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Methods

Participants
This study included participants from five different cohorts of Caucasian men (Inter99, SHIP,
SHIP Trend, GOOD and MrOS Sweden) from Denmark, Germany and Sweden. A total of
7446 participants with available genotype and phenotype data were included (Table 1).

Subjects known to use medications affecting sex hormones (testosterone, 5-alpha reductase
inhibitors and antiandrogens) and/or who were surgically or chemically castrated, were
excluded when this information was available. A more detailed description of the cohorts is
available in the supplemental methods. All participants provided written, informed consent,
and ethical permission was granted by the local research ethics committees for all participating
studies (GOOD: local ethics committee at University of Gothenburg; MrOS Sweden: local eth-
ics committees at Gothenburg University and Lund University; SHIP and SHIP Trend: local
ethics committee of the University of Greifswald; Inter99: local ethics committee of Copenha-
gen County).

Serum testosterone
GOOD and MrOS Sweden used a validated gas chromatography/mass spectroscopy (intra-
assay CV, 2.9%; inter-assay CV, 3.4%) to measure serum T [20]. SHIP and Inter99 used immu-
noassays (intra-assay CV 8.9–13.3%, inter-assay CV 2.3%) [21] to measure serum T. A liquid
chromatography-tandem mass spectrometry was used to measure serum T (intra-assay and
inter-assay CVs<10%) in SHIP Trend [22].

Table 1. Characteristics of the cohorts.

GOOD MrOS Sweden SHIP SHIP Trend INTER99

Characteristics (n = 929) (n = 1682) (n = 1912) (n = 427) (n = 2496)

Outcomes

Testosterone—ng/ml 4.7 (1.5) 4.5 (1.7) 4.8 (1.7) 4.0 (1.3) 4.4 (1.6)

BMI—kg/m2 22.4 (3.2) 26.3 (3.6) 27.7 (4.0) 27.8 (3.7) 26.8 (4.0)

SHBG—nmol/l 20.4 (7.2) 46.0 (22.9) 51.3 (25.6) 38.3 (14.2) 31.8 (13.1)

Covariates

Age—years 18.9 (0.6) 75.4 (3.2) 50.8 (16.4) 50.1 (14.2) 46.7 (7.9)

Smoking—percent 9% 9% 34% 22% 36%

Genetic Risk scores

wGRSBMI 88.8 (6.3) 89.0 (6.3) 89.1 (6.2) 88.8 (6.2) 87.6 (6.1)�

uwGRSBMI 91.4 (6.4) 91.7 (6.3) 91.6 (6.1) 91.5 (6.2) 90.6 (6.0)�

wGRST 1.4 (0.6) 1.4 (0.6) 1.4 (0.5) 1.4 (0.5) 1.3 (0.5)

uwGRST 2.3 (0.7) 2.4 (0.8) 2.3 (0.7) 2.3 (0.7) 2.3 (0.8)

Values are given as mean with standard deviation within brackets.

wGRSBMI = Weighted genetic risk score based on 97 BMI-associated SNPs.

uwGRSBMI = Un-weighted genetic risk score based on 97 BMI-associated SNPs.

wGRSTestosterone = Weighted genetic risk score based on 3 SNPs associated with serum testosterone.

uwGRST = Un-weighted genetic risk score based on 3 SNPs associated with serum testosterone.

�) Based on 96 instead of 97 SNPs.

https://doi.org/10.1371/journal.pone.0176277.t001
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Serum SHBG
GOOD and MrOS Sweden used an immunoradiometric assay to measure serum SHBG (sex
hormone-binding globuline; GOOD: intra-assay CV 3%, inter-assay CV 7%; MrOS Sweden:
intra-assay CV<5.5%, inter-assay CV< 6.9%) [23]. SHIP used a competitive chemilumines-
cent enzyme immunoassays (inter-assay CV 6.6–7.7%) to measure serum SHBG [24]. Inter99
used a time-resolved immunofluorometric assay to measure serum SHBG (inter- and intra-
assay CVs < 8%)[25].

Genotyping and genetic risk scores
All cohorts except Inter99 used imputed genotype dosage SNP data (HapMap CEU r22) for
the analyses. Inter99 had directly genotyped data (BeadChip) available for the BMI-associated
SNPs and used KASPar from KBioscience for the three testosterone-associated SNPs. For
details, please see supplemental methods.

The 97 BMI-associated SNPs identified in a recent large-scale GWAS on BMI were used to
construct a weighted genetic risk score, wGRSBMI, where weights were based on each SNP´s
effect size with BMI in the meta-analysis by Locke et al [17]. For the primary analyses, the
wGRSBMI was used.

For T, a weighted T-decreasing genetic risk score (wGRST) was developed based on three
SNPs (rs6258, rs12150660, rs5934505) with weights identified in a recent large-scale GWAS on
T [18].

Due to a partial overlap between the cohorts used by the original GWA studies identifying
the SNPs and the present study an unweighted BMI-increasing genetic risk score (uwGRSBMI)
and an unweighted T-decreasing genetic risk score (uwGRST) were also developed. Please see
supplemental methods for further details.

Statistical analysis
The BMI data distribution was positively skewed and was therefore natural log transformed
(Shapiro-Wilk test, p-value < 2.2e-16). Standardized residuals of ln BMI, serum SHBG and
serum T (Z-scores) were calculated. An additive genetic model was used. Furthermore,
although covariates are expected to be randomly distributed with respect to genotype, the asso-
ciations between genotype and known confounders (age and smoking) were examined as this
is a key assumption in MR analyses. In addition, due to the close connection between T and
SHBG, the association between genotypes and SHBG were analyzed. Models with BMI as an
outcome were adjusted for age, smoking and site, whereas models with serum T as an outcome
were additionally adjusted for time of sampling. When evaluating a possible interaction effect
between covariates and the genetic risk scores, an interaction term was added to the regression
models.

The strength of the genetic risk scores as instruments was determined using the F statistic
which was calculated as [F-stat = (n-2)�R2/(1-R2)], where R2 refers to the proportion of vari-
ance explained [26]. Two independent instrumental variables were used for each phenotype to
assess pleiotropy. Linearity was assessed by adding a quadratic term to the regression analyses.
The IV ratio method, using a two-stage least squares regression, was used to estimate the
unconfounded causal effect of BMI on serum T and vice versa [27]. In addition, we also deter-
mined the causal effect of BMI on serum T after adjustment for serum SHBG as well as the
causal effect of BMI on serum SHBG after adjustment for serum T.

In order to confirm the validity of our data, we also performed the combined analyses by
pooling the samples. The effect on T as a result of a decline in BMI from 30 kg/m2 to 25 kg/m2

was estimated using pooled data and the obtained causal effect (the IV ratio) adjusted for age,
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