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ABSTRACT
Background: Obesity is a chronic disease with a high prevalence rate and is an
established risk factor for human health. Body mass index (BMI) is a common and
primary indicator used in assessing obesity. This work aims to investigate the
putative causal relationship among BMI, sex hormone-binding globulin (SHBG),
bioavailable testosterone (BioT), and estradiol levels.
Materials and Methods: We conducted a bidirectional Mendelian randomization
study, using single-nucleotide polymorphisms (SNPs) strongly associated with BMI,
SHBG, BioT, and estradiol as instrumental variables. All SNPs were identified from
the genome-wide association study (GWAS) summary data of large sample studies
recruiting more than 150,000 European adult male individuals. The inverse-
variance-weighted (IVW) approach was used as a primary algorithm for putative
causal estimation.
Results: Genetically predicted elevated BMI was associated with decreased SHBG
(IVW, β = −0.103, 95% confidence interval [CI] [−0.113 to −0.092], P = 1.50 × 10−77)
and BioT levels (IVW, β = −0.139, 95% CI [−0.165 to −0.113], P = 9.54 × 10−26) and
high estradiol levels (IVW, β = 0.014, 95% CI [0.009–0.019], P = 2.19 × 10−7).
Increased SHBG levels were causally associated with low BMI (IVW, β = −0.051, 95%
CI [−0.098 to −0.005], P = 0.030) and BioT (IVW, β = −0.126, 95% CI [−0.175 to
−0.077], P = 5.97 × 10−7) and high estradiol levels (IVW, β = 0.046, 95% CI
[0.035–0.056], P = 6.51 × 10−17). Conversely, no evidence of an effect of estradiol
imbalance on SHBG levels (IVW, β = 1.035, 95% CI [−0.854 to 2.926], P = 0.283) and
BMI (IVW, β = 0.091, 95% CI [−0.094 to 0.276], P = 0.336) was obtained. However,
increased BioT levels were causally associated with lower SHBG levels (IVW,
β = −0.044, 95% CI [−0.061 to −0.026], P = 8.76 × 10−7), not BMI (IVW, β = −0.006,
95% CI [−0.035 to 0.023], P = 0.679).
Conclusions: The findings support a network putative causal relationship among
BMI, SHBG, BioT, and estradiol. SHBG, BioT, and estradiol may partly mediate the
effect of obesity on male health. Reasonably modulating BioT and estradiol,
especially SHBG, facilitated the attenuation of the harmful effects of obesity on male
health.
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INTRODUCTION
Obesity is a highly prevalent chronic disease (Burki, 2021) and seriously endangers public
health (Kivimaki et al., 2022; Salah, Ghandour & Husseini, 2021). The worldwide
prevalence of obesity has increased markedly during the past three decades (Ng et al., 2014;
Pan, Wang & Pan, 2021; Withrow & Alter, 2011). According to the Global Burden of
Disease Study, approximately 603.7 million adults were obese in 2015, double the number
in 1980 (GBD 2015 Obesity Collaborators, 2017). The prevailing rate of obesity in adults
was 39.8% in the United States in 2015–2016 (Hales et al., 2017). A demographic
investigation indicated that the morbidity rate of obesity was approximately 16.4% for
adults in China in 2015–2019 (Pan, Wang & Pan, 2021). Recent data from the WHO
reported that the incidence was approximately 60% for overweight or obese individuals in
the European population (Boutari &Mantzoros, 2022). Obesity is an established risk factor
for many diseases, including cardiovascular diseases, diabetes, and cancer (Haslam &
James, 2005; Kivimaki et al., 2022; Lingvay et al., 2022; Riaz et al., 2018), and body mass
index (BMI) is a primary indicator for assessing obesity clinically (Smith & Smith, 2016).
Although the prevalence rate of obesity varies by country or region, the overall trend is
increasing yearly. Based on the harm of obesity to health, it is necessary to explore the
potential mechanism of obesity to health to formulate public prevention policies.

Testosterone and estradiol play a crucial role in human growth and health (Kloner et al.,
2016; McEwen & Milner, 2017; Mielke & Miller, 2021) and influence the development of
the human nervous system by regulating many cellular and molecular processes (McEwen
& Milner, 2017). They can affect human reproductive function by regulating
spermatogenesis in males and follicular development in females (de Kretser et al., 1998;
Roy, 1994). Imbalance in testosterone or estradiol level is associated with the risk of
cardiovascular diseases (Kloner et al., 2016; Raparelli et al., 2022), diabetes (Saikia, Jabbar
& Das, 2021; Vikan et al., 2010), and cancer (Ruth et al., 2020; Tin Tin, Reeves & Key,
2021). Sex hormone-binding globulin (SHBG) is a crucial protein that can bind to
testosterone and estradiol in the blood and regulate the transport, tissue delivery,
bioactivity, and metabolism of the hormones (Anderson, 1974; Bourebaba et al., 2022;
Breckwoldt, Zahradnik & Wieacker, 1989; Winters, 2020). Obesity has a significant
influence on male sex hormones and SHBG levels. Substantial differences in SHBG,
testosterone, and estradiol levels have been reported among individuals with different
BMIs (Grasa et al., 2017; Tchernof & Despres, 2000;Wei et al., 2009). Furthermore, obesity
influences the specific binding of sex hormones to SHBG (Grasa et al., 2017). The effect of
obesity on the risk of diseases can be mediated by sex hormones (Haffner et al., 1993).
Therefore, understanding the potential causality between obesity and sex hormone level is
essential to controlling the harmful effects of obesity on health.

Mendelian randomization (MR) is a powerful epidemiological method, and it mainly
uses single-nucleotide polymorphisms (SNPs) from genome-wide association study
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(GWAS) data as instrumental variables to estimate the putative causal relationship
between an exposure of interest and outcome of interest (Emdin, Khera & Kathiresan,
2017; Smith & Ebrahim, 2003). In this work, we investigated the potential causality among
obesity (measured as BMI), sex hormones (bioavailable testosterone (BioT) and estradiol
levels), and SHBG by using the MR method. The inverse-variance-weighted (IVW)
method was utilized as a primary causal estimate algorithm. Given that obesity and sex
hormone imbalance are hazardous to human health, further expounding the potential
causality between obesity and sex hormone imbalance may facilitate the mapping of public
health policy for promoting health.

MATERIALS AND METHODS
Study design and data sources
The work is a bidirectional MR investigation. The study design is displayed in Fig. 1A.
The GWAS summary-level data for SHBG, BioT, estradiol, and BMI were derived from the
large sample studies of European ancestry. All GWAS data in this work are available in the
IEU Open GWAS database (https://gwas.mrcieu.ac.uk/) and the Neale lab (http://www.
nealelab.is/). BioT, estradiol, SHBG, and BMI were used as exposure data and outcomes in
estimating the putative causal relationship between sex hormone-related traits and obesity.
The IVW approach was used as the primary causal estimate algorithm in the bidirectional
MR study.

Data sets
GWAS summary-level data sample sizes for SHBG, BioT, and estradiol were 180,726;
178,782; and 206,927 European adult male participants, respectively (Ruth et al., 2020).
The categories for SHBG and BioT levels were all continuous variables, whereas estradiol
level was a binary variable. The unit for SHBG and BioT levels was standard deviation
(SD). SHBG, BioT, and estradiol were all tested in serum. The GWAS summary-level data
for BMI were obtained from the UK Biobank cohort and derived from a study with
166,413 European adult male individuals. In the study, BMI was a continuous variable, and
its unit was 1-SD.

Instrument selection
For each analysis, SNPs in the GWAS summary-level data were identified as instrumental
variables according to a threshold of P < 5 × 10−8 for genome-wide significance. To ensure
the independence of SNPs, we used the PLINK clumping method to eliminate the SNPs
according to the parameters (r2 > 0.001 and clumping distance <10 Mb) in the 1,000
Genomes linkage disequilibrium reference panel (European population). To avoid
potential pleiotropy, we utilized the PhenoScanner database (http://www.phenoscanner.
medschl.cam.ac.uk/) to identify and eliminate SNPs that were associated with confounding
factors or outcomes, with a threshold of P < 5 × 10−8 for genome-wide significance. The F
statistic was used in assessing instrument strength. Its calculation method was reported in
a previous study (Pierce, Ahsan & Vanderweele, 2011). An F statistic of >10 was regarded
as the threshold that denotes the absence of weak instrument bias.
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Figure 1 Flowchart of MR analysis and results summary. (A) MR causal schematic and three fundamental assumptions. (1) Relevance: genetic
variants must be strongly associated with exposure of interest. (2) Independence: no unmeasured confounders of the associations between genetic
variants and the outcome are found. (3) Exclusion restriction: genetic variants affect the outcome only through their effects on the exposure of
interest. (B) Overview diagram of the MR investigation results. MR, Mendelian randomization; SNP, single-nucleotide polymorphism; BMI, body
mass index; SHBG, sex hormone-binding globulin; BioT, bioavailable testosterone; NS, not significant. Full-size DOI: 10.7717/peerj.15760/fig-1
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Statistical analyses
All MR analyses were conducted using the packages TwoSampleMR (version 0.5.6),
MRPRESSO (version 1.0), and mr.raps (version 0.4.1) in the statistical software R
(version 4.1.2; R Core Team, 2021).

Bidirectional univariable MR analyses
Sex hormones (BioT and estradiol), SHBG, and BMI were used as exposure data and
outcomes in clarifying the putative causality between sex hormone levels and obesity.
The multiplicative random effects IVW was utilized as a primary analysis method for
calculating the combined effects of exposure-related SNPs on the outcomes. When no
heterogeneity was found among the SNPs, the fixed effects IVW was utilized in calculating
the combined effects.

Sensitivity analyses
The reliance and robustness of putative causal estimation in univariable MR were
examined via a series of sensitivity analysis methods. First, four other methods: MR–Egger
(Bowden, Davey Smith & Burgess, 2015), maximum likelihood (Xue, Shen & Pan, 2021),
MR–pleiotropy residual sum outlier (MR–PRESSO) (Verbanck et al., 2018), and robust
adjusted profile score (MR–RAPS) (Zhao et al., 2020) methods, were used in examining the
reliability of putative causal estimation from the IVW method. Second, heterogeneity
among the SNPs was evaluated using Cochran’s Q value in the IVW and MR–Egger
models. A P < 0.05 was regarded as the cutoff value of existing significant heterogeneity.
Third, MR–Egger regression was used in assessing potential horizontal pleiotropy.
The intercept of MR–Egger regression approximates 0, and a P > 0.05 indicated no
pleiotropy for SNPs. Fourth, three methods, namely, MR–PRESSO, MR‒Egger, and IVW
methods, were used in identifying and removing potential outliers that were invalid
instruments and led to underlying pleiotropy. Fifth, leave-one-out iteration analysis was
used in detecting whether a single SNP significantly altered the causal combined effects of
IVW method estimation. Finally, the correctness of the putative causal direction from
exposure to outcome was examined using the MR–Steiger test (Hemani, Tilling & Davey
Smith, 2017). A P < 0.05 indicated that the putative causal assumption of the effect of
exposure on outcome was correct.

RESULTS
A summary of the analysis results is shown in Fig. 1B. For each MR analysis, the F statistics
of the instrumental variables were all greater than 10. Detailed information on SNPs used
as instrumental variables can be found in Tables S1–S10 in the Supplemental Materials.

Effect of BMI on BioT, estradiol, and SHBG
Genetically predicted, increase in BMI was associated with a reduction in BioT (IVW,
β = −0.139, 95% confidence interval [CI] [−0.165 to −0.113], P = 9.54 × 10−26) and SHBG
(IVW, β = −0.103, 95% CI [−0.113 to −0.092], P = 1.50 × 10−77) levels (Fig. 2A). A
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Figure 2 MR results of the effect of BMI on BioT, estradiol, and SHBG levels. (A) Forest plot shows MR results of the effect of BMI on BioT,
estradiol, and SHBG levels; (B) scatter plots indicate the causal effect of BMI on BioT levels using five methods; (C) density plots denote the effect of
BMI-related SNPs on BioT levels with five methods; (D) scatter plots indicate the causal effect of BMI on estradiol levels using five methods; (E) density
plots denote the effect of BMI-related SNPs on estradiol levels with five methods; (F) scatter plots indicate the causal effect of BMI on SHBG levels using
five methods; (G) density plots denote the effect of BMI-related SNPs on SHBG levels with five methods. MR, Mendelian randomization; SNP, sin-
gle-nucleotide polymorphism; BMI, body mass index; SHBG, sex hormone-binding globulin; BioT, bioavailable testosterone; IVW, inverse-variance-
weighted; MR–PRESSO, MR–pleiotropy residual sum outlier; MR–RAPS, robust adjusted profile score; CI, confidence interval; P-het, P value for
heterogeneity based on Cochran Q test; P-intercept, P value for MR‒Egger intercept; P-Steiger, P value for MR–Steiger test.

Full-size DOI: 10.7717/peerj.15760/fig-2
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genetically predicted increase in BMI was associated with high estradiol levels with a β of
0.014 (IVW, 95% CI [0.009–0.019], P = 2.19 × 10−7; Fig. 2A).

The robustness and reliability of the above putative causal estimations were tested and
verified. The results of four methods (MR–Egger, maximum likelihood, MR–PRESSO, and
MR–RAPS) consistently supported the putative causal direction of BMI influence on BioT,
estradiol, and SHBG levels (Figs. 2B–2G). The results of heterogeneity tests showed
existing heterogeneity for the effect of the BMI-related SNPs on BioT and SHBG (all
P < 0.05), except estradiol (all P > 0.05; Fig. 2A). The results from pleiotropy tests indicated
no pleiotropy for BMI-related SNPs above each analysis (all P > 0.05; Fig. 2A). The leave-
one-out analyses showed that no single SNP could reverse for above each IVW putative
causal estimation (all P < 0.05; Tables S11–S13 in Supplemental Materials). The results of
the MR–Steiger test supported that the effects of BMI on BioT, estradiol, and SHBG levels
were all correct putative causal directions (all P < 0.05; Fig. 2A).

Effects of BioT, estradiol, and SHBG on BMI
The results from the IVW method showed that genetically predicted increased SHBG
levels were associated with low BMI with a β of −0.051 (95% CI [−0.098 to −0.005],
P = 0.030; Fig. 3A). However, the putative causality of the effect of BioT (IVW, β = −0.006,
95% CI [−0.035 to 0.023], P = 0.679) and estradiol (IVW, β = 0.091, 95% CI [−0.094 to
0.276], P = 0.336) on BMI was not statistically significant.

In sensitivity analyses, the four methods (MR–Egger, maximum likelihood,
MR–PRESSO, and MR–RAPS) were consistent with IVW for estimating the effect of
SHBG on BMI (Figs. 3B and 3C). The heterogeneity analysis results showed certain
heterogeneity in the effects of the SHBG-related SNPs on BMI (P < 0.05; Fig. 3A).
The results from the pleiotropy test indicated no pleiotropy for the putative causal
estimation of the effect of the SHBG-related SNPs on BMI (P > 0.05; Fig. 3A). The leave-
one-out analyses showed that no single SNP significantly altered the putative causal
estimation of the effect of the SHBG-related SNPs on BMI (P < 0.05; Tables S14 in
Supplemental Materials). The result of the MR–Steiger test indicated that the effect of
SHBG on BMI was a correct putative causal assumption (P < 0.05; Fig. 3A).

Effect of SHBG on BioT and estradiol
Genetically predicted elevated SHBG levels were associated with decrease in BioT level
(IVW, β = −0.126, 95% CI [−0.175 to −0.077], P = 5.97 × 10−7) and high estradiol level
(IVW, β = 0.046, 95% CI [0.035–0.056], P = 6.51 × 10−17).

In sensitivity analyses, the results, including the putative causal estimations of the four
methods (MR–Egger, maximum likelihood, MR–PRESSO, and MR–RAPS; Figs. 4B–4E),
heterogeneity analyses (Fig. 4A), pleiotropy tests (all P > 0.05; Fig. 4A), leave-one-out
analyses (all P < 0.05; Tables S15–S16 in Supplemental Materials), and MR Steiger tests (all
P < 0.05; Fig. 4A), all supported the putative causal assumption of the effect of SHBG on
BioT and estradiol.
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Effects of BioT and estradiol on SHBG
Genetically predicted elevated BioT levels were correlated with low SHBG levels with a β of
−0.044 (IVW, 95% CI [−0.061 to −0.026], P = 8.76 × 10−7; Fig. 5A). However, the
genetically predicted effect of estradiol levels on SHBG levels (IVW, β = 1.035, 95% CI
[−0.854 to 2.926], P = 0.283) was not significantly putative causal.

In sensitivity analyses, the results, including the putative causal estimations of four
methods (MR–Egger, maximum likelihood, MR–PRESSO, and MR–RAPS; Figs. 5B and
5C), heterogeneity analyses (Fig. 5A), pleiotropy tests (P > 0.05; Fig. 5A), leave-one-out
analysis (P < 0.05; Table S17), and MR Steiger tests (P < 0.05; Fig. 5A), all supported the
putative causal hypothesis of the effect of BioT on SHBG.
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Figure 3 MR results of the effect of SHBG levels on BMI. (A) Forest plot shows MR results of the effect of SHBG levels on BMI; (B) scatter plots
indicate the causal effect of SHBG levels on BMI using five methods; (C) density plots denote the effect of SHBG-related SNPs on BMI with five
methods. MR, Mendelian randomization; SNP, single-nucleotide polymorphism; BMI, body mass index; SHBG, sex hormone-binding globulin;
IVW, inverse-variance-weighted; MR–PRESSO, MR–pleiotropy residual sum outlier; MR–RAPS, robust adjusted profile score; CI, confidence
interval; P-het, P value for heterogeneity based on Cochran Q test; P-intercept, P value for MR‒Egger intercept; P-Steiger, P value for MR–Steiger
test. Full-size DOI: 10.7717/peerj.15760/fig-3
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DISCUSSION
We comprehensively assessed the putative causal relationship among BMI, BioT, estradiol,
and SHBG by using large-sample GWAS data. A summary of the findings is shown in
Fig. 1B. We found that genetically predicted BMI was bidirectionally associated with
SHBG levels and unidirectionally associated with BioT and estradiol levels. In addition,
genetically predicted SHBG levels were bidirectionally correlated with BioT levels and
unidirectionally correlated with estradiol levels.

Obesity, imbalance in sex hormones, and SHBG are all closely related to the risk of
human diseases (Arnold et al., 2017; Boese et al., 2017; Guarner-Lans et al., 2011).
The effects of obesity on human health may be partly mediated by sex hormones and
SHBG levels (Grasa et al., 2017; Guarner-Lans et al., 2011; MacDonald et al., 2010).
However, the correlation among BMI, sex hormones, and SHBG remains controversial.
For example, some observational studies have reported that BMI is not associated with
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serum free testosterone and estradiol levels (Hofny et al., 2010; Winters et al., 2006).
However, many observational data have indicated that BMI is negatively associated with
serum free testosterone and SHBG levels (Foresta et al., 2009; Macdonald, Stewart &
Farquhar, 2013; Yamacake et al., 2016) and positively associated with estradiol levels in
males (Bieniek et al., 2016; Foresta et al., 2009; Jensen et al., 2004). Similarly, a recent
meta-analysis including data from 28 articles revealed that increased BMI is associated
with low serum testosterone and SHBG levels and high estradiol levels in males (Salas-
Huetos et al., 2021). Additionally, MR investigation findings from Loh et al. (2022) showed
that elevated BMI is causally associated with reduced serum BioT levels (β = −0.128) and
high serum estradiol levels (β = 0.012). However, the putative causal effect of BioT and
estradiol level imbalances on BMI was not statistically significant (Loh et al., 2022).
Our results supported that the effect of BMI on serum BioT (β = −0.139) and estradiol
levels (β = 0.014) is a unidirectional causality. Although the findings of Loh et al. (2022)
were valuable, our study has more advantages. Importantly, our MR study used multiple
methods to remove the pleiotropic and outlying SNPs that cause potential bias of causal
estimation, thereby improving the accuracy of putative causal estimation. Moreover, our
findings obtained more powerful support from statistical evidence of sensitivity analyses,
including the putative causal estimations of the four methods (MR‒Egger, maximum
likelihood, MR–PRESSO, and MR–RAPS), pleiotropy tests, leave-one-out analyses, and
MR Steiger tests. Mechanistically, as previous research reported, obesity can increase the
conversion of testosterone to estradiol in males, thereby causing reproductive axis
suppression and reduced secretion of endogenous gonadotropin (Michalakis et al., 2013).
Similarly, a recent study has shown that obesity reduces testosterone and elevated estradiol
levels by mediating the hypothalamic–pituitary–gonadal axis in males (Leisegang et al.,
2021). Additionally, in the present work, we analyzed the putative causal association
between BMI and SHBG and found that they were a bidirectional putative causal
relationship. Previous observational data revealed that individuals with a high BMI have
lower SHBG levels than those with a low BMI (Allan & McLachlan, 2010). In addition, a
recent meta-analysis revealed that BMI is negatively correlated with SHBG levels in males
(Salas-Huetos et al., 2021). Our findings showed that genetically predicted elevated BMI is
inversely associated with serum SHBG levels in males. We also observed that genetically
determined increased SHBG levels are causally associated with low BMI. Similarly,
observational studies have shown that high SHBG levels are associated with lowered risk of
metabolic syndrome (Lewis et al., 2004; Salas-Huetos et al., 2021). Mechanistic findings
from animal model studies have suggested that SHBG overexpression can reduce the risk
of obesity by increasing insulin, leptin, and resistin levels in male rats (Chen et al., 2010;
Saez-Lopez et al., 2020). According to the above evidence, the influence of genetically
predicted high BMI on males’ health may be partly mediated by SHBG and sex hormones.
Consequently, the healthy modulation of SHBG and sex hormones can attenuate the
harmful effects of obesity on male health.

Given the importance of SHBG to sex hormone transport, tissue delivery, and
bioactivity and metabolism regulation, we further examined the putative causal association
between SHBG and the two sex hormones (BioT and estradiol). Our results suggested a
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bidirectional causal association between SHBG and BioT. However, a unidirectional causal
association was found between SHBG and estradiol. Serum SHBG levels are associated
with serum testosterone and estradiol concentrations in males (Wan et al., 2021; Yeap
et al., 2021). High serum SHBG levels can cause a decline in androgen/estrogen ratio (Wan
et al., 2021). In this work, we found that genetically determined raised SHBG levels are
associated with high estradiol and low BioT levels in males. Additionally, we observed that
elevated BioT levels were associated with decreased SHBG levels in males. A similar
phenomenon was observed in previous observational studies in which patients with
prostate cancer had lower SHBG levels and higher free testosterone levels than healthy
individuals (Travis et al., 2007; Watts et al., 2021, 2022). Although our work preliminarily
revealed the causal association between SHBG and sex hormones, the potential mechanism
of interaction among them has been completely clarified. Therefore, we should cautiously
comprehend the findings, and the underlying mechanism of SHBG and sex hormones
interacting and affecting one another should be explored using molecular experiments.
Given the putative causality of SHBG linked with BMI and sex hormones, SHBG could be
a promising target for eliminating adverse effects caused by obesity and sex hormone
imbalance on physical health.

Our work has some merits. First, all GWAS summary-level data were derived from
recent extensive sample studies, ensuring our study’s statistical strength. Second, we used
multiple methods to eliminate outlying and pleiotropic SNPs to guarantee instrumental
variables’ validity. Third, multiple sensitivity analyses consistently supported our findings,
suggesting the robustness and reliability of the results. Finally, our work solves the
limitation of conventional observational research that does not explain the putative
causality among obesity, SHBG, and sex hormones or handle unmeasured confounders
well (Davies, Holmes & Davey Smith, 2018).

Inevitably, our work has some limitations. First, although our findings supported a
putative causal association among BMI, sex hormones, and SHBG, the potential
interaction mechanism remains unclear. Consequently, the underlying mechanism of their
interactions and how they affect one another should be further investigated using
molecular experiments. Next, whether and howmuch samples of the sex hormones-related
GWAS overlap is unclear. Furthermore, given that all GWAS summary data were derived
from European populations, generalizing to non-European populations may have some
bias. Finally, all data were GWAS summary levels, and thus stratified analysis according to
age was limited.

CONCLUSION
In summary, using genetic data from large sample studies, we conducted an MR study to
expound the bidirectional causal association among BMI, sex hormones, and SHBG in
men. We then found a bidirectional causality between BMI and SHBG and a unidirectional
causality between BMI and sex hormones. Additionally, genetically predicted SHBG levels
were bidirectionally associated with BioT levels and unidirectionally associated with
estradiol levels. The findings provide novel insights into interventions based on BMI, sex
hormones, and SHBG, specifically interventions that promote men’s health.

Wan et al. (2023), PeerJ, DOI 10.7717/peerj.15760 12/19

http://dx.doi.org/10.7717/peerj.15760
https://peerj.com/


ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by grants from the Hainan Province Clinical Medical Center
(No. QWYH202175), the Scientific Research Project of Hainan Health Committee
(No. 21A200115), the Research and Cultivation Fund of Hainan Medical University
(No. HYPY2020015), the specific research fund of The Innovation Platform for
Academicians of Hainan Province (No. YSPTZX202311), the Natural Science Foundation
of Hainan Province (No. 820RC771), and the Key R&D Projects of Hainan Province
(No. ZDYF2022SHFZ074, No. ZDYF2022SHFZ280, No. ZDYF2017086, and No.
ZDYF2019157). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Hainan Province Clinical Medical Center: QWYH202175.
Scientific Research Project of Hainan Health Committee: 21A200115.
Research and Cultivation Fund of Hainan Medical University: HYPY2020015.
The Innovation Platform for Academicians of Hainan Province: YSPTZX202311.
Natural Science Foundation of Hainan Province: 820RC771.
Key R&D Projects of Hainan Province: ZDYF2022SHFZ074, ZDYF2022SHFZ280,
ZDYF2017086, and ZDYF2019157.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Bangbei Wan conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

� Ning Ma conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, and approved the final draft.

� Zhi Zhou conceived and designed the experiments, analyzed the data, authored or
reviewed drafts of the article, and approved the final draft.

� Cai Lv conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The STROBE-MR checklist, RAW data and R Code are available in Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.15760#supplemental-information.

Wan et al. (2023), PeerJ, DOI 10.7717/peerj.15760 13/19

http://dx.doi.org/10.7717/peerj.15760#supplemental-information
http://dx.doi.org/10.7717/peerj.15760#supplemental-information
http://dx.doi.org/10.7717/peerj.15760#supplemental-information
http://dx.doi.org/10.7717/peerj.15760
https://peerj.com/


REFERENCES
Allan CA, McLachlan RI. 2010. Androgens and obesity. Current Opinion in Endocrinology,

Diabetes & Obesity 17(3):224–232 DOI 10.1097/MED.0b013e3283398ee2.

Anderson DC. 1974. Sex-hormone-binding globulin. Clinical Endocrinology 3(1):69–96
DOI 10.1111/j.1365-2265.1974.tb03298.x.

Arnold AP, Cassis LA, Eghbali M, Reue K, Sandberg K. 2017. Sex hormones and sex
chromosomes cause sex differences in the development of cardiovascular diseases.
Arteriosclerosis, Thrombosis, and Vascular Biology 37(5):746–756
DOI 10.1161/ATVBAHA.116.307301.

Bieniek JM, Kashanian JA, Deibert CM, Grober ED, Lo KC, Brannigan RE, Sandlow JI,
Jarvi KA. 2016. Influence of increasing body mass index on semen and reproductive hormonal
parameters in a multi-institutional cohort of subfertile men. Fertility and Sterility
106(5):1070–1075 DOI 10.1016/j.fertnstert.2016.06.041.

Boese AC, Kim SC, Yin KJ, Lee JP, Hamblin MH. 2017. Sex differences in vascular physiology
and pathophysiology: estrogen and androgen signaling in health and disease. American Journal
of Physiology-Heart and Circulatory Physiology 313(3):H524–H545
DOI 10.1152/ajpheart.00217.2016.

Bourebaba N, Ngo T, Smieszek A, Bourebaba L, Marycz K. 2022. Sex hormone binding globulin
as a potential drug candidate for liver-related metabolic disorders treatment. Biomedicine &
Pharmacotherapy 153(2):113261 DOI 10.1016/j.biopha.2022.113261.

Boutari C, Mantzoros CS. 2022. A 2022 update on the epidemiology of obesity and a call to action:
as its twin COVID-19 pandemic appears to be receding, the obesity and dysmetabolism
pandemic continues to rage on. Metabolism 133(458):155217
DOI 10.1016/j.metabol.2022.155217.

Bowden J, Davey Smith G, Burgess S. 2015. Mendelian randomization with invalid instruments:
effect estimation and bias detection through Egger regression. International Journal of
Epidemiology 44(2):512–525 DOI 10.1093/ije/dyv080.

Breckwoldt M, Zahradnik HP, Wieacker P. 1989. Hirsutism, its pathogenesis. Human
Reproduction 4(6):601–604 DOI 10.1093/oxfordjournals.humrep.a136950.

Burki T. 2021. European commission classifies obesity as a chronic disease. The Lancet Diabetes &
Endocrinology 9(7):418 DOI 10.1016/S2213-8587(21)00145-5.

Chen C, Smothers J, Lange A, Nestler JE, Strauss Iii JF, Wickham Iii EP. 2010. Sex
hormone-binding globulin genetic variation: associations with type 2 diabetes mellitus and
polycystic ovary syndrome. Minerva Endocrinology 35:271–280.

Davies NM, Holmes MV, Davey Smith G. 2018. Reading Mendelian randomisation studies: a
guide, glossary, and checklist for clinicians. BMJ 362:k601 DOI 10.1136/bmj.k601.

de Kretser DM, Loveland KL, Meinhardt A, Simorangkir D, Wreford N. 1998. Spermatogenesis.
Human Reproduction 13(suppl 1):1–8 DOI 10.1093/humrep/13.suppl_1.1.

Emdin CA, Khera AV, Kathiresan S. 2017.Mendelian randomization. JAMA 318(19):1925–1926
DOI 10.1001/jama.2017.17219.

Foresta C, Di Mambro A, Pagano C, Garolla A, Vettor R, Ferlin A. 2009. Insulin-like factor 3 as a
marker of testicular function in obese men. Clinical Endocrinology 71(5):722–726
DOI 10.1111/j.1365-2265.2009.03549.x.

GBD 2015 Obesity Collaborators. 2017. Health effects of overweight and obesity in 195 countries
over 25 years. New England Journal of Medicine 377(1):13–27 DOI 10.1056/NEJMoa1614362.

Wan et al. (2023), PeerJ, DOI 10.7717/peerj.15760 14/19

http://dx.doi.org/10.1097/MED.0b013e3283398ee2
http://dx.doi.org/10.1111/j.1365-2265.1974.tb03298.x
http://dx.doi.org/10.1161/ATVBAHA.116.307301
http://dx.doi.org/10.1016/j.fertnstert.2016.06.041
http://dx.doi.org/10.1152/ajpheart.00217.2016
http://dx.doi.org/10.1016/j.biopha.2022.113261
http://dx.doi.org/10.1016/j.metabol.2022.155217
http://dx.doi.org/10.1093/ije/dyv080
http://dx.doi.org/10.1093/oxfordjournals.humrep.a136950
http://dx.doi.org/10.1016/S2213-8587(21)00145-5
http://dx.doi.org/10.1136/bmj.k601
http://dx.doi.org/10.1093/humrep/13.suppl_1.1
http://dx.doi.org/10.1001/jama.2017.17219
http://dx.doi.org/10.1111/j.1365-2265.2009.03549.x
http://dx.doi.org/10.1056/NEJMoa1614362
http://dx.doi.org/10.7717/peerj.15760
https://peerj.com/


Grasa MDM, Gulfo J, Camps N, Alcala R, Monserrat L, Moreno-Navarrete JM, Ortega FJ,
Esteve M, Remesar X, Fernandez-Lopez JA, Fernandez-Real JM, Alemany M. 2017.
Modulation of SHBG binding to testosterone and estradiol by sex and morbid obesity. European
Journal of Endocrinology 176(4):393–404 DOI 10.1530/EJE-16-0834.

Guarner-Lans V, Rubio-Ruiz ME, Perez-Torres I, Banos de MacCarthy G. 2011. Relation of
aging and sex hormones to metabolic syndrome and cardiovascular disease. Experimental
Gerontology 46(7):517–523 DOI 10.1016/j.exger.2011.02.007.

Haffner SM, Valdez RA, Stern MP, Katz MS. 1993. Obesity, body fat distribution and sex
hormones in men. International Journal of Obesity and Related Metabolic Disorders 17:643–649.

Hales CM, Carroll MD, Fryar CD, Ogden CL. 2017. Prevalence of obesity among adults and
youth: United States, 2015–2016. NCHS Data Brief 1–8.

Haslam DW, James WP. 2005. Obesity. Lancet 366(9492):1197–1209
DOI 10.1016/S0140-6736(05)67483-1.

Hemani G, Tilling K, Davey Smith G. 2017.Orienting the causal relationship between imprecisely
measured traits using GWAS summary data. PLOS Genetics 13(11):e1007081
DOI 10.1371/journal.pgen.1007081.

Hofny ER, Ali ME, Abdel-Hafez HZ, Kamal Eel D, Mohamed EE, Abd El-Azeem HG,
Mostafa T. 2010. Semen parameters and hormonal profile in obese fertile and infertile males.
Fertility and Sterility 94(2):581–584 DOI 10.1016/j.fertnstert.2009.03.085.

Jensen TK, Andersson AM, Jorgensen N, Andersen AG, Carlsen E, Petersen JH,
Skakkebaek NE. 2004. Body mass index in relation to semen quality and reproductive
hormones among 1,558 Danish men. Fertility and Sterility 82(4):863–870
DOI 10.1016/j.fertnstert.2004.03.056.

Kivimaki M, Strandberg T, Pentti J, Nyberg ST, Frank P, Jokela M, Ervasti J, Suominen SB,
Vahtera J, Sipila PN, Lindbohm JV, Ferrie JE. 2022. Body-mass index and risk of
obesity-related complex multimorbidity: an observational multicohort study. The Lancet
Diabetes & Endocrinology 10(4):253–263 DOI 10.1016/S2213-8587(22)00033-X.

Kloner RA, Carson C 3rd, Dobs A, Kopecky S, Mohler ER 3rd. 2016. Testosterone and
cardiovascular disease. Journal of the American College of Cardiology 67(5):545–557
DOI 10.1016/j.jacc.2015.12.005.

Leisegang K, Sengupta P, Agarwal A, Henkel R. 2021. Obesity and male infertility: mechanisms
and management. Andrologia 53(1):e13617 DOI 10.1111/and.13617.

Lewis JG, Shand BI, Elder PA, Scott RS. 2004. Plasma sex hormone-binding globulin rather than
corticosteroid-binding globulin is a marker of insulin resistance in obese adult males. Diabetes
Obesity & Metabolism 6(4):259–263 DOI 10.1111/j.1462-8902.2004.00343.x.

Lingvay I, Sumithran P, Cohen RV, Le Roux CW. 2022. Obesity management as a primary
treatment goal for type 2 diabetes: time to reframe the conversation. Lancet 399(10322):394–405
DOI 10.1016/S0140-6736(21)01919-X.

Loh NY, Humphreys E, Karpe F, Tomlinson JW, Noordam R, Christodoulides C. 2022. Sex
hormones, adiposity, and metabolic traits in men and women: a Mendelian randomisation
study. European Journal of Endocrinology 186(3):407–416 DOI 10.1530/EJE-21-0703.

MacDonald AA, Herbison GP, Showell M, Farquhar CM. 2010. The impact of body mass index
on semen parameters and reproductive hormones in human males: a systematic review with
meta-analysis. Human Reproduction Update 16(3):293–311 DOI 10.1093/humupd/dmp047.

Wan et al. (2023), PeerJ, DOI 10.7717/peerj.15760 15/19

http://dx.doi.org/10.1530/EJE-16-0834
http://dx.doi.org/10.1016/j.exger.2011.02.007
http://dx.doi.org/10.1016/S0140-6736(05)67483-1
http://dx.doi.org/10.1371/journal.pgen.1007081
http://dx.doi.org/10.1016/j.fertnstert.2009.03.085
http://dx.doi.org/10.1016/j.fertnstert.2004.03.056
http://dx.doi.org/10.1016/S2213-8587(22)00033-X
http://dx.doi.org/10.1016/j.jacc.2015.12.005
http://dx.doi.org/10.1111/and.13617
http://dx.doi.org/10.1111/j.1462-8902.2004.00343.x
http://dx.doi.org/10.1016/S0140-6736(21)01919-X
http://dx.doi.org/10.1530/EJE-21-0703
http://dx.doi.org/10.1093/humupd/dmp047
http://dx.doi.org/10.7717/peerj.15760
https://peerj.com/


Macdonald AA, Stewart AW, Farquhar CM. 2013. Body mass index in relation to semen quality
and reproductive hormones in New Zealand men: a cross-sectional study in fertility clinics.
Human Reproduction 28(12):3178–3187 DOI 10.1093/humrep/det379.

McEwen BS, Milner TA. 2017. Understanding the broad influence of sex hormones and sex
differences in the brain. Journal of Neuroscience Research 95(1–2):24–39 DOI 10.1002/jnr.23809.

Michalakis K, Mintziori G, Kaprara A, Tarlatzis BC, Goulis DG. 2013. The complex interaction
between obesity, metabolic syndrome and reproductive axis: a narrative review. Metabolism
62(4):457–478 DOI 10.1016/j.metabol.2012.08.012.

Mielke MM, Miller VM. 2021. Improving clinical outcomes through attention to sex and
hormones in research. Nature Reviews Endocrinology 17(10):625–635
DOI 10.1038/s41574-021-00531-z.

Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, Mullany EC, Biryukov S,
Abbafati C, Abera SF, Abraham JP, Abu-Rmeileh NM, Achoki T, AlBuhairan FS, Alemu ZA,
Alfonso R, Ali MK, Ali R, Guzman NA, Ammar W, Anwari P, Banerjee A, Barquera S,
Basu S, Bennett DA, Bhutta Z, Blore J, Cabral N, Nonato IC, Chang JC, Chowdhury R,
Courville KJ, Criqui MH, Cundiff DK, Dabhadkar KC, Dandona L, Davis A, Dayama A,
Dharmaratne SD, Ding EL, Durrani AM, Esteghamati A, Farzadfar F, Fay DF, Feigin VL,
Flaxman A, Forouzanfar MH, Goto A, Green MA, Gupta R, Hafezi-Nejad N, Hankey GJ,
Harewood HC, Havmoeller R, Hay S, Hernandez L, Husseini A, Idrisov BT, Ikeda N,
Islami F, Jahangir E, Jassal SK, Jee SH, Jeffreys M, Jonas JB, Kabagambe EK, Khalifa SE,
Kengne AP, Khader YS, Khang YH, Kim D, Kimokoti RW, Kinge JM, Kokubo Y, Kosen S,
Kwan G, Lai T, Leinsalu M, Li Y, Liang X, Liu S, Logroscino G, Lotufo PA, Lu Y, Ma J,
Mainoo NK, Mensah GA, Merriman TR, Mokdad AH, Moschandreas J, Naghavi M,
Naheed A, Nand D, Narayan KM, Nelson EL, Neuhouser ML, Nisar MI, Ohkubo T, Oti SO,
Pedroza A, Prabhakaran D, Roy N, Sampson U, Seo H, Sepanlou SG, Shibuya K, Shiri R,
Shiue I, Singh GM, Singh JA, Skirbekk V, Stapelberg NJ, Sturua L, Sykes BL, Tobias M,
Tran BX, Trasande L, Toyoshima H, van de Vijver S, Vasankari TJ, Veerman JL, Velasquez-
Melendez G, Vlassov VV, Vollset SE, Vos T, Wang C, Wang X, Weiderpass E, Werdecker A,
Wright JL, Yang YC, Yatsuya H, Yoon J, Yoon SJ, Zhao Y, Zhou M, Zhu S, Lopez AD,
Murray CJ, Gakidou E. 2014. Global, regional, and national prevalence of overweight and
obesity in children and adults during 1980–2013: a systematic analysis for the Global Burden of
Disease Study 2013. The Lancet 384(9945):766–781 DOI 10.1016/S0140-6736(14)60460-8.

Pan XF, Wang L, Pan A. 2021. Epidemiology and determinants of obesity in China. The Lancet
Diabetes & Endocrinology 9(6):373–392 DOI 10.1016/S2213-8587(21)00045-0.

Pierce BL, Ahsan H, Vanderweele TJ. 2011. Power and instrument strength requirements for
Mendelian randomization studies using multiple genetic variants. International Journal of
Epidemiology 40(3):740–752 DOI 10.1093/ije/dyq151.

R Core Team. 2021. R: A language and environment for statistical computing. Version 4.0.5.
Vienna: R Foundation for Statistical Computing. Available at https://www.r-project.org.

Raparelli V, Nocella C, Proietti M, Romiti GF, Corica B, Bartimoccia S, Stefanini L, Lenzi A,
Viceconte N, Tanzilli G, Cammisotto V, Pilote L, Cangemi R, Basili S, Carnevale R,
Collaborators EVA. 2022. Testosterone-to-estradiol ratio and platelet thromboxane release in
ischemic heart disease: the EVA project. Journal of Endocrinological Investigation
45(7):1367–1377 DOI 10.1007/s40618-022-01771-0.

Riaz H, Khan MS, Siddiqi TJ, Usman MS, Shah N, Goyal A, Khan SS, Mookadam F,
Krasuski RA, Ahmed H. 2018. Association between obesity and cardiovascular outcomes: a

Wan et al. (2023), PeerJ, DOI 10.7717/peerj.15760 16/19

http://dx.doi.org/10.1093/humrep/det379
http://dx.doi.org/10.1002/jnr.23809
http://dx.doi.org/10.1016/j.metabol.2012.08.012
http://dx.doi.org/10.1038/s41574-021-00531-z
http://dx.doi.org/10.1016/S0140-6736(14)60460-8
http://dx.doi.org/10.1016/S2213-8587(21)00045-0
http://dx.doi.org/10.1093/ije/dyq151
https://www.r-project.org
http://dx.doi.org/10.1007/s40618-022-01771-0
http://dx.doi.org/10.7717/peerj.15760
https://peerj.com/


systematic review and meta-analysis of Mendelian randomization studies. JAMA Network Open
1(7):e183788 DOI 10.1001/jamanetworkopen.2018.3788.

Roy SK. 1994. Regulation of ovarian follicular development: a review of microscopic studies.
Microscopy Research and Technique 27:83–96 DOI 10.1002/(ISSN)1097-0029.

Ruth KS, Day FR, Tyrrell J, Thompson DJ, Wood AR, Mahajan A, Beaumont RN,Wittemans L,
Martin S, Busch AS, Erzurumluoglu AM, Hollis B, O’Mara TA, Endometrial Cancer
Association C, McCarthy MI, Langenberg C, Easton DF, Wareham NJ, Burgess S, Murray A,
Ong KK, Frayling TM, Perry JRB. 2020. Using human genetics to understand the disease
impacts of testosterone in men and women. Nature Medicine 26(2):252–258
DOI 10.1038/s41591-020-0751-5.

Saez-Lopez C, Villena JA, Simo R, Selva DM. 2020. Sex hormone-binding globulin
overexpression protects against high-fat diet-induced obesity in transgenic male mice. Journal of
Nutritional Biochemistry 85(15):108480 DOI 10.1016/j.jnutbio.2020.108480.

Saikia UK, Jabbar PK, Das DV. 2021. Sex hormone-binding globulins and testosterone levels as a
risk marker for type 2 diabetes mellitus among postmenopausal women. Journal of Mid-Life
Health 12(2):155–160 DOI 10.4103/jmh.JMH_142_20.

Salah RO, Ghandour R, Husseini A. 2021. Prevalence of overweight, obesity, and associated
factors among adolescents in the occupied Palestinian territory: a cross-sectional study. Lancet
398:S46 DOI 10.1016/S0140-6736(21)01532-4.

Salas-Huetos A, Maghsoumi-Norouzabad L, James ER, Carrell DT, Aston KI, Jenkins TG,
Becerra-Tomas N, Javid AZ, Abed R, Torres PJ, Luque EM, Ramirez ND, Martini AC, Salas-
Salvado J. 2021. Male adiposity, sperm parameters and reproductive hormones: an updated
systematic review and collaborative meta-analysis. Obesity Reviews 22(1):e13082
DOI 10.1111/obr.13082.

Smith GD, Ebrahim S. 2003. ’Mendelian randomization’: can genetic epidemiology contribute to
understanding environmental determinants of disease? International Journal of Epidemiology
32(1):1–22 DOI 10.1093/ije/dyg070.

Smith KB, Smith MS. 2016. Obesity statistics. Primary Care: Clinics in Office Practice
43(1):121–135 ix DOI 10.1016/j.pop.2015.10.001.

Tchernof A, Despres JP. 2000. Sex steroid hormones, sex hormone-binding globulin, and obesity
in men and women. Hormone and Metabolic Research 32(11/12):526–536
DOI 10.1055/s-2007-978681.

Tin Tin S, Reeves GK, Key TJ. 2021. Endogenous hormones and risk of invasive breast cancer in
pre- and post-menopausal women: findings from the UK Biobank. British Journal of Cancer
125(1):126–134 DOI 10.1038/s41416-021-01392-z.

Travis RC, Key TJ, Allen NE, Appleby PN, Roddam AW, Rinaldi S, Egevad L, Gann PH,
Rohrmann S, Linseisen J, Pischon T, Boeing H, Johnsen NF, Tjonneland A, Overvad K,
Kiemeney L, Bueno-de-Mesquita HB, Bingham S, Khaw KT, Tumino R, Sieri S, Vineis P,
Palli D, Quiros JR, Ardanaz E, Chirlaque MD, Larranaga N, Gonzalez C, Sanchez MJ,
Trichopoulou A, Bikou C, Trichopoulos D, Stattin P, Jenab M, Ferrari P, Slimani N,
Riboli E, Kaaks R. 2007. Serum androgens and prostate cancer among 643 cases and 643
controls in the European Prospective Investigation into Cancer and Nutrition. International
Journal of Cancer 121:1331–1338 DOI 10.1002/(ISSN)1097-0215.

Verbanck M, Chen CY, Neale B, Do R. 2018. Detection of widespread horizontal pleiotropy in
causal relationships inferred from Mendelian randomization between complex traits and
diseases. Nature Genetics 50(5):693–698 DOI 10.1038/s41588-018-0099-7.

Wan et al. (2023), PeerJ, DOI 10.7717/peerj.15760 17/19

http://dx.doi.org/10.1001/jamanetworkopen.2018.3788
http://dx.doi.org/10.1002/(ISSN)1097-0029
http://dx.doi.org/10.1038/s41591-020-0751-5
http://dx.doi.org/10.1016/j.jnutbio.2020.108480
http://dx.doi.org/10.4103/jmh.JMH_142_20
http://dx.doi.org/10.1016/S0140-6736(21)01532-4
http://dx.doi.org/10.1111/obr.13082
http://dx.doi.org/10.1093/ije/dyg070
http://dx.doi.org/10.1016/j.pop.2015.10.001
http://dx.doi.org/10.1055/s-2007-978681
http://dx.doi.org/10.1038/s41416-021-01392-z
http://dx.doi.org/10.1002/(ISSN)1097-0215
http://dx.doi.org/10.1038/s41588-018-0099-7
http://dx.doi.org/10.7717/peerj.15760
https://peerj.com/


Vikan T, Schirmer H, Njolstad I, Svartberg J. 2010. Low testosterone and sex hormone-binding
globulin levels and high estradiol levels are independent predictors of type 2 diabetes in men.
European Journal of Endocrinology 162(4):747–754 DOI 10.1530/EJE-09-0943.

Wan Q, Xie Y, Zhou Y, Shen X. 2021. Research progress on the relationship between sex
hormone-binding globulin and male reproductive system diseases. Andrologia 53(1):e13893
DOI 10.1111/and.13893.

Watts EL, Fensom GK, Smith Byrne K, Perez-Cornago A, Allen NE, Knuppel A, Gunter MJ,
Holmes MV, Martin RM, Murphy N, Tsilidis KK, Yeap BB, Key TJ, Travis RC. 2021.
Circulating insulin-like growth factor-I, total and free testosterone concentrations and prostate
cancer risk in 200 000 men in UK Biobank. International Journal of Cancer 148(9):2274–2288
DOI 10.1002/ijc.33416.

Watts EL, Perez-Cornago A, Fensom GK, Smith-Byrne K, Noor U, Andrews CD, Gunter MJ,
Holmes MV, Martin RM, Tsilidis KK, Albanes D, Barricarte A, Bueno-de-Mesquita B,
Chen C, Cohn BA, Dimou NL, Ferrucci L, Flicker L, Freedman ND, Giles GG,
Giovannucci EL, Goodman GE, Haiman CA, Hankey GJ, Huang J, HuangWY, Hurwitz LM,
Kaaks R, Knekt P, Kubo T, Langseth H, Lauhlin G, Le Marchand L, Luostarinen T,
MacInnis RJ, Maenpaa HO, Mannisto S, Metter EJ, Mikami K, Mucci LA, Olsen AW,
Ozasa K, Palli D, Penney KL, Platz EA, Rissanen H, Sawada N, Schenk JM, Stattin P,
Tamakoshi A, Thysell E, Tsai CJ, Tsugane S, Vatten L, Weiderpass E, Weinstein SJ,
Wilkens LR, Yeap BB, Consortium P, Cruk, Bpc, Caps, Caps, Allen NE, Key TJ, Travis RC.
2022. Circulating free testosterone and risk of aggressive prostate cancer: Prospective and
Mendelian randomisation analyses in international consortia. International Journal of Cancer
151(7):1033–1046 DOI 10.1002/ijc.34116.

Wei S, Schmidt MD, Dwyer T, Norman RJ, Venn AJ. 2009. Obesity and menstrual irregularity:
associations with SHBG, testosterone, and insulin. Obesity 17(5):1070–1076
DOI 10.1038/oby.2008.641.

Winters SJ. 2020. SHBG and total testosterone levels in men with adult onset hypogonadism: what
are we overlooking? Clinical Diabetes and Endocrinology 6(1):17
DOI 10.1186/s40842-020-00106-3.

Winters SJ, Wang C, Abdelrahaman E, Hadeed V, Dyky MA, Brufsky A. 2006. Inhibin-B levels
in healthy young adult men and prepubertal boys: is obesity the cause for the contemporary
decline in sperm count because of fewer Sertoli cells? Journal of Andrology 27(4):560–564
DOI 10.2164/jandrol.05193.

Withrow D, Alter DA. 2011. The economic burden of obesity worldwide: a systematic review of
the direct costs of obesity. Obesity Reviews 12(2):131–141
DOI 10.1111/j.1467-789X.2009.00712.x.

Xue H, Shen X, Pan W. 2021. Constrained maximum likelihood-based Mendelian randomization
robust to both correlated and uncorrelated pleiotropic effects. American Journal of Human
Genetics 108(7):1251–1269 DOI 10.1016/j.ajhg.2021.05.014.

Yamacake KG, Cocuzza M, Torricelli FC, Tiseo BC, Frati R, Freire GC, Antunes AA, Srougi M.
2016. Impact of body mass index, age and varicocele on reproductive hormone profile from
elderly men. International Brazilian Journal of Urology 42(2):365–372
DOI 10.1590/S1677-5538.IBJU.2014.0594.

Yeap BB, Marriott RJ, Antonio L, Chan YX, Raj S, Dwivedi G, Reid CM, Anawalt BD, Bhasin S,
Dobs AS, Hankey GJ, Matsumoto AM, Norman PE, O’Neill TW, Ohlsson C, Orwoll ES,
Vanderschueren D, Wittert GA, Wu FCW, Murray K. 2021. Serum testosterone is inversely

Wan et al. (2023), PeerJ, DOI 10.7717/peerj.15760 18/19

http://dx.doi.org/10.1530/EJE-09-0943
http://dx.doi.org/10.1111/and.13893
http://dx.doi.org/10.1002/ijc.33416
http://dx.doi.org/10.1002/ijc.34116
http://dx.doi.org/10.1038/oby.2008.641
http://dx.doi.org/10.1186/s40842-020-00106-3
http://dx.doi.org/10.2164/jandrol.05193
http://dx.doi.org/10.1111/j.1467-789X.2009.00712.x
http://dx.doi.org/10.1016/j.ajhg.2021.05.014
http://dx.doi.org/10.1590/S1677-5538.IBJU.2014.0594
http://dx.doi.org/10.7717/peerj.15760
https://peerj.com/


and sex hormone-binding globulin is directly associated with all-cause mortality in men. The
Journal of Clinical Endocrinology & Metabolism 106(2):e625–e637
DOI 10.1210/clinem/dgaa743.

Zhao Q, Wang J, Hemani G, Bowden J, Small DSJTAOS. 2020. Statistical inference in
two-sample summary-data Mendelian randomization using robust adjusted profile score. The
Annals of Statistics 48:1742–1769 DOI 10.1214/19-AOS1866.

Wan et al. (2023), PeerJ, DOI 10.7717/peerj.15760 19/19

http://dx.doi.org/10.1210/clinem/dgaa743
http://dx.doi.org/10.1214/19-AOS1866
http://dx.doi.org/10.7717/peerj.15760
https://peerj.com/

	Putative causal inference for the relationship between obesity and sex hormones in males: a bidirectional Mendelian randomization study ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


