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Context and Objectives: The association of endogenous androgens and sex hormone–binding
globulin (SHBG) with metabolic syndrome (MetS) and type 2 diabetes mellitus (T2DM) mostly 23562
refers to small and selected study samples with immunoassay-based measurements. Thus, we
investigated the association of hormone levels with MetS and T2DM in women from a large
population-based sample.

Design, Setting, and Participants: A total of 2077 women from the Study of Health in Pomerania
were assessed at baseline (N � 3160, 1997–2001) and 5-year follow-up (N � 1711, 2002–2006).

Main Outcomes and Measures: We investigated associations of total testosterone (T) and andro-
stenedione measured by liquid chromatography-tandem mass spectrometry, SHBG by immuno-
assay, and free T and free androgen index with MetS and T2DM.

Results: Baseline prevalence of MetS and T2DM was 23.1% (N � 365) and 9.5% (N � 196), with an
incidence of 17.7 and 7.0 per 1.000 person-years, respectively. Cross-sectional analyses yielded
inverse associations of SHBG with MetS (relative risk [RR], 0.67; 95% confidence interval [CI],
0.60–0.74) and T2DM (RR, 0.61; 95% CI, 0.50–0.74) after multivariable adjustment. In longitudinal
analyses, only age-adjusted models showed an inverse association of baseline SHBG with incident
MetS (RR, 0.61; 95% CI, 0.51–0.73) and T2DM (RR, 0.58; 95% CI, 0.43–0.78). Multivariable-adjusted
models stratified by menopausal status revealed an inverse association between SHBG and incident
MetS risk in postmenopausal women (RR, 0.65; 95% CI, 0.51–0.81).

Conclusions: This longitudinal population-based study revealed independent inverse associations of
SHBG with MetS and T2DM, suggesting low SHBG as a potential risk marker for cardiometabolic
morbidity, especially among postmenopausal women. (J Clin Endocrinol Metab 100: 4595–4603, 2015)

The number of type 2 diabetes mellitus (T2DM) patients
worldwide is estimated to be 171 million and the

number of incident cases is rising (1). A similar trend is

seen for metabolic syndrome (MetS), a multifactorial clus-
ter of cardiometabolic risk factors including obesity, hy-
pertriglyceridemia, hypertension, and insulin resistance
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(2), which can be detected in 20–25% of the global adult
population (3). A potential link between low total T (TT)
levels in men (4) and high TT levels in women with MetS
has been suggested by observational research (5) and a
recent meta-analysis of cross-sectional data (6). Further-
more, low sex hormone–binding globulin (SHBG) is as-
sociated with MetS development in both sexes (6). Espe-
cially in the subgroup of postmenopausal women, low
SHBG levels were associated with all of the individual
components of the MetS (7). T2DM typically depends on
age and insulin resistance (8), with observational evidence
that endogenous androgens and SHBG are also linked to
T2DM (9). But although low levels of TT in men and high
levels of bioavailable T in postmenopausal women in-
crease the risk of T2DM, the association is not completely
independent of adiposity, insulin resistance, or SHBG lev-
els (10–13). Consequently, low SHBG was described as
independent predictor of incident T2DM (10), reflecting a
prediabetic state along with obesity and higher glucose
and insulin levels (11, 14, 15).

However, these previous studies are limited either by
their cross-sectional study design, selected samples, or im-
munoassay-based measurements of the androgens. The
latter reason is an important limitation because all of the
previously shown risk associations rely on immunoassay-
based sex hormone measurements. Although immuno-
logic androgen measurements are quite adequate for mea-
suring T levels in healthy men, they must be cautiously
evaluated in the low concentration range in women for
reasons of insufficient sensitivity and accuracy (16–18).
Consequently, this is the first population-based, longitu-
dinal, observational study using liquid chromatography
tandem mass spectrometry (LC-MS/MS)-based measure-
ments for endogenous androgens to assess the potential
associations between endogenous androgens and SHBG
levels and cardiometabolic risk in women from the general
population.

Materials and Methods

Study population
We used data from the Study of Health in Pomerania, a pop-

ulation-based cohort study in northeastern Germany. We pre-
viously published details of the study design, recruitment, and
procedures (19). In brief, based on 6265 (3160 women) eligible
individuals with German citizenship and main residency in the
study area of Study of Health in Pomerania, 4308 individuals,
aged 20–80 years, eventually were included between 1997 and
2001 in the baseline study (response, 68.8%). The study con-
formed to the principles of the Declaration of Helsinki and the
protocol was approved by the Ethics Committee of the Univer-
sity of Greifswald. Written informed consent was received from
each participant. Of the 2192 female baseline participants, we

excluded women with (overlap exists) pregnancy (n � 18) and
women with self-reported bilateral oophorectomy or hysterec-
tomy (n � 52). We excluded another 45 women who received sex
hormone antagonists, natural opium alkaloids, and glucocorti-
coids, yielding a final study population of 2077 women. Al-
though the intake of oral contraceptives in our study region is
considerable (20), we did not exclude women currently taking
oral contraceptives because this may have restricted the repre-
sentativity of the study population, but we did perform sensi-
tivity analyses. At the 5-year follow-up, 1711 female baseline
participants (response, 76.6%) were reexamined between 2002
and 2006.

Measures
A computer-assisted personal interview served as a basis for

information about sex, age, alcohol consumption, pregnancy,
gynecological surgery (including bilateral oophorectomy and/or
hysterectomy), and medication use. All prescribed drugs taken in
the last 7 days were recorded based on the medication packages
or, if not available, on self-statement and categorized based on
the Anatomical Therapeutic Chemical (ATC) classification in-
dex. Women were defined as being physically inactive if they
participated in physical training less than 1 hour a week. Smok-
ing habits were evaluated by dividing women into three different
categories: current, former, and never-smokers. For calculating
mean daily alcohol consumption, beverage-specific pure ethanol
volume proportions were used (21). A previously established
definition from our cohort was used to categorize the population
into pre- or postmenopausal women: premenopausal: all women
younger than 40 years of age and between 40 and 60 years of age
who reported a menstrual cycle; postmenopausal: all women at
least 60 years of age and all women between 40 and 60 years who
reported no menstrual cycle (22). Based on ATC codes, oral
contraceptive (G03A) and hormone therapy (G03C, G03D, or
G03F) were assessed (23). Waist circumference (WC) was mea-
sured to the nearest 0.1 cm using an inelastic tape midway be-
tween the lower rip margin and the iliac crest in the horizontal
plane. After taking anthropometric measurements, body mass
index was computed from body weight in kilograms and height
in meters according to the formula: kg/m2.

Systolic and diastolic blood pressure (BP) were quantified
three times on the right arm of seated subjects with an interval of
3 minutes between readings; the final two measurements were
averaged. Measurement was performed after an initial resting
period of at least 5 minutes by usage of an oscillometric digital
BP monitor (HEM-705CP, Omron Corporation). Hypertension
was defined as systolic or diastolic BP of higher than 140 mm Hg
or lower than 90 mm Hg, respectively, or use of antihypertensive
medication (ATC codes C02, C03, C04, C07, C08, C09) (24).
T2DM was determined based on self-reported physician’s diag-
nosis, use of antidiabetic medication (ATC code A10), and/or
glycosylated insulin levels higher than 6.5% and lower than
20%. MetS components (bivariate variables) were defined based
on 1) WC greater than 102 cm, 2) BP higher than 130/85 mm Hg
or self-reported antihypertensive drug treatment, 3) nonfasting
glucose at least 6.1 mmol/liter or antidiabetic treatment (ATC
codes A10A, A10B), 4) nonfasting triglycerides at least 1.7
mmol/liter or lipid-lowering treatment (ATC codes C10AB,
A10AD), and/or 5) HDL cholesterol no more than 1.3 mmol/
liter. These five diagnostic criteria for the assessment of MetS are
premised on the Joint Scientific Statement to harmonize MetS
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(25) and further altered for the use of nonfasting blood samples
(26). MetS was defined as having more than three components
present. Both outcome variables (T2DM and MetS) were mea-
sured at baseline and follow-up.

We previously published a precise description of the mea-
surements and age-specific reference ranges for levels of TT and
androstenedione (ASD) (23). Summarizing, between 8:00 AM

and 7:00 PM, a blood sample was drawn from the cubital vein in
the supine position. Serum aliquots were stored at –80 C and
carried out in a 4-month period (December 2010–March 2011)
in the Department of Clinical Chemistry at the University Hos-
pital of South Manchester (Manchester, UK). In Manchester, the
frozen aliquots were used to conduct LC-MS/MS with a vali-
dated routine method (27). The standard curve was linear to 50.0
nmol/liter, the lower limit of quantitation was 0.25 nmol/liter,
and intra- and interassay coefficients of variation were less than
10% for both TT and ASD over a range of 0.3–35 nmol/liter. The
frozen serum aliquots were also used for measurements of SHBG
levels using an Advia Centaur (Siemens) with an interassay co-
efficient of variation of 6.6% at the 27.1 nmol/liter level, 7.6%
at the 48.2 nmol/liter level, and 7.7% at the 52.3 nmol/liter level.
As previously described, free T (fT) was calculated as a relation
between measured TT and SHBG levels (equations 1–4) for a
standard average albumin concentration of 4.3 g/dl (28).

fT[nmol/L] � ���a � �b�/c�/10 �9 (1)

a � SHBG[nmol/L] � TT[nmol/L] � 23.43 (2)

b � a2 � �4 � 23.43 � TT[nmol/L]) (3)

c � 2 � 23.43 � 109 (4)

Free androgen index was calculated as a ratio of TT to SHBG
(29). All hormone levels were measured at baseline only.

Statistical analysis
Categorical data are given as percentage; continuous data are

given as mean (SD) or median (25th, 75th percentile). For group
comparisons, the �2 test (categorical data) or the Mann-Whitney
U test (continuous data) was used. We used the natural loga-
rithmic transformation of the skewed continuous hormone vari-
ables to obtain normality. To examine cross-sectional and lon-
gitudinal associations of TT, SHBG, fT, ASD, and free androgen
index (FAI) with MetS and T2DM as dependent variables, we
implemented age- and multivariable-adjusted generalized Pois-
son-regression models with robust standard errors (30). Re-
ported were relative risks (RR) and their 95% confidence inter-
vals (95% CI) per SD increase in log hormones and for hormone
quartiles with reference quartile one. The multivariable regres-
sion model included age, WC, smoking status, physical inactiv-
ity, and alcohol consumption. A P for trend test was performed
by including the median of each sex hormone quartile as an
ordinal score into the regression model. To estimate the relation
of baseline TT, SHBG, fT, ASD, and FAI with prevalent and
incident MetS or T2DM, hormone levels were categorized into
10-year age-specific quartiles. We performed longitudinal inci-
dence analyses only in women without prevalent baseline MetS
or T2DM, respectively. Multiplicative interaction terms between
each hormone and menopausal status and use of oral contra-
ceptives and hormone therapy were investigated using multi-
variable models. Models were retained when P values for inter-
actions terms were �.05. We found significant interactions terms

for SHBG and FAI with tested covariates, thus we performed
analyses separately in these groups. All models were stratified by
menopausal status. A significance level of two-sided probability
values �.05 was used in all analyses. This manuscript was writ-
ten in accordance with the Strengthening the Reporting of Ob-
servational Studies in Epidemiology statement, giving guidelines
for the reporting of observational studies (31). Stata 13.0 (Stata
Corp) was applied for all statistical analyses.

Results

Table 1 presents the baseline characteristics for the full
study sample and by menopausal status. Premenopausal
women constituted 53.9% of the sample and showed a
more favorable cardiovascular risk factor profile, includ-
ing lower BP values and prevalence of hypertension,
T2DM, and MetS, than postmenopausal women.

As shown in Tables 2 and 3, we detected an inverse
association of SHBG with presence of both MetS (RR,
0.67; 95% CI, 0.60–0.74) and T2DM (RR, 0.61; 95% CI,
0.50–0.74) in multivariable cross-sectional analyses. Ac-
cordingly, multivariable adjusted RRs for SHBG levels in
the highest compared to the lowest quartile were signifi-
cant for MetS (quartile [Q1 [Ref.] vs Q4: RR, 0.45; 95%
CI, 0.28–0.72) and T2DM (Q1 [Ref.] vs Q4: RR, 0.40;
95% CI, 0.24–0.68). The fT showed a positive associa-
tion with MetS (RR, 1.20; 95% CI, 1.09–1.33) and with
T2DM (RR, 1.30; 95% CI, 1.09–1.55).

Table 4 presents longitudinal Poisson-regression mod-
els and associations of baseline endogenous androgens
and SHBG with incident MetS. Over the follow-up period
(median, 5.04 years), the prevalence of MetS showed an
increase from 365 women (23.1%) in the baseline sample
to 413 (33.3%) in the follow-up sample. The MetS inci-
dence per 1000 person-years was 17.7. Longitudinal anal-
yses revealed an inverse association of SHBG with incident
MetS (RR, 0.75; 95% CI, 0.63–0.89) in multivariable
models. The fT level showed a positive association with
incident MetS only in age-adjusted models (RR, 1.38;
95% CI, 1.16–1.65), but not in multivariable models (RR,
1.11; 95% CI: 0.95–1.30). P for trend analyses showed an
inverse relationship across SHBG quartiles in all women in
age- and multivariable-adjusted models. Multivariable
Poisson-regression models revealed that quartile 3 (Q1
[Ref.] vs Q3: RR, 0.60; 95% CI, 0.40–0.89) and quartile
4 (Q1 [Ref.] vs Q4: RR, 0.50; 95% CI, 0.32–0.80) of
SHBG levels were inversely associated with incident MetS
in all women. Analyses stratified by menopausal status
(Supplemental Table 1) revealed an inverse association
between SHBG and incident MetS in postmenopausal
women in multivariable-adjusted models (RR, 0.65; 95%
CI, 0.51–0.81); Q1 [Ref.] vs Q4: RR, 0.39; 95% CI, 0.20–
0.77). Cross-sectional analyses revealed a significant trend
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of lower SHBG and ASD (P � .01), but not TT levels with
increasing numbers of MetS components at baseline
(Figure 1).

Table 5 presents longitudinal age-adjusted Poisson-re-
gression models and shows associations of baseline en-
dogenous androgens and SHBG with incident T2DM.

Over the follow-up period, the prevalence of T2DM
showed only a slight increase from 9.5% in the baseline
sample to 10.9% in the follow-up sample. The incidence
of T2DM per 1000 person-years was 7.0. Longitudinal
models showed also an inverse association between SHBG
with incident T2DM (RR, 0.58; 95% CI, 0.43–0.78), but

Table 1. Baseline Characteristics of the Study Population

All Women Premenopausal Women Postmenopausal Women
Variable (n � 2077) (n � 1111) (n � 963)

Age, years 48.8 (16.2) 36.0 (9.6) 63.0 (9.2)
BMI, kg/m2 26.1 (5.4) 24.0 (5.0) 28.3 (5.2)
WC, cm 81.5 (13.2) 75.8 (12.0) 87.5 (12.2)
Serum total T, nmol/liter 0.76 (0.55, 1.07) 0.83 (0.60, 1.14) 0.68 (0.50, 0.97)
Serum SHBG, nmol/liter 82.8 (57.8, 123.5) 100.4 (67.2, 154.1) 71.6 (49.9, 96.5)
Serum free T, nmol/liter 0.007 (0.004, 0.011) 0.006 (0.004, 0.010) 0.007 (0.005, 0.011)
Serum ASD, pmol/liter 1.61 (1.05, 2.51) 2.24 (1.49, 3.18) 1.18 (0.86, 1.62)
Free androgen index 0.90 (0.55, 1.52) 0.82 (0.48, 1.41) 0.99 (0.62, 1.62)
Current smoking, % 27.1 36.8 16.0
Alcohol consumption, g/day 2.2 (0.0, 7.5) 2.5 (0.0, 8.7) 0.0 (0.0, 5.0)
Physically inactive, % 56.8 48.1 66.7
Oral contraceptive use, % 17.7 33.0 0.0
Hormone therapy, % 9.0 6.4 12.1
Systolic BP, mm Hg 127.3 (21.5) 118.7 (16.0) 140.0 (21.7)
Diastolic BP, mm Hg 80.7 (10.7) 78.0 (10.1) 83.7 (10.8)
Antihypertensive medication, % 19.9 4.3 41.7
Hypertension, % 38.6 25.7 53.4
T2DM, % 9.5 1.4 18.9
MetS, % 23.1 8.1 37.4

Data are percentages, mean (SD), or median (Q1, Q3).

Abbreviations: ASD, androstenedione; BMI, body mass index; BP, blood pressure; MetS, metabolic syndrome; Q, quarter; SHBG, sex hormone–binding
globulin; T2DM, type 2 diabetes mellitus; WC, waist circumference.

Oral contraceptive use was defined according to Anatomical Therapeutic Chemical classification code G03AA/B/C/D. Values of these hormones are
reported based on availability of each hormone. Serum total T, n � 1598; SHBG, n � 1925; serum androstenedione, n � 1655; serum free T,
n � 1491; free androgen index, n � 1491.

Table 2. Cross-Sectional Association of Baseline Endogenous Androgens and SHBG With MetS in Women

RR (95% CI)

Total T SHBF Free T ASD
Free Androgen
Index

All Women, age-adjusted models
Contin. 0.96 (0.88, 1.05) 0.53 (0.48, 0.58)a 1.40 (1.26, 1.54)a 0.99 (0.88, 1.11) 1.52 (1.37, 1.68)a

�25th percentile Ref. Ref. Ref. Ref. Ref.
25th–50th percentile 1.02 (0.78, 1.34) 0.55 (0.45, 0.67)a 1.64 (1.17, 2.30)a 0.94 (0.72, 1.21) 1.64 (1.15, 2.34)a

50th–75th percentile 1.07 (0.82, 1.40) 0.34 (0.26, 0.44)a 1.96 (1.40, 2.73)a 1.05 (0.81, 1.35) 2.04 (1.45, 2.87)a

�75th percentile 0.99 (0.76, 1.31) 0.25 (0.18, 0.34)a 2.46 (1.80, 3.37)a 1.03 (0.79, 1.34) 2.89 (2.09, 4.00)a

P for trend .99 �.01 �.01 .66 �.01
All women, multivariable-adjusted models

Contin. 0.97 (0.89, 1.05) 0.67 (0,60, 0.74)a 1.20 (1.09 1.33)a 0.95 (0.84, 1.06) 1.26 (1.14, 1.40)a

�25th percentile Ref. Ref. Ref. Ref. Ref.
25th–50th percentile 0.84 (0.66, 1.08) 0.68 (0.56, 0.82)a 1.27 (0.92, 1.76) 0.91 (0.72, 1.14) 1.19 (0.84, 1.68)
50th–75th percentile 1.01 (0.79, 1.29) 0.48 (0.37, 0.62)a 1.43 (1.05, 1.95)a 1.07 (0.84, 1.36) 1.42 (1.03, 1.97)a

�75th percentile 0.89 (0.68, 1.15) 0.45 (0.28, 0.72)a 1.56 (1.15, 2.11)a 0.90 (0.70, 1.15) 1.69 (1.23, 2.34)a

P for trend 0.33 �0.01 �0.01 0.33 �0.01

Abbreviations: ASD, androstenedione; BMI, body mass index; BP, blood pressure; CI, confidence interval; contin., continuous; MetS, metabolic syndrome; Q,
quarter; RR, relative risk; Ref., reference; SHBG, sex hormone–binding globulin; T2DM, type 2 diabetes mellitus; WC, waist circumference.

The multivariable model was adjusted for age, WC, smoking status (three categories), physical inactivity, and alcohol consumption. The presented
data show the relative risk (95% CI); a P � .05. Values of these hormones are reported based on availability of each hormone. Serum total T,
n � 1598; SHBG, n � 1925; serum androstenedione, n � 1655; serum free T, n � 1491; free androgen index, n � 1491.
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in contrast to incidentMetSonly in theage-adjustedmodel
(multivariable model: RR, 0.88; 95% CI, 0.65–1.19). The
fT level revealed similar associations with incident T2DM
as with incident MetS (age-adjusted model: RR, 1.37;
95% CI, 1.07–1.77; multivariable model: RR, 1.06; 95%
CI, 0.79–1.42) (Table 5). Finally, stepwise multivariable
regression analyses revealed that WC was the most rele-
vant confounder for the attenuation in significance level

between the age-adjusted model and the fully adjusted
model (Supplemental Table 2). Analyses stratified by
menopausal status did not yield any significant associa-
tion of endogenous androgens and SHBG and T2DM in
pre- or postmenopausal women after multivariable ad-
justment (Supplemental Table 1). The exclusion of women
using oral contraceptives or hormone therapy in cross-
sectional and longitudinal analyses did not substantially

Table 3. Cross-Sectional Association of Baseline Endogenous Androgens and SHBG with T2DM in Women

RR (95% CI)

Total T SHBG Free T ASD
Free Androgen
Index

All women, age-adjusted models
Contin. 0.93 (0.81, 1.07) 0.52 (0.43, 0.62)a 1.44 (1.21, 1.70)a 1.01 (0.85, 1.21) 1.61 (1.35, 1.92)a

�25th percentile Ref. Ref. Ref. Ref. Ref.
25th–50th percentile 0.77 (0.51, 1.15) 0.69 (0.50, 0.96)a 1.16 (0.69, 1.96) 0.83 (0.55, 1.24) 1.17 (0.68, 2.01)
50th–75th percentile 0.63 (0.41, 0.98)a 0.42 (0.29, 0.63)a 1.43 (0.86, 2.36) 0.97 (0.65, 1.43) 1.57 (0.94, 2.62)a

�75th percentile 0.87 (0.60, 1.27) 0.28 (0.18, 0.45)a 2.20 (1.42, 3.42)a 0.93 (0.62, 1.37) 2.65 (1.68, 4.18)a

P for trend .59 �.01 �.01 .92 �.01
All women, multivariable-adjusted models

Contin. 0.94 (0.82, 1.09) 0.61 (0.50, 0.74)a 1.30 (1.09, 1.55)a 1.00 (0.83, 1.19) 1.42 (1.19, 1.70)a

�25th percentile Ref. Ref. Ref. Ref. Ref.
25th–50th percentile 0.66 (0.44, 0.99)a 0.79 (0.57, 1.10) 1.00 (0.59, 1.69) 0.85 (0.57, 1.28) 0.93 (0.53, 1.60)a

50th–75th percentile 0.63 (0.42, 0.94)a 0.52 (0.35, 0.78)a 1.27 (0.77, 2.12) 1.04 (0.70, 1.54) 1.32 (0.79, 2.21)
�75th percentile 0.81 (0.55, 1.19) 0.40 (0.24, 0.68)a 1.68 (1.07, 2.62)a 0.89 (0.60, 1.31) 1.87 (1.17, 3.01)
P for trend .46 �.01 �.01 .66 �.01

Abbreviations: ASD, androstenedione; BMI, body mass index; BP, blood pressure; CI, confidence interval; contin., continuous; MetS, metabolic
syndrome; Q, quarter; RR, relative risk; Ref., reference; SHBG, sex hormone–binding globulin; T2DM, type 2 diabetes mellitus; WC, waist
circumference.

The multivariable model was adjusted for age, waist circumference, smoking status (three categories), physical inactivity, and alcohol consumption.
The presented data show the relative risk (95% CI); a P � 0.05. Values of these hormones are reported based on availability of each hormone.
Serum total T, n � 1598; SHBG, n � 1925; serum ASD, n � 1655; serum free T, n � 1491; free androgen index, n � 1491.

Table 4. Longitudinal Association of Baseline Endogenous Androgens and SHBG With Incident MetS in Women

RR (95% CI)

Total T SHBG Free T Androstenedione
Free Androgen
Index

All women, age-adjusted models
Contin. 0.97 (0.84, 1.12) 0.61 (0.51, 0.73)a 1.32 (1.11, 1.56)a 1.12 (0.94, 1.34) 1.38 (1.16, 1.65)a

�25th percentile Ref. Ref. Ref. Ref. Ref.
25th–50th percentile 1.37 (0.89, 2.11) 0.70 (0.49, 0.99)a 0.45 (0.89, 2.35) 1.27 (0.81, 1.98) 1.18 (0.71, 1.97)
50th–75th percentile 1.17 (0.73, 2.11) 0.48 (0.32, 0.71)a 1.34 (0.80, 2.23) 1.38 (0.89, 2.14) 1.48 (0.92, 2.39)
�75th percentile 0.97 (0.59, 1.60) 0.30 (0.19, 0.47)a 2.23 (1.41, 3.53)a 1.25 (0.78, 1.99) 2.25 (1.43, 3.53)a

P for trend .86 �.01 �.01 .37 �.01
All women, multivariable-adjusted models

Contin. 0.94 (0.82, 1.06) 0.75 (0.63, 0.89)a 1.11 (0.95, 1.30) 1.02 (0.87, 1.20) 1.14 (0.97, 1.35)
�25th percentile Ref. Ref. Ref. Ref. Ref.
25th–50th percentile 1.08 (0.71, 1.63) 0.93 (0.68, 1.29) 1.31 (0.81, 2.09) 1.14 (0.75, 1.72) 1.17 (0.71, 1.93)
50th–75th percentile 1.88 (0.55, 1.39) 0.60 (0.40, 0.89)a 1.15 (0.71, 1.88) 1.10 (0.71, 1.69) 1.30 (0.82, 2.06)
�75th percentile 0.84 (0.55, 1.29) 0.50 (0.32, 0.80)a 1.34 (0.85, 2.13) 1.09 (0.71, 1.66) 1.35 (0.85, 2.14)
P for trend .27 �.01 .30 .78 .20

Abbreviations: ASD, androstenedione; BMI, body mass index; BP, blood pressure; CI, confidence interval; contin., continuous; MetS, metabolic syndrome; Q,
quarter; RR, relative risk; Ref., reference; SHBG, sex hormone–binding globulin; T2DM, type 2 diabetes mellitus; WC, waist circumference.

Results stratified by menopausal status are provided in Supplemental Table 1. The sample was limited to women without baseline MetS. The
multivariable model was adjusted for age, waist circumference, smoking status (three categories), physical inactivity, and alcohol consumption. The
presented data show the relative risk (95% CI); a P � .05. Values of these hormones are reported based on availability of each hormone. Serum
total T, n � 1598; SHBG, n � 1925; serum androstenedione, n � 1655; serum free T, n � 1491; free androgen index, n � 1491.
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alter the revealed estimates for both outcomes (data not
shown).

Discussion

The present longitudinal, population-based study is the first
one that investigatedanassociationofLC-MS/MSmeasured
endogenous androgens and SHBG with MetS and T2DM in
women. We were able to demonstrate a statistically signifi-
cant association between low SHBG levels and an increased
MetS risk after multivariable adjustment. Although TT
showed no associations with incident MetS or T2DM, low
SHBG and therefore high fT levels were associated with in-
cident T2DM in age-adjusted analyses.

In light of the present findings, previously published
studies reported similarly conflicting results, especially
with regard to the influence of TT and fT on MetS risk. For
example, a cross-sectional population-based study among

212 postmenopausal women yielded a strong association
between low SHBG and prevalent MetS (7). A meta-anal-
ysis of 19 observational studies including 7839 women
showed an association of TT, fT, and SHBG with incident
MetS (6). However, all cited studies are limited by the
measurement of sex hormones by immunoassays.

Interestingly, the longitudinal Study of Women´s
Health Across the Nation among 1862 pre- and post-
menopausal women suggested the ratio between T and
estradiol as a stronger predictor of incident MetS than
levels of specific sex hormone alone (32). Our study did
not analyze sex hormone ratios because levels of estradiol
or estrone were not measured. Because our sex hormone
measurements are based on blood samples taken during
any phase of the menstrual cycle and we did not assess the
phase of the menstrual cycle, the interpretation of estrone
and estradiol data would be questionable anyway. How-
ever, because sex hormone ratios are not sufficiently ex-

Figure 1. Boxplots for endogenous androgens and sex hormone–binding globulin (SHBG) according to number of metabolic syndrome
components at baseline. Means with 95% confidence interval in the analytical sample (n � 2077) for A) total T (TT), B) SHBG, C) free T (fT), and D)
androstenedione (ASD) levels according to zero, one, two, three, four, or five components of metabolic syndrome (MetS) at baseline.
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amined to date, further research is indicated to examine
the complex interplay of T/estrogen ratio and its potential
influence on both MetS and T2DM.

Investigating the potential influence of endogenous an-
drogens and SHBG on T2DM risk in women, previous
studies showed conflicting results as well. For example, a
meta-analysis of 36 cross-sectional studies comprising
4795 women showed that participants with high TT and
low SHBG levels had a higher rate of incident T2DM con-
currently (13). In contrast, the prospective Multi-Ethnic
Study of Atherosclerosis study among 1612 postmeno-
pausal women showed that SHBG was inversely associ-
ated with T2DM, whereas bioavailable T showed no as-
sociation with incident T2DM after adjustment for body
mass index and insulin resistance (12). These contrary re-
sults reflect the findings of a review among postmeno-
pausal women, where most of the compiled studies did not
show an association between TT and T2DM (14). A recent
meta-analysis suggested that the association between
SHBG and incident T2DM is independent (14), although
a multiethnic study of 1612 healthy postmenopausal
women suggested that it may partially be explained by
adiposity and insulin resistance (12). Because the present
significant association between SHBG and T2DM was re-
tained after adjustment for smoking status, physical inac-
tivity, and alcohol consumption, but cannot be confirmed
after adjusting for WC, our findings support an associa-
tion that is dependent on body composition and therefore
not independent of especially visceral obesity. However, a

recent Mendelian randomization study supports a causal
role of SHBG in insulin and glucose metabolism (14). On
the contrary, prediabetic hyperinsulinemia is thought to
decrease SHBG production, which suggests reverse cau-
sation, which is the reason we analyzed prospective data
of women without baseline T2DM (33).

Facing the limits of observational research, future clin-
ical studies are needed to elucidate the mechanism of cause
or consequence in the association between SHBG and
T2DM.

To decipher the cardiometabolic risk of androgens in
women, further research should particularly focus not
only on general population, but also should include special
patients such as women with polycystic ovary syndrome
(PCOS) to explain potential mechanisms of these diver-
gent findings and further investigate whether endogenous
androgens and SHBG might be risk markers for MetS or
T2DM compared to men.

To explain the previously mentioned conflicting results
of previous studies, it is necessary to consider several
strengths and potential limitations. A major limitation in
all of the previous studies is the hormone measurement
based on immunoassay (IA) increasing measurement error
and thereby diluting potential risk associations (5, 7, 12–
14, 32). IA is not reliable for measuring low T levels as
found in women (16, 17, 18). Furthermore, direct IAs are
limited by overestimated T concentration, matrix effects,
and cross-reactivity (34). Although there are labor-inten-
sive assays that are more accurate and sensitive than direct

Table 5. Longitudinal Association of Baseline Endogenous Androgens and SHBG With Incident T2DM in Women

RR (95% CI)

Total T SHBG Free T ASD
Free Androgen
Index

All women, age-adjusted models
Contin. 0.96 (0.76, 1.20) 0.58 (0.43, 0.78)a 1.37 (1.07 1.77)a 1.03 (0.83, 1.55) 1.47 (1.13, 1.90)a

�25th percentile Ref. Ref. Ref. Ref. Ref.
25th–50th percentile 1.89 (0.85, 4.20) 0.63 (0.33, 1.18) 1.89 (0.72, 4.99) 1.46 (0.74, 2.88) 1.42 (0.55, 3.67)
50th–75th percentile 1.83 (0.84, 3.98) 0.40 (0.19, 0.86)a 2.39 (0.95, 6.02) 0.61 (0.25, 1.48) 1.97 (0.82, 4.72)
�75th percentile 1.04 (0.42, 2.57) 0.37 (0.18, 0.75)a 2.94 (1.17, 7.39)a 1.21 (0.59, 2.50) 1.67 (1.13, 6.29)a

P for trend .70 �.01 .01 .16 .01
All women, multivariable-Adjusted Models

Contin. 0.96 (0.75, 1.22) 0.88 (0.65, 1.19) 1.06 (0.79, 1.42) 1.12 (0.80, 1.58) 1.06 (0.79, 1.43)
�25th percentile Ref. Ref. Ref. Ref. Ref.
25th–50th percentile 1.45 (0.66, 3.15) 0.89 (0.47, 1.68) 1.17 (0.44, 3.10) 1.06 (0.54, 2.09) 0.76 (0.29, 2.00)
50th–75th percentile 1.66 (0.75, 3.66) 0.71 (0.33, 1.52) 1.39 (0.57, 3.41) 0.58 (0.25, 1.35) 1.03 (0.44, 2.39)
�75th percentile 0.89 (0.36, 2.21) 0.90 (0.33, 1.52) 1.40 (0.53, 3.53) 0.96 (0.47, 2.00) 0.99 (0.40, 2.48)
P for trend .56 .70 .53 .79 .71

Abbreviations: ASD, androstenedione; BMI, body mass index; BP, blood pressure; CI, confidence interval; contin., continuous; MetS, metabolic
syndrome; Q, quarter; RR, relative risk; Ref., reference; SHBG, sex hormone–binding globulin; T2DM, type 2 diabetes mellitus; WC, waist
circumference.

Results stratified by menopausal status are provided in Supplemental Table 1. The sample was limited to women without baseline T2DM. The
multivariable model was adjusted for age, WC, smoking status (three categories), physical inactivity, and alcohol consumption. The presented data
show the RR (95% CI); a P � .05. Values of these hormones are reported based on availability of each hormone. Serum total T, n � 1598; SHBG,
n � 1925; serum androstenedione, n � 1655; serum free T, n � 1491; free androgen index, n � 1491.

doi: 10.1210/jc.2015-2546 press.endocrine.org/journal/jcem 4601

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article-abstract/100/12/4595/2536383 by Biom
edical Library user on 04 February 2020



assays, there is no absolute selectivity for measuring T and
they still require proper validation (18). In contrast, the
current highly sensitive method based on LC-MS/MS al-
lows accurate measurements of endogenous androgens,
especially in women (17). The present study shows that
endogenous androgens measurements based on LC-
MS/MS does not improve risk prediction for MetS and
T2DM vs IA measurements in the general population. In-
formation in special risk groups such as women with
PCOS are lacking to date. Nevertheless, MS offers the
potential for standardization of endogenous androgens
measurements, as recommended by the Endocrine Society
and the International Federation of Clinical Chemistry
and Laboratory Medicine (35, 36).

Additionally, the divergent findings might result from
heterogeneous study designs, with most of the previous
studies investigating only cross-sectional samples,
whereas the potential effect of endogenous androgens and
SHBG as risk markers for MetS and T2DM over a certain
period was investigated only rarely (5, 7, 13, 14). Further-
more, certain studies are also limited by small study sam-
ple sizes (5, 7). Because the present study included more
than 2000 women over a 5-year follow-up, this analysis
represents the largest investigation of cardiometabolic risk
of endogenous androgens and SHBG in women to date.
Furthermore, the present study is based on a representa-
tive sample of the general population in Pomerania,
whereas previous studies included selected participants,
such as postmenopausal women (7, 12, 14). An additional
strength of the current study is the standardized data col-
lection performed by trained and certified examiners.
Based on the knowledge that the prevalence of T2DM and
MetS increases with age, it may be a reasonable explana-
tion that the present study, with a median of 49 years,
includes a low number of incident T2DM and MetS cases
compared toprevious studies.This comparablyyoungand
healthy study sample from the general population leads to
a lower number of incident cases and thus lack of statis-
tical power to detect potential risk associations.

Given that oral intake of estrogen increases levels of
SHBG serum levels (15) and thereby decreases levels of
endogenous androgens, it has to be mentioned that the
intake of an oral contraceptive in our study region (20) and
furthermore in East Germany (37) is considerable. Hence,
we performed sensitivity analyses by including the strat-
ification for oral contraceptive use and hormone replace-
ment therapy.

The present findings may be limited by PCOS. The di-
agnostic criteria of the Rotterdam or the National Insti-
tutes of Health classification were not assessed in our co-
hort. In women with PCOS, SHBG levels are typically
decreased because of the effects of obesity and following

increased insulin responses to decrease hepatic production
of SHBG, thereby increasing androgen bioavailability
(38). Finally, geographic, environmental, and ethnic dis-
crepancies between the different study populations may
result in variable risk associations between endogenous
androgens and SHBG and cardiometabolic outcomes.

Conclusion and Perspectives
The present longitudinal population-based study re-

vealed an inverse association of SHBG levels in women
with MetS after multivariable adjustment and T2DM after
age adjustment. Low SHBG levels might represent a risk
marker for MetS as well as T2DM in women. In contrast
to previous findings, we were not able to detect an asso-
ciation of TT to T2DM and MetS in the general popula-
tion. To further illuminate the association between SHBG
and sex hormones with incident MetS and T2DM in
women, meta-analysis are needed, especially in specific
risk conditions like PCOS. Future investigations should
also apply harmonized LC-MS/MS measurements such as
those recommended by the Task Force of the Endocrine
Society (35).
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