. Quantitative characteristics with normal distributions were
presented as means±SD and compared among groups
using analysis of variance. Characteristics that were
not normally distributed were presented as median
(25th percentile and 75th percentile) and compared
across groups using the Kruskal-Wallis test. Qualitative
BMJ Open Diab Res Care 2020;8:e001841. doi:10.1136/bmjdrc-2020-001841

BMJ Open Diab Res Care: first published as 10.1136/bmjdrc-2020-001841 on 16 December 2020. Downloaded from http://drc.bmj.com/ on January 18, 2022 by guest. Protected by
copyright.

Significance of this study

Clinical care/Education/Nutrition

RESULTS
Study population
As described previously,18 the original DPP cohort
consisted of two-thirds women and 45% ethnic minorities, with an average age of 51±11 years (mean±SD) at
baseline. Baseline descriptive characteristics by groups
(men: n=886; premenopausal women: n=801; postmenopausal women: n=455) are presented in table 1. Baseline
sex hormones differed as expected between the three
groups, with postmenopausal women having lower levels
of circulating sex hormones relative to premenopausal
women. Baseline SHBG was lowest in postmenopausal
women (median (Q1, Q3) of 34.9 (25.9, 46.2) nmol/L),
with a median value of 45.2 (30.9, 68.6) nmol/L in
BMJ Open Diab Res Care 2020;8:e001841. doi:10.1136/bmjdrc-2020-001841

premenopausal women and 39.8 (26.9, 56.3) nmol/L in
men (table 1).
Effect of DPP interventions (ILS, metformin, and placebo) on
change in SHBG at 1 year
Figure 1 and online supplemental table 1 show the unadjusted mean of SHBG at baseline and year 1 by treatment
arm. In men, SHBG decreased from baseline to year 1 in
all three arms, but ILS was associated with the smallest
decrement (−7.91±22.27 nmol/L) (mean±SD) compared
with metformin (−12.40±20.12 nmol/L) or placebo
(−11.97±17.30 nmol/L) (p<0.01 ILS vs metformin and
p<0.01 ILS vs metformin and p=0.02 ILS vs placebo).
In premenopausal women, SHBG remained relatively
stable in the ILS group (−0.61±34.24 nmol/L), whereas
it decreased in the metformin (−10.81±40.79 nmol/L)
and placebo arms (−9.83±41.79 nmol/L) (p<0.01 ILS vs
metformin, p<0.01 ILS vs placebo). Finally, in postmenopausal women, SHBG increased from baseline to 1 year in
the ILS group (+9.19±17.20 nmol/L), significantly greater
than the changes in the metformin (+0.03±23.02 nmol/L)
or placebo arms (−0.88±17.25 nmol/L) (p<0.01 ILS vs
metformin, p<0.01 ILS vs placebo) (figure 1, online
supplemental table 1). Overall, changes in SHBG in the
ILS participants were significantly different from changes
in SHBG in the placebo or metformin groups, with either
increases or smaller decrements comparatively.
In a model adjusting for treatment assignment, analysis
group (ie, men, premenopausal women, and postmenopausal women), change in SHBG, age at randomization,
and race (Caucasian vs not), the interaction of treatment
with analysis group was statistically significant (p=0.047),
suggesting the effect of treatment on SHBG was different
in the three analysis groups. When tested within each
analysis group, in models adjusting for treatment, change
in SHBG, age at randomization, and race (Caucasian vs
not), the interaction of change in SHBG with treatment
arm was statistically significant only in postmenopausal
women (p=0.023), suggesting that in this group the effect
of change in SHBG on the risk of diabetes is different
among the three treatment arms; in men and premenopausal women, the interaction of change in SHBG with
treatment arm was not significant.
Determinants of change in SHBG
The observed differences between treatment arms suggest
a number of hypothesized mediators that might drive the
changes in SHBG. Therefore, hierarchical multivariable
linear regression models of changes in SHBG from baseline to year 1 were conducted evaluating potential determinants of this change (figure 2, online supplemental
table 2). The ILS group continued to have less decrease
(men and premenopausal women) or greater increase
(postmenopausal women) in SHBG in all groups after
adjustment for demographics and lifestyle factors (model
1), which were slightly attenuated following additional
adjustment for sex hormones (model 2) and completely
eliminated following adjustment for adiposity measures
3
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characteristics were presented as frequency (%), and the
χ2 test of association was used to compare these characteristics among groups.
The relationship of various characteristics with the
change in SHBG from baseline to year 1 was evaluated
with multivariable linear regression models. These models
were tested separately within each of the different groups
of interest, adjusted for treatment and baseline demographics (age, Caucasian race), lifestyle factors (smoking,
alcohol intake, and leisure activity), glucose metabolism
measures (fasting plasma glucose, 2-hour postchallenge
glucose, and 1/fasting insulin), and adiposity measures
(waist circumference and BMI), and sex hormone
measures (estradiol, estrone, and testosterone). We identified a number of individually significant factors, which
were then evaluated in a set of hierarchical models that
were sequentially tested, as: model 1: baseline SHBG,
treatment group, demographics, and lifestyle factors;
model 2: additionally adjusted for baseline and change
in sex hormones; model 3: further adjusted for baseline
and change in adiposity; and then model 4: additionally
adjusted for baseline and change in glucose parameters.
The association between the change in SHBG and the
risk of diabetes was evaluated using Cox proportional
hazards regression models, tested separately by treatment group in each of the three participant groups,
and adjusted for demographic measures. Correlation
analyses were conducted to evaluate the relationship
between changes in SHBG and changes in circulating
sex hormones and glucose measures. To further evaluate whether changes in SHBG contributed to centrally
mediated downstream effects, mediation analyses were
performed with change in SHBG as the predictor, change
in Follicle-Stimulating Hormone (FSH) as the mediator,
and change in circulating sex hormones or change in
glucose measures (fasting glucose, hemoglobin A1c
hour postchallenge glucose, homeostatic
(HbA1c), 2-
model assessment of insulin resistance (HOMA-IR), and
1/fasting insulin) as the outcome, after adjusting for
treatment, age, and Caucasian race. Statistical analysis
was performed with SAS V.9.4, and all tests were two sided
done at a significance level of 0.05.
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98.4±19.3

Weight (kg)

626 (426, 910)
22.4 (18.2, 27.3)
3165 (2476, 3960)
236 (172, 321)
39.8 (26.9, 56.3)

Estrone-S (pg/mL)

Estradiol (pg/mL)

Testosterone (pg/mL)

DHT (pg/mL)
SHBG (nmol/L)

–
45.2 (30.9, 68.6)

176 (134, 254)

53.6 (23.1, 104.7)

1186 (604, 2204)

85.2 (54.9, 128.3)

870 (556, 1231)

2117 (1412, 3120)

0.0385 (0.0278, 0.0556)

164.0±17.0

105.7±8.0

104.5±15.1

35.8±7.0

95.2±21.1

7.7 (3.0, 16.0)

0.00 (0.00, 0.94)

401 (50)

400 (50)

42.3±5.9

Premenopausal women (n=801)

–
34.9 (25.9, 46.2)

140 (100, 207)

9.5 (5.9, 17.2)

413 (204, 740)

70.9 (39.0, 118.7)

588 (359, 909)

1600 (1030, 2400)

0.0417 (0.0303, 0.0626)

163.7±17.1

106.6±7.7

104.6±14.3

34.9±6.7

91.9±19.5

7.8 (2.7, 16.5)

0.00 (0.00, 0.94)

229 (50)

226 (50)

56.7±9.6

Postmenopausal women (n=455)

–
<0.001‡

<0.001‡

<0.001‡

<0.001‡

<0.001‡

<0.001‡

<0.001‡

<0.001‡

0.96*

<0.001*

<0.001*

<0.001*

<0.001*

<0.001‡

<0.001‡

<0.001*
<0.001†

P value

Values are expressed as n (%), mean±SD, or median (25th percentile, 75th percentile).
Comparisons across the three groups are presented.
*P value from analysis of variance.
†P value from χ2 test.
‡P value from Kruskal-Wallis non-parametric test.
BMI, body mass index; DHEA, dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone-sulfate; DHT, dihydrotestosterone; DPP, Diabetes Prevention Program; FPG, fasting plasma
glucose; SHBG, sex hormone binding globulin.

38.2 (31.4, 47.0)

Estrone (pg/mL)

3042 (2461, 4077)

DHEA (pg/mL)
1000 (602, 1545)

0.0435 (0.0313, 0.0625)

1/fasting insulin (mL/µU)

DHEA-S (ng/mL)

108.4±8.2
163.9±17.0

2-hour postchallenge glucose (mg/dL)

108.0±13.3

FPG (mg/dL)

32.0±5.5

BMI (kg/m )

Waist circumference (cm)

2

0.94 (0.00, 5.32)
14.9 (5.7, 27.6)

365 (41)

Other

Leisure activity (Met-hour/week)

521 (59)

Caucasian

Alcohol (g/day)

54.0±10.9

Men (n=886)

Descriptive characteristics of participants for current analyses at DPP baseline
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Race

Table 1
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(model 3). Additional adjustment for glucose measures
minimally impacted the results (model 4).
Effects of change in SHBG on diabetes risk
The relationship between 1-year change in SHBG and
diabetes risk was inconsistent across treatment arms and
participant subgroups (table 2). A significant effect of
change in SHBG on diabetes risk was seen in men in the
placebo group, HR 0.77, 95% CI 0.63 to 0.95, p=0.01, for
each SD relative increase in SHBG. In addition, a significant effect of change in SHBG on diabetes risk was seen
in postmenopausal women in the metformin group (HR
1.61, 95% CI 1.05 to 2.49, p=0.03). However, these were
not consistent findings across treatment arms and participant groups (table 2).
Correlation of SHBG changes with sex hormones and glucose
measures
Changes in SHBG were positively correlated with changes
in peripheral sex hormones (change in estradiol and
change in testosterone), and inversely correlated with
glucose measures (fasting glucose, HbA1c, 2-hour postchallenge glucose), negatively correlated with HOMA-IR
and positively correlated with 1/fasting insulin (table 3).
These effects were consistent across treatment arms
(table 3) and were not centrally mediated by FSH (data
not shown).
BMJ Open Diab Res Care 2020;8:e001841. doi:10.1136/bmjdrc-2020-001841

DISCUSSION
In summary, in the DPP, lifestyle intervention exerted
effects to increase or attenuate the decline in SHBG
levels, manifested differently within each subgroup. In
postmenopausal women, for example, ILS resulted in an
increase in SHBG, consistent with prior analyses within
the DPP,19 whereas in men and in premenopausal women
in the ILS arm, the decrement in SHBG was less than
that seen in the other treatment arms. Metformin had
no impact compared with placebo on SHBG in any of
the groups. Through multivariable regression models, we
found that a large part of the effect of ILS on SHBG levels
was attributable to reductions in adiposity, with modest
effects of sex hormones, glucose measures, and their
changes. Given that low SHBG levels have been reported
to be associated with diabetes risk1–7 and that low SHBG
levels are seen in conditions associated with obesity
and insulin resistance (eg, diabetes, polycystic ovary
syndrome, and fatty liver disease),9–12 25–28 we explored
whether the changes in SHBG contributed to reduced
diabetes incidence. However, despite these apparently
beneficial changes in SHBG, we did not see consistent
evidence for SHBG mediating the treatment effects on
diabetes prevention. Furthermore, while changes in
SHBG were positively correlated with changes in circulating hormones and 1/fasting insulin, and inversely
associated with changes in glucose (fasting and 2-hour
postchallenge) and HOMA-IR, mediation analyses did
5
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Figure 1 Unadjusted mean changes in SHBG levels from baseline to 1 year, by intervention (placebo, metformin, and ILS)
in (A) men, (B) premenopausal women, and (C) postmenopausal women. ILS, intensive lifestyle intervention; MET, metformin;
PLA, placebo; SHBG, sex hormone binding globulin.

Clinical care/Education/Nutrition

not support a centrally mediated effect of SHBG on these
outcomes. Taken together, these observations suggest
that changes in SHBG reflect the overall metabolic and
hormonal milieu, in particular the effects of weight loss,
but are not directly influencing risk of development of
diabetes.
Our findings are also consistent with our earlier
analyses of baseline SHBG and SHBG SNPs associated with diabetes outcomes and risk of diabetes in

the DPP. As earlier reported, while baseline SHBG
was cross-sectionally associated with some indicators
of insulin resistance and diabetes risk (inverse fasting
insulin, insulinogenic index, and waist circumference), SHBG concentration at baseline was not associated with diabetes risk in any of the participant groups
evaluated. Furthermore, there was no evident association of the SHBG SNPs and diabetes risk in the DPP
population.20

Table 2 Association between SD change in SHBG and 3-year diabetes risk, adjusted for age at randomization and
Caucasian race
HR

Lower 95% CI

Upper 95% CI

P value

Placebo
 Males (SD=17.3)

0.771

0.629

0.946

0.013

 Premenopausal (no hormone use) (SD=41.8)

1.163

0.888

1.523

0.272

 Postmenopausal with no hormone use (SD=17.2)

0.882

0.676

1.151

0.356

Metformin
 Males (SD=20.1)

0.836

0.677

1.034

0.099

 Premenopausal (no hormone use) (SD=40.8)

0.949

0.710

1.269

0.725

 Postmenopausal with no hormone use (SD=23.0)

1.614

1.046

2.491

0.030

0.787

0.576

1.074

0.131

Intensive lifestyle intervention
 Males (SD=22.3)
 Premenopausal (no hormone use) (SD=34.2)

0.876

0.661

1.162

0.359

 Postmenopausal with no hormone use (SD=17.2)

0.597

0.303

1.177

0.137

SHBG, sex hormone binding globulin.
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Figure 2 Adjusted mean changes in SHBG from hierarchical modeling of multivariable linear regression models; changes in
SHBG from DPP baseline to year 1. Bars represent 95% CIs. Model 1: change in SHBG, adjusted for age, Caucasian race,
smoking, alcohol intake, leisure activity, and baseline SHBG. Model 2: change in SHBG as per model 1, additionally adjusted
for sex hormones (estradiol, change in estradiol, estrone, change in estrone, testosterone, and change in testosterone).
Model 3: change in SHBG, as per model 2, additionally adjusted for adiposity measures (waist circumference, change in
waist circumference, BMI, and change in BMI). Model 4: change in SHBG, as per model 3, additionally adjusted for glucose
measures (fasting plasma glucose, change in fasting plasma glucose, 2-hour postchallenge glucose, change in 2-hour
postchallenge glucose, 1/fasting insulin, and change in 1/fasting insulin). *ILS vs. metformin, p<0.05, ˆILS vs. placebo, p<0.05,
#metformin vs. placebo, p<0.05. BMI, body mass index; DPP, Diabetes Prevention Program; ILS, intensive lifestyle intervention;
SHBG, sex hormone binding globulin.

Change in SHBG (intensive
lifestyle intervention) –
correlation coefficient, p (n)

FSH, Follicle-Stimulating Hormone; HbA1c, hemoglobin A1c; HOMA-IR, homeostatic model assessment of insulin resistance; SHBG, sex hormone binding globulin.

0.09
p=0.024
(684)
0.18
p<0.001
(705)
−0.06
p=0.129
(684)
−0.16
p<0.001
(705)
−0.03
p=0.356
(698)
−0.13
p<0.001
(715)
−0.05
p=0.159
(696)
−0.07
p=0.057
(710)
−0.11
p=0.003
(698)
−0.24
p<0.001
(715)
−0.18
p=0.002
(310)
−0.12
p=0.027
(329)
Change in SHBG (metformin) –
correlation coefficient, p (n)

Change in SHBG (placebo) –
correlation coefficient, p (n)

0.02
p=0.533
(636)
0.10
p=0.016
(639)

0.16
p<0.001
(656)
0.07
p=0.063
(666)

0.15
p<0.001
(2097)
0.10
p=0.010
(708)
−0.13
p<0.001
(2097)
−0.10
p=0.006
(708)
−0.11
p<0.001
(2137)
−0.06
p=0.097
(724)
−0.12
p<0.001
(2122)
−0.12
p=0.002
(716)
−0.20
p<0.001
(2138)
−0.19
p<0.001
(725)
0.12
p<0.001
(1996)
0.08
p=0.052
(674)
0.08
p<0.001
(1924)
0.12
p=0.003
(649)
−0.19
p<0.001
(990)
−0.30
p<0.001
(351)
Change in SHBG (overall) –
correlation coefficient, p (n)

Change in 2- Change in
hour glucose HOMA-IR
Change in
HbA1c
Change
in fasting
glucose
Change in
testosterone
Change in
estradiol
Change in
FSH

Correlation of SHBG changes with changes in hormone and glucose measures, overall and by treatment arm
Table 3
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To date, it has not been clear whether low SHBG
levels represent a biomarker of metabolic abnormality
and diabetes risk or are perhaps somehow contributory
and causative of disease. Our data would support that
dynamic changes in SHBG reflect the changes in the
surrounding metabolic environment. Several studies
support this line of thought. First, multiple studies have
demonstrated changes in SHBG in response to weight
loss, independent of mechanism of weight loss (eg, diet
type, exercise, and bariatric surgery).16 29–32 In the Sex
Hormones and Physical Exercise (SHAPE-2) Study trial,
for example, in which overweight inactive women were
randomized to diet, exercise or control groups, with a
goal of 5–6 kg weight loss over 16 weeks, both the diet
and exercise arms achieved weight loss and had significant increases in SHBG, with improvements in sex
hormones (increase in free estradiol and decrease in free
testosterone) compared with control, yet these effects
were attenuated after adjustment for changes in body
fat.32 In another study, intentional weight loss followed
by intentional weight gain in premenopausal women
demonstrated both an initial increase in SHBG followed
by the reciprocal decrease, with free androgen index and
visceral adipose tissue changing in opposite direction to
SHBG changes, again speaking to a dynamic change in
SHBG in response to decreases in weight and adiposity.33
With bariatric surgery, resulting in significant and
sustained amounts of weight loss,30 31 sustained increases
in circulating SHBG have been seen even several years
after surgery.31
That we did not see an impact of metformin on circulating SHBG is also of interest. This may be because
metformin primarily suppresses hepatic glucose production and is not generally regarded as a potent insulin
sensitizer. In contrast, intervention studies with insulin
sensitizers (thiazolidinediones), have, like for weight
loss described previously, demonstrated responsive
increases in SHBG.9 26 34 35 In a prospective randomized
controlled trial of women with polycystic ovary syndrome,
for example, serum SHBG levels were correlated with
glucose disposal rate (insulin sensitivity), as assessed
by hyperinsulinemic euglycemic clamp, and increased
significantly during treatment with pioglitazone, a treatment known to directly modulate insulin sensitivity.
Furthermore, the improvement in glucose disposal
rate (ie, insulin sensitivity) was directly associated with
treatment-
associated increases in serum SHBG,9 thus
suggesting the effect of insulin sensitization on increasing
SHBG. In another study evaluating rosiglitazone (also an
insulin sensitizer) on metabolic and ovarian effects in
polycystic ovary syndrome (PCOS), an increase in SHBG
was demonstrated in response to rosiglitazone treatment for 12 weeks, with higher levels of SHBG seen in
those who ovulated on rosiglitazone. Lower circulating
insulin levels were also shown, highlighting once again
the dynamic changes in SHBG in response to improving
insulin sensitivity.34
7
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to those changes. In addition, our sample size is commensurate with other studies in the literature1 2 7 8 for the
relevant constituent grouping to have provided meaningful analyses and comparative results. However, given
the predefined criteria of the DPP to identify those individuals already at high risk of development of diabetes
based on glucose and weight measures, we may have
been limited in seeing additional impact of SHBG on
risk. Furthermore, SHBG and sex hormone measurements were conducted on samples that were not timed to
the endogenous hormonal cycle, and hormone use was
assessed by self-report. Randomization may help to minimize potential influence of this and other unanticipated
factors that may regulate SHBG.
In summary, in the DPP, ILS was consistently associated with changes in circulating SHBG levels compared
with placebo or metformin, specifically increased levels
in postmenopausal women, and attenuation of decrease
in men and premenopausal women. The effects of ILS
on SHBG seemed largely due to changes in adiposity but
may also be influenced by other changes (eg, glucose
measures and sex steroids). The observed changes in
SHBG related to the interventions did not consistently
translate to changes in diabetes risk.
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Consistent with our findings that SHBG may reflect the
metabolic milieu and changes as such, it is of interest to
note that the hepatic environment has also been directly
implicated in regulating SHBG. Selva et al36 previously
showed that monosaccharide (glucose and fructose)
induced hepatic lipogenesis reduced SHBG production
by downregulating hepatocyte nuclear factor 4α (HNF4α) levels, a key transcription factor regulating hepatic
expression of SHBG. Supporting this, Winters et al11 evaluated SHBG gene expression in human liver samples and
found that SHBG mRNA was a strong predictor of circulating SHBG levels. They described an inverse association
between hepatic triglyceride content and SHBG mRNA
and serum SHBG, with a suggestion that the low level of
SHBG mRNA was largely due to a low level of HNF-4α
mRNA expression in the liver, which is also reduced in
insulin resistance. Thus, it is plausible that improvements
in insulin sensitivity, as seen with weight loss and therapies that directly modify insulin sensitivity, may have
an impact on the liver, which then affects expression of
SHBG mRNA and production of SHBG.
In contrast, there is emerging evidence that SHBG may
play a causative role in disease and may not merely be an
‘innocent bystander’. Sáez-López et al37 recently described
a significant inverse relation between SHBG mRNA
expression and hepatic triglyceride content, as well as
levels of acetyl-coenzyme A carboxylase, a key lipogenic
enzyme, in liver samples obtained from obese humans
with non-alcoholic fatty liver disease undergoing bariatric
surgery. Furthermore, the authors found that SHBG overexpression in cultures of human hepatic (HepG2) cells
was able to abrogate the increase in multiple hepatic lipogenic enzymes in the liver when triggered under high-
glucose culture conditions. Although this was studied in
fatty liver, it is possible that SHBG is not only a biomarker,
but it may independently contribute to the pathogenesis
or even protection from metabolic disease.
In order to estimate a causal role of circulating SHBG
for type 2 diabetes, Wang et al38 applied quantitative
nuclear magnetic resonance metabolomics in three
Finnish population-based cohorts to profile circulating
lipids and metabolites and their association with SHBG.
Higher SHBG levels were associated with a more favorable cardiometabolic risk profile, and SHBG was predictive of future insulin resistance and type 2 diabetes.
The observed association of SHBG with type 2 diabetes
(OR=0.83 per 1 SD) was less than that seen in prospective observational associations by meta-
analysis (HR
0.47). These results suggest that circulating SHBG may
have a minor direct contributory role in the development
of type 2 diabetes but is more likely largely reflective of
other factors.
There are several strengths and limitations to these
analyses. First, a prospective, controlled evaluation of
changes in SHBG by sex and menopausal status in the
very well characterized DPP population provided the
opportunity to directly assess whether the study interventions affected SHBG and what other factors contributed
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