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Abstract

Despite its widespread clinical use, there is little data available from population-based studies
on the determinants of serum sex hormone binding globulin (SHBG). We aimed to examine
multifactorial determinants of circulating SHBG levels in community-dwelling men. Study par-
ticipants comprised randomly selected 35-80 y.o. men (n = 2563) prospectively-followed for 5
years (n = 2038) in the Men Androgen Inflammation Lifestyle Environment and Stress (MAI-
LES) study. After excluding men with iliness or medications known to affect SHBG (n = 172),
data from 1786 men were available at baseline, and 1476 at follow-up. The relationship
between baseline body composition (DXA), serum glucose, insulin, triglycerides, thyroxine
(fT4), sex steroids (total testosterone (TT), oestradiol (E2)), and pro-inflammatory cytokines
and serum SHBG level at both baseline & follow-up was determined by linear and penalized
logistic regression models adjusting for age, lifestyle & demographic, body composition, meta-
bolic, and hormonal factors. Restricted cubic spline analyses was also conducted to capture
possible non-linear relationships. At baseline there were positive cross-sectional associations
between age (8 = 0.409, p<0.001), TT (B = 0.560, p<0.001), fT4 (3 = 0.067, p=0.019) and
SHBG, and negative associations between triglycerides (8 =-0.112, p<0.001), abdominal fat
mass (B =-0.068, p = 0.032) and E2 (B =-0.058, p = 0.050) and SHBG. In longitudinal analysis
the positive determinants of SHBG at 4.9 years were age (B = 0.406, p=<0.001), TT (B =
0.461, p =<0.001), and fT4 (8 = 0.040, p = 0.034) and negative determinants were triglycer-
ides (B =-0.065, p = 0.027) and abdominal fat mass (3 =-0.078, p = 0.032). Taken together
these data suggest low SHBG is a marker of abdominal obesity and increased serum triglycer-
ides, conditions which are known to have been associated with low testosterone and low T4.
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Introduction

Sex hormone binding globulin (SHBG) is a circulating homodimeric glycoprotein, primarily
synthesised in the liver, that binds circulating sex steroids with high affinity [1, 2]. Variations
in circulating SHBG levels are observed in a number of physiologic and pathological condi-
tions. In men, low serum SHBG levels are associated with insulin resistance [3], obesity [4],
non-alcoholic fatty liver disease (NAFLD) [5], type 2 diabetes (T2D) [6, 7], and cardiovascular
disease [7]. Higher circulating SHBG is protective against the development of T2D in humans
[8]. Overexpression of SHBG protects against T2D development in transgenic mice [9].

The synthesis and secretion of SHBG is subject to regulation by hormonal, metabolic, and
nutritional factors [7, 10-13]. Factors shown to be inversely associated with SHBG levels include
growth hormone [14], oestrogen (oestradiol) [15, 16], insulin [15, 17], body composition [15,
18, 19], intrahepatic fat [8, 18, 20], triglycerides [21, 22], monosaccharides [23], C-reactive pro-
tein (CRP) [24], and moderate alcohol consumption [25]. SHBG has been positively associated
with testosterone [11, 15], follicle stimulating hormone [11], serum thyroxine [15], adiponectin
[26], olive oil [27], red wine (resveratrol) [28], increasing age [29], physical activity [25] and
resistance training [20, 30]. However, these data are derived largely from cross-sectional studies
with a variety of limitations including small sample size, non-representative samples, restricted
age ranges, limited biochemistry, non-concurrent variables [12, 15, 18, 22, 31] generally leading
to inconclusive and inconsistent findings. Recent longitudinal data from the Boston Area Com-
munity Health/Bone Survey examining changes in anthropometric measures and sex steroids
demonstrated that SHBG at baseline was not associated with changes in any of the included
measures of body composition [32]. Another recent study (n = 1316) [33] undertook a second-
ary analysis of serum SHBG determinants. Their data suggested a possible effect of BMI, glu-
cose, and lipids on SHBG levels. However, the follow-up period was relatively short, men were
all older, and adjustment for confounders was limited [33].

Accordingly, in a longitudinal cohort study we examined cross-sectional and longitudinal
relationships between lifestyle & demographic factors, body composition, metabolic, hormonal
factors, and serum SHBG, simultaneously, in a large, community dwelling, representative
cohort, of middle-aged to elderly Australian men.

Subjects and methods
Study design and participants

Participants for the present study were from the Men Androgen Inflammation Lifestyle Envi-
ronment and Stress (MAILES) study. The MAILES study is a cohort of men aged 35 years and
older, pooled from two existing population-based studies using identical sampling methods in
the Northern and Western suburbs of Adelaide, South Australia: The Florey Adelaide Male
Ageing Study (FAMAS) and North West Adelaide Health Study (NWAHS). A more detailed
description of the study design, procedures, and recruitment was published previously [34].
Briefly, the FAMAS includes 1195 randomly-selected men, aged 35-80 years at recruitment
who attended baseline clinic visits in 2002-2005 and follow-up clinic visits in 2007-2010. The
NWAHS includes men and women aged 18-years at recruitment in 1999-2000, who attended
three clinic waves (n = 2336). For the MAILES study, all FAMAS men and NWAHS age-
matched (35-80 years at stage 2) men were included, yielding a final sample size of 2563 men
at MAILES stage 1 (i.e., FAMAS baseline and NWAHS stage 2) and 2038 men at MAILES
stage 2 (FAMAS 5-year follow-up and NWAHS stage 3). The mean follow-up period for the
MAILES study is 4.9 years. The study was approved by the research ethics committees of the
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Royal Adelaide Hospital and the North Western Adelaide Health Service. A written informed
consent form was given to the eligible participants who signed in-clinic.

For the current analysis, we excluded men with haemolysed samples (n = 14), confounding
health conditions ((thyrotoxicosis, hypothyroidism, epilepsy, alcoholism, hepatitis c, heart
bypass surgery, orchiectomy, primary testicular disease, & prostate cancer) (n = 56)) or on
medications known to affect the hypothalamic pituitary gonadal (HPG) axis and hepatic
SHBG synthesis (testosterone, antiandrogens, glucocorticoids, anti-epileptics, aromatase
inhibitors, and thyroid hormone and anti-thyroid agents; n = 102), leaving a total sample of
1786 at baseline and 1476 at follow-up for analysis (Fig 1).

Baseline (MAILES 1) 2563 s 1958

Participants had SHBG measures at
both time point

\2 s

Follow-up (MAILES 2) 2038 1786

Turned in full clinical interview

\

SHBG measures 1648

Participants had SHBG measures at baseline and follow-up

Turned in full clinical interview

Eligible for cross-sectional analysis

aking medications that may affect serum SHBG

(6 month before clinical visit)

______________ Ny | Major health problems including hyperthyroidism,
epilepsy, alcoholism, orchiectomy, primary testicular
disease, prostate cancer

1476

Eligible for longitudinal analysis

Fig 1. Description of MAILES sample enrolment. MAILES, men androgen inflammation lifestyle environment and stress; SHBG, sex hormone binding globulin.

https://doi.org/10.1371/journal.pone.0200078.9001
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Measurements

Socio-demographic and behavioural characteristics. Information on sociodemographic
and behavioural characteristics (age, gender, physical activity, smoking status, and alcohol
consumption), as well as medical history, including information about medical procedures,
and medication use was obtained by a validated, self-report questionnaire [34]. Body composi-
tion was assessed using Dual-energy X-ray Absorptiometry (DXA) using the Lunar DPX+ and
Prodigy pencil beam densitometers (Lunar Radiation Corporation, Madison, USA). Both den-
sitometers show excellent congruence, with <1% difference in measurement across a range of
measured areas [35].

Biochemical and hormonal assays. Full details of the laboratory methods and quality
control data have been reported previously [34]. Briefly, blood samples were drawn between
8:00 AM and 11:00 AM after a 12-hour overnight fast. Samples were immediately placed on
ice and transported to a laboratory certified by the National Association of Testing Authorities
(NATA) within 4-hours, then centrifuged, fractionated, and serum stored at -80°C until mea-
surement (between 1-13 months after collection). Samples were randomly ordered for assay
and the laboratory technicians were blinded to participant characteristics. Serum SHBG levels
were measured separately at baseline and follow-up by diluting serum to 1:21 through SHBG
sample diluent, and then assayed using the Immulite Autoanalyser and a solid-phase, two-site
chemiluminescent immunoassay (Siemens Medical Solutions, New York, USA; inter-assay
CV: 4.0% at 32.3 nmol/L; lower detection limit: 0.17 nmol/L). Other plasma/serum measures
included metabolic markers (glucose, triglycerides, insulin and alanine transaminase (ALT)
activity), hormones (free thyroxine (fT4), total testosterone (TT) and oestradiol (E2)) and
inflammatory markers (interleukin-6 (IL-6); tumour necrosis factor-alpha (TNF-a)); a marker
of macrophage activation (myeloperoxidase activity (MPO)); and a marker of vascular endo-
thelial inflammation (sE-selectin (eSel)). Inter-assay coefficient of variation (CV) were <10.6%
for all measurements. Concentrations of all selected analytes are stable after multiple freeze-
thaw cycles [36].

Statistical analysis

Descriptive analyses of selected independents and outcome measures were conducted using
chi-square- (categorical) and t-tests (continuous). To estimate cross-sectional and longitudinal
determinants of SHBG variability, we implemented unadjusted, then age-adjusted and multi-
adjusted linear regression and penalized logistic regression (using the least absolute shrinkage
and selection operator (LASSO)) models. The cross-sectional models utilised serum SHBG lev-
els and selected independents variables from baseline clinic visits. The longitudinal models fit-
ted serum SHBG at follow-up (median 4.94 years follow-up, interquartile range 4.34-5.00)
against selected determinants from baseline clinic visits. In separate models, we also assessed
the effect of absolute changes between visits for SHBG determinants against the change in
serum SHBG between visits. Normality and linearity assumptions were examined for all inde-
pendents. Non-normal independents were log-transformed for analysis with results back-
transformed for data presentation. Interaction effects were also examined for selected indepen-
dents with resultant terms included in multi-adjusted models, where appropriate. All analyses
were performed with the IBM SPSS statistical package (version 23.0 Armonk, NY, USA). A
p-value < 0.05 was considered statistically significant. Explained variance (R®) of the models
are also presented.

To access a possible non-linear relationships, restricted cubic splines were performed using
STATA (version 15.0, STATA Corporation, Texas, USA) with 95% Confidence Intervals.
Analyses were multi-adjusted with 3 knots at the 10th, 50th, and 90th percentiles of the
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distribution. To further explore these non-linear associations, tests for nonlinearity comparing
a model with only the linear term to a model with the linear and restricted cubic spline terms
were conducted using likelihood ratio tests (alternate middle knot locations). If a test for non-
linearity was not significant, a test for linearity was conducted comparing a model with the lin-
ear term to a model with only the covariates of interest (SIA-S1H Fig).

Results

There were 1786 men at baseline, with a mean age of 55 years. At follow-up, complete data
were available for 1476 men with a mean age 59 years. The characteristics of the MAILES stage
1 (baseline) and MAILES stage 2 (follow-up over 4.9 years) study populations are summarised
in Table 1. No significant difference exists between baseline characteristics of those subjects
who missed the follow-ups (n = 310) and those who did not (data have not been shown).

The cross-sectional analysis at MAILES stage 1 is shown in Table 2. In unadjusted analysis,
SHBG was positively associated with age, fT'4, TT and E2, and inversely associated with alcohol
consumption, smoking, abdominal total fat mass, triglycerides, glucose, insulin, ALT activity,
and eSel levels. After adjustment for age, SHBG remained positively associated with fT4, TT
and E2 and inversely associated with smoking, abdominal total fat mass, triglycerides, glucose,
insulin, ALT activity, IL-6, MPO activity and eSel levels. After multi-adjustment SHBG was
positively associated with age, fT4 and TT and inversely associated with abdominal fat mass,
triglycerides and E2. LASSO procedure selected TT, age, and f T4 respectively for having the
highest positive regression coefficient while triglycerides and abdominal fat mass respectively
for having the highest negative regression coefficient.

Table 1. Characteristics of the study participant at baseline and 5- year follow-up.

Parameters

Age,Years

BMI (Kg/m?)
Abdominal total fat mass (%)
Triglycerides (mmol/L)*
Glucose (mmol/L)
Insulin (uIU/mL)*

ALT activity (U/L)°

fT4 (pmol/L)

TT (nmol/L)

E2 (pmol/L)°

SHBG (nmol/L)

IL-6 (pg/mL)

TNF-o. (pg/mL)

MPO activity (ug/L)
eSel (ng/mL)

Baseline (n = 1786) 5-Year follow-up (n = 1476) P-value
55.0+12.2 59.0+11.5 <0.001
28.5t4.5 28.8+4.5 <0.001
34.8+8.2 36.3£8.0 <0.001
1.79+1.42 1.73£1.33 0.157
5.20£1.41 5.49+1.42 <0.001
10.9£9.3 9.43%8.81 <0.001
33.8+£19.1 32.0£18.4 0.005
14.4+2.3 16.2+2.81 <0.001
17.0£5.8 16.4+5.7 <0.001
96.3+42.8 94.6+35.2 <0.001
33.0£13.5 33.5+13.6 <0.001
2.03£1.76 2.07£1.98 0.331
1.94+2.88 2.07£2.67 0.064

208.4+295.6 181.7+£199.8 0.002
36.8+16.9 36.4+17.2 0.461

Values are mean + standard deviation, unless stated otherwise.

Statistically significant associations (P <0.05) are shown in bold.

BMI, body mass index; ALT, alanine transaminases; f T4, free thyroxine; TT, total testosterone; E2, oestradiol; SHBG, sex hormone binding globulin; IL-6, interleukin 6;

TNF-0, tumour necrosis factor alpha; MPO, myeloperoxidase; eSel, sE-selectin.

* geometric mean was 1.467 & median was 1.433 at baseline and mean was 1.493 & median was 1.455 at 5 year follow-up respectively.

a1 =1099.
b =1096.
“n=1136.

https://doi.org/10.1371/journal.pone.0200078.t001
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Table 2. Unadjusted, age-adjusted and multi-adjusted generalized linear regression and lasso regression model to estimate cross-sectional determinants of SHBG

in community dwelling men (n = 1786).

Determinants/factors

Standardized p |P-value R?

Unadjusted model

Age-adjusted Multi-adjusted (Full

model)
Standardized § | P-value

LASSO regression

Standardized p | P-value R? Standardized | P-value

Demographic, behavioural & anthropometric factors

Age, Years 0.355
Physical activity 0.022
Alcohol consumption -0.088
Smoking status -0.078
Abdominal total fat mass (%) -0.233
Blood chemistry & hormones

Triglycerides (mmol/L) -0.251
Glucose (mmol/L) -0.061
Insulin (L[U/mL)* -0.171
ALT activity (U/L)" -0.187
T4 (pmol/L) 0.105
TT (nmol/L) 0.535
E2 (pmol/L)° 0.110
Inflammatory markers

IL-6 (pg/mL) -0.017
TNF-o (pg/mL) -0.003
MPO activity (ug/L) -0.042
eSel (ng/mL) -0.178

B
<0.001 | 0.126 - - - 0.409 <0.001 0.418 <0.001
0.375 0.000 0.008 0.724 0.132 -0.012 0.667
<0.001 | 0.008 -0.044 0.055 0.127 -0.041 0.145
0.001 0.006 -0.149 <0.001 | 0.148 0.005 0.873
<0.001 | 0.054 -0.302 <0.001 | 0.202 -0.068 0.032 -0.081 0.006
<0.001 | 0.063 -0.227 <0.001 | 0.177 -0.112 <0.001 -0.121 <0.001
0.010 0.004 -0.126 <0.001 | 0.141 0.033 0.269
<0.001 | 0.029 -0.201 <0.001 | 0.182 0.002 0.945
<0.001 | 0.035 -0.108 <0.001 | 0.152 -0.029 0.350
<0.001 | 0.011 0.120 <0.001 | 0.139 0.067 0.019 0.086 0.002
<0.001 | 0.286 0.581 <0.001 | 0.461 0.560 <0.001 0.539 <0.001
<0.001 | 0.012 0.084 0.002 0.141 -0.058 0.050
0.514 0.000 -0.065 0.008 0.123 -0.007 0.795
0.896 0.000 -0.023 0.356 0.117 -0.019 0.504
0.111 0.002 -0.024 0.001 0.117 0.011 0.705
<0.001 | 0.032 -0.160 <0.001 | 0.143 -0.014 0.651

Statistically significant associations (P <0.05) are shown in bold. Multi-adjusted generalized linear model R* was 0.537 and lasso regression model R* was 0.530. ALT,

alanine transaminases; fT4,free thyroxine; TT,total testosterone; E2,0estradiol; SHBG,sex hormone binding globulin; IL-6,interleukin 6; TNF-a, tumour necrosis factor

alpha; MPO,myeloperoxidase; eSel,sE-selectin.
*n=1097.
®n = 1095.
‘n=1134.

https://doi.org/10.1371/journal.pone.0200078.t1002

The regression estimates of longitudinal analysis are shown in Table 3. Unadjusted analysis
of the longitudinal data showed significant a positive association between absolute SHBG at
4.9 years and age, physical activity, fT4, TT, E2, I1-6, and TNF-a at baseline and inverse associ-
ation with alcohol consumption, abdominal total fat mass, triglycerides, glucose, insulin, ALT
activity, MPO activity, and eSel levels at baseline with absolute SHBG levels at 4.9 years. After
adjustment for age, SHBG remained positively associated with fT4, TT and TNF-o. and
inversely with alcohol consumption, abdominal total fat mass, triglycerides, glucose, insulin,
ALT activity, MPO activity and eSel levels. After multi—adjustment SHBG was positively asso-
ciated with age, fT4 and TT and inversely associated with abdominal total fat mass and triglyc-
erides. LASSO procedure selected TT, age, and fT'4 respectively for having highest positive
regression coefficient while triglycerides and abdominal fat mass for having highest negative
regression coefficient.

To account for the effect of changes in selected independent variables on the outcome
measure, we modelled the absolute difference for independents between clinic visits against
the change in SHBG at follow-up (S1 Table). Furthermore, possible non-linear relationships
between SHBG levels and independents have been assessed with multi-adjusted restricted
cubic splines with 3 knots at the 10th, 50th, and 90th percentiles of the distribution. We
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Table 3. Unadjusted, age-adjusted and multi-adjusted generalized linear regression and lasso regression model to estimate longitudinal determinants of SHBG in
community dwelling men (n = 1476).

Determinants/factors Unadjusted model Age-adjusted Multi-adjusted (Full LASSO regression
model)
Standardized p |P-value R? Standardized p | P-value R*> |Standardized p |P-value Standardized | P-value
B
Demographic, behavioural & anthropometric factors
Age, Years 0.320 <0.001 | 0.103 - - - 0.406 <0.001 0.419 <0.001
Physical activity 0.060 0.025 0.004 0.045 0.075 0.114 0.005 0.874
Alcohol consumption -0.106 <0.001 | 0.011 -0.070 0.006 0.110 -0.056 0.083
Smoking status 0.006 0.827 0.000 -0.059 0.018 0.107 0.050 0.135
Abdominal total fat mass (%) -0.243 <0.001 | 0.059 -0.292 <0.001 | 0.143 -0.078 0.032 -0.081 0.014
Blood chemistry & hormones
Triglycerides (mmol/L) -0.224 <0.001 | 0.050 -0.208 <0.001 | 0.146 -0.065 0.027 -0.088 0.006
Glucose (mmol/L) -0.094 <0.001 | 0.009 -0.162 <0.001 | 0.129 -0.049 0.145
Insulin (LIU/mL)* -0.157 <0.001 | 0.025 -0.178 <0.001 | 0.132 -0.009 0.806
ALT activity (U/L)b -0.239 <0.001 | 0.057 -0.168 <0.001 | 0.158 -0.054 0.118
T4 (pmol/L) 0.057 0.030 0.003 0.079 0.001 0.109 0.040 0.034 0.038 0.011
TT (nmol/L) 0.450 <0.001 | 0.202 0.489 <0.001 | 0.339 0.461 <0.001 0.448 <0.001
E2 (pmol/L)° 0.098 0.004 0.010 0.047 0.150 0.129 -0.023 0.490
Inflammatory markers
IL-6 (pg/mL) 0.062 0.016 0.004 0.018 0.470 0.104 0.047 0.150
TNF-o (pg/mL) 0.074 0.005 0.006 0.056 0.025 0.109 0.037 0.243
MPO activity (ug/L) -0.093 <0.001 | 0.009 -0.076 0.002 0.110 0.037 0.253
eSel (ng/mL) -0.169 <0.001 | 0.029 -0.151 <0.001 | 0.128 0.045 0.208

Statistically significant associations (P < 0.05) are shown in bold. Multi-adjusted generalized linear model R* was 0.420 and lasso regression model R* was 0.404. ALT,
alanine transaminases; fT4,free thyroxine; TT,total,testosterone; E2,0estradiol; SHBG, sex hormone binding globulin; IL-6,interleukin 6; TNF-o, tumour necrosis factor
alpha; MPO activity, myeloperoxidase; eSel,sE-selectin.

“n=748.

®n =744,

“n=789.

https://doi.org/10.1371/journal.pone.0200078.t003

found evidence of non-linear associations between SHBG levels and triglycerides (Pop.1in-
carity < 0.001)), glucose (Ppon-tinearity < 0.001), insulin (Pyon-finearity < 0.001), alanine trans-
aminases (Phon-lincarity < 0.001), oestradiol (Ppon-tinearity < 0.0001), IL-6 (Phon-tinearity <
0.001), TNF-0t (Ppon-tinearity < 0-001) and eSel (Ppon_tincarity < 0.001) (SIA-STH Fig). To fur-
ther explore these non-linear associations, we applied generalized models, with alternate
middle knot locations specified by visual inspection and likelihood ratio tests of the corre-
sponding regression curves (SIA-S1H Fig). With the exception of E2 and ALT activity all
other independent variables within and above the cut-off were similar to original linear
regression model with continuous variables (S2 Table).

Discussion

This study showed a positive relationship of serum SHBG levels with age, thyroxine and total
testosterone, and an inverse relationship with abdominal total fat mass, triglycerides and oes-
tradiol at baseline. Longitudinally, there was a positive relationship of SHBG levels with base-
line age, thyroxine, and total testosterone and an inverse relationship with abdominal total fat
mass, and triglycerides.
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Our finding of a positive association between age and SHBG is consistent with most previ-
ous studies [29, 37-39]. The only study to find no association between SHBG levels and age
included participants younger than 45 years [15]. We also did not find any significant associa-
tion of serum SHBG levels and age among men younger than 45 years (n = 458) (data not
shown).

An independent inverse association between SHBG and obesity as defined by body mass
index (BMI) and waist circumference (WC) has been reported cross-sectionally [29, 40, 41]
and longitudinally [19, 22]. We have shown an even stronger inverse association using a DXA
based estimate of visceral adiposity (abdominal total fat mass) consistent with prior cross-sec-
tional data [15, 20, 42]. Further, we now demonstrate an inverse, longitudinal association
between visceral adiposity and SHBG.

Although not directly addressed by the current study, our data are consistent with a consid-
erable body of basic science data that links de novo lipogenesis and SHBG production [7, 13,
43, 44]. Prior studies have also suggested that circulating SHBG decreases when fat accumu-
lates in the liver as a result of de novo lipogenesis [8, 19, 45]. Taken together these data suggest
coupling between the regulation of SHBG and de novo lipogenesis. The strong inverse associa-
tion between serum triglycerides and SHBG levels that we observed accord with the results of
previous cross-sectional [11, 18, 21, 31] and limited longitudinal studies [46, 47]. This study is
the largest study to date to examine the association of serum triglycerides and SHBG using
comprehensive clinical, demographic, anthropometric and bio-psychosocial data
simultaneously.

Although SHBG has been shown to be inversely associated with insulin in some cross-sec-
tional and longitudinal studies [7, 11, 13, 15], we found, no association between insulin and
SHBG either cross-sectionally or longitudinally. We also found an inverse association between
insulin and SHBG among men with normal glucose or those with prediabetes but did not find
a significant association between insulin and SHBG among men with T2D (data not shown).
Insulin has been reported to directly inhibit hepatic SHBG production [48, 49]. However,
there is no direct mechanism by which insulin can regulate transcription of the SHBG gene
[23]. Rather, it is likely that the effect is mediated indirectly via inhibition of hepatic de novo
lipogenesis [23]. This may explain why SHBG tends to be higher in lean individuals with type
1 diabetes, and lower in the presence of obesity with hepatic insulin resistance [3, 45].

Consumption of a diet high in monosaccharides particularly fructose, can reduce serum
SHBG levels by about 80% in people without diabetes, and by about 40-50% among those with
diabetes [23]. Glucose and fructose reduce SHBG production in HepG2 hepatocarcinoma cells
by inducing lipogenesis [44]. We did not examine monosaccharide consumption, but there
was no significant association between serum SHBG and serum glucose, as has been shown
previously [50, 51]. We did not find any significant association between glucose and SHBG
among men categorised as normoglycemic, impaired glucose tolerance and T2D group cross-
sectionally but was significant longitudinally. In these data, SHBG levels was significantly low
among T2D group (data not shown).

T4 stimulates the production of SHBG in HepG2 hepatocarcinoma cells, indirectly by
increasing HNF4-o. gene expression and by reducing cellular palmitate levels [48, 52]. T4 has
previously been shown to be positively associated with SHBG levels in men with hyperthyroid-
ism and inversely associated with SHBG levels in men who are hypothyroid [53]. Our findings
are consistent with these data despite two earlier observations reporting no relationship
between T4 and SHBG [15, 54]. As far as we can determine the longitudinal association
between T4 and SHBG, that we report, has not previously been demonstrated. Our data also
accord with clinical observations of the effect of thyroid hormones on SHBG [10, 11].
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SHBG production in HepG2 hepatocarcinoma cells is inhibited by testosterone but the
mechanism by which this occurs has not been elucidated [7, 10, 55]. As boys progress through
puberty serum SHBG levels decrease as T levels increase [39]. Exogenously administered
androgens, even at low doses when taken orally, suppress SHBG [56]. These findings notwith-
standing, we found that serum T levels are positively correlated with SHBG cross-sectionally
consistent with prior reports [11, 15, 18, 50, 57, 58]. As far as we can determine our data are
the first to show a strong positive association between T and SHBG levels longitudinally.
Taken together it seems that this reflects the expected steady state relationship between T and
SHBG as reflected by the measurement of total T.

The observed inverse association between E2 and SHBG in the cross-sectional data is con-
sistent with the findings of others [12, 15, 16, 20] but stands in contrast to the effect of E2 to
increase SHBG in HepG2 hepatocarcinoma cells, an effect most likely dependent on estrogen
receptor o (ER-o) mediated upregulation of HNF4-o. gene expression [55, 59, 60]. Further-
more, our longitudinal analyses revealed no association between E2 and SHBG. These observa-
tions were also confirmed by additional results obtained with a permitted flexible nonlinear
associations by restricted cubic spline analyses. The most likely explanation for the difference
in cross-sectional vs. longitudinal results and findings within the model is that circulating E2
levels are primarily dependent on T, but not age or percentage total fat mass and total T (mea-
sured in our study), which in general will be lower when SHBG is lower. The effect of E2 to
stimulate SHBG is dependent on a first pass effect through the liver [59]. This applies to both
men and women. Oral E2 in women is well described to increase SHBG, whereas topical deliv-
ery has a minimal effect [61]. The same is true in men [62]. Moreover, there is a general con-
clusion from longitudinal studies that serum E, declines when serum T declines in men [63],
therefore any effects are likely obscured by the strong positive association between SHBG and
total T levels. Support for this explanation comes from a study in which it was shown that with
increasing obesity both T and E2 decrease but T does so to a greater extent [64]. Furthermore,
we assessed the expression of adipose tissue aromatase in male volunteers to determine the
effect of 28 days over feeding a high fat energy dense diet (weight gain) and observed no
increase in aromatase per unit of adipose tissue. Accordingly we presume that expanded adi-
pose tissue mass increases biotransformation of T to E accounting for the observed relative
preservation of E2 compared with T.

TNF-a at both physiological and supraphysiological concentrations reduces SHBG produc-
tion in HepG2 cells by down regulating HNF4-o. gene expression, an effect mediated via hepa-
tocyte nuclear factor kappa B (NF-«B) [65]. Prior epidemiological studies have reported an
inverse association of serum SHBG levels with WBC count and serum fibrinogen but not CRP
[66, 67]. We did not find any statistically significant relationships between circulating pro-
inflammatory cytokines (TNF-o and IL-6), a marker of macrophage activation (MPO activity),
or a marker of vascular endothelial function (eSel) and SHBG. We also did not find any signifi-
cant association of WBC count with serum SHBG in a subset of the cohort (n = 792) for whom
data were available (data not shown).

Taken together these and other data suggest that circulating levels of SHBG are a marker of
the presence and severity of hepatic insulin resistance [3], de novo lipogenesis [10], and associ-
ated conditions including NAFLD [5], type 2 diabetes [10], and cardiovascular disease [7].
From a clinical standpoint the measurement of serum SHBG facilitates the identification of
this component of metabolic dysfunction and monitoring of the response to treatment [7, 68].
Interventions that reduce weight, ameliorate insulin resistance, fatty liver and lower serum tri-
glycerides lead to increases in serum SHBG [10]. Conversely worsening of these conditions
leads to a decrease in serum SHBG [7, 13]. In patients with type I diabetes, SHBG levels should
be normal or raised [69]; a decrease in SHBG level reflects the emergence of hepatic insulin
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resistance and therefore is a possible indicator of type II diabetes [7, 13]. For instance, SHBG
levels were shown to be increased when patients with T2D are treated with rosiglitazone,
which reduces insulin resistance by ~30% [45]. A further example is in evaluating the signifi-
cance of the low testosterone in patients with the metabolic syndrome [13].

The strengths of our study includes the use of a well-characterised, large population based
and broadly representative sample of men, with ages ranging from 35 to 80 years, and the
simultaneous measurement of numerous potential determinants and confounders. Further,
sex steroids were measured, concurrently at each time point, using validated tandem mass
spectrometry assays, and body composition was assessed by DXA. Study limitations include
the predominant Caucasian population which limits generalisability given known ethnic varia-
tions in SHBG [70].

In conclusion, our study has confirmed an age-related rise in circulating SHBG in men,
beginning from middle-age. Beyond this gradual increase, reduced SHBG levels largely reflects
obesity, particularly men with a substantial or predominant visceral component with associ-
ated metabolic consequences. We suggest that variation in SHBG reflects de novo lipogenesis
within the liver that occurs in the context of insulin resistance. The observed positive relation-
ship between thyroid hormones and SHBG levels suggests that thyroid hormone may modu-
late circulating SHBG, either directly or indirectly. High circulating sex steroids are associated
with higher SHBG levels reflecting the direct effect of sex steroids.

Supporting information

S1 Fig. Non-linear regression curves of associations between SHBG and potential determi-
nants in community dwelling men. [A] Triglycerides; [B] Glucose; [C] Insulin; [D] ALT; [E]
E2; [F] IL-6; [G] TNF-o; [H] eSel, among community dwelling, middle-aged to elderly men.
All analyses were adjusted for age, physical activity, smoking status, alcohol consumption,
abdominal total fat mass(%), triglycerides, glucose, insulin, alanine transaminases (ALT); free
thyroxine (fT4), total testosterone (TT), oestradiol(E2), interleukin 6 (IL-6), tumour necrosis
factor alpha(TNF-o), myeloperoxidases (MPO) and e-Selectin (eSel).

(TIFF)

S1 Table. Unadjusted, age-adjusted, and multi-adjusted generalized linear regression and
lasso regression model to estimate associations between changes in potential determinants
(A) against change in SHBG (A) between visits in community dwelling men (n = 1476). Sta-
tistically significant associations (P < 0.05) are shown in bold. Multi-adjusted generalized lin-
ear model R2 was 0.240 and lasso regression model R2 was 0.258. A = the change in value
between baseline and on follow-up over 4.9 years, ALT, alanine transaminases; f T4, free thy-
roxine; TT, total testosterone; E2,0estradiol; SHBG, sex hormone binding globulin; IL-6,inter-
leukin 6; TNF-o, tumour necrosis factor alpha; MPO, myeloperoxidase; eSel, sE-selectin. a
n=748,bn=744,cn="789.

(PDF)

S2 Table. Multi-adjusted regression model (via splines) to estimate longitudinal determi-
nants of SHBG in community dwelling men (n = 1476). Data presented are standardised
regression coefficients (B) taken from generalized additive models, with cut points determined
from corresponding cubic spline analyses and likelihood ratio (S1 Fig). Statistically significant
associations (P < 0.05) are shown in bold. ALT, alanine transaminases; E2, oestradiol; IL-6,
interleukin 6; TNF-o, tumour necrosis factor alpha; eSel, sE-selectin. a Triglycerides cut-off
value was 2 mmol/L; b Glucose cut-off value was 6.0 mmol/L; ¢ Insulin cut-off value was

20.0 WIU/mL; d ALT cut-off value was 45.0 U/L; e E2 cut-off value was 110.0 pmol/L, fIL-6
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cut-off value was 3.5 pg/mL; gTNF-a cut-off value was 4.0 pg/mL; h eSel cut-off value was 45.0
ng/mL.
(PDF)

S1 Appendix. All relevant data are available in the supporting information files and com-
prises minimal analytical data set.
(SAV)

Acknowledgments

Authors thank the MAILES investigators for their contributions to the study. The authors also
acknowledge Siemens Healthcare for providing the immunoassay kits for all Immulite assays.
We would also like to extend our appreciation to Yohannes Adama Melaku for his assistance
in conducting restricted cubic splines analysis using STATA. Finally, thanks are extended to
our participants and their families for their invaluable contributions.

Author Contributions
Conceptualization: Alicia J. Jenkins, Anne W. Taylor, Robert J. T. Adams, Gary A. Wittert.

Data curation: Prabin Gyawali, Sean A. Martin, Alicia J. Jenkins, Andrzej S. Januszewski,
Anne W. Taylor, Robert J. T. Adams, Peter D. O’Loughlin.

Formal analysis: Prabin Gyawali, Sean A. Martin, Andrew D. Vincent, Gary A. Wittert.
Funding acquisition: Alicia J. Jenkins, Anne W. Taylor, Robert J. T. Adams, Gary A. Wittert.
Investigation: Prabin Gyawali, Gary A. Wittert.

Methodology: Prabin Gyawali, Alicia J. Jenkins, Gary A. Wittert.

Project administration: Sean A. Martin.

Supervision: Sean A. Martin, Leonie K. Heilbronn, Gary A. Wittert.

Writing - original draft: Prabin Gyawali, Sean A. Martin, Gary A. Wittert.

Writing - review & editing: Prabin Gyawali, Sean A. Martin, Leonie K. Heilbronn, Andrew
D. Vincent, Alicia J. Jenkins, Andrzej S. Januszewski, Anne W. Taylor, Robert J. T. Adams,
Peter D. O’Loughlin, Gary A. Wittert.

References

1. Anderson DC. Sex-hormone-binding globulin. Clin Endocrinol (Oxf). 1974; 3(1):69-96. Epub 1974/01/
01. PMID: 4134992.

2. Hammond GL, Bocchinfuso WP. Sex hormone-binding globulin: gene organization and structure/func-
tion analyses. Horm Res. 1996; 45(3-5):197-201. Epub 1996/01/01. https://doi.org/10.1159/
000184787 PMID: 8964583.

3. Wallace IR, McKinley MC, Bell PM, Hunter SJ. Sex hormone binding globulin and insulin resistance.
Clin Endocrinol (Oxf). 2013; 78(3):321-9. Epub 2012/11/06. https://doi.org/10.1111/cen.12086 PMID:
23121642.

4. Caldwell JD, Jirikowski GF. Sex hormone binding globulin and aging. Horm Metab Res. 2009; 41
(3):173-82. Epub 2008/10/29. https://doi.org/10.1055/s-0028-1093351 PMID: 18956301.

5. Flechtner-Mors M, Schick A, Oeztuerk S, Haenle MM, Wilhelm M, Koenig W, et al. Associations of fatty
liver disease and other factors affecting serum SHBG concentrations: a population based study on
1657 subjects. Horm Metab Res. 2014; 46(4):287-93. Epub 2013/09/04. https://doi.org/10.1055/s-
0033-1354369 PMID: 24000139.

6. Gyawali P, Martin SA, Heilbronn LK, Vincent AD, Taylor AW, Adams RJT, et al. The role of sex hor-
mone-binding globulin (SHBG), testosterone, and other sex steroids, on the development of type 2

PLOS ONE | https://doi.org/10.1371/journal.pone.0200078 July 11,2018 11/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200078.s004
http://www.ncbi.nlm.nih.gov/pubmed/4134992
https://doi.org/10.1159/000184787
https://doi.org/10.1159/000184787
http://www.ncbi.nlm.nih.gov/pubmed/8964583
https://doi.org/10.1111/cen.12086
http://www.ncbi.nlm.nih.gov/pubmed/23121642
https://doi.org/10.1055/s-0028-1093351
http://www.ncbi.nlm.nih.gov/pubmed/18956301
https://doi.org/10.1055/s-0033-1354369
https://doi.org/10.1055/s-0033-1354369
http://www.ncbi.nlm.nih.gov/pubmed/24000139
https://doi.org/10.1371/journal.pone.0200078

@° PLOS | ONE

Determinants of sex hormone binding globulin (SHBG)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

diabetes in a cohort of community-dwelling middle-aged to elderly men. Acta Diabetol. 2018. Epub
2018/05/31. https://doi.org/10.1007/s00592-018-1163-6 PMID: 29845345.

Simo R, Saez-Lopez C, Barbosa-Desongles A, Hernandez C, Selva DM. Novel insights in SHBG regu-
lation and clinical implications. Trends Endocrinol Metab. 2015; 26(7):376—83. Epub 2015/06/06.
https://doi.org/10.1016/j.tem.2015.05.001 PMID: 26044465.

Peter A, Kantartzis K, Machann J, Schick F, Staiger H, Machicao F, et al. Relationships of circulating
sex hormone-binding globulin with metabolic traits in humans. Diabetes. 2010; 59(12):3167—73. Epub
2010/09/16. https://doi.org/10.2337/db10-0179 PMID: 20841609; PubMed Central PMCID:
PMC2992779.

Saez-Lopez C, Rivera-Gimenez M, Hernandez C, Simo R, Selva DM. SHBG-C57BL/ksJ-db/db: A New
Mouse Model to Study SHBG Expression and Regulation During Obesity Development. Endocrinology.
2015; 156(12):4571-81. Epub 2015/10/07. https://doi.org/10.1210/en.2015-1677 PMID: 26441241

Hammond GL, Wu TS, Simard M. Evolving utility of sex hormone-binding globulin measurements in
clinical medicine. Curr Opin Endocrinol Diabetes Obes. 2012; 19(3):183-9. Epub 2012/04/26. https://
doi.org/10.1097/MED.0b013e328353732f PMID: 22531107.

Wang N, Zhang K, Han B, Li Q, Chen Y, Zhu C, et al. Follicle stimulating hormone, its novel association
with sex hormone binding globulin in men and postmenopausal women. Endocrine. 2017; 56(3):649—
57. Epub 2017/03/06. https://doi.org/10.1007/s12020-017-1272-y PMID: 28260206.

Abdella NA, Mojiminiyi OA. Cross-sectional study of the determinants and associations of sex hor-
mone-binding globulin concentrations in first degree relatives (FDR) of patients with Type 2 Diabetes
Mellitus. Diabetes Res Clin Pract. 2017; 133:159-67. Epub 2017/09/28. https://doi.org/10.1016/j.
diabres.2017.08.024 PMID: 28950181.

Hammond G. Sex Hormone-Binding Globulin and the Metabolic Syndrome. Male Hypogonadism,Con-
temporary Endocrinology. 2017:305-24. https://doi.org/10.1007/978-3-319-53298-1_15

Gafny M, Silbergeld A, Klinger B, Wasserman M, Laron Z. Comparative effects of GH, IGF-I and insulin
on serum sex hormone binding globulin. Clin Endocrinol (Oxf). 1994; 41(2):169-75. Epub 1994/08/01.
PMID: 7923821.

Vanbillemont G, Lapauw B, De Naeyer H, Roef G, Kaufman JM, Taes YEC. Sex hormone-binding glob-
ulin at the crossroad of body composition, somatotropic axis and insulin/glucose homeostasis in young
healthy men. Clin Endocrinol (Oxf). 2012; 76(1):111-8.

de Ronde W, van der Schouw YT, Muller M, Grobbee DE, Gooren LJ, Pols HA, et al. Associations of
sex-hormone-binding globulin (SHBG) with non-SHBG-bound levels of testosterone and estradiol in
independently living men. J Clin Endocrinol Metab. 2005; 90(1):157-62. Epub 2004/10/29. https://doi.
org/10.1210/jc.2004-0422 PMID: 15509641.

Daka B, Jansson PA, Rosen T, Ranullstam L, Lindblad U. Inverse correlation between serum insulin
and sex hormone binding globulin in a population survey in the south-west of Sweden. Diabetologia.
2011; 54:5219.

Bonnet F, Velayoudom Cephise FL, Gautier A, Dubois S, Massart C, Camara A, et al. Role of sex ste-
roids, intrahepatic fat and liver enzymes in the association between SHBG and metabolic features. Clin
Endocrinol (Oxf). 2013; 79(4):517—-22. Epub 2012/11/06. https://doi.org/10.1111/cen.12089 PMID:
23121021.

Kim C, Dabelea D, Kalyani RR, Christophi CA, Bray GA, Pi-Sunyer X, et al. Changes in Visceral Adipos-
ity, Subcutaneous Adiposity, and Sex Hormones in the Diabetes Prevention Program. J Clin Endocrinol
Metab. 2017; 102(9):3381-9. Epub 2017/06/28. https://doi.org/10.1210/jc.2017-00967 PMID:
28651370; PubMed Central PMCID: PMC5587076.

He Z, Rankinen T, Leon AS, Skinner JS, Tchernof A, Bouchard C. Plasma steroids, body composition,
and fat distribution: effects of age, sex, and exercise training. Int J Obes (Lond). 2018. Epub 2018/03/
07. https://doi.org/10.1038/s41366-018-0033-1 PMID: 29507393.

Canoy D, Barber TM, Pouta A, Hartikainen AL, McCarthy MI, Franks S, et al. Serum sex hormone-bind-
ing globulin and testosterone in relation to cardiovascular disease risk factors in young men: a popula-
tion-based study. Eur J Endocrinol. 2014; 170(6):863—72. Epub 2014/03/29. https://doi.org/10.1530/
EJE-13-1046 PMID: 24670886.

Firtser S, Juonala M, Magnussen CG, Jula A, Loo BM, Marniemi J, et al. Relation of total and free tes-
tosterone and sex hormone-binding globulin with cardiovascular risk factors in men aged 24—45 years.
The Cardiovascular Risk in Young Finns Study. Atherosclerosis. 2012; 222(1):257-62. Epub 2012/03/
17. https://doi.org/10.1016/j.atherosclerosis.2012.02.020 PMID: 22420889.

Selva DM, Hogeveen KN, Innis SM, Hammond GL. Monosaccharide-induced lipogenesis regulates the
human hepatic sex hormone-binding globulin gene. J Clin Invest. 2007; 117(12):3979-87. Epub 2007/
11/10. https://doi.org/10.1172/JCI32249 PMID: 17992261; PubMed Central PMCID: PMC2066187.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200078 July 11,2018 12/15


https://doi.org/10.1007/s00592-018-1163-6
http://www.ncbi.nlm.nih.gov/pubmed/29845345
https://doi.org/10.1016/j.tem.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/26044465
https://doi.org/10.2337/db10-0179
http://www.ncbi.nlm.nih.gov/pubmed/20841609
https://doi.org/10.1210/en.2015-1677
http://www.ncbi.nlm.nih.gov/pubmed/26441241
https://doi.org/10.1097/MED.0b013e328353732f
https://doi.org/10.1097/MED.0b013e328353732f
http://www.ncbi.nlm.nih.gov/pubmed/22531107
https://doi.org/10.1007/s12020-017-1272-y
http://www.ncbi.nlm.nih.gov/pubmed/28260206
https://doi.org/10.1016/j.diabres.2017.08.024
https://doi.org/10.1016/j.diabres.2017.08.024
http://www.ncbi.nlm.nih.gov/pubmed/28950181
https://doi.org/10.1007/978-3-319-53298-1_15
http://www.ncbi.nlm.nih.gov/pubmed/7923821
https://doi.org/10.1210/jc.2004-0422
https://doi.org/10.1210/jc.2004-0422
http://www.ncbi.nlm.nih.gov/pubmed/15509641
https://doi.org/10.1111/cen.12089
http://www.ncbi.nlm.nih.gov/pubmed/23121021
https://doi.org/10.1210/jc.2017-00967
http://www.ncbi.nlm.nih.gov/pubmed/28651370
https://doi.org/10.1038/s41366-018-0033-1
http://www.ncbi.nlm.nih.gov/pubmed/29507393
https://doi.org/10.1530/EJE-13-1046
https://doi.org/10.1530/EJE-13-1046
http://www.ncbi.nlm.nih.gov/pubmed/24670886
https://doi.org/10.1016/j.atherosclerosis.2012.02.020
http://www.ncbi.nlm.nih.gov/pubmed/22420889
https://doi.org/10.1172/JCI32249
http://www.ncbi.nlm.nih.gov/pubmed/17992261
https://doi.org/10.1371/journal.pone.0200078

@° PLOS | ONE

Determinants of sex hormone binding globulin (SHBG)

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

ZhangY, Gao Y, Tan A, Yang X, Zhang H, Zhang S, et al. Endogenous sex hormones and C-reactive
protein in healthy chinese men. Clin Endocrinol (Oxf). 2013; 78(1):60-6.

Shiels MS, Rohrmann S, Menke A, Selvin E, Crespo CJ, Rifai N, et al. Association of cigarette smoking,
alcohol consumption, and physical activity with sex steroid hormone levels in US men. Cancer Causes
Control. 2009; 20(6):877-86. Epub 2009/03/12. https://doi.org/10.1007/s10552-009-9318-y PMID:
19277882; PubMed Central PMCID: PMCPMC3004151.

Simo R, Saez-Lopez C, Lecube A, Hernandez C, Fort JM, Selva DM. Adiponectin upregulates SHBG
production: molecular mechanisms and potential implications. Endocrinology. 2014; 155(8):2820-30.
Epub 2014/05/16. https://doi.org/10.1210/en.2014-1072 PMID: 24828613.

Saez-Lopez C, Soriguer F, Hernandez C, Rojo-Martinez G, Rubio-Martin E, Simo R, et al. Oleic acid
increases hepatic sex hormone binding globulin production in men. Molecular nutrition & food research.
2014; 58(4):760-7. Epub 2013/10/22. https://doi.org/10.1002/mnfr.201300304 PMID: 24142580.

Saez-Lopez C, Brianso-Llort L, Torres-Torrenteras J, Simo R, Hammond GL, Selva DM. Resveratrol
Increases Hepatic SHBG Expression through Human Constitutive Androstane Receptor: a new Contri-
bution to the French Paradox. Sci Rep. 2017; 7(1):12284. Epub 2017/09/28. https://doi.org/10.1038/
$41598-017-12509-x PMID: 28947831.

Cooper LA, Page ST, Amory JK, Anawalt BD, Matsumoto AM. The association of obesity with sex hor-
mone-binding globulin is stronger than the association with ageing—implications for the interpretation of
total testosterone measurements. Clin Endocrinol (Oxf). 2015; 83(6):828—33. Epub 2015/03/18. https:/
doi.org/10.1111/cen.12768 PMID: 25777143; PubMed Central PMCID: PMC4782930.

Roberts CK, Croymans DM, Aziz N, Butch AW, Lee CC. Resistance training increases SHBG in over-
weight/obese, young men. Metabolism. 2013; 62(5):725-33. Epub 2013/01/16. https://doi.org/10.1016/
j.metabol.2012.12.004 PMID: 23318050; PubMed Central PMCID: PMCPmc3845495.

Yeap BB, Knuiman MW, Divitini ML, Handelsman DJ, Beilby JP, Beilin J, et al. Differential associations
of testosterone, dihydrotestosterone and oestradiol with physical, metabolic and health-related factors
in community-dwelling men aged 17-97 years from the Busselton Health Survey. Clin Endocrinol (Oxf).
2014; 81(1):100-8. Epub 2014/01/17. https://doi.org/10.1111/cen.12407 PMID: 24428256.

Gates MA, Mekary RA, Chiu GR, Ding EL, Wittert GA, Araujo AB. Sex steroid hormone levels and body
composition in men. J Clin Endocrinol Metab. 2013; 98(6):2442-50. Epub 2013/04/30. https://doi.org/
10.1210/jc.2012-2582 PMID: 23626004; PubMed Central PMCID: PMCPmc3667256.

Hsu B, Cumming RG, Blyth FM, Naganathan V, Le Couteur DG, Seibel MJ, et al. Longitudinal and
cross-sectional relationships of circulating reproductive hormone levels to self-rated health and health-
related quality of life in community-dwelling older men. J Clin Endocrinol Metab. 2014; 99(5):1638—47.
Epub 2014/02/21. hitps://doi.org/10.1210/jc.2013-3984 PMID: 24552220.

Grant JF, Martin SA, Taylor AW, Wilson DH, Araujo A, Adams RJ, et al. Cohort profile: The men andro-
gen inflammation lifestyle environment and stress (MAILES) study. Int J Epidemiol. 2014; 43(4):1040—
53. Epub 2013/06/21. https://doi.org/10.1093/ije/dyt064 PMID: 23785097; PubMed Central PMCID:
PMCPmc4258764.

Mazess RB, Barden HS. Evaluation of differences between fan-beam and pencil-beam densitometers.
Calcif Tissue Int. 2000; 67(4):291-6. Epub 2000/09/23. PMID: 11000342.

Cuhadar S, Koseoglu M, Atay A, Dirican A. The effect of storage time and freeze-thaw cycles on the sta-
bility of serum samples. Biochem Med (Zagreb). 2013; 23(1):70-7. Epub 2013/03/06. https://doi.org/10.
11613/BM.2013.009 PMID: 23457767; PubMed Central PMCID: PMCPMC3900085.

Liu PY, Beilin J, Meier C, Nguyen TV, Center JR, Leedman PJ, et al. Age-related changes in serum tes-
tosterone and sex hormone binding globulin in Australian men: longitudinal analyses of two geographi-
cally separate regional cohorts. J Clin Endocrinol Metab. 2007; 92(9):3599-603. Epub 2007/06/28.
https://doi.org/10.1210/jc.2007-0862 PMID: 17595245.

Gapstur SM, Gann PH, Kopp P, Colangelo L, Longcope C, Liu K. Serum androgen concentrations in
young men: a longitudinal analysis of associations with age, obesity, and race. The CARDIA male hor-
mone study. Cancer epidemiology, biomarkers & prevention: a publication of the American Association
for Cancer Research, cosponsored by the American Society of Preventive Oncology. 2002; 11(10 Pt
1):1041-7. Epub 2002/10/12. PMID: 12376505.

Handelsman DJ, Sikaris K, Ly LP. Estimating age-specific trends in circulating testosterone and sex
hormone-binding globulin in males and females across the lifespan. Ann Clin Biochem. 2016; 53(Pt
3):377-84. Epub 2015/10/07. https://doi.org/10.1177/0004563215610589 PMID: 26438522.

Lee K, Sung J, Song YM. Genetic and environmental influence on the association between testoster-
one, sex hormone-binding globulin and body composition in Korean men. Clin Endocrinol (Oxf). 2015;
83(2):236—45. Epub 2015/01/20. https://doi.org/10.1111/cen.12722 PMID: 25597244

PLOS ONE | https://doi.org/10.1371/journal.pone.0200078 July 11,2018 13/15


https://doi.org/10.1007/s10552-009-9318-y
http://www.ncbi.nlm.nih.gov/pubmed/19277882
https://doi.org/10.1210/en.2014-1072
http://www.ncbi.nlm.nih.gov/pubmed/24828613
https://doi.org/10.1002/mnfr.201300304
http://www.ncbi.nlm.nih.gov/pubmed/24142580
https://doi.org/10.1038/s41598-017-12509-x
https://doi.org/10.1038/s41598-017-12509-x
http://www.ncbi.nlm.nih.gov/pubmed/28947831
https://doi.org/10.1111/cen.12768
https://doi.org/10.1111/cen.12768
http://www.ncbi.nlm.nih.gov/pubmed/25777143
https://doi.org/10.1016/j.metabol.2012.12.004
https://doi.org/10.1016/j.metabol.2012.12.004
http://www.ncbi.nlm.nih.gov/pubmed/23318050
https://doi.org/10.1111/cen.12407
http://www.ncbi.nlm.nih.gov/pubmed/24428256
https://doi.org/10.1210/jc.2012-2582
https://doi.org/10.1210/jc.2012-2582
http://www.ncbi.nlm.nih.gov/pubmed/23626004
https://doi.org/10.1210/jc.2013-3984
http://www.ncbi.nlm.nih.gov/pubmed/24552220
https://doi.org/10.1093/ije/dyt064
http://www.ncbi.nlm.nih.gov/pubmed/23785097
http://www.ncbi.nlm.nih.gov/pubmed/11000342
https://doi.org/10.11613/BM.2013.009
https://doi.org/10.11613/BM.2013.009
http://www.ncbi.nlm.nih.gov/pubmed/23457767
https://doi.org/10.1210/jc.2007-0862
http://www.ncbi.nlm.nih.gov/pubmed/17595245
http://www.ncbi.nlm.nih.gov/pubmed/12376505
https://doi.org/10.1177/0004563215610589
http://www.ncbi.nlm.nih.gov/pubmed/26438522
https://doi.org/10.1111/cen.12722
http://www.ncbi.nlm.nih.gov/pubmed/25597244
https://doi.org/10.1371/journal.pone.0200078

@° PLOS | ONE

Determinants of sex hormone binding globulin (SHBG)

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Gautier A, Bonnet F, Dubois S, Massart C, Grosheny C, Bachelot A, et al. Associations between vis-
ceral adipose tissue, inflammation and sex steroid concentrations in men. Clin Endocrinol (Oxf). 2013;
78(3):373-8. Epub 2012/04/04. https://doi.org/10.1111/j.1365-2265.2012.04401.x PMID: 22469460.

Trabert B, Graubard Bl, Nyante SJ, Rifai N, Bradwin G, Platz EA, et al. Relationship of sex steroid hor-
mones with body size and with body composition measured by dual-energy X-ray absorptiometry in US
men. Cancer Causes Control. 2012; 23(12):1881-91. Epub 2012/10/12. https://doi.org/10.1007/
510552-012-0024-9 PMID: 23053790; PubMed Central PMCID: PMCPMC3499640.

Janne M, Hammond GL. Hepatocyte nuclear factor-4 controls transcription from a TATA-less human
sex hormone-binding globulin gene promoter. J Biol Chem. 1998; 273(51):34105—-14. Epub 1998/12/
16. PMID: 9852068.

Selva DM, Hammond GL. Peroxisome-proliferator receptor gamma represses hepatic sex hormone-
binding globulin expression. Endocrinology. 2009; 150(5):2183—-9. Epub 2009/01/31. https://doi.org/10.
1210/en.2008-1289 PMID: 19179433.

Winters SJ, Gogineni J, Karegar M, Scoggins C, Wunderlich CA, Baumgartner R, et al. Sex hormone-
binding globulin gene expression and insulin resistance. J Clin Endocrinol Metab. 2014; 99(12):E2780—
8. Epub 2014/09/17. https://doi.org/10.1210/jc.2014-2640 PMID: 25226295

Antonio L, Wu FC, O’'Neill TW, Pye SR, Carter EL, Finn JD, et al. Associations between sex steroids
and the development of metabolic syndrome: a longitudinal study in European men. J Clin Endocrinol
Metab. 2015; 100(4):1396—404. Epub 2015/01/31. https://doi.org/10.1210/jc.2014-4184 PMID:
25636052.

Wang Q, Kangas AJ, Soininen P, Tiainen M, Tynkkynen T, Puukka K, et al. Sex hormone-binding globu-
lin associations with circulating lipids and metabolites and the risk for type 2 diabetes: observational and
causal effect estimates. Int J Epidemiol. 2015; 44(2):623-37. Epub 2015/06/08. https://doi.org/10.1093/
ije/dyv093 PMID: 26050255.

Plymate SR, Matej LA, Jones RE, Friedl KE. Inhibition of sex hormone-binding globulin production in
the human hepatoma (Hep G2) cell line by insulin and prolactin. J Clin Endocrinol Metab. 1988; 67
(3):460—4. Epub 1988/09/01. https://doi.org/10.1210/jcem-67-3-460 PMID: 2842359

Loukovaara M, Carson M, Adlercreutz H. Regulation of production and secretion of sex hormone-bind-
ing globulin in HepG2 cell cultures by hormones and growth factors. J Clin Endocrinol Metab. 1995; 80
(1):160—4. Epub 1995/01/01. https://doi.org/10.1210/jcem.80.1.7829605 PMID: 7829605.

Goto A, Morita A, Goto M, Sasaki S, Miyachi M, Aiba N, et al. Associations of sex hormone-binding glob-
ulin and testosterone with diabetes among men and women (the Saku Diabetes study): a case control
study. Cardiovasc Diabetol. 2012; 11:130. Epub 2012/10/17. https://doi.org/10.1186/1475-2840-11-130
PMID: 23066943; PubMed Central PMCID: PMC3537568.

Tong G, Hua X, Zhong Y, Zhang K, Gu G, Feng W, et al. Intensive insulin therapy increases sex hor-
mone-binding globulin in newly diagnosed type 2 diabetic patients. Eur J Endocrinol. 2014; 170(2):237—
45. Epub 2013/11/07. https://doi.org/10.1530/EJE-13-0557 PMID: 24194532,

Selva DM. Thyroid hormones act indirectly to increase sex hormone-binding globulin production by liver
via hepatocyte nuclear factor-4a. J Mol Endocrinol. 2009; 43:19-27. https://doi.org/10.1677/JME-09-
0025 PMID: 19336534

Dumoulin SC, Perret BP, Bennet AP, Caron PJ. Opposite effects of thyroid hormones on binding pro-
teins for steroid hormones (sex hormone-binding globulin and corticosteroid-binding globulin) in
humans. Eur J Endocrinol. 1995; 132(5):594—8. Epub 1995/05/01. PMID: 7749500.

Pascual-Figal DA, Tornel PL, Nicolas F, Sanchez-Mas J, Martinez MD, Gracia MR, et al. Sex hormone-
binding globulin: a new marker of disease severity and prognosis in men with chronic heart failure. Rev
Esp Cardiol. 2009; 62(12):1381-7. Epub 2009/12/30. PMID: 20038404.

Hammond GL. Diverse roles for sex hormone-binding globulin in reproduction. Biol Reprod. 2011; 85
(3):431-41. Epub 2011/05/27. https://doi.org/10.1095/biolreprod.111.092593 PMID: 21613632.

Plymate SR, Leonard JM, Paulsen CA, Fariss BL, Karpas AE. Sex hormone-binding globulin changes
with androgen replacement. J Clin Endocrinol Metab. 1983; 57(3):645—8. Epub 1983/09/01. https://doi.
org/10.1210/jcem-57-3-645 PMID: 6683724.

Vermeulen A, Kaufman JM, Giagulli VA. Influence of some biological indexes on sex hormone-binding
globulin and androgen levels in aging or obese males. J Clin Endocrinol Metab. 1996; 81(5):1821-6.
Epub 1996/05/01. https://doi.org/10.1210/jcem.81.5.8626841 PMID: 8626841.

Longcope C, Goldfield SR, Brambilla DJ, McKinlay J. Androgens, estrogens, and sex hormone-binding
globulin in middle-aged men. J Clin Endocrinol Metab. 1990; 71(6):1442—6. Epub 1990/12/01. https://
doi.org/10.1210/jcem-71-6-1442 PMID: 2229299.

Pugeat M, Nader N, Hogeveen K, Raverot G, Dechaud H, Grenot C. Sex hormone-binding globulin
gene expression in the liver: drugs and the metabolic syndrome. Mol Cell Endocrinol. 2010; 316(1):53—
9. Epub 2009/09/30. https://doi.org/10.1016/j.mce.2009.09.020 PMID: 19786070.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200078 July 11,2018 14/15


https://doi.org/10.1111/j.1365-2265.2012.04401.x
http://www.ncbi.nlm.nih.gov/pubmed/22469460
https://doi.org/10.1007/s10552-012-0024-9
https://doi.org/10.1007/s10552-012-0024-9
http://www.ncbi.nlm.nih.gov/pubmed/23053790
http://www.ncbi.nlm.nih.gov/pubmed/9852068
https://doi.org/10.1210/en.2008-1289
https://doi.org/10.1210/en.2008-1289
http://www.ncbi.nlm.nih.gov/pubmed/19179433
https://doi.org/10.1210/jc.2014-2640
http://www.ncbi.nlm.nih.gov/pubmed/25226295
https://doi.org/10.1210/jc.2014-4184
http://www.ncbi.nlm.nih.gov/pubmed/25636052
https://doi.org/10.1093/ije/dyv093
https://doi.org/10.1093/ije/dyv093
http://www.ncbi.nlm.nih.gov/pubmed/26050255
https://doi.org/10.1210/jcem-67-3-460
http://www.ncbi.nlm.nih.gov/pubmed/2842359
https://doi.org/10.1210/jcem.80.1.7829605
http://www.ncbi.nlm.nih.gov/pubmed/7829605
https://doi.org/10.1186/1475-2840-11-130
http://www.ncbi.nlm.nih.gov/pubmed/23066943
https://doi.org/10.1530/EJE-13-0557
http://www.ncbi.nlm.nih.gov/pubmed/24194532
https://doi.org/10.1677/JME-09-0025
https://doi.org/10.1677/JME-09-0025
http://www.ncbi.nlm.nih.gov/pubmed/19336534
http://www.ncbi.nlm.nih.gov/pubmed/7749500
http://www.ncbi.nlm.nih.gov/pubmed/20038404
https://doi.org/10.1095/biolreprod.111.092593
http://www.ncbi.nlm.nih.gov/pubmed/21613632
https://doi.org/10.1210/jcem-57-3-645
https://doi.org/10.1210/jcem-57-3-645
http://www.ncbi.nlm.nih.gov/pubmed/6683724
https://doi.org/10.1210/jcem.81.5.8626841
http://www.ncbi.nlm.nih.gov/pubmed/8626841
https://doi.org/10.1210/jcem-71-6-1442
https://doi.org/10.1210/jcem-71-6-1442
http://www.ncbi.nlm.nih.gov/pubmed/2229299
https://doi.org/10.1016/j.mce.2009.09.020
http://www.ncbi.nlm.nih.gov/pubmed/19786070
https://doi.org/10.1371/journal.pone.0200078

@° PLOS | ONE

Determinants of sex hormone binding globulin (SHBG)

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Lee IR, Dawson SA, Wetherall JD, Hahnel R. Sex hormone-binding globulin secretion by human hepa-
tocarcinoma cells is increased by both estrogens and androgens. J Clin Endocrinol Metab. 1987; 64
(4):825-31. Epub 1987/04/01. https://doi.org/10.1210/jcem-64-4-825 PMID: 3029159.

Kopper NW, Gudeman J, Thompson DJ. Transdermal hormone therapy in postmenopausal women: A
review of metabolic effects and drug delivery technologies. Drug Des Devel Ther. 2008; 2:193-202.
PubMed PMID: PMC2761184.

Rosner W. Free estradiol and sex hormone-binding globulin. Steroids. 2015; 99(Pt A):113-6. Epub
2014/12/03. https://doi.org/10.1016/j.steroids.2014.08.005 PMID: 25453337.

Wu FC, Tajar A, Beynon JM, Pye SR, Silman AJ, Finn JD, et al. Identification of late-onset hypogonad-
ism in middle-aged and elderly men. N Engl J Med. 2010; 363(2):123-35. Epub 2010/06/18. https://doi.
org/10.1056/NEJMoa0911101 PMID: 20554979.

Wu A, Shi Z, Martin SA, Vincent A, Heilbronn LK, Wittert GA. Age-related changes in estradiol and lon-
gitudinal associations with fat mass in men. Oral session presented at the meeting of the Endocrine
Society of Australia and Society for Reproductive Biology, Melbourne, Australia. 2015.

Simo R, Barbosa-Desongles A, Saez-Lopez C, Lecube A, Hernandez C, Selva DM. Molecular Mecha-
nism of TNFalpha-Induced Down-Regulation of SHBG Expression. Mol Endocrinol. 2012; 26(3):438—
46. Epub 2012/02/04. https://doi.org/10.1210/me.2011-1321 PMID: 22301786.

Brand JS, Van Der Schouw YT, Dowsett M, Folkerd E, Luben RN, Wareham NJ, et al. Testosterone,
SHBG and differential white blood cell count in middle-aged and older men. Maturitas. 2012; 71(3):274—
8. https://doi.org/10.1016/j.maturitas.2011.12.007 PMID: 22221653

Tsilidis KK, Rohrmann S, McGlynn KA, Nyante SJ, Lopez DS, Bradwin G, et al. Association between
endogenous sex steroid hormones and inflammatory biomarkers in US men. Andrology. 2013; 1
(6):919-28. Epub 2013/10/15. https://doi.org/10.1111/j.2047-2927.2013.00129.x PMID: 24124163;
PubMed Central PMCID: PMC3812341.

Thaler MA, Seifert-Klauss V, Luppa PB. The biomarker sex hormone-binding globulin—From estab-
lished applications to emerging trends in clinical medicine. Best Pract Res Clin Endocrinol Metab. 2015;
29(5):749-60. Epub 2015/11/03. https://doi.org/10.1016/j.beem.2015.06.005 PMID: 26522459.

Danielson KK, Drum ML, Lipton RB. Sex hormone-binding globulin and testosterone in individuals with
childhood diabetes. Diabetes Care. 2008; 31(6):1207—13. Epub 2008/03/19. https://doi.org/10.2337/
dc07-2169 PMID: 18346991; PubMed Central PMCID: PMCPmc2493542.

Papatheodorou SI, Rohrmann S, Lopez DS, Bradwin G, Joshu CE, Kanarek N, et al. Association
between endogenous sex steroid hormones and insulin-like growth factor proteins in US men. Cancer
Causes Control. 2014; 25(3):353-63. Epub 2014/01/08. https://doi.org/10.1007/s10552-013-0336-4
PMID: 24395140; PubMed Central PMCID: PMCPmc4332790.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200078 July 11,2018 15/15


https://doi.org/10.1210/jcem-64-4-825
http://www.ncbi.nlm.nih.gov/pubmed/3029159
https://doi.org/10.1016/j.steroids.2014.08.005
http://www.ncbi.nlm.nih.gov/pubmed/25453337
https://doi.org/10.1056/NEJMoa0911101
https://doi.org/10.1056/NEJMoa0911101
http://www.ncbi.nlm.nih.gov/pubmed/20554979
https://doi.org/10.1210/me.2011-1321
http://www.ncbi.nlm.nih.gov/pubmed/22301786
https://doi.org/10.1016/j.maturitas.2011.12.007
http://www.ncbi.nlm.nih.gov/pubmed/22221653
https://doi.org/10.1111/j.2047-2927.2013.00129.x
http://www.ncbi.nlm.nih.gov/pubmed/24124163
https://doi.org/10.1016/j.beem.2015.06.005
http://www.ncbi.nlm.nih.gov/pubmed/26522459
https://doi.org/10.2337/dc07-2169
https://doi.org/10.2337/dc07-2169
http://www.ncbi.nlm.nih.gov/pubmed/18346991
https://doi.org/10.1007/s10552-013-0336-4
http://www.ncbi.nlm.nih.gov/pubmed/24395140
https://doi.org/10.1371/journal.pone.0200078

