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A B S T R A C T

Obesity and ageing are associated with lower serum testosterone levels in men. How fat distribution or adipose
tissue metabolism, independent of genetic factors and age, are related to sex steroid metabolism is less clear. We
studied the associations between adiposity and serum sex hormone concentrations, and mRNA expression of
genes regulating sex hormone metabolism in adipose tissue in young adult male monozygotic (MZ) twin pairs.
The subjects [n = 18 pairs; mean age, 32 years; individual body mass indexes (BMIs) 22–36 kg/m2] included 9
male MZ twin pairs discordant for BMI [intra-pair difference (Δ) in BMI ≥3 kg/m2]. Sex steroid concentrations
were determined by liquid chromatography–tandem mass spectrometry, body composition by dual-energy X-ray
absorptiometry and magnetic resonance imaging, and mRNA expressions from subcutaneous adipose tissue by
Affymetrix. In BMI-discordant pairs (mean ΔBMI = 5.9 kg/m2), serum dihydrotestosterone (DHT) was lower
[mean 1.9 (SD 0.7) vs. 2.4 (1.0) nmol/l, P= 0.040] and mRNA expressions of DHT-inactivating AKR1C2
(P= 0.021) and cortisol-producing HSD11B1 (P= 0.008) higher in the heavier compared to the leaner co-
twins. Serum free 17β-estradiol (E2) was higher [2.3 (0.5) vs. 1.9 (0.5) pmol/l, P= 0.028], and in all twin pairs,
serum E2 and estrone concentrations were higher in the heavier than in the leaner co-twins [107 (28) vs. 90 (22)
pmol/l, P= 0.006; and 123 (43) vs. 105 (27) pmol/l, P = 0.025]. Within all twin pairs, i.e. independent of
genetic effects and age, 1) the amount of subcutaneous fat inversely correlated with serum total and free tes-
tosterone, DHT, and sex hormone-binding globulin (SHBG) concentrations (P < 0.01 for all), 2) intra-abdom-
inal fat with total testosterone and SHBG (P < 0.05), and 3) liver fat with SHBG (P = 0.006). Also, 4) general
and intra-abdominal adiposity correlated positively with mRNA expressions of AKR1C2, HSD11B1, and ar-
omatase in adipose tissue (P < 0.05). In conclusion, acquired adiposity was associated with decreased serum
DHT and increased estrogen concentrations, independent of genetic factors and age. The reduction of DHT could
be linked to its increased degradation (by AKR1C2 and HSD11B1) and increased estrogen levels to increased
adiposity-related expression of aromatase in adipose tissue.

1. Introduction

Obese men tend to have lower concentrations of serum total

testosterone and sex hormone-binding globulin (SHBG) [1,2] and
higher serum 17β-estradiol (E2) [3,4] compared to leaner men. More
recently, population studies have confirmed that body mass index
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(BMI) or body fatness correlate inversely with serum testosterone, and
positively with serum E2 [5,6]. Serum androgen levels also gradually
decline during aging, and both general and central obesity in middle-
aged men seem to predict a greater decline in serum testosterone and
SHBG concentrations with age [7]. In addition to obesity, men with
features of the metabolic syndrome such as hypertriglyceridemia, ab-
dominal fat accumulation, or hyperglycemia may present with reduced
serum androgen and SHBG concentrations [8–10].

While it is generally accepted that obesity may be associated with
alterations in serum sex hormone concentrations, it is less clear how fat
distribution is related to serum sex hormone levels, especially in over-
weight to modestly obese men [11] or in the younger age group. Serum
total testosterone has been reported to correlate negatively with both
subcutaneous and visceral adiposity in different studies [12–14] or with
subcutaneous adiposity only [15] as determined by computed tomo-
graphy or magnetic resonance imaging (MRI). The association between
body composition and serum concentrations of dihydrotestosterone
(DHT) [14,15], the most potent androgen, or estrone (E1) [13] has been
studied less. Previous reports on serum E2 and body fat distribution
have been inconsistent [6,13–16].

Adipose tissue is an important site of steroid hormone metabolism,
including peripheral aromatization of androgens to estrogens and in-
activation of DHT to 5α-androstane-3α,17β-diol (3α-diol) [17].
Therefore, it is of interest to know how obesity affects mRNA expression
of genes that are related to metabolism of steroids in adipose tissue. It is
also not known whether the associations between sex steroid metabo-
lism and obesity are driven by genetic or acquired factors. A unique
model to test these alternative explanations is the study of monozygotic
(MZ) twin pairs discordant for obesity. MZ co-twins have identical
genome sequences; hence differences between them reflect acquired,
non-genetic influences. MZ co-twins are additionally matched on age,
sex, and multiple environmental exposures and experiences. We set out
to determine the body composition, serum sex hormone concentrations,
and expression of genes of interest in subcutaneous adipose tissue in
young adult male MZ twin pairs discordant for BMI [intra-pair differ-
ence (Δ) in BMI ≥3 kg/m2], allowing for adjustment of genetic factors
and age between the lean and heavy groups. Using Δvalues from both
discordant and concordant (ΔBMI< 3 kg/m2) pairs, we determined
how acquired differences in fat distribution or metabolic markers were
related to serum sex steroid or SHBG concentrations and adipose tissue
gene expressions.

2. Subjects and methods

2.1. Subjects and study design

This is a cross-sectional study of 36 male MZ twins identified from
ten full birth cohorts of Finnish twins of Caucasian ancestry [18]. These
18 twin pairs included nine BMI-discordant (mean ΔBMI, 5.9 kg/m2)
and nine BMI-concordant twin pairs (mean ΔBMI, 1.2 kg/m2). The
growth patterns did not significantly differ between the leaner and
heavier co-twins until the age of 18 years [19]. The clinical char-
acteristics of the twins are described in detail in [20–22]. The subjects
were healthy and did not use any regular medications, except for one
obese co-twin who had type 2 diabetes and used metformin and insulin.
The co-twins were examined at the same visit except for one discordant
pair (visit of the co-twin within one month) and two concordant twin
pairs (visit of the co-twin within one week). Blood samples, tissue
biopsies, and body composition measurements were obtained during
the same visit. The study was approved by the Ethical Committee of the
Helsinki University Hospital and the study participants gave their
written informed consent.

2.2. Body composition

Whole-body fat was measured by dual energy x-ray absorptiometry.

Abdominal subcutaneous and intra-abdominal fat were measured by
MRI, and liver fat by magnetic resonance spectroscopy as described
earlier [22].

2.3. Quantification of serum hormones and other serum analyses

Blood samples were obtained in the morning between 0700 and
0900 h after an overnight fast and stored at −80C until assay.
Concentrations of serum dehydroepiandrosterone (DHEA) [23], tes-
tosterone [24], DHT [25], E2 [26], and E1 [27] were analyzed by liquid
chromatography-tandem mass spectrometry (LC–MS/MS) as described
previously. Serum SHBG, follicle-stimulating hormone (FSH), and lu-
teinizing hormone (LH) were determined by chemiluminescent enzyme
immunoassay (Siemens Healthcare Diagnostics) using an Immulite
2000 Xpi analyzer. Circulating free, non-protein-bound E2 was calcu-
lated using the following equation: free E2 = [10 exp
(-0.003 × SHBG+ 0.389)/100] × E2, where serum concentrations of
E2 and SHBG are expressed as nmol/l [28]. Serum free testosterone was
calculated according to Anderson’s equation as follows: free testoster-
one = total testosterone × [2.28 − 1.38 × log(SHBG/10)] × 10,
where serum concentration of free testosterone is expressed as pmol/l
and concentrations of serum total testosterone and SHBG as nmol/l
[29].

Fasting serum insulin and plasma glucose, the homeostasis model
assessment of insulin resistance (HOMA-IR), serum high-sensitivity C-
reactive protein (hs-CRP), serum high density lipoprotein (HDL) and
low density lipoprotein cholesterol, and serum triglycerides were de-
termined as described previously [22].

2.4. Transcriptomics analyses of subcutaneous adipose tissue

Surgical biopsies of subcutaneous adipose tissue from the peri-
umbilical region were obtained under local anesthesia and snap frozen
in liquid nitrogen. Total RNA was extracted from adipose tissue as
described in [20]. Transcriptomics analyses were performed with Af-
fymetrix U133 Plus 2.0 chips and the raw data were further processed
as previously described [21]. We focused on genes involved in meta-
bolism of steroid hormones. The Affymetrix data has been previously
validated with quantitative reverse transcription-polymerase chain re-
action (RT-qPCR) [21,22].

2.5. Statistical analysis

Data are expressed as mean (standard deviation, SD) for variables
with a normal or as median (range, or interquartile range) for variables
with a non-normal distribution. Intra-class correlation was used to test
the within-pair resemblance; MZ pair intra-class correlations are esti-
mates of familiality, i.e. the contribution of genetics and shared ex-
periences. Paired t-test and Wilcoxon signed ranks tests between the
leaner and heavier co-twins were calculated for normally and non-
normally distributed data, respectively. Intra-pair difference (Δ) was
calculated by subtracting the leaner twin’s value from the heavier co-
twin’s value. Associations between steroid concentrations or gene ex-
pression values and clinical characteristics were assessed by Spearman’s
correlation, partial correlation, and multivariate linear regression using
the Δvalues. Statistical tests were performed using SPSS Statistics ver-
sion 22.0 software. The two-tailed level of significance was P < 0.05.

3. Results

3.1. Clinical characteristics

The clinical characteristics of the subjects are presented in Table 1.
The mean difference in body weight between heavier and leaner co-
twin was 18.6 (SD, 6.0) kg for BMI-discordant twin pairs and 4.8 (2.1)
kg for BMI-concordant pairs. In the BMI-discordant pairs, the heavier
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co-twin had a mean of 12.7 (6.6) kg more total body fat compared to
the leaner co-twin. In the BMI-concordant pairs, the heavier co-twin
had on average 3.2 (2.5) kg more body fat than the leaner co-twin.

3.2. Twin resemblance between the heavier and leaner co-twins

We observed significant intra-class correlations for serum DHEA,
androgens, SHBG, LH, and FSH within twin pairs (Supplemental data,
Fig. 1). For DHEA, DHT, and FSH, intra-class correlations were sig-
nificant both within BMI-discordant and -concordant pairs. These re-
sults suggest that especially serum levels of gonadotropins, but also
those of SHBG and sex hormones are highly familial. In the following
section we compare serum hormone levels between the heavier and
leaner co-twin, independent of genetic effects.

3.3. Serum hormone concentrations in the heavier and leaner co-twins

Fig. 1 shows the concentrations of serum sex hormones for MZ twin
pairs discordant or concordant for BMI. In the discordant pairs, the
heavier co-twin had a lower concentration of DHT and SHBG, and a
higher concentration of calculated free E2 compared to the leaner co-
twin (Fig. 1). If discordant and concordant twin pairs were analyzed
together, the median concentrations of serum E2 and E1 were higher in
the heavier than in the leaner co-twins (103 vs. 82 pmol/l, P = 0.006;
and 118 vs. 103 pmol/l, P = 0.025, n = 18 pairs, respectively). Alto-
gether six subjects, including two BMI-discordant twin pairs and two
heavier co-twins from the BMI-concordant group, had serum E2 values
exceeding the normal range (serum E2 reference range, 0–130 pmol/l,
HUSLAB). Serum E1 levels were within the normal range in all subjects.
Serum total or free testosterone, or DHEA concentrations did not sig-
nificantly differ between the co-twins (Fig. 1). Total testosterone con-
centrations in the obese were within the normal range except for one
subject (BMI, 36 kg/m2) with a decreased serum total testosterone of
9.5 nmol/l (reference range, 10–38 nmol/l for young adult males;
HUSLAB), but a normal calculated free testosterone of 206 pmol/l
(reference range, 155–800 pmol/l, HUSLAB). Serum gonadotropin

concentrations did not statistically significantly differ between the
heavier and leaner co-twins (Table 1).

3.4. Associations between adiposity and serum hormone and SHBG
concentrations

Next, we studied the relation of adiposity to serum hormone con-
centrations, independent of genetic effects. For these correlations, we
calculated the intra-pair differences (Δvalues) by subtracting the leaner
twin’s value from the heavier twin’s value. Within twin pairs: 1) percent
body fat (P < 0.05 for all) and the amount of subcutaneous adipose
tissue correlated negatively with serum total and free testosterone,
DHT, and SHBG concentrations (Fig. 2); 2) intra-abdominal fat corre-
lated negatively with serum total testosterone and SHBG (Fig. 2); and 3)
liver fat correlated negatively with SHBG (r =−0.622, P = 0.006) but
not with any of the serum hormones (data not shown). Serum total
testosterone concentration depends on the concentration of its carrier
protein, SHBG, and accordingly, we observed a strong positive corre-
lation between serum total testosterone and SHBG within pairs (Fig. 2).

Next, we analyzed in a multivariate model using the Δvalues within
all 18 pairs (i.e. adjusting for genetic factors), which of the independent
measures (subcutaneous fat, intra-abdominal fat, or SHBG) best pre-
dicted serum total testosterone, and found that SHBG was the strongest
and only significant correlate of total testosterone levels (P= 0.024,
adjusted r2 × 100% of the whole model, 57%; Supplemental data,
Table 1). For serum free testosterone (borderline significant) and DHT,
subcutaneous fat was an independent negative correlate (Supplemental
data, Table 1). DHT is a metabolite of testosterone and its serum con-
centration correlated positively with serum total testosterone within
twin pairs (r = 0.881, P < 0.001). When we included serum total
testosterone and SHBG as independent variables in the multivariate
model, the best predictor of serum DHT concentration was testosterone
(P = 0.003, adjusted r2 × 100% of the whole model, 64%;
Supplemental data, Table 1).

For serum estrogens, there were no statistically significant uni-
variate correlations between adiposity and estrogen concentrations,

Table 1
Clinical characteristics of 9 male monozygotic twin pairs discordant for BMI (within-pair difference in BMI ≥3 kg/m2) and 9 male monozygotic twin pairs concordant for BMI (within-
pair difference in BMI< 3 kg/m2).

Characteristic, median
(range)

BMI-discordant, Leaner
(n = 9)

BMI-discordant, Heavier
(n = 9)

P value for BMI-discordant,
Heavier vs. leaner

BMI-concordant, Leaner
(n = 9)

BMI-concordant, Heavier
(n = 9)

Age, years 32 (25–34) 32 (25–34) 33 (24–36) 33 (24–36)
Height, cm 180 (168–194) 180 (168–193) 0.86 176 (164–193) 177 (170–193)
Weight, kg 88 (66–125) 109 (83–135) 0.008 80 (71–100) 84 (77–109)*

BMI, kg/m2 26.8 (22–33) 33.5 (27–36) 0.008 26.6 (23–32) 26.6 (23–34)*

Body fat, % 31 (14–39) 34 (30–41) 0.015 26 (10–33) 30 (9–37)**

Subcutaneous fat, cm3 3990 (1100–7280) 4790 (3050–9090) 0.008 2560 (1000–4050) 3020 (830–5200)
Intra-abdominal fat, cm3 767 (390–4590) 2110 (810–5880) 0.011 1160 (230–2290) 1290 (150–2300)
Ia to Sc fat-ratio, % 25 (19–83) 39 (18–84) 0.038 40 (23–97) 40 (18–73)
Liver fat, % 1.1 (0.3–7.5) 9.1 (0.4–20) 0.021 1.3 (0.5–13) 1.0 (0.4–24)
Smoker n = 3 n = 3 n = 3 n = 4
Fasting serum

insulin, mU/l
5.9 (1.4–9.2) 8.0 (5.2–29) 0.036 5.1 (1.1–17) 6.0 (1.4–8.5)

Fasting plasma glucose,
mmol/l

5.4 (4.7–5.8) 5.8 (4.6–9.8) 0.16 5.4 (4.8–6.0) 5.6 (4.9–6.5)

HOMA-IR 1.4 (0.3–2.1) 2.0 (1.1–7.9)a 0.050 1.3 (0.2–4.2) 1.5 (0.3–2.5)
LDL-cholesterol, mmol/l 2.7 (1.6–4.4) 2.8 (2.3–4.4) 0.50 2.6 (1.0–4.0) 3.0 (1.1–4.0)
HDL-cholesterol, mmol/l 1.3 (1.0–2.1) 1.1 (0.5–1.4) 0.038 1.2 (0.9–2.1) 1.2 (1.1–1.6)
Triglycerides, mmol/l 1.1 (0.4–2.5) 1.8 (0.7–4.4) 0.038 0.7 (0.4–2.5) 0.9 (0.4–1.2)
Hs-CRP, mg/l 0.5 (0.2–14) 1.3 (0.4–26) 0.26 0.7 (0.3–8.2) 1.1 (0.3–1.8)
Serum LH, IU/l 4.1 (3.1–10.5) 5.9 (2.9–8.8) 0.72 3.2 (2.3–5.9) 5.2 (1.8–6.5)
Serum FSH, IU/l 4.6 (1.2–10.1) 5.2 (1.6–8.3) 0.77 3.0 (1.7–6.9) 3.4 (1.7–9.1)

Statistically significant P values are bolded.
* P= 0.008.
** P = 0.038, heavier vs. leaner co-twin in BMI-concordant twin pairs (Wilcoxon signed ranks test). BMI, body mass index; Sc, subcutaneous; Ia, intra-abdominal; HOMA-IR,

homeostasis model assessment of insulin resistance; LDL, low density lipoprotein; HDL, high density lipoprotein; Hs-CRP, high-sensitivity C-reactive protein; LH, luteinizing hormone
(reference range, 1.7–8.6 IU/l, HUSLAB); FSH, follicle-stimulating hormone (reference range, 1–12 IU/l, HUSLAB).

a Number of subjects n = 8.
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except for serum E2 (a negative correlation with subcutaneous fat)
within pairs (Fig. 2). Serum SHBG did not correlate with serum estrogen
concentrations either (data not shown). In multivariate analysis with
subcutaneous and intra-abdominal fat and SHBG as independent vari-
ables, the amount of subcutaneous fat was a negative correlate of E2
(P = 0.020, r2 × 100% of the whole model, 21%; Supplemental data,
Table 1). Serum E1 was best predicted by serum E2 (P = 0.001;

multivariate model including serum E2 and total testosterone as in-
dependent variables, adjusted r2 × 100% of the whole model, 52%;
Supplemental data, Table 1).

To study whether serum steroid concentrations link with compo-
nents of metabolic syndrome, independent of genetic factors, we ana-
lyzed their correlations within twin pairs. Fasting plasma glucose level
was inversely correlated with serum SHBG (r = −0.602, P = 0.008),

Fig. 1. Serum concentrations of dihydrotestosterone and SHBG were
lower and serum free E2 higher in the heavier co-twins in BMI-dis-
cordant pairs.
Data are expressed as median, interquartile range. Male monozygotic
twin pairs discordant for body mass index (BMI), within-pair differ-
ence in BMI ≥3 kg/m2, n = 9 pairs; BMI-concordant twin pairs,
within-pair difference in BMI< 3 kg/m2, n = 9 pairs. DHEA, dehy-
droepiandrosterone; DHT, dihydrotestosterone; E2, 17β-estradiol; E1,
estrone, SHBG, sex hormone-binding globulin.
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testosterone (r = −0.589, P= 0.010), and DHT concentrations
(r = −0.576, P = 0.012). However, the significant association be-
tween plasma glucose and SHBG (or androgens) was lost after cor-
recting for the amount of subcutaneous adipose tissue as a confounding
factor (r = −0.237, P =NS, partial correlation). There were no sta-
tistically significant correlations between SHBG (or serum androgens or
estrogens) and fasting serum insulin, HOMA-IR, serum triglyceride,
HDL cholesterol, or hs-CRP concentrations within twin pairs (data not
shown).

Fig. 2. Subcutaneous or intra-abdominal adiposity correlated inversely with serum an-
drogen and SHBG concentrations within twin pairs (n = 18 pairs, Spearman’s correla-
tion).
The amount of subcutaneous and intra-abdominal fat and serum hormone concentrations
were determined as described in the methods section. The intra-pair differences (Δvalues)
were calculated by subtracting the leaner twin’s value from the heavier co-twin’s value.
Least squares was the method used for curve fitting. DHT, dihydrotestosterone; E2, 17β-
estradiol; E1, estrone; SHBG, sex hormone-binding globulin.

Fig. 3. Gene expressions for androgen and cortisone metabolizing enzymes were higher in
adipose tissue from heavier compared to leaner co-twins.
Relative mRNA expressions of selected genes were determined in subcutaneous adipose
tissue in male monozygotic twin pairs discordant for body mass index (BMI) (intra-pair
difference in BMI ≥3 kg/m2; n = 9 pairs).
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3.5. mRNA expression of genes for steroid metabolizing enzymes in the
heavier and leaner co-twin

Fig. 3 shows the mRNA expression levels of genes for 10 steroid
metabolizing enzymes in subcutaneous adipose tissue in the heavier
and leaner co-twins discordant for BMI. mRNA expressions of the an-
drogen metabolizing aldoketoreductases (AKR1C2 and AKR1C3) were
higher in the heavier co-twins, with similar tendency in AKR1C1.
AKR1C1 and AKR1C3 may play a role in the conversion of androste-
nedione to testosterone (17β-hydroxysteroid dehydrogenase type 5 ac-
tivity), and AKR1C2 in the conversion of DHT to 3α-diol (3α-reductase
activity). HSD17B11, which may be involved in the further conversion
of 3α-diol to androsterone [30], was less expressed in the heavier co-
twin. The heavier co-twins had a higher mRNA expression of HSD11B1,
responsible for the synthesis of active cortisol from cortisone. mRNA
expression of SRD5A1 (5α-reductase), which reduces testosterone to
DHT, showed no significant difference between the heavier and leaner
co-twins. Of the estrogenic genes driving towards the formation of E2,
the mRNA expression of CYP19A1 (aromatase) did not statistically
significantly differ between the heavier and leaner co-twins. Gene for
HSD17B12 which reduces E1 to E2, and genes for several of the other
17β-hydroxysteroid dehydrogenases, which may catalyze the oxidation
of E2 to a weaker estrogen E1 including HSD17B4 and HSD17B8, were
relatively highly expressed but did not differ between the co-twins
(Fig. 3). In BMI-concordant twin pairs, mRNA expression of the genes
studied did not differ between the heavier and leaner co-twins (data not
shown).

3.6. Associations between adiposity and mRNA expression of genes for
steroid metabolizing enzymes in subcutaneous adipose tissue

Within all 18 pairs, i.e. independent of genetic effects, BMI, percent
body fat, the amount of intra-abdominal fat, and the intra-abdominal to
subcutaneous fat-ratio were positively related to subcutaneous adipose
tissue mRNA expressions of AKR1C2 and AKR1C3 (Table 2). Moreover,
the amount of both subcutaneous and intra-abdominal fat correlated
positively with mRNA expressions of CYP19A1 and HSD11B1 within
pairs (Table 2). Liver fat correlated positively with the expression of
CYP19A1 but not with any other gene studied. mRNA expression of
HSD17B11 was inversely related to the measures of adiposity (Table 2).
We next analyzed whether the gene expressions for steroid metabo-
lizing enzymes were associated with body fat distribution (sub-
cutaneous and intra-abdominal fat independent of each other) within
pairs. ΔSubcutaneous fat was a predictor of ΔHSD17B11 in a multi-
variate model including subcutaneous and intra-abdominal fat as in-
dependent variables (P = 0.042, adjusted r2 × 100% of the whole
model, 42%), but no other significant independent correlations were
found (data not shown). This suggests that accumulation of general

adiposity, rather than differences in body fat distribution determine
associations for these genes.

4. Discussion

Our carefully phenotyped MZ twins discordant for obesity represent
an ideal model to explore the effects of acquired overweight and obesity
on serum sex hormone levels, independent of genetic factors. In this
study, we show that intra-pair differences in overweight or obesity in
young adult male MZ pairs are associated with decreased circulating
DHT and SHBG and increased free E2 concentrations, as well as with
different expression levels of genes related to sex steroid metabolism in
adipose tissue. Our data indicate that familial (genetic and shared ex-
posures) factors affect serum sex hormone and SHBG levels, in line with
[31], but that acquired adiposity may significantly influence their
serum levels, independent of genetic background and age.

4.1. Adiposity and metabolism of dihydrotestosterone (DHT)

Serum total testosterone inversely correlated with the amount of
both subcutaneous and intra-abdominal fat. However, in multivariate
analysis, serum SHBG was the single independent predictor of the
variability in serum total testosterone within twin pairs. Serum SHBG,
in turn, was significantly inversely related to all measures of adiposity.
Serum concentration of DHT, the principal metabolite of testosterone,
was independently inversely associated with the amount of sub-
cutaneous fat, but when total testosterone and SHBG were included in
the multivariate model, serum testosterone remained the strongest
predictor of serum DHT. AKR1C2 enzyme (3α-reductase activity) is
considered important in the inactivation of DHT to the weak androgen
3α-diol [32]. The heavier co-twins had higher relative mRNA expres-
sion of AKR1C2 in subcutaneous adipose tissue compared to the leaner
co-twins, and its expression correlated positively with BMI and mea-
sures of adiposity. Thus, our results suggest that the degradation of DHT
could be increased in the subcutaneous adipose compartment of the
heavier co-twins leading to a decline in serum DHT levels. Previous
studies have described a positive correlation between serum and sub-
cutaneous adipose tissue DHT levels [33], and a higher DHT-in-
activating 3α-reductase activity in subcutaneous as compared to
omental adipose tissue [17]. In our study, increased adiposity in the
heavier co-twin was also associated with a higher mRNA expression of
the cortisol-synthesizing HSD11B1 [34]. Moreover, cortisol production
and DHT inactivation are tightly regulated in adipose tissue and
HSD11B1-induced cortisol can increase the AKR1C2-mediated in-
activation of DHT in adipose tissue [35]. Thus, the decreased serum
DHT level in heavier co-twins could result from its increased degrada-
tion related to higher mRNA expressions of AKR1C2 and HSD11B1.
However, as serum testosterone was the strongest predictor of serum

Table 2
Correlations between within-pair differences (Δ) in adiposity and mRNA expression of genes in subcutaneous adipose tissue in 18 male monozygotic twin pairs (Spearman’s correlation).

Gene ΔAKR1C1 ΔAKR1C2 ΔAKR1C3 ΔHSD11B1 ΔCYP19A1 ΔHSD17B11

ΔBMI, kg/m2 r 0.591 0.569 0.542 0.329 0.385 −0.701
P 0.010 0.014 0.020 0.18 0.12 0.001

Δ% body fat r 0.440 0.505 0.541 0.427 0.432 −0.576
P 0.07 0.033 0.020 0.08 0.07 0.012

ΔSc fat, cm3 r 0.424 0.284 0.282 0.525 0.576 −0.564
P 0.08 0.25 0.26 0.025 0.012 0.015

ΔIa fat, cm3 r 0.304 0.492 0.474 0.577 0.565 −0.511
P 0.22 0.038 0.047 0.012 0.015 0.030

ΔIa to Sc fat-ratio r 0.356 0.527 0.593 0.362 0.326 −0.511
P 0.15 0.025 0.009 0.14 0.19 0.030

ΔLiver fat, % r 0.267 0.307 0.290 0.420 0.482 −0.298
P 0.28 0.22 0.24 0.08 0.043 0.23

Statistically significant P values are bolded. The within-pair differences (Δvalues) were calculated by subtracting the leaner twin’s value from the heavier co-twin’s value. BMI, body mass
index; Sc, subcutaneous; Ia, intra-abdominal; r, correlation coefficient.
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DHT we considered the possibility of a reduced synthesis of DHT in the
heavier co-twins. DHT is formed from testosterone by 5α-reductases in
peripheral tissues and human preadipocytes in vitro [36]. However, the
mRNA expression of the 5α-reductase gene SRD5A1 in adipose tissue
did not differ between the leaner and heavier co-twins, nor did the
serum testosterone levels. Thus reduced serum DHT in obesity may be
due to its increased AKR1C2-mediated degradation in adipose tissue.

4.2. Adiposity and serum estrogens

For serum estrogens, our study indicates that already a relatively
small increase in BMI (a median intra-pair difference in BMI of 2.6 kg/
m2 in 18 twin pairs) can be associated with higher serum E2 and E1
concentrations in the heavier co-twins. This could result from an in-
creased fat mass and thus increased production of estrogens in the
heavier subjects. None of the measures of adiposity were, however,
positive correlates of serum estrogen concentrations, in line with
[14,15]. One explanation for the higher serum estrogen concentrations
might be an increased activity of aromatase converting more testos-
terone to E2, or androstenedione to E1 [3]. As a possible sign of in-
creased synthesis of E2 in the heavier co-twin, mRNA expression of
aromatase gene was positively related to the amount of subcutaneous
and intra-abdominal as well as liver fat within twin pairs. Wake et al.
have previously reported a positive association between BMI and ar-
omatase mRNA expression in subcutaneous fat from middle-aged men
[37]. Thus, the larger fat mass associated with greater expression of the
aromatase mRNA, might contribute to the higher serum estrogen levels
associated with male obesity.

4.3. SHBG

General adiposity and the concomitant decrease in serum SHBG
seem to explain the inverse correlation between serum total and free
testosterone and acquired obesity in our study in young men, in line
with other studies [13,16]. Our observation that SHBG was the stron-
gest predictor of serum total testosterone concentration, independent of
fat distribution, is supported by a previous population study in young
adult men [14]. Lower serum SHBG levels in obese men have been
explained by inhibitory effects of insulin on hepatic SHBG production
[38], and some previous studies have reported inverse associations
between serum insulin levels and SHBG [39] or between serum insulin
and testosterone concentrations [12,40]. While fasting serum insulin
levels were significantly higher in the heavier compared to the leaner
co-twins in the present study, SHBG or androgen concentrations did not
correlate with serum insulin or measures of insulin resistance (HOMA-
IR) within pairs. These results are in agreement with two other studies
in men [16,41].

To the best of our knowledge, this is the first study comparing body
fat distribution, serum sex steroid concentrations including DHT and
estrogens and mRNA expression of genes for steroid metabolizing en-
zymes in subcutaneous adipose tissue in lean and overweight to obese
men. The strengths of the study include a study population of MZ twin
pairs. Accordingly, the heavier and leaner subjects were completely
matched for sex, age, and multiple environmental and developmental
factors in addition to genetic background. As all twins were studied
fasting in the morning and either at the same visit or within a few
weeks, the possible diurnal or seasonal effects on serum hormone levels
were minimized. The blood sampling and adipose tissue biopsies as well
as the measurement of body composition were contemporaneous.
Another strength is the use of LC–MS/MS as the analytical method for
measuring serum sex steroids. Limitations of the study include the use
of a single sample for hormone measurements, discounting the pulsatile
rhythm of hormone secretion which might vary between the co-twins.
Moreover, due to the cross-sectional design it is not possible to infer
causality. Because of the extreme rarity of young, healthy monozygotic
BMI-discordant pairs, our sample size is small. This introduces a type 2

error (false negatives) in the within-pair analyses.
In conclusion, acquired modest obesity was associated with a de-

crease in circulating DHT and an increase in serum free E2 concentra-
tions in the heavier co-twins in young male MZ twin pairs.
Overexpression of mRNA for the DHT-inactivating AKR1C2 and cor-
tisol-producing HDS11B1 in adipose tissue from the heavier co-twins
lends support to the possibility that increased AKR1C2-mediated de-
gradation of DHT in fat tissue reduces its serum concentration. General
adiposity associated with greater mRNA expression of aromatase might
contribute to the higher serum estrogen concentrations associated with
male obesity.

Funding

This work was supported by Helsinki University Central Hospital;
University of Helsinki; Folkhälsan Research Center; Academy of Finland
(grants 265240, 263278 for JK and 272376, 266286 for KHP); Sigrid
Jusélius Foundation; Diabetes Research Foundation; Novo Nordisk
Foundation; Finnish Foundation for Cardiovascular Research; and
Päivikki and Sakari Sohlberg Foundation.

Declaration of interest

The authors have nothing to disclose.

Acknowledgements

We thank Anne Ahmanheimo, Katja Sohlo, and Mia Urjansson for
expert technical assistance, the team at the Obesity Research Unit, and
the twins for their invaluable contribution.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.jsbmb.2017.06.007.

References

[1] A.R. Glass, R.S. Swerdloff, G.A. Bray, W.T. Dahms, R.L. Atkinson, Low serum tes-
tosterone and sex-hormone-binding-globulin in massively obese men, J. Clin.
Endocrinol. Metab. 45 (1977) 1211–1219.

[2] G.W. Strain, B. Zumoff, J. Kream, J.J. Strain, R. Deucher, R.S. Rosenfeld, J. Levin,
D.K. Fukushima, Mild hypogonadotropic hypogonadism in obese men, Metabolism
31 (1982) 871–875.

[3] G. Schneider, M.A. Kirschner, R. Berkowitz, N.H. Ertel, Increased estrogen pro-
duction in obese men, J. Clin. Endocrinol. Metab. 48 (1979) 633–638.

[4] B. Zumoff, G.W. Strain, J. Kream, J. O'Connor, J. Levin, D.K. Fukushima, Obese
young men have elevated plasma estrogen levels but obese premenopausal women
do not, Metabolism 30 (1981) 1011–1014.

[5] S. Rohrmann, M.S. Shiels, D.S. Lopez, N. Rifai, W.G. Nelson, N. Kanarek, E. Guallar,
A. Menke, C.E. Joshu, M. Feinleib, S. Sutcliffe, E.A. Platz, Body fatness and sex
steroid hormone concentrations in US men: results from NHANES III, Cancer Causes
Control 22 (2011) 1141–1151.

[6] M.L. Mongraw-Chaffin, C.A. Anderson, M.A. Allison, P. Ouyang, M. Szklo,
D. Vaidya, M. Woodward, S.H. Golden, Association between sex hormones and
adiposity: qualitative differences in women and men in the Multi-Ethnic Study of
Atherosclerosis, J. Clin. Endocrinol. Metab. 100 (2015) E596–E600.

[7] C.A. Derby, S. Zilber, D. Brambilla, K.H. Morales, J.B. McKinlay, Body mass index,
waist circumference and waist to hip ratio and change in sex steroid hormones: the
Massachusetts Male Ageing Study, Clin. Endocrinol. (Oxf.) 65 (2006) 125–131.

[8] C. Li, E.S. Ford, B. Li, W.H. Giles, S. Liu, Association of testosterone and sex hor-
mone-binding globulin with metabolic syndrome and insulin resistance in men,
Diabetes Care 33 (2010) 1618–1624.

[9] J.S. Brand, M.M. Rovers, B.B. Yeap, H.J. Schneider, T.-P. Tuomainen, R. Haring,
G. Corona, A. Onat, M. Maggio, C. Bouchard, P.C. Tong, R.Y. Chen, M. Akishita,
J.A. Gietema, M.-H. Gannagé-Yared, A.-L. Undén, A. Hautanen, N.P. Goncharov,
P. Kumanov, S.A. Chubb, O.P. Almeida, H.-U. Wittchen, J. Klotsche,
H. Wallaschofski, H. Völzke, J. Kauhanen, J.T. Salonen, L. Ferrucci, Y.T. van der
Schouw, Testosterone, sex hormone-binding globulin and the metabolic syndrome
in men: an individual participant data meta-analysis of observational studies, PLoS
One 9 (2014) e100409.

[10] V. Kupelian, F.J. Hayes, C.L. Link, R. Rosen, J.B. McKinlay, Inverse association of
testosterone and the metabolic syndrome in men is consistent across race and ethnic
groups, J. Clin. Endocrinol. Metab. 93 (2008) 3403–3410.

V. Vihma et al. Journal of Steroid Biochemistry and Molecular Biology 172 (2017) 98–105

104

http://dx.doi.org/10.1016/j.jsbmb.2017.06.007
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0005
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0005
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0005
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0010
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0010
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0010
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0015
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0015
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0020
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0020
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0020
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0025
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0025
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0025
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0025
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0030
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0030
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0030
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0030
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0035
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0035
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0035
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0040
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0040
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0040
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0045
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0045
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0045
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0045
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0045
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0045
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0045
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0045
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0050
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0050
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0050


[11] C.A. Allan, R.I. McLachlan, Androgens and obesity, Curr. Opin. Endocrinol.
Diabetes Obes. 17 (2010) 224–232.

[12] J.C. Seidell, P. Björntorp, L. Sjöström, H. Kvist, R. Sannerstedt, Visceral fat accu-
mulation in men is positively associated with insulin, glucose, and C-peptide levels,
but negatively with testosterone levels, Metabolism 39 (1990) 897–901.

[13] A. Tchernof, J.-P. Després, A. Bélanger, A. Dupont, D. Prud'homme, S. Moorjani,
P.J. Lupien, F. Labrie, Reduced testosterone and adrenal C19 steroid levels in obese
men, Metabolism 44 (1995) 513–519.

[14] T.L. Nielsen, C. Hagen, K. Wraae, K. Brixen, P.H. Petersen, E. Haug, R. Larsen,
M. Andersen, Visceral and subcutaneous adipose tissue assessed by magnetic re-
sonance imaging in relation to circulating androgens, sex hormone-binding glo-
bulin, and luteinizing hormone in young men, J. Clin. Endocrinol. Metab. 92 (2007)
2696–2705.

[15] C. Couillard, J. Gagnon, J. Bergeron, A.S. Leon, D.C. Rao, J.S. Skinner,
J.H. Wilmore, J.-P. Després, C. Bouchard, Contribution of body fatness and adipose
tissue distribution to the age variation in plasma steroid hormone concentrations in
men: the HERITAGE Family Study, J. Clin. Endocrinol. Metab. 85 (2000)
1026–1031.

[16] N. Abate, S.M. Haffner, A. Garg, R.M. Peshock, S.M. Grundy, Sex steroid hormones,
upper body obesity, and insulin resistance, J. Clin. Endocrinol. Metab. 87 (2002)
4522–4527.

[17] K. Blouin, C. Richard, G. Brochu, F.-S. Hould, S. Lebel, S. Marceau, S. Biron, V. Luu-
The, A. Tchernof, Androgen inactivation and steroid-converting enzyme expression
in abdominal adipose tissue in men, J. Endocrinol. 191 (2006) 637–649.

[18] J. Kaprio, Twin studies in Finland 2006, Twin Res. Hum. Genet. 9 (2006) 772–777.
[19] J. Naukkarinen, A. Rissanen, J. Kaprio, K.H. Pietiläinen, Causes and consequences

of obesity: the contribution of recent twin studies, Int. J. Obes. (Lond.) 36 (2012)
1017–1024.

[20] S. Heinonen, J. Buzkova, M. Muniandy, R. Kaksonen, M. Ollikainen, K. Ismail,
A. Hakkarainen, J. Lundbom, N. Lundbom, K. Vuolteenaho, E. Moilanen, J. Kaprio,
A. Rissanen, A. Suomalainen, K.H. Pietiläinen, Impaired mitochondrial biogenesis
in adipose tissue in acquired obesity, Diabetes 64 (2015) 3135–3145.

[21] S. Jukarainen, S. Heinonen, J.T. Rämö, R. Rinnankoski-Tuikka, E. Rappou,
M. Tummers, M. Muniandy, A. Hakkarainen, J. Lundbom, N. Lundbom, J. Kaprio,
A. Rissanen, E. Pirinen, K.H. Pietiläinen, Obesity is associated with low NAD
(+)/SIRT pathway expression in adipose tissue of BMI-discordant monozygotic
twins, J. Clin. Endocrinol. Metab. 101 (2016) 275–283.

[22] J. Naukkarinen, S. Heinonen, A. Hakkarainen, J. Lundbom, K. Vuolteenaho,
L. Saarinen, S. Hautaniemi, A. Rodriguez, G. Frühbeck, P. Pajunen, T. Hyötyläinen,
M. Orešič, E. Moilanen, A. Suomalainen, N. Lundbom, J. Kaprio, A. Rissanen,
K.H. Pietiläinen, Characterising metabolically healthy obesity in weight-discordant
monozygotic twins, Diabetologia 57 (2014) 167–176.

[23] F. Wang, A. Koskela, E. Hämäläinen, U. Turpeinen, H. Savolainen-Peltonen,
T.S. Mikkola, V. Vihma, H. Adlercreutz, M.J. Tikkanen, Quantitative determination
of dehydroepiandrosterone fatty acyl esters in human female adipose tissue and
serum using mass spectrometric methods, J. Steroid Biochem. Mol. Biol. 124 (2011)
93–98.

[24] U. Turpeinen, E. Hämäläinen, M. Haanpää, L. Dunkel, Determination of salivary
testosterone and androstendione by liquid chromatography-tandem mass spectro-
metry, Clin. Chim. Acta 413 (2012) 594–599.

[25] E. Pöllänen, S. Sipilä, M. Alen, P.H. Ronkainen, C. Ankarberg-Lindgren, J. Puolakka,
H. Suominen, E. Hämäläinen, U. Turpeinen, Y.T. Konttinen, V. Kovanen,
Differential influence of peripheral and systemic sex steroids on skeletal muscle
quality in pre- and postmenopausal women, Aging Cell 10 (2011) 650–660.

[26] F. Wang, V. Vihma, M. Badeau, H. Savolainen-Peltonen, M. Leidenius, T. Mikkola,
U. Turpeinen, E. Hämäläinen, E. Ikonen, K. Wähälä, C. Fledelius, M. Jauhiainen,

M.J. Tikkanen, Fatty acyl esterification and deesterification of 17beta-estradiol in
human breast subcutaneous adipose tissue, J. Clin. Endocrinol. Metab. 97 (2012)
3349–3356.

[27] V. Vihma, F. Wang, H. Savolainen-Peltonen, U. Turpeinen, E. Hämäläinen,
M. Leidenius, T.S. Mikkola, M.J. Tikkanen, Quantitative determination of estrone
by liquid chromatography-tandem mass spectrometry in subcutaneous adipose
tissue from the breast in postmenopausal women, J. Steroid Biochem. Mol. Biol. 155
(2016) 120–125.

[28] J.W. Moore, G.M. Clark, R.D. Bulbrook, J.L. Hayward, J.T. Murai, G.L. Hammond,
P.K. Siiteri, Serum concentrations of total and non-protein-bound oestradiol in
patients with breast cancer and in normal controls, Int. J. Cancer 29 (1982) 17–21.

[29] D.C. Anderson, M.O. Thorner, R.A. Fisher, J.P. Woodham, H.L. Goble, G.M. Besser,
Effects of hormonal treatment on plasma unbound androgen levels in hirsute
women, Acta Endocr. 199 (Suppl) (1975) 224.

[30] P. Brereton, T. Suzuki, H. Sasano, K. Li, C. Duarte, V. Obeyesekere, F. Haeseleer,
K. Palczewski, I. Smith, P. Komesaroff, Z. Krozowski, Pan1b (17betaHSD11)-enzy-
matic activity and distribution in the lung, Mol. Cell. Endocrinol. 171 (2001)
111–117.

[31] H.Z. Ring, C.N. Lessov, T. Reed, R. Marcus, L. Holloway, G.E. Swan, D. Carmelli,
Heritability of plasma sex hormones and hormone binding globulin in adult male
twins, J. Clin. Endocrinol. Metab. 90 (2005) 3653–3658.

[32] K. Blouin, A. Veilleux, V. Luu-The, A. Tchernof, Androgen metabolism in adipose
tissue: recent advances, Mol. Cell. Endocrinol. 301 (2009) 97–103.

[33] C. Bélanger, F.-S. Hould, S. Lebel, S. Biron, G. Brochu, A. Tchernof, Omental and
subcutaneous adipose tissue steroid levels in obese men, Steroids 71 (2006)
674–682.

[34] K. Kannisto, K.H. Pietiläinen, E. Ehrenborg, A. Rissanen, J. Kaprio, A. Hamsten,
H. Yki-Järvinen, Overexpression of 11beta-hydroxysteroid dehydrogenase-1 in
adipose tissue is associated with acquired obesity and features of insulin resistance:
studies in young adult monozygotic twins, J. Clin. Endocrinol. Metab. 89 (2004)
4414–4421.

[35] A. Veilleux, J.A. Côté, K. Blouin, M. Nadeau, M. Pelletier, P. Marceau, P.Y. Laberge,
V. Luu-The, A. Tchernof, Glucocorticoid-induced androgen inactivation by aldo-
keto reductase 1C2 promotes adipogenesis in human preadipocytes, Am. J. Physiol.
Endocrinol. Metab. 302 (2012) E941–E949.

[36] M. Fouad Mansour, M. Pelletier, A. Tchernof, Characterization of 5alpha-reductase
activity and isoenzymes in human abdominal adipose tissues, J. Steroid Biochem.
Mol. Biol. 161 (2016) 45–53.

[37] D.J. Wake, M. Strand, E. Rask, J. Westerbacka, D.E. Livingstone, S. Söderberg,
R. Andrew, H. Yki-Järvinen, T. Olsson, B.R. Walker, Intra-adipose sex steroid me-
tabolism and body fat distribution in idiopathic human obesity, Clin. Endocrinol.
(Oxf.) 66 (2007) 440–446.

[38] S.R. Plymate, L.A. Matej, R.E. Jones, K.E. Friedl, Inhibition of sex hormone-binding
globulin production in the human hepatoma (Hep G2) cell line by insulin and
prolactin, J. Clin. Endocrinol. Metab. 67 (1988) 460–464.

[39] E.C. Tsai, A.M. Matsumoto, W.Y. Fujimoto, E.J. Boyko, Association of bioavailable,
free, and total testosterone with insulin resistance: influence of sex hormone-
binding globulin and body fat, Diabetes Care 27 (2004) 861–868.

[40] R. Pasquali, F. Casimirri, S. Cantobelli, N. Melchionda, A.M. Morselli Labate,
R. Fabbri, M. Capelli, L. Bortoluzzi, Effect of obesity and body fat distribution on sex
hormones and insulin in men, Metabolism 40 (1991) 101–104.

[41] A. Tchernof, J.-P. Després, A. Dupont, A. Bélanger, A. Nadeau, D. Prud'homme,
S. Moorjani, P.J. Lupien, F. Labrie, Relation of steroid hormones to glucose toler-
ance and plasma insulin levels in men. Importance of visceral adipose tissue,
Diabetes Care 18 (1995) 292–299.

V. Vihma et al. Journal of Steroid Biochemistry and Molecular Biology 172 (2017) 98–105

105

http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0055
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0055
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0060
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0060
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0060
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0065
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0065
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0065
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0070
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0070
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0070
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0070
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0070
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0075
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0075
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0075
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0075
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0075
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0080
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0080
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0080
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0085
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0085
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0085
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0090
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0095
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0095
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0095
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0100
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0100
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0100
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0100
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0105
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0105
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0105
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0105
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0105
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0110
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0110
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0110
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0110
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0110
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0115
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0115
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0115
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0115
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0115
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0120
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0120
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0120
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0125
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0125
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0125
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0125
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0130
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0130
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0130
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0130
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0130
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0135
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0135
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0135
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0135
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0135
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0140
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0140
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0140
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0145
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0145
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0145
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0150
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0150
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0150
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0150
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0155
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0155
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0155
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0160
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0160
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0165
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0165
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0165
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0170
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0170
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0170
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0170
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0170
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0175
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0175
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0175
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0175
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0180
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0180
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0180
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0185
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0185
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0185
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0185
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0190
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0190
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0190
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0195
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0195
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0195
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0200
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0200
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0200
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0205
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0205
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0205
http://refhub.elsevier.com/S0960-0760(17)30158-9/sbref0205

	Metabolism of sex steroids is influenced by acquired adiposity—A study of young adult male monozygotic twin pairs
	Introduction
	Subjects and methods
	Subjects and study design
	Body composition
	Quantification of serum hormones and other serum analyses
	Transcriptomics analyses of subcutaneous adipose tissue
	Statistical analysis

	Results
	Clinical characteristics
	Twin resemblance between the heavier and leaner co-twins
	Serum hormone concentrations in the heavier and leaner co-twins
	Associations between adiposity and serum hormone and SHBG concentrations
	mRNA expression of genes for steroid metabolizing enzymes in the heavier and leaner co-twin
	Associations between adiposity and mRNA expression of genes for steroid metabolizing enzymes in subcutaneous adipose tissue

	Discussion
	Adiposity and metabolism of dihydrotestosterone (DHT)
	Adiposity and serum estrogens
	SHBG

	Funding
	Declaration of interest
	Acknowledgements
	Supplementary data
	References




