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Abstract
Aims: Prior studies have reported inconsistent results for the association between sex
hormone-binding globulin (SHBG) and cardiovascular disease among men and women.
Although it is suggested that SHBG levels change with aging, the exact trend of SHBG
across age and cardiovascular risk and the underlying mechanisms of these changes
remain to be elucidated.
Methods: Using data of 3264 men and women from a large population-based cohort
study, we first visualized the distribution of serum SHBG levels across age. Second, we
computed a cardiovascular risk factor sum score and investigated the mean SHBG levels
across categories of the risk factor sum score and stratified per age-category. Next, linear
regression models were used to investigate the associations between serum SHBG levels
and age and potential regulators of SHBG, including body mass index (BMI), fasting
insulin, sex steroids, thyroxine, and triglycerides.
Results: Among men, a linear increase in SHBG levels with age and among women a
U-shaped pattern was observed. Participants with larger number of cardiovascular risk
factors had lower SHBG levels. When stratified by age, older participants had higher
SHBG levels. A multivariate model including total testosterone and triglyceride levels in
men and total testosterone, triglycerides, BMI, and fasting insulin in women explained,
respectively, 46.2% and 31.8% of the variance in SHBG levels.
Conclusion: We observed a clear sex-specific pattern for SHBG levels with age. Our
findings highlight the importance of taking into account the age-related changes in
SHBG levels to avoid controversial results in the assessment of the cardiovascular risk
associated with SHBG.
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Methods
Study Population
This cross-sectional study was embedded within the
Rotterdam Study, an ongoing prospective, populationbased cohort study among individuals of 55 years and
older living in the Ommoord district of Rotterdam, The
Netherlands. The rationale and study design have been

described in detail elsewhere (17). Nearly all participants
(>97%) were of Caucasian descent. The baseline examination of the Rotterdam Study included 7983 individuals
between 1989 and 1993 (Rotterdam Study-I) and has been
extended twice (3011 individuals, Rotterdam Study-II
in 2000 and 3932 individuals, Rotterdam Study-III in
2006) to include participants who were 45 years or older or
who had moved to the study research area. The overall response for all 3 Rotterdam Study cycles at study entry was
72.0% (14926 of 20744). The Rotterdam Study has been
approved by the Medical Ethical Review Board of Erasmus
MC (registration number MEC 02.1015) and by the
Dutch Ministry of Health, Welfare, and Sport (Population
Screening Act WBO, license number 1071272-159521-PG).
The Rotterdam Study has been entered into the Netherlands
National Trial Register (www.trialregister.nl) and into the
World Health Organization International Clinical Trials
Registry Platform (www.who.int/ictrp/network/primary/
en/) under shared catalog number NTR6831. All participants provided written informed consent to participate in
the study and to have their information obtained from their
treating physicians.
This study included participants from the first visit
of the extended cohort (Rotterdam Study-III-1, 20062008) from whom measurements of SHBG was available
(N = 3449). Among these participants, 115 with current
hormone medication use were excluded. Furthermore, 70
participants aged > 79 years were excluded, as CVD risk
algorithms are mainly validated up to the age of 79 years
(18). In total, 1481 men and 1783 women were included in
this study (Fig. 1).

Measurements of SHBG and Sex Steroids
All blood samples were drawn in the morning (≤11 am)
and were fasting. SHBG levels were measured with the
Immulite platform (Diagnostics Products Corporation),
total estradiol levels with COBAS 8000 Modular Analyzer
(Roche Diagnostics GmbH), and serum levels of total testosterone with liquid chromatography-tandem mass spectrometry. The corresponding interassay coefficients of
variations for SHBG, total estradiol, and total testosterone
are <5%, <7%, and <5%. The minimum detection limit for
total estradiol was 18.35 pmol/L. Undetectable total estradiol was scored as 18.35.
Serum was immediately frozen (within 2 h) at −150°C
and afterwards stored at −80°C.

Assessment of Covariates
At study entry, an interview was performed to obtain
information on current health status, medical history,
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Population-based and clinical studies have provided robust
evidence regarding sex-specific variations in cardiovascular
risk, in particular during the reproductive period (1,2). This
has led to an interest in examining the contribution of sex
steroids to cardiovascular risk.
Sex hormone-binding globulin (SHBG) is a protein produced by the liver that binds to and transports the androgens
and estrogens in blood and regulates their bioavailability.
As such, the possible role of SHBG in cardiometabolic disorders has increasingly gained attention. Various studies,
however, have reported inconsistent results for the association between SHBG with cardiovascular disease (CVD).
While numerous studies have shown an inverse association
between SHBG levels and cardiovascular risk (3,4), others
have reported a positive association between increase in
SHBG levels and increased CVD risk (5-7). The underlying
mechanism behind these controversial results remains
largely unknown.
Prior studies have suggested age-related changes in
SHBG levels (8-10). Cardiovascular risk also shows a
strong age-related pattern, particularly in women starting
during the perimenopausal period (2). From the perimenopausal period onward, a gradual increase in the rate of
ischemic events (together with a rise in traditional cardiovascular risk factors) is observed, reaching significant levels
5 to 10 years after menopause (11). However, robust epidemiological data on the age-related change of SHBG, in
both men and women, are lacking. So far, several potential
regulators of SHBG have been suggested, including dietary
composition, BMI, fasting insulin, sex steroids, thyroxine
(12), and triglycerides (12-16). However, the contribution
of these potential regulators to the variance in SHBG levels
remains unknown as well. We hypothesized that age-related
changes in SHBG and CVD risk may contribute to the reported controversial results between SHBG and CVD risk
in the literature.
We therefore aimed to explore the distribution of serum
SHBG levels across age and cardiovascular risk among
middle-aged and elderly men and women from general
population. Furthermore, we examined the association
between SHBG and the main physiological regulators of
SHBG levels.
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All participants of the Rotterdam StudyIII-1 (N=3932)
Excluded participants with missing
data for sex-hormone binding
globulin (N=483)
Excluded participants with current
hormone medication use (N=115)
Excluded participants with age above
79 years (N=70)

Figure 1. Study flowchart.

medication use, menopausal status, and smoking. Body
mass index (BMI) was calculated as weight (kg) divided by
height squared (m2). Smoking status was assessed asking
participants whether they were current smokers of cigarettes, cigars, or pipe. Blood pressure was measured in the
sitting position on the right upper arm with a random-zero
sphygmomanometer. All biochemical parameters were assessed in fasting serum. Total cholesterol, high-density lipoprotein cholesterol, and triglycerides were measured on
the COBAS 8000 Modular Analyzer (Roche Diagnostics
GmbH). Low-density lipoprotein was calculated with a
Roche Modular P800. The corresponding interassay coefficients of variation for lipids was < 4%. Fasting insulin
was determined by metric assay (Biosource Diagnostics,
Camarillo, CA, USA). Thyroxine was measured using
the electrochemiluminescence immunoassay (Roche
Diagnostics GmbH). Prevalent diabetes type 2 was based
on using antidiabetic medication, fasting serum glucose
levels > 7.0 mmol/L or, in case a nonfasting status, random
serum glucose level ≥ 11.1 mmol/L. Prevalent coronary
heart disease was defined as a history of myocardial infarction or coronary revascularization including percutaneous
coronary intervention or coronary artery bypass grafting.
Postmenopausal women were defined as women who reported absence of menstrual periods for 12 months. The
retrospective data on self-reported use of antihypertensive
was collected by a questionnaire during the home interview. Current hormone use was defined as use of hormone
medication within 90 days before the date of blood collection. Medication with Anatomical Therapeutic Chemical
code g03 were included.

Statistical Analysis
Characteristics of men and women were presented as mean
(SD) or median (25th-75th quartile) for continuous variables and number (percentage) for categorical variables.

All analysis was performed separately for men and
women. First, we visualized the distribution of serum
SHBG levels across age.
Next, we investigated the mean serum SHBG levels
across cardiovascular risk. As the currently available algorithms to calculate cardiovascular risk are highly agedriven, we calculated a cardiovascular risk factor sum
score as an alternative. We computed a cardiovascular risk
factor sum score using the following variables: BMI, hypertension (defined as systolic blood pressure ≥ 140 mmHg,
diastolic blood pressure ≥ 90 mmHg, or use of blood pressure lowering medication), current smoking, prevalent
diabetes, and dyslipidemia (defined as low-density lipoprotein > 4.0 mmol/L or use of lipid lowering medication).
We then investigated the mean SHBG levels across
categories of the cardiovascular risk factor sum score (categorized as 0-1 risk factors, 2 risk factors and ≥3 risk factors), stratified per age-category (45-55 years, 55-60 years,
60-65 years, and 65-79 years). The nonparametric KruskallWallis test was used to indicate statistical significance of the
differences in SHBG levels across different categories of the
cardiovascular risk factor sum score for each age category.
To evaluate the validity of the use of the risk factor sum
score, we also investigated the proportion of participants
with prevalent CVD across different age and risk factor
sum score categories.
Moreover, as an additional analysis we used Cox regression models to explore the association between SHBG levels
and incident clinical CVD outcomes in this relatively young
cohort. Models were adjusted for age, diastolic and systolic blood pressure, blood pressure lowering medication,
total cholesterol, high-density lipoprotein cholesterol, lipidlowering medication, waist-to-hip ratio, prevalent diabetes,
CRP, smoking, and years since menopause (in women).
Furthermore, linear regression models were used to investigate the associations between serum SHBG levels, age,
and potential regulators of SHBG suggested in current
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Eligible participants with data for sexhormone binding globulin (N=3264)
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Results
Characteristics of the Study Population
Table 1 depicts the characteristics of the study population
for men and women.
The mean age in men was 56.6 years and in women
56.8 years. Women were, on average, 10.3 years (SD 7.6)
after menopause. The prevalence of CVD was 8.9% in men
and 3.1% in women and the prevalence of diabetes was
12.9% in men and 7.2% in women; 31.3% of men and
23.2% of women were current smokers.

Serum SHBG Levels With Aging and
Cardiovascular Risk
Among men individuals older than 46 years had higher
SHBG levels. Among women a U-shaped pattern was observed. Women younger than 65 years had overall lower
and women older than 65 years had higher SHBG levels
(Fig. 2).
After stratification by the cardiovascular risk factors
sum score and age, overall SHBG levels were lower with
increasing number of risk factors across different age
categories in both sexes. Among men, SHBG levels were
18%, 12%, 6%, and 18% lower in participants with ≥3
risk factors compared to participants with 0 to 1 risk factors in age category of 45 to 55 years, 55 to 60 years, 60

Table 1. Characteristics of the Study Population
Men
(n = 1481)
Age, years
Body mass index,
kg/m²
Current smoking,
n (%)
Diastolic blood
pressure, mmHg
Systolic blood
pressure, mmHg
Antihypertensive
therapy, n (%)
Total cholesterol,
mmol/L
High-density
lipoprotein,
mmol/L
Lipid-lowering
medication, n (%)
Triglycerides, mmol/L
Fasting insulin, pmol/L
Thyroxine, pmol/L
Prevalent diabetes, n
Prevalent CVD, n (%)
Incident CVD, n (%)
Sex-hormone binding
globulin, nmol/L
Total estradiol, pmol/L
Total testosterone,
nmol/L
Age at menopause,
years
Time since
menopause, years
Natural menopause,
n (%)

Women
(n = 1783)

56.6 (5.9)
27.9 (3.9)

56.8 (5.9)
27.7 (5.1)

426 (31.3)

398 (23.2)

83.7 (10.7)

82.2 (11.1)

135.7 (17.8)

130.0 (19.2)

326 (24.5)

404 (23.8)

5.4 (1.02)

5.8 (1.05)

1.2 (0.4)

1.6 (0.4)

289 (21.7)

320 (18.9)

1.4 (1.04, 2.0)
84.0 (60.0, 126.0)
15.9 (2.2)
191 (12.9)
132 (8.9)
35 (2.4)
40.3 (30.8, 50.9)

1.2 (0.9, 1.7)
75.0 (53.0, 109.0)
15.4 (2.2)
128 (7.2)
56 (3.1)
63 (3.5)
56.6 (40.7, 78.1)

93.9 (73.8, 118.5)
16.9 (13.4, 21.3)

30.6 (18.4, 66.3)
0.8 (0.6, 1.1)

NA

48.1 (6.3)

NA

10.3 (7.6)

NA

974 (76.1)

Values are reported as number (percentage) for categorical variables and mean
(SD) or median (25th-75th quartile) for continuous variables.
Abbreviations: CVD, cardiovascular disease, NA, not applicable.

to 65 years, and 65 to 79 years, respectively. In women, the
U-shaped trend was also reflected in this plot in the age
categories of 45 to 55 years and 55 to 60 years. SHBG levels
were 24%, 21%, 18% and 13% lower in women with ≥3
risk factors compared to participants with 0 to 1 risk factors in age category of 45 to 55 years, 55 to 60 years, 60 to
65 years, and 65 to 79 years, respectively.
However, within each category of the cardiovascular
risk factor sum score (including 0-1, 2, or ≥3 risk factors) SHBG levels were higher among both older men and
women (Fig. 3). Among men, SHBG levels were 39%, 23%
and 40% higher in the oldest age-category (60-79 years)
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literature, including BMI, fasting insulin, sex steroids, thyroxine, and triglycerides. For this analysis SHBG, fasting
insulin, total estradiol, total testosterone, and triglycerides
were natural-log transformed to approximate normal distribution. We first investigated the univariate models, next
age-adjusted models, and finally multivariate adjusted
models (including all investigated determinants). To investigate and adjust for nonlinear relationship between
age and SHBG, age was modeled using linear, quadratic
terms and 2 or 3 (natural) splines. The model with the best
fit was chosen using lowest Akaike information criterion.
Determinants with statistically significant association in
the multivariate adjusted model were selected for the final
model. A Bonferroni corrected P-value of 0.007 (corrected
for the number of regulators: 0.05/7) was used to take into
account multiple testing and select the regulators with statistically significant associations.
Statistical analysis was performed with IBM SPSS
Statistics software version 24.0 (SPSS., Chicago, IL,
USA) and R version 3.4.4 (R Foundation for Statistical
Computing, Vienna, Austria). R package “ggplot2” was
used to construct the plots. Generalized additive mode
smoothing method was used to visualize the data using
smoothed lines.
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Figure 2. The relationship between serum sex-hormone binding
globulin levels (nmol/L) and age.

in participants with 0 to 1 risk factors, 2 risk factors, and
≥3 risk factors, respectively compared to the youngest age
category (45-55 years). In women, SHBG levels were 21%
and 5% higher in the oldest age-category (60-79 years)
compared to younger participants in the age-category 55
to 60 years, among participants with 2 risk factors and ≥3
risk factors, respectively.
Overall, in both men and women statistically significant
differences in SHBG levels between the different risk factor
sum score categories across different age categories were
observed, except for the last age categories in women (due
to low numbers).

Clinical Outcomes
Similarly, in each age category, the largest proportion for
prevalent CVD was observed in the highest risk factor sum
score category in both women and in men. [see Supplementary
Table 1 in (19)] For incident CVD, due to the relatively young
baseline age of the population and the short follow-up time
after assessment of the sex steroids, the number of events was
limited. Overall, we saw a trend toward an increase in risk
with increasing SHBG levels in total population. Due to small
number of events, in particular among women, the stratified
analysis per age category should be interpreted with caution
[see Supplementary Table 2 in (19)].

SHBG, BMI, Fasting Insulin, Sex Steroids, and
Triglycerides
The associations of SHBG levels with age, BMI, fasting insulin, sex steroids, and triglycerides are shown in Table 2.

Discussion
We showed that SHBG levels increased from mid-40s and
mid-50s onward until older ages, with a different pattern
for men and women. Among men, we observed a linear increase in SHBG levels with age while among women SHBG
levels followed a U-shaped pattern with a decrease between
45 and 65 years, followed by a linear increase afterwards.
Moreover, participants with larger number of cardiovascular risk factors had lower SHBG levels. However, when
stratified by age, older participants had higher SHBG levels.
Finally, total testosterone and triglyceride levels explained
46.2% of the variance in SHBG levels among men. In
women, total testosterone and triglyceride levels, BMI, and
fasting insulin explained 31.8% of the variance in SHBG.

SHBG, Aging, and Cardiovascular Risk
Distribution of SHBG levels showed marked sex differences with age. While SHBG levels were consistently higher
with increasing age among men, a U-shaped trend with
age was observed among women. Although several studies
among adult and elderly Australian (9) and American
(10) populations have reported increasing SHBG levels
with age in men, data in women are limited. One previous
study among 616 Italian women free of diabetes showed a
similar U-shaped trend for SHBG, with a similar increasing
trend after 60 years of age (8). Another small study in 317
women observed similarly a U-shaped trend. However, the
increase of SHBG levels started later and after the age of
70 years (20).
In our study, we observed higher levels of SHBG in
women after the age of 65 years. The lower levels of SHBG
in women between 45 to 65 years are in line with the parallel decrease of the estradiol concentrations during the
menopausal transition. This hormonal change in women
could at least partly explain the observed sex-differences
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BMI, fasting insulin, and triglycerides explained a larger
variance in SHBG levels among women compared to men
(the amount of explained variance was 18.7% and 7.3%
for BMI, 18.1% and 5.3% for fasting insulin, and 13.2%
and 9.6% for triglycerides among women and men, respectively). Total testosterone explained 38.1% of the variance in SHBG levels for men but only 3.8% for women.
(Table 2)
In the final model for men age, total testosterone and
triglycerides were included, which resulted in an (adjusted)
explained variance in SHBG of 45.6%. In women, the
model additionally included BMI and fasting insulin and
yielded an (adjusted) explained variance of 31.4% for
SHBG levels.
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among younger men and women in our study. However, the
underlying mechanisms for the observed increase of SHBG
levels after the age of 65 years in both men and women remains to be elucidated.
We speculate that relative androgen excess during
the menopausal transition may also partly explain the
U-shaped trend of SHBG. Perimenopausal androgen
production in the ovaries in response to strong stimulation by gonadotropins (luteinizing hormone and

follicle-stimulating hormone) produced in the pituitary
disappears after the menopause (and thus after the drop in
estrogen). Furthermore, postmenopausal increase in BMI
and fat mass (21), leading to more conversion of androgens in estrogens in peripheral fat, may contribute to the
increasing trend of SHBG.
We also observed lower levels of SHBG among participants with larger number of cardiovascular risk factors
across all age categories in men and women. For example,
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Figure 3. Mean serum sex-hormone binding globulin levels across age and the cardiovascular risk factors sum score categories. The cardiovascular
risk factor sum score was composed of the following variables: BMI, hypertension (defined as systolic blood pressure ≥140 mmHg or diastolic blood
pressure ≥90 mmHg or use of blood pressure lowering medication), current smoking, prevalent diabetes, and dyslipidemia (defined as low-density
lipoprotein > 4.0 mmol/L or use of lipid lowering medication). The difference in (median) SHBG levels between the different risk factor sum score
categories was significant in men aged 45 to 55 years (χ2 53.5, P < 0.001), 55 to 60 years (χ2 59.9, P < 0.001), 60 to 65 years (χ2 48.4, P < 0.001), and 65 to
79 years (χ2 69.6, P < 0.001) and in women aged 45 to 55 years (χ2 20.5, P < 0.001) and 55 to 60 years (χ2 9.7, P < 0.001), except for in the age categories
with lower numbers, 60 to 65 years (χ2 5.5, P = 0.06) and 65 to 79 years (χ2 1.3, P = 0.52).

2.7
7.3
38.1
5.3
3.9
9.6
0.6

2.3
18.7
3.8
18.1
0.04
13.2
0.2

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.002

<0.001
0.52
<0.001
<0.001
<0.001
0.005
<0.001
0.03

−0.15 (−0.20;−0.11)
0.02 (−0.03; 0.06)
−0.43 (−0.47;−0.39)
0.20 (0.15;0.24)
−0.43 (−0.47;−0.38)
0.07 (0.02;0.11)
−0.36 (−0.41;−0.32)
0.05 (0.01; 0.10)

R2 (%)

0.13 (0.08; 0.18)
0.13 (0.08; 0.18)
−0.27 (−0.32; −0.22)
0.62 (0.58; 0.66)
−0.23 (−0.28; −0.18)
0.20 (0.15; 0.25)
−0.31 (−0.36; −0.26)
0.08 (0.03; 0.13)

P-value

−0.13 (−0.17; −0.09)
0.03 (−0.01; 0.07)
−0.43 (−0.47;−0.39)
0.19 (0.15;0.24)
−0.42 (−0.46;−0.38)
−0.01 (−0.07;0.04)
−0.35 (−0.40;−0.31)
0.06 (0.01; 0.11)

0.15 (0.10; 0.20)
0.14 (0.09; 0.19)
−0.28 (−0.33; −0.23)
0.64 (0.60; 0.68)
−0.24 (−0.29; −0.20)
0.18 (0.13; 0.23)
−0.31 (−0.36; −0.26)
0.08 (0.03; 0.13)

Mean difference
(95% CI)

<0.001
0.17
<0.001
<0.001
<0.001
0.62
<0.001
0.01

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001

P-value

Age-adjusted model

20.5
6.1
19.9
2.3
14.6
2.6

10.5
43.5
8.6
5.8
12.1
3.4

R2
(%)

−0.12 (−0.17; −0.07)
0.04 (0.003; 0.08)
−0.26 (−0.31; −0.21)
0.20 (0.16; 0.24)
−0.19 (−0.24; −0.14)
−0.04 (−0.08; 0.01)
−0.18 (−0.22; −0.13)
0.02 (−0.02; 0.06)

0.20 (0.16; 0.24)
0.14 (0.10; 0.18)
−0.04 (−0.09; 0.01)
0.58 (0.53; 0.63)
−0.02 (−0.07; 0.03)
0.001 (−0.04; 0.04)
−0.16 (−0.20; −0.11)
0.01 (−0.03; 0.05)

Mean difference
(95% CI)

<0.001
−0.17 (−0.22; −0.13)

<0.001
0.04
<0.001
<0.001
<0.001
0.15
<0.001
0.46
31.4

<0.001
0.60 (0.56; 0.64)

<0.001
−0.18 (−0.22; −0.13)

31.4

<0.001
0.03
<0.001
<0.001
<0.001
−0.10 (−0.14; −0.06)
0.04 (0.004; 0.08)
−0.26 (−0.31; −0.21)
0.19 (0.15; 0.23)
−0.19 (−0.24; −0.14)

45.6

<0.001
<0.001
0.20 (0.16; 0.24)
0.14 (0.10; 0.18)

<0.001
<0.001
0.08
<0.001
0.46
0.96
<0.001
0.79
45.7

P-value

Mean difference
(95% CI)

Final model

P-value

Multi-variate model
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Values represent standardized mean difference (95% CI) in z-score of SHBG per SD increase in determinants of SHBG. SHBG, fasting insulin, total testosterone, total estradiol, and total triglycerides were natural-log
transformed. Significant results (P-value < 0.007) are in bold.
Abbreviations: ns, natural splines; R2, adjusted explained variance; SHBG, sex-hormone binding globulin.

Men
ns (age, 2), 1
ns (age, 2), 2
Body mass index
Total testosterone
Fasting insulin
Total estradiol
Triglycerides
Thyroxine
Total explained
variance, %
Women
ns (age, 2), 1
ns (age, 2), 2
Body mass index
Total testosterone
Fasting insulin
Total estradiol
Triglycerides
Thyroxine
Total explained
variance, %

Mean difference
(95% CI)

Univariate models

Table 2. The relationship between SHBG, age, BMI, fasting insulin, sex steroids, and triglycerides
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Regulators of SHBG Levels Among Men
and Women
Although the exact underlying mechanisms of the regulation of SHBG levels remains unknown, one of the most
important determinants that have been suggested in the literature are sex steroids such as testosterone and estradiol. It
is well known that SHBG has a high binding affinity to sex
steroids with a higher binding affinity for testosterone compared to estradiol (29). As such, it has been suggested that
in men testosterone levels and in premenopausal women
estradiol levels may play a more important role in the regulation of SHBG, due to the abundance of testosterone levels
in men and estradiol levels in women.
Second, BMI is suggested as a strong determinant of
SHBG. Two studies reported an inverse relation between

BMI and SHBG levels. We speculated that BMI and other
markers of (abdominal) obesity (eg, fasting insulin and
triglycerides) may be more important determinants in
postmenopausal women compared to men, due to the deprivation of estradiol levels in women after the menopause.
In men, no such sharp decline in hormone levels occurs
comparable to the menopausal transition in women; testosterone levels remain the largest determinant.
In the final model for men, age, total testosterone, and
triglycerides were included, which resulted in an (adjusted)
explained variance in SHBG of 45.6%. In women, the model
also included BMI and fasting insulin and yielded an (adjusted) explained variance of 31.4% for SHBG levels. In our
study, the included possible regulators explained a larger
variance of SHBG levels among men compared to women.
This difference was mainly derived by the relatively large
contribution of total testosterone levels in explained variance in men. This could be explained by the abundance of
testosterone in men and that two thirds of testosterone is
specifically bound to SHBG in the circulation (27). Other
factors had a larger contribution to the explained variance
in SHBG in women compared to men, including BMI and
fasting insulin and triglycerides. As such, our results suggest
that the regulation of SHBG levels can be sex specific. In
line with our findings, several studies have reported larger
associations between SHBG and, for instance, diabetes type
2 among women compared to men (30). Similarly, SHBG
was inversely associated with triglycerides and positively
associated with age, total testosterone, and thyroxine in
another study among 2563 community-dwelling predominantly Caucasian men aged 35 to 80 years (14). Also in line
with our study, in the multiadjusted model, no significant
association was found for insulin levels in men in this study
(14). In line with our study, a study among 329 women
found no correlation between estradiol and SHBG among
postmenopausal women (15). Another study in men reported that a multiadjusted model including anthropometric
measures, body composition, insulin growth factors, and
leptin yielded 40.5% of explained variance of SHBG, which
was to a similar extent as in our study (31). In this study, fat
mass and insulin-like growth factor-binding protein 3 provided the most significant contribution (31). This study also
suggested that determinants of SHBG may change during the
menopausal transition, as in the group with premenopausal
women estradiol was significantly associated with SHBG
levels (15) Moreover, a study using mouse models expressing
human SHBG transgene showed that SHBG in vivo resulted
in an increase of total testosterone and estradiol levels (32).
Prior studies have suggested thyroxine alters SHBG production in the hepatocytes and that SHBG levels vary by
thyroid function (12). However, in our study thyroxine
was not significantly associated with SHBG levels in both
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in men, the mean SHBG in the youngest age category (4555 years) with 0 or 1 risk factors was almost similar to the
mean SHBG levels in the older age category (60-65 years)
but with ≥3 factors. This shows the mixing and confusing
impact of age and cardiovascular risk factors when assessing the association of SHBG with CVD risk.
Our results, therefore, underscore the importance of
taking into account the age-related changes in SHBG
levels in assessment of the cardiovascular risk associated
with SHBG. As such, the controversial cardiovascular
associations reported by prior studies may be due to inadequate consideration of the impact of age, particularly
in women.
Nevertheless, besides age, other factors such as use of
hormone medication (22), ethnicity (23), and genetics (24)
could additionally account for at least part of the controversial results between SHBG levels and CVD in the literature.
Prior studies have similarly shown that higher SHBG
levels were associated with a favorable cardiovascular
risk profile among young and middle-aged men (25,26)
and postmenopausal women (27). One study among 253
women aged 54 to 60 years observed a U-shaped trend of
SHBG plotted against 12-year myocardial infarction incidence, which is in line with our study (28). To the best
of our knowledge, no prior study investigated the distribution of SHBG across both age and cardiovascular risk.
Therefore, it remains unknown whether and, if so, how the
occurrence and timing of the shift in CVD risk during and
after the menopausal transition precedes, parallels, or lags
the age-related changes in serum SHBG levels. As such, future studies should elucidate to what extent SHBG is an
independent predictor of CVD risk or a marker of common
underlying factors and/or disorders (eg, cardiometabolic
disorders or normal aging) that underlie both the age-related
changes in SHBG levels and CVD risk.
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Strength and Limitations
To the best of our knowledge, this is the first study
investigating the underlying factors of the controversial relationship between SHBG levels and CVD risk. We have
provided significant insight into the relationship between
SHBG and CVD risk, for both research and clinical practice, important for clinical disorders accompanied by altered SHBG levels (such as polycystic ovary syndrome and
sexual dysfunction) and increased CVD risk.
The major strengths of this study include the large
community-dwelling study sample, availability of SHBG
and other sex steroids in both men and women across a

broad age spectrum, and the availability of detailed assessment of a broad range of cardiovascular risk factors.
Additionally, androgens were measured using the golden
standard method.
Limitations of this study include the cross-sectional design that does not allow for conclusions regarding causality.
Also, although follow-up data were available for CVD
events, SHBG levels were only available at baseline of this
cohort study.
Additionally, due to low number of events and short
follow-up period (as the study population consisted of a
relatively young cohort), detailed stratified analyses for different age categories were not possible. The validity of the
use of the risk factors sum score was confirmed by additional analysis showing that the highest proportions of
CVD were observed in the highest age categories and risk
factor sum score categories.
Moreover, this study population consisted of mainly
Caucasian participants. As such, our results may not be
directly generalizable to other ethnic populations, as prior
studies have suggested that SHBG and sex steroid levels
may show ethnic differences (24). Furthermore, in this
study no longitudinal data or repeated measurements for
SHBG were available. Therefore, future studies with longitudinal repeated measurements for SHBG, investigating the
within-person change, are warranted. Finally, the immunoassay to measure total estradiol had a minimum detection
limit of 18.35 pmol/L.

Conclusion
We observed a clear sex-specific pattern for SHBG levels
with age. Among men, a linear increase in SHBG levels
with age and among women a U-shaped pattern was observed. Participants with a larger number of cardiovascular risk factors had lower SHBG levels. However, when
stratified by age, older participants had higher SHBG levels.
This highlights the importance of taking into account the
age-related changes in SHBG levels (eg, using stratified
analysis by age categories or using age-adjusted reference
values for SHBG) to avoid controversial results in the assessment of the cardiovascular risk associated with SHBG.
Finally, total testosterone and triglyceride levels in men and
total testosterone, triglycerides, BMI, and fasting insulin
in women explained 46.2% and 31.8% of the variance in
SHBG levels in men and women, respectively.
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sex after adjusting for other covariates, including BMI.
However, we included a sample from the general population, whereas prior studies have shown that in patients
with hyperthyroidism, thyroxine was significantly associated with SHBG after controlling for BMI (33).
Although previous studies have suggested androgens
may decrease SHBG levels (34,35), we found that higher
total testosterone levels were positively associated with
SHBG levels. This may indicate that SHBG levels may drive
higher testosterone levels, rather than the other way round.
Nevertheless, the exact role of sex steroids and their interplay with SHBG, which is known to be complex, remains
also to be elucidated. Moreover, this may indicate that the
relationship between total testosterone levels and CVD
risk, as shown by prior studies (3,4), may be also affected
by (change in) SHBG levels.
Whether the direct effect of these regulators or a common
underlying factor (age) drives the changes in SHBG levels
remains unknown. Interestingly, the association between
age and SHBG and the associations between BMI, fasting
insulin, and triglycerides with SHBG were in the opposite
direction. As such, considering also the rise in SHBG levels
after the age of 65, one could speculate that SHBG could
also be a marker of aging (36). Nevertheless, an SHBG receptor has been identified which also suggests a direct effect
of SHBG itself. This has highlighted the role of SHBG as a
potential biomarker for several comorbid conditions (37).
Moreover, our study did not investigate all potential
regulators of SHBG. The remaining variance of SHBG may
be explained by other factors, which were not assessed in
this study, including dietary factors (13), liver fat (13,38),
and genetics (23).
Furthermore, it remains to be elucidated whether determinants of SHBG are also age specific and if the relative
contribution of these potential regulatory factors changes
with aging.
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