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Androgen deficiency is associated with obesity, metabolic syndrome, and type 2 diabetes mellitus
in men, but the mechanisms behind these associations remain unclear. In this study, we investi-
gated the combined effects of androgen deficiency and high-fat diet (HFD) on body composition
and glucose homeostasis in C57BL/6J male mice. Two models of androgen deficiency were used:
orchidectomy (ORX) and androgen receptor knockout mice. Both models displayed higher adi-
posity and serum leptin levels upon HFD, whereas no differences were seen on a regular diet. Fat
accumulation in HFD ORX animals was accompanied by increased sedentary behavior and occurred
in spite of reduced food intake. HFD ORX mice showed white adipocyte hypertrophy, correlated
with decreased mitochondrial content but not function as well as increased lipogenesis and de-
creased lipolysis suggested by the up-regulation of fatty acid synthase and the down-regulation of
hormone-sensitive lipase. Both ORX and androgen receptor knockout exacerbated HFD-induced
glucose intolerance by impairing insulin action in liver and skeletal muscle, as evidenced by the
increased triglyceride and decreased glycogen content in these tissues. In addition, serum IL-13
levels were elevated, and pancreaticinsulin secretion wasimpaired after ORX. Testosterone but not
dihydrotestosterone supplementation restored the castration effects on body composition and
glucose homeostasis. We conclude that sex steroid deficiency in combination with HFD exacerbates
adiposity, insulin resistance, and g-cell failure in 2 preclinical male mouse models. Our findings
stress the importance of a healthy diet in a clinical context of androgen deficiency and may have
implications for the prevention of metabolic alterations in hypogonadal men. (Endocrinology 157:
648-665, 2016)

n recent decades, Western diets combined with reduced
Iphysical activity have led to a dramatic rise in obesity in
developed countries. As a consequence, the incidence of
type 2 diabetes mellitus (T2D) has substantially increased
worldwide (1). The adverse metabolic consequences of
obesity predisposing to T2D and cardiovascular diseases
are grouped under the umbrella term “metabolic syn-
drome,” a disorder involving increased visceral adiposity,
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hyperlipidemia, insulin resistance, and hypertension (2).
High-fat diet (HFD) administration in rodents is the most
commonly used model reproducing these metabolic ad-
versities (3).

Abbreviations: AMPK, AMP-activated protein kinase; AR, androgen receptor; ARKO, AR
knockout; AUC, area under the curve; BAT, brown adipose tissue; BW, body weight; DHT,
Sa-dihydrotestosterone; FAS, fatty acid synthase; GLUT4, glucose transporter 4; HFD,
high-fat diet; Hk2, hexokinase 2; HOMA-IR, homeostasis model assessment of insulin
resistance; Lipe, hormone-sensitive lipase; Lpl, lipoprotein lipase; mtCo, cytochrome oxi-
dase; ORO, Oil red O; ORX, orchidectomized; PAS, periodic acid-Schiff; PEPCK, phosphoe-
nolpyruvate carboxykinase; Pfkm, phosphofructokinase; PTP1B, protein-tyrosine phospha-
tase 1B; RD, regular diet; satARKO, satellite cell-specific ARKO; SDH, succinate
dehydrogenase; SHAM, sham operated; SREBP1c, sterol regulatory element-binding pro-
tein 1¢; T, testosterone; T2D, type 2 diabetes mellitus; WAT, white adipose tissue; WT,
wild-type.
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Androgens are steroid hormones which are, in men,
secreted predominantly by the testes. The major gonadal
androgen is testosterone (T). In some peripheral tissues, T
is converted by Sa-reductase enzymes into the more potent
androgen Sa-dihydrotestosterone (DHT), which, like T,
activates the androgen receptor (AR). The AR is a ligand-
inducible transcription factor that binds to specific DNA
sequences to facilitate the transcription of androgen target
genes (4).

With aging, bioavailable androgen concentrations de-
cline progressively in men (5). Declining androgen levels in
older men may contribute not only to sexual dysfunction
and sarcopenia (5, 6) but have also been linked to meta-
bolic disorders including T2D (7). In addition, obesity
itself has been associated with decreased bioactive andro-
gen levels (8), although it remains unclear to what extent
this further aggravates obesity and T2D risk (9). Further-
more, patients receiving androgen deprivation therapy as
a treatment for metastatic prostate cancer are also at in-
creased risk for metabolic alterations such as an increase
in waist circumference and a decrease in insulin sensitivity
(10). Accordingly, an obese phenotype with insulin resis-
tance has been reported in a global AR knockout (ARKO)
mouse model (11). However, the exact mechanism of how
androgens affect glucose homeostasis and insulin action,
as well as the interaction between hypogonadism and
HFD, remain unclear.

Here, we examined the phenotype of 20-week-old male
wild-type mice that were either sham operated (SHAM) or
orchidectomized (ORX) at 3 weeks of age, and compared
animals that were switched to a HFD at 10 weeks of age
with those which remained on a regular diet (RD). The
rationale for castration at 3 weeks of age was to disrupt sex
steroid signaling from early life on to facilitate comparison
with the ARKO model, which has a developmental dis-
ruption of sex steroid signaling due to germline ablation of
the AR gene (12). Both models have markedly reduced
serum T levels, due to either absence or severe atrophy of
the testes, respectively. In this study, we investigated the
hypothesis that androgen deficiency would exacerbate
HFD-induced alterations in body composition and glu-
cose homeostasis in male mice.

Materials and Methods

Animals, diets, and experimental design

Mice were housed in standard cages and had ad libitum access
to food and water. All experimental work involving animals was
conducted with approval of the KU Leuven ethical committee
(P078/2010).

Male C57BL/6] mice with a ubiquitous knockout of the AR
(ARKO) and male C57BL/6] mice in which the AR gene was
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selectively ablated in muscle by means of a satellite cell-specific
ARKO (satARKO) were generated as described previously (12,
13).

Wild-type male C57BL/6] mice (WT) were purchased from
Janvier Labs. At 3 weeks of age, they were SHAM, ORX, or ORX
and given continuous-release T (ORX+T) (Serva GmbH) or
DHT (ORX+DHT) (Fluka Chemika) by sc Silastic implants (Sil-
clear Tubing; Degania Silicone) in the cervical region (14, 15).

At 10 weeks of age, mice were switched to a HFD composed
of 20 kcal% protein, 35 kcal% carbohydrate, and 45 kcal% fat
(6 kcal% from soybean oil and 39 kcal% from lard) (D12451;
Research Diets) or remained on a RD composed of 33 kcal%
protein, 58 kcal% carbohydrate, and 9 kcal% fat (percent fatty
acids: C14:0 [0.01%], C16:0 [0.47%], C16:1 [0.01%], C18:0
[0.08%], C18:1 [0.62%], C18:2 [1.80%], C18:3 [0.23%],
C20:0 [0.01%], and C20:1 [0.02%]) (R/M-H; Ssniff Spezi-
aldiaten GmbH). Body weight (BW) was recorded every 2 weeks.
At 20 weeks of age, energy balance was assessed by indirect
calorimetry, a glucose tolerance test was performed, and body
composition was determined by whole-body dual-energy x-ray
absorptiometry. Blood samples were obtained by cardiac punc-
ture, followed by dissection of white adipose tissue (WAT)
(perigonadal, sc, and perirenal fat), brown adipose tissue (BAT)
(nuchal fat), liver, gastrocnemius muscle, pancreas, and seminal
vesicles. Serum was obtained by centrifugation for 10 minutes at

13 000g.

Indirect calorimetry

Mice were individually housed in automated cages for indi-
rect calorimetry (TSE Phenomaster Calocages) during 48 hours
on a 12-hour light, 12-hour dark cycle at 22°C ambient temper-
ature with ad libitum access to food and water. Food intake,
oxygen consumption, carbon dioxide production, heat genera-
tion, and ambulatory activity were recorded over the 48-hour
period, but only the last 24 hours were used for calculations.
Respiratory exchange ratio and energy expenditure were calcu-
lated as described in Ref. 16. For adaption to single housing and
specific drinking/feeding baskets, the mice were single housed for
7 days before actual measurements.

Glucose tolerance test

Mice were fasted overnight (16-18 h). Glucose (2.5-mg/g
BW) was administered by ip injection, and blood glucose levels
were followed during 2 hours using Accu-Chek Aviva glucos-
trips. All blood samples were obtained via tail bleeding.

Whole-body dual-energy x-ray absorptiometry

Lean and fat mass were analyzed in vivo using the PIXImus
mouse densitometer (Lunar Corp) with an ultrahigh resolution
(0.18 X 0.18 pixels, 1.6 line pairs/mm) and software version
1.45.

Serum measurements

Serum insulin was measured using the Ultra Sensitive Mouse
Insulin ELISA kit (90080; Crystal Chem). The homeostasis
model assessment of insulin resistance (HOMA-IR) was calcu-
lated as follows: HOMA-IR = fasting glucose (mg/dL) X fasting
insulin (wU/mL)/405 (17). Serum leptin was assessed with the
Mouse Leptin ELISA kit (90030; Crystal Chem). Serum levels of
total cholesterol, high-density lipoprotein cholesterol, and trig-
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Table 1.

Antibody Table

Manufacturer, Catalog Number,

Species Raised in;

Peptide/Protein and/or Name of Individual Monoclonal or Dilution
Target Antigen Sequence (if Known) Name of Antibody Providing the Antibody Polyclonal Used
Insulin Porcine pancreatic insulin Polyclonal guinea pig Dako, A0564 Polyclonal; guinea 1:100
antiinsulin pig
Phospho-AMPKa  Synthetic peptide corresponding to Phospho-AMPKa Cell Signaling Technology, 2535 Monoclonal; rabbit 1:1000
(Thr172) residues surrounding Thr172 of (Thr172) (40H9)
human AMPK« rabbit mAb
AMPKa total Synthetic peptide corresponding to AMPKa (23A3) rabbit Cell Signaling Technology, 2603 Monoclonal; rabbit 1:1000
the amino-terminal sequence of mAb
human AMPK«
Phospho-Akt Synthetic phosphopeptide corresponding ~ Phospho-Akt (Ser473) Cell Signaling Technology, 9271 Polyclonal; rabbit 1:1000
(Serd73) to residues surrounding antibody
Ser473 of
mouse Akt
Akt total Synthetic peptide at the carboxy-terminal Akt (pan) (40D4) Mouse Cell Signaling Technology, 2920 Monoclonal; mouse  1:1000
sequence of human Akt mAb
SDH Purified mitochondrial complex Il of SDHA (2E3) Santa Cruz Biotechnology, Inc, Monoclonal; mouse ~ 1:1000
bovine origin sc-59687
a-Tubulin Microtubules from chicken embryo brain~ Monoclonal anti-a-tubulin  Sigma-Aldrich, T6199 Monoclonal; mouse  1:5000

antibody produced in

mouse

lycerides were measured by colorimetry on a Roche-Hitachi Co-
bas 8000 ¢702 autoanalyzer. Low-density lipoprotein-choles-
terol was calculated according to Friedewald’s formula (18).
Serum free fatty acids were measured using the NEFA kit from
Wako Diagnostics. Cytokine levels (IL-18, IL-6, and TNF-a)
were determined in serum using a customized kit (V-PLEX Cus-
tom Mouse Cytokine; Meso Scale Diagnostics) and measured on
a SECTOR Imager 2400 (Meso Scale Diagnostics). Serum adi-
ponectin was assessed with the Mouse Adiponectin ELISA kit
(80569; Crystal Chem). Total T, and total T; serum levels were
determined using an electrochemiluminescent immunoassay on
the Modular Eimmunoanalyzer (Roche Diagnostics). After acid-
ethanol extraction, serum IGF-1 concentrations were measured
by an in-house RIA (19) in the presence of an excess of IGF-2 (25
ng/tube).

Histology and immunohistochemistry

Subcutaneous adipose tissue cryosections (14 um) were
stained with hematoxylin and eosin. An Oil red O (ORO) stain-
ing was used to visualize neutral lipids in cryosections (7 wm) of
liver and gastrocnemius muscle. After fixation for 10 minutes
with 10% neutral-buffered formalin (Sigma-Aldrich), sections
were washed with distilled water and incubated in 60% isopro-
panol for 5 minutes, followed by 5 minutes of incubation at room
temperature (liver) or an overnight incubation at 32°C (gastroc-
nemius muscle) in isopropanol saturated with ORO reagents
(Sigma-Aldrich). Next, a hematoxylin counterstaining was per-
formed, and sections were mounted with 85% glycerol. A peri-
odic acid-Schiff (PAS) staining was used to visualize glycogen
depositions in liver and gastrocnemius muscle. Cryosections (7
wm) were incubated in distilled water, followed by 5 minutes of
incubation in 0.5 % periodic acid (Thermo Fisher Scientific). Sec-
tions were washed in distilled water and incubated in Schiff’s
reagent (Sigma-Aldrich) for 15 minutes, washed in distilled wa-
ter, counterstained with hematoxylin, and mounted with DPX
(distyrene, tricresyl phosphate, and xylene; Sigma-Aldrich). In-
sulin staining of pancreas paraffin sections (5 wm) was carried
out on a Ventana Ultra staining platform (Roche). Guinea pig
antiinsulin (A0564 from Dako) was used as primary antibody

(60 min of incubation at 37°C, 1:100 dilution) (Table 1) and
Alexa Fluor 488-conjugated donkey antiguinea pig (706-546-
148 from Jackson ImmunoResearch) as secondary antibody (30
min of incubation at 37°C, 1:100 dilution). Sections were coun-
terstained with 4’, 6’-diamino-2-phenylindole. Photographs
were taken on a Zeiss Axioplan 2 microscope (Carl Zeiss). Im-
age] software was used to determine adipocyte size (308 = 35
adipocytes analyzed per animal) and pancreatic islet size (60 =
15 islets analyzed per animal).

Islet insulin content and release

Pancreatic islets were isolated after infusion and digestion of
the pancreata by collagenase P (20). Insulin secretion measure-
ments were performed as described before (21). Briefly, size-
matched islets (n = 5 per tube) were placed in glass tubes
containing HEPES Krebs solution containing 0.5 % BSA supple-
mented with SmM (GS5) or 20mM (G20) of glucose. Supernatant
was collected after 1 hour incubation at 37°C. The islets were
sonicated for 3 minutes after adding acid ethanol (final concen-
tration, 75% ethanol, 0.1 N HCI, 1% Triton X-100). Insulin
determination was performed using the Ultra Sensitive Mouse
Insulin ELISA kit (90080; Crystal Chem).

Mitochondrial DNA content

Total DNA was extracted from organs using the GenElute
Mammalian Genomic DNA Purification kit (Sigma-Aldrich),
and total DNA concentration was measured with a Nanodrop
1000 (Thermo Fisher Scientific). Quantitative real-time PCR
was performed on these DNA samples as described below to
quantify the 16S mitochondrial gene. The mitochondrial DNA
content was calculated as a ratio by dividing the amount of 16S
by the total DNA concentration.

Tissue triglyceride and glycogen content

Triglyceride levels were measured in liver and gastrocnemius
muscle using the Triglyceride Quantification kit (ab65336; Ab-
cam) following the manufacturer’s instructions for colorimetric
assay. Glycogen content was measured in liver and gastrocne-
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mius muscle as glucose residues after acid hydrolysis in freeze-
dried tissue using a standard enzymatic fluorimetric assay (22).

Western immunoblotting

Subcutaneous WAT samples were homogenized in ice-cold
lysis buffer containing SmM HEPES (pH 8.5), 0.1% Triton
X-100, and 1mM dithiothreitol using a Polytron mixer. Tissue
homogenates were centrifuged, and the supernatants were col-
lected. Protein concentrations were determined with the Coo-
massie Protein Assay Reagent according to the manufacturer’s
protocol (Thermo Fisher Scientific). A total of 20-ug proteins
were mixed with Laemmli sample buffer and warmed for 5 min-
utes at 95°C. Proteins were separated by SDS-PAGE at 40 mA,
then transferred on polyvinylidene fluoride membranes for 2
hours at 80 V. After blocking for 1 hour in a Tris-buffered saline
plus 0.1% Tween 20 containing 5 % nonfat dry milk, membranes
were incubated at 4°C overnight with one of the next antibodies
(Table 1):  phospho-AMP-activated  protein  kinase
(AMPK)aThr172 (2535), AMPKa total (2603), phospho-Ak-
tSer473 (9271), and Akt total (2920) (all Cell Signaling Tech-
nology) and succinate dehydrogenase (SDH) (sc-59687; Santa
Cruz Biotechnology, Inc). Membranes were washed 3 times for
10 minutes in Tris-buffered saline plus 0.1% Tween 20, then
incubated for 1 hour at room temperature with a secondary
antibody conjugated to horseradish peroxidase. Three addi-
tional washes were done before chemiluminescence detection
with the ECL-Plus Western blotting kit (Amersham Biosciences,
GE Healthcare). The bands were captured with GeneSnap and
quantified with Image] software. Phosphorylated proteins were
reported to their respective total form, and SDH results were
reported to a-tubulin (T6199; Sigma-Aldrich).

Citrate synthase activity analysis
The activity of the mitochondrial enzyme citrate synthase was
determined fluorometrically (23).

Quantitative real-time PCR

Total RNA was extracted from organs using TRIzol reagent
(Invitrogen) according to the manufacturer’s protocols. After
digestion with deoxyribonuclease I (Fermentas), cDNA was syn-
thesized from 1-ug RNA using the RevertAid M-MuLV Reverse
Transcriptase kit (Fermentas) and random hexamer primers
(Fermentas). The PCR reaction mixtures (10 uL) contained 1X
Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen),
0.15uM each primer, and 50nM carboxy-X-rhodamine Refer-
ence Dye (Invitrogen). The 7500 Fast Real-Time PCR system
(Applied Biosystems) was used with the Fast RT-PCR 2-step
protocol (2 minat 50°C,20sat 95°C,and 40 cycles of 3sat 95°C
and 30 s at 60°C). The primer sequences are listed in Supple-
mental Table 1. All primers were designed to hybridize to dif-
ferent exons, and generation of single correct amplicons was
checked by DNA sequencing and in melting curve assays. Gene
expression values are expressed relative to the levels of hypox-
anthine-guanine phosphoribosyltransferase mRNA.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
software (version 5.00 for Windows). x* test was used for cat-
egorical variables, whereas for continuous variables, Student’s ¢
test and one-way ANOVA were used to analyze differences be-
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tween 2 or more groups, respectively. Two-way ANOVA was
used in experiments with more than 2 independent variables. If
overall ANOVA revealed significant difference, Bonferroni’s
post hoc test was used to analyze differences between groups.
Evolution of groups over time was analyzed with repeated mea-
sures ANOVA. All statistical tests were performed 2-tailed. Data
are presented as means = SEM, and P < .05 was considered
statistically significant.

Results

Androgen deficiency combined with a HFD leads
to increased adiposity

At the start of the experimental period, ORX mice dis-
played lower BW compared with SHAM animals (22.0 =
0.3 vs 25.9 = 0.4 g, P < .05) (Figure 1A). Both groups
gained weight during the experimental period, and gained
extra weight when fed a HFD as compared with a RD
(Figure 1A and Supplemental Figure 1A). However,
whereas ORX and SHAM mice showed similar weight
gainupon RD (2.5 £ 0.2% vs 3.4 = 0.2%, P = .25), HFD
ORX gained more weight compared with HFD SHAM
(14.8 = 0.6% vs 12.5 = 0.5%, P < .05). As a result,
although RD ORX still had lower BW compared with RD
SHAM animals at the end of the experimental period
(24.1 = 0.4 vs 28.8 = 0.4 g, P < .05), the effect of cas-
tration on total BW was abolished in the HFD groups
(36.0 £ 0.6 vs 37.3 = 0.6 g, P = .15) (Figure 1A). Cas-
tration was effective in reducing endogenous androgen
levels as evidenced by the decreased seminal vesicle weight
in ORX compared with SHAM animals (Supplemental
Figure 1B).

HFD administration led to a small but significant in-
crease in lean mass, whereas fat mass increased almost
3-fold (Figure 1, B and C). As a result, the HFD groups
showed an increase in fat mass % and a concomitant de-
crease in lean mass % compared with the RD groups (Fig-
ure 1, D and E). Although castration in RD conditions had
no impact on these percentages, castration potentiated
HFD-induced changes in lean and fat mass % (Figure 1,D
and E). In line with their increased adiposity, leptin serum
levels were higher in HFD ORX as compared with HFD
SHAM mice (Figure 1F). We then assessed the contribu-
tion of the different fat pads to the increased adiposity of
HFD ORX mice. The weight of both intraabdominal
perigonadal and sc WAT pads was increased upon ORX
when fed a HFD, whereas no castration effect was ob-
served on perirenal WAT (Figure 1G). Nuchal BAT weight
was decreased in HFD ORX compared with HFD SHAM
animals (Figure 1G). In accordance with the observations
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Figure 1. Effect of ORX on body composition and adiposity. A, BW of male WT mice that were SHAM or ORX at 3 weeks of age and received RD
or HFD from 10 to 20 weeks of age (n = 13-15). B and C, Lean (B) and fat (C) mass of 20-week-old male WT mice that were SHAM or ORX at 3
weeks of age and received RD or HFD from 10 to 20 weeks of age, expressed in grams (n = 13-15). D and E, Lean (D) and fat (E) mass of 20-
week-old male WT mice that were SHAM or ORX at 3 weeks of age and received RD or HFD from 10 to 20 weeks of age, expressed as % of BW
(n = 13-15). F, Serum leptin levels of 20-week-old male WT mice that were SHAM or ORX at 3 weeks of age and received RD or HFD from 10 to
20 weeks of age (n = 10). G, Weight of different fat pads of 20-week-old male WT mice that were SHAM or ORX at 3 weeks of age and received
HFD from 10 to 20 weeks of age (n = 6). Error bars indicate SEM; *, P < .05.
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after castration, genetic AR disruption also induced a shift  leptin observed upon HFD was more pronounced in HFD
in body composition towards more fat when combined =~ ARKO compared with HFD WT (Figure 2F). Subcutane-
with a HFD (Figure 2, A-E). In addition, the rise in serum  ous WAT was increased in HFD ARKO (Figure 2G).
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Figure 2. Effect of global AR deletion on body composition and adiposity. A, BW of 20-week-old male WT and ARKO mice that received RD or
HFD from 10 to 20 weeks of age (n = 7-8). B and C, Lean (B) and fat (C) mass of 20-week-old male WT and ARKO mice that received RD or HFD
from 10 to 20 weeks of age, expressed in grams (n = 7-8). D and E, Lean (D) and fat (E) mass of 20-week-old male WT and ARKO mice that
received RD or HFD from 10 to 20 weeks of age, expressed as % of BW (n = 7-8). F, Serum leptin levels of 20-week-old male WT and ARKO mice
that received RD or HFD from 10 to 20 weeks of age (n = 7-8). G, Weight of different fat pads of 20-week-old male WT and ARKO mice that
received HFD from 10 to 20 weeks of age (n = 7-8). Error bars indicate SEM; *, P < .05.
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However, in contrast to the ORX data, global AR deletion
had no effect on BAT weight and caused a reduction in
perigonadal fat mass (Figure 2G). In summary, when com-
bined with a HFD, both castration and global AR deletion
lead to increased adiposity accompanied by higher serum
leptin levels.

Mechanisms underlying the increased adiposity in
androgen-deficient animals receiving a HFD

Reduced ambulatory activity may have contributed to
the increased adiposity observed in HFD ORX mice (Fig-
ure 3A), which occurred in spite of a significantly lower
food intake (Figure 3B). HFD administration reduced the
respiratory exchange ratio (Figure 3C), and increased heat
generation (Figure 3D), oxygen consumption (Figure 3E)
as well as energy expenditure (Figure 3F). However, these
parameters were similar in HFD SHAM and HFD ORX
mice (Figure 3, C-F), as were the serum levels of the thy-
roid hormones T5 and T, and the BAT mRNA levels of
uncoupling protein 1 (Supplemental Figure 2).

Histological analysis of sc WAT revealed an increase in
mean adipocyte size (Figure 4, A and B), with a shiftin area
distribution towards larger adipocytes (P < .0001, x* test)
in HFD ORX compared with HFD SHAM mice (Figure
4C). To determine the molecular mechanisms underlying
the adipocyte hypertrophy observed upon combination of
androgen deficiency and HFD, we measured the expres-
sion of the lipogenic genes peroxisome proliferator-acti-
vated receptor-y, CCAAT/enhancer-binding protein-a,
sterol regulatory element-binding protein 1c (SREBP1c),
adipocyte protein 2, fatty acid synthase (FAS), and acetyl-
coenzyme A carboxylase, and of the lipolytic genes hor-
mone-sensitive lipase (Lipe) and lipoprotein lipase (Lpl).
The increased adiposity in HFD ORX mice was correlated
with both increased lipogenesis and decreased lipolysis, as
indicated by the up-regulation of FAS and the down-reg-
ulation of Lipe in HFD ORX mice compared with HFD
SHAM (Figure 4D). In line with these gene expression
data, levels of phosphorylated AMPK, an inhibitor of adi-
pocyte lipolysis (24), were increased in sc WAT of HFD
ORX compared with HFD SHAM (Figure 4, E and F).
Levels of phosphorylated Akt were similar in both groups
(Figure 4, E and G).

Mitochondria of WAT are involved in the regulation of
both lipogenesis and lipolysis (25). Moreover, markers of
mitochondrial biogenesis and metabolism are lower in
overweight and obese subjects (26). We therefore ad-
dressed the possible contribution of mitochondrial dys-
function to the increased adiposity of HFD ORX mice.
Mitochondrial DNA content was decreased in sc WAT of
HFD ORX compared with HFD SHAM animals (Figure
4H). In addition, HFD ORX mice showed lower expres-
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sion levels of nicotinamide adenine dinucleotide dehydro-
genase 1 (mtNd1), a subunit of complex I of the mito-
chondrial electron transport chain (Figure 41). Levels of
cytochrome oxidase 1 (mtCo1) and cytochrome oxidase 2
(mtCo2), 2 subunits of complex IV, were not affected by
ORX (Figure 4I). Activity of the mitochondrial enzyme
citrate synthase was similar in sc WAT of HFD SHAM and
HFD ORX mice (Figure 4]), as were the protein levels of
another mitochondrial enzyme, SDH (Figure 4, K and L).

Androgen deficiency augments HFD-induced
glucose intolerance

Castration had no impact on glucose tolerance in RD
conditions, and glucose tolerance decreased in SHAM as
well as ORX mice upon HFD (Figure SA). In line with the
increase in adiposity, castration combined with HFD in-
duced an even more pronounced glucose intolerance, as
indicated by the augmented glucose area under the curve
(AUC) in HFD ORX compared with HFD SHAM mice
(Figure SA, right panel). In accordance with the castration
data, AR loss exacerbated the effect of HFD on glucose
tolerance (Figure 5B).

Although the decreased glucose tolerance in HFD ORX
mice compared with HFD SHAM was not accompanied
by significant changes in either glycemia (Figure 5C) or
insulinemia (Figure 5D), there was a trend towards a
higher insulin resistance index (HOMA-IR) in HFD ORX
mice (P = .07) (Figure SE). Accordingly, despite the ab-
sence of hyperglycemia (Figure SF) and hyperinsulinemia
(Figure 5G), HFD ARKO mice showed an increase in
HOMA-IR as compared with their WT littermates
(Figure SH).

Thus, both hypogonadism models show that androgen
deficiency potentiates HFD-induced glucose intolerance,
likely via an impairment of insulin action.

A dual phenotype of peripheral insulin resistance
and pancreatic B-cell failure

To confirm the hypothesis of impaired insulin action in
androgen-deficient HFD-fed animals, we focused on 2 key
target organs of insulin, ie, skeletal muscle and liver. In-
creased ORO staining, reflecting increased abundance of
neutral lipids, was observed in liver and muscle of HFD
ORX mice (Figure 6A), a finding that was mirrored by
quantitative assessment of tissue lipid content (Figure 6B).
Hepatic transcript levels of the lipogenic genes SREBP1c
and FAS were elevated in HFD ORX (Supplemental Figure
3A). Serum lipids were however similar in HFD ORX and
HFD SHAM animals (Supplemental Table 2). As evi-
denced by a PAS staining shown in Figure 6C, both liver
and muscle glycogen content were decreased in HFD ORX
mice compared with HFD SHAM, an observation that
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Figure 3. Effect of ORX on energy balance. Ambulatory activity (A), food intake (B), respiratory exchange ratio (RER) (C), heat generation (D),
oxygen consumption (VO,) (E), and energy expenditure (EE) (F) of 20-week-old male WT mice that were SHAM or ORX at 3 weeks of age and
received RD or HFD from 10 to 20 weeks of age (n = 5-8). Left panels, Time course over the 24-hour period. Right panels, Average over the 24-
hour period. Error bars indicate SEM; *, P < .05.

was confirmed by biochemical analysis of tissue glycogen  expression in muscle but not liver (Supplemental Figure 3,
content (Figure 6D). The decreased glycogenlevelsinHFD B and C). Increased expression of the gluconeogenic en-
ORX mice correlated with decreased glycogen synthase  zyme phosphoenolpyruvate carboxykinase (PEPCK) as
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Figure 4. Effect of ORX on adipocytic cell size and area distribution, gene expression, and mitochondria. A, Hematoxylin and eosin (H&E) staining
of sc WAT of 20-week-old male WT mice that were SHAM or ORX at 3 weeks of age and received HFD from 10 to 20 weeks of age. Scale bar,
100 um. B and C, Mean adipocyte size (B) and adipocyte area distribution (C) in sc WAT of 20-week-old male WT mice that were SHAM or ORX at
3 weeks of age and received HFD from 10 to 20 weeks of age (n = 3). Notice the shift in area distribution towards larger adipocytes (P < .0001,
X° test) in HFD ORX compared with HFD SHAM mice. D, Quantitative real-time PCR analysis of mRNA levels of 6 lipogenic (peroxisome proliferator-
activated receptor [PPAR]y, CCAAT/enhancer-binding protein [/EBPla, SREBP1c, adipocyte protein 2 [aP2], FAS, and acetyl-coenzyme A
carboxylase [ACC]) and 2 lipolytic (Lipe and Lpl) genes in sc WAT of 20-week-old male WT mice that were SHAM or ORX at 3 weeks of age and
received HFD from 10 to 20 weeks of age (n = 8). E-G, Total protein extracts (20 ug) from sc WAT of 20-week-old male WT mice that were
SHAM or ORX at 3 weeks of age and received HFD from 10 to 20 weeks of age were subjected to immunoblotting with antiphosphorylated
AMPK, antitotal AMPK, antiphosphorylated Akt, and antitotal Akt antibodies. Representative images (E), densitometric data of phosphorylated
AMPK content expressed as ratio of pAMPK to total AMPK (n = 9) (F), and densitometric data of phosphorylated Akt content expressed as ratio of
pAkt to total Akt (n = 9) (G) are shown. H, Mitochondrial (mt) DNA content in sc WAT of 20-week-old male WT mice that were SHAM or ORX at
3 weeks of age and received HFD from 10 to 20 weeks of age (n = 8). I, Quantitative real-time PCR analysis of mRNA levels of 3 mitochondrial
genes (mtNd1, mtCo1, and mtCo2) in sc WAT of 20-week-old male WT mice that were SHAM or ORX at 3 weeks of age and received HFD from
10 to 20 weeks of age (n = 8). J, Activity of the mitochondrial enzyme citrate synthase (CS) in total protein extracts (2 ug) from sc WAT of 20-
week-old male WT mice that were SHAM or ORX at 3 weeks of age and received HFD from 10 to 20 weeks of age (n = 10). K and L, Total protein
extracts (20 ng) from sc WAT of 20-week-old male WT mice that were SHAM or ORX at 3 weeks of age and received HFD from 10 to 20 weeks of
age were subjected to immunoblotting with an antibody against the mitochondrial enzyme SDH. As a loading control, a-tubulin was used.
Representative image (K) and densitometric data of SDH content expressed as ratio of SDH to a-tubulin (n = 8-9) (L) are shown. Error bars
indicate SEM; *, P < .05.
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Figure 5. Effect of ORX and global AR deletion on glucose tolerance. A, left panel, After a 16- to 18-hour fast, 20-week-old male WT mice that

were SHAM or ORX at 3 weeks of age and received RD or HFD from 10 to 20 weeks of age were injected ip with 2.5-mg/g BW glucose. Blood

glucose was monitored for 2 hours (n = 13-15). Right panel, AUC was calculated for the curves of the left panel. B, left panel, After a 16- to 18-

hour fast, 20-week-old male WT and ARKO mice that received RD or HFD from 10 to 20 weeks of age were injected ip with 2.5-mg/g BW glucose.
Blood glucose was monitored for 2 hours (n = 7-8). Right panel, AUC was calculated for the curves of the left panel. C-E, After a 16- to 18-hour
fast, blood glucose (C) and serum insulin (D) were determined, and HOMA-IR (E) was calculated of 20-week-old male WT mice that were SHAM or

ORX at 3 weeks of age and received RD or HFD from 10 to 20 weeks of age (n = 10). F-H, After a 16- to 18-hour fast, blood glucose (F) and

serum insulin (G) were determined, and HOMA-IR (H) was calculated of 20-week-old male WT and ARKO mice that received RD or HFD from 10 to

20 weeks of age (n = 7-8). Error bars indicate SEM; *, P < .05.
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Figure 6. Effect of ORX on peripheral insulin sensitivity. A-D, ORO staining (A), triglyceride content (B), PAS staining (C), and glycogen content
(D) of liver and gastrocnemius muscle of 20-week-old male WT mice that were SHAM or ORX at 3 weeks of age and received HFD from 10 to 20
weeks of age (n = 10-12). Scale bar, 50 um (liver) or 100 wm (muscle). E and F, Quantitative real-time PCR analysis of mRNA levels of PEPCK and
PTP1B in liver (E) and of GLUT4, Hk2, Pfkm, and Pdha1 in gastrocnemius muscle (F) of 20-week-old male WT mice that were SHAM or ORX at 3
weeks of age and received HFD from 10 to 20 weeks of age (n = 8). G-J, Serum levels of IL-18 (G), IL-6 (H), TNF-« (1), and adiponectin (J) of 20-
week-old male WT mice that were SHAM or ORX at 3 weeks of age and received HFD from 10 to 20 weeks of age (n = 9). Error bars indicate
SEM; *, P < .05.
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well as of protein-tyrosine phosphatase 1B (PTP1B), a neg-
ative regulator of insulin signaling, in liver of HFD ORX
mice further confirmed hepatic insulin resistance (Figure
6E). PEPCK and PTP1B were also up-regulated in liver
from HFD ARKO animals compared with HFD WT
littermates (Supplemental Figure 4A). Muscular insulin
resistance was further confirmed by analyzing the ex-
pression of several key regulators of glucose uptake and
use in muscle. Decreased expression of glucose trans-
porter 4 (GLUT4), hexokinase 2 (Hk2), and phospho-
fructokinase (Pfkm), genes involved in glucose uptake
and its commitment to the glycolytic pathway, was ob-
served in HFD ORX mice compared with HFD SHAM
(Figure 6F). These genes were also down-regulated in
muscle from HFD ARKO animals compared with HFD
WT littermates (Supplemental Figure 4B). Levels of py-
ruvate dehydrogenase E1-a1 (Pdhal), a gene involved
in the link between glycolysis and the Krebs cycle, were
not affected (Figure 6F). To determine the contribution
of muscle AR to the metabolic phenotype we observed
in androgen-deficient HFD-fed animals, we studied a
mouse model in which the AR gene was selectively ab-
lated in muscle by means of a satARKO (13). Loss of AR
signaling in muscle was not sufficient to potentiate the
HFD-induced metabolic alterations, as evidenced by the
similar body composition and glucose tolerance of
HFD-fed satARKO mice compared with their control
littermates (Supplemental Figure 5). Finally, we mea-
sured proinflammatory cytokines in the serum of HFD
SHAM and HFD ORX mice, because chronic low-grade
inflammation is described to play a key role in the
pathogenesis of peripheral insulin resistance (27). Lev-
els of IL-1B were increased in HFD ORX compared with
the SHAM controls (Figure 6G). Serum concentrations
of IL-6 and TNF-a were similar in both groups (Figure
6,Hand]I). In line with their reduced insulin sensitivity,
HFD ORX mice displayed strongly decreased circulat-
ing levels of adiponectin (Figure 6]).

Insulin secretion in response to a glucose challenge
was markedly reduced in HFD ORX mice as compared
with HFD SHAM (Figure 7A), suggesting that androgen
deficiency combined with HFD leads to the typical dual
phenotype of peripheral insulin resistance and failure of
the pancreatic B-cells to compensate this resistance by
increasing insulin secretion. This was further confirmed
by a decrease in insulin secretion after glucose injection
in HFD ARKO mice compared with their WT litter-
mates (Figure 7B). To visualize the islets of Langerhans,
insulin staining was performed on pancreas sections
(Figure 7C). Total number of islets was similar in HFD
SHAM and HFD ORX mice (Figure 7D), as were mean
islet size and area distribution (Figure 7, E and F).

press.endocrine.org/journal/endo 659

To investigate whether this pancreatic B-cell failure is
an indirect consequence of the peripheral insulin resis-
tance or a direct castration effect, we measured insulin
content and release in pancreatic islets isolated from RD
SHAM and RD ORX mice, which do not show metabolic
alterations. Glucose-stimulated insulin secretion was sim-
ilar in RD SHAM and RD ORX animals (Figure 7G), as
was the islet insulin content (Figure 7H).

T but not DHT supplementation restores the
castration effects on body composition and
glucose homeostasis

We nextaimed to examine the effects of the endogenous
androgens T and DHT on body composition and glucose
metabolism. To this end, we castrated 2 additional groups
of WT mice, supplemented them with either T (ORX+T)
or DHT (ORX+DHT), and fed them a HFD. Hormone
replacement was effective, as indicated by the restoration
of seminal vesicle weight to SHAM levels in ORX+T and
ORX+DHT mice (Supplemental Figure 6). Although T
supplementation restored lean and fat mass to SHAM lev-
els, DHT supplementation failed to reverse the decrease in
lean mass and the increase in fat mass observed in HFD
ORX mice compared with HFD SHAM (Figure 8, A-C).
Accordingly, the increase in serum leptin perceived upon
ORX was abolished by T but not DHT (Figure 8D). In
contrast to ORX+T animals, ORX+DHT mice also
showed augmented glucose intolerance and decreased
compensatory insulin secretion compared with the SHAM
group, similar to ORX mice (Figure 8, E and F). T as well
as DHT abolished the increase in hepatic PEPCK expres-
sion perceived upon ORX (Figure 8G). The ORX-associ-
ated decreases in muscular GLUT4, Hk2, and Pfkm tran-
script levels were, however, rescued by T but not DHT
(Figure 8H). The differential effects of T and DHT could
not be attributed to differences in circulating IGF-1 (Sup-
plemental Figure 7).

Discussion

Sex steroid deficiency in men is associated with obesity,
metabolic syndrome, and T2D (7, 28), but the underlying
causality and mechanisms remain unclear. On the one
hand, men with acquired hypogonadism develop in-
creased fat mass (29), and T replacement in hypogonadal
men reduces fat mass (30). On the other hand, low T may
be a consequence rather than the cause of obesity. Indeed,
surveys in aging men reveal that obesity is strongly asso-
ciated with low T but also low LH levels, reflecting hy-
pothalamic-pituitary-gonadal axis dysfunction or second-
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Figure 7. Effect of ORX and global AR deletion on glucose-stimulated insulin secretion and pancreatic islets. A, After a 16- to 18-hour fast, 20-
week-old male WT mice that were SHAM or ORX at 3 weeks of age and received HFD from 10 to 20 weeks of age were injected ip with 2.5-mg/g
BW glucose. Serum insulin was monitored for 30 minutes (n = 10). B, After a 16- to 18-hour fast, 20-week-old male WT and ARKO mice that
received HFD from 10 to 20 weeks of age were injected ip with 2.5-mg/g BW glucose. Serum insulin was monitored for 30 minutes (n = 7-8). C,
Pancreas sections 20-week-old male WT mice that were SHAM or ORX at 3 weeks of age and received HFD from 10 to 20 weeks of age were
stained for insulin (green) and 4’, 6’-diamino-2-phenylindole (blue). Scale bar, 200 wm. D-F, Number of islets (D), mean islet area (E), and islet area
distribution (F) in pancreas of 20-week-old male WT mice that were SHAM or ORX at 3 weeks of age and received HFD from 10 to 20 weeks of
age (n = 3). G and H, Islets from 20-week-old male WT mice that were SHAM or ORX at 3 weeks of age and received RD from 10 to 20 weeks of
age were isolated and incubated for 1 hour with 5mM (G5) or 20mM (G20) of glucose. Insulin release (G) was quantified as the percentage of
insulin secreted compared with islet insulin content (H) (n = 4). Error bars indicate SEM; *, P < .05.
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Figure 8. Effect of T and DHT supplementation on metabolic phenotype. A, BW of male WT mice that were SHAM, ORX, or ORX and treated
with T (ORX+T) or DHT (ORX+DHT) at 3 weeks of age and received HFD from 10 to 20 weeks of age (n = 5-8). B and C, Lean (B) and fat (C)
mass expressed as % of BW of 20-week-old male WT mice that were SHAM, ORX, ORX+T, or ORX+DHT at 3 weeks of age and received HFD
from 10 to 20 weeks of age (n = 5-8). D, Serum leptin levels of 20-week-old male WT mice that were SHAM, ORX, ORX+T, or ORX+DHT at 3
weeks of age and received HFD from 10 to 20 weeks of age (n = 5-8). E, left panel, After a 16- to 18-hour fast, 20-week-old male WT mice that
were SHAM, ORX, ORX+T, or ORX+DHT at 3 weeks of age and received HFD from 10 to 20 weeks of age were injected ip with 2.5-mg/g BW
glucose. Blood glucose was monitored for 2 hours (n = 5-8). Right panel, AUC was calculated for the curves of the left panel. F, left panel, After a
16- to 18-hour fast, 20-week-old male WT mice that were SHAM, ORX, ORX+T, or ORX+DHT at 3 weeks of age and received HFD from 10 to 20
weeks of age were injected ip with 2.5-mg/g BW glucose. Serum insulin was monitored for 30 minutes (n = 5-8). Right panel, AUC was
calculated for the curves of the left panel. G and H, Quantitative real-time PCR analysis of mRNA levels of PEPCK and PTP1B in liver (G) and of
GLUT4, Hk2, Pfkm, and Pdha1 in gastrocnemius muscle (H) of 20-week-old male WT mice that were SHAM, ORX, ORX+T, or ORX+DHT at 3
weeks of age and received HFD from 10 to 20 weeks of age (n = 5-8). Error bars indicate SEM; a, P < .05 compared with HFD SHAM; b, P < .05

compared with HFD ORX+T; ¢, P < .05 compared with HFD ORX+DHT.

ary hypogonadism (31, 32). Weight loss reversed the low
T levels observed in severely obese men (33).

In the present study, we therefore examined the com-
bined effect of androgen deficiency and HFD on body
composition and glucose homeostasis in 2 rodent models
of hypogonadism, ie, ORX and global AR deletion
(ARKO). Establishment of androgen deficiency from early
life on as well as developmental disruption of AR signaling

did not result in metabolic abnormalities in RD condi-
tions, but led to increased susceptibility to HFD-induced
adiposity and glucose intolerance at adult age. Impor-
tantly, seminal vesicle weight was also decreased in obese
eugonadal animals (HFD SHAM) compared with lean
controls (RD SHAM) (Supplemental Figure 1B), indicat-
ing that the relationship between obesity and T is likely
bidirectional. There are numerous reports of mouse mod-
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els which only display phenotypic abnormalities in the
presence of an additional challenge, like in this case a
HEFD. For example, male mice with hepatic AR ablation
exhibit only moderate liver steatosis when fed a standard
chow diet, but develop obesity, glucose intolerance, and
insulin resistance when fed a HFD (34). Similarly, mice
which lack one allele of eukaryotic translation initiation
factor 2A, a gene important for translation initiation,
show B-cell failure and type 2 diabetes but only when
stressed by a HFD (35). The need of experimental chal-
lenge to expose underlying phenotypes is likely due to
compensation mechanisms of the body, which tries to ac-
commodate for example androgen loss but fails to remain
in balance when an environmental triggering factor such
as HFD is added.

Three other models of global AR deletion generated by
others already show increased adiposity when fed stan-
dard chow (11, 36, 37). In contrast to these models, the
global ARKO developed by our group (12) showed no
increased adiposity when fed a standard diet (38), a find-
ing that was confirmed in this study. The reason for the
discrepancy in adiposity between the models remains cur-
rently unknown. However, it should be noted that, al-
though the first 3 models show an obese phenotype at
advanced age, phenotyping of our ARKO model was per-
formed earlier. Therefore, development of late-onset obe-
sity with standard chow cannot be excluded.

Sexual dimorphism in adipose tissue distribution, with
men carrying more intraabdominal fat compared with
women, has been proposed to be an important factor in
explaining the gender differences in metabolic risk profile
(39). However, a role for sex steroids in the regulation of
fat distribution is controversial, because hypogonadism
seems to increase adiposity in men irrespective of fat lo-
calization (40). Subcutaneous fat mass was augmented in
both ORX and ARKO mice fed a HFD. Although intra-
abdominal perigonadal fat was also increased in ORX
HFD-fed animals, HFD ARKO mice showed diminished
perigonadal fat mass compared with their WT littermates.
This is most likely linked to the impaired development of
the internal reproductive tract in ARKO mice (37). Sub-
cutaneous fat is indeed the most androgen-responsive fat
pad in rodents (41), and our histological analysis revealed
an increase in adipocyte size. Also in obese subjects, fat
accumulation is mostly due to adipocyte hypertrophy
rather than increased adipocyte number (42). To further
investigate the molecular mechanisms underlying the in-
creased adiposity in androgen-deficient HFD-fed mice, we
measured the levels of lipogenic and lipolytic genes. The
up-regulation of FAS and the down-regulation of Lipe in
sc fat of HFD ORX compared with HFD SHAM mice
indicates that the increased adiposity is due to both in-
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creased lipogenesis and decreased lipolysis. These findings
strengthen earlier studies that describe a role of androgens
in lipogenesis (11) and lipolysis (36) in more detail.

We and others observed earlier that ORX as well as
global AR deletion induces a reduction in voluntary (37,
38,43)aswell as spontaneous (36) activity. Itis most likely
that the impact of loss of androgen signaling on motiva-
tion for physical exercise may have contributed to the in-
crease in adiposity which we observed in this study. On the
other hand, the hypophagic effect of androgen deficiency
is also well documented (44). Despite a decrease in food
intake, we observed an additive increase in adiposity in
HFD ORX mice. It is tempting to speculate that the de-
crease in food intake may be a secondary consequence of
decreased physical activity. However, it is also possible
that there is a direct androgen regulation of food intake
(44). We found no evidence that androgens influence obe-
sity-induced metabolic dysregulation via heat generation
or energy expenditure.

Both ORX and global AR deletion exacerbated glucose
intolerance in the HFD-fed groups. When compared with
the SHAM and WT controls, the glucose intolerance in
ORX and ARKO HFD-fed mice was not accompanied by
hyperglycemia or hyperinsulinemia. However, although
not significant, serum insulin tended to be higher in the
androgen-deficient HFD-fed mice in both models, point-
ing towards insulin resistance. In addition, the HOMA-IR
index was increased in HFD ARKO. Thus, our data sug-
gest that androgen deficiency potentiates the HFD-in-
duced glucose intolerance via an impairment of insulin
action. The latter was confirmed by the increased triglyc-
eride and lowered glycogen content in skeletal muscle and
liver observed by us and others (45-47). Increased expres-
sion of PEPCK, a key regulator of hepatic gluconeogenesis
which is suppressed by insulin, in liver of HFD ORX mice
further evidenced the hepatic insulin resistance. Muscular
insulin resistance on the other hand was confirmed by the
decreased expression of key regulator genes of glucose
uptake and use in muscle of androgen-deficient HFD-fed
mice compared with controls. However, we show that
muscle-specific AR deletion alone does not worsen the
HFD-induced metabolic alterations. On the other hand, it
has been shown that liver-specific (34) and adipocyte-spe-
cific (48) AR ablation are sufficient to exacerbate the
HFD-induced adiposity and glucose intolerance.

In line with their increased fat mass and insulin resis-
tance, HFD ORX mice displayed strongly decreased cir-
culating levels of adiponectin. Obesity and T2D are asso-
ciated with hypoadiponectinemia (49). The relation
between androgen status and adiponectin levels is how-
ever less clear. Inverse association between serum andro-
gen and adiponectin has been demonstrated both in mice
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and humans (50, 51), which is not in agreement with our
results, but not all studies concur. Indeed, 2 cross-sectional
studies report a positive correlation between serum T and
adiponectin (52, 53).

Insulin secretion in response to a glucose challenge was
markedly reduced in both androgen-deficient models fed
a HFD compared with the controls. In islets isolated from
RD SHAM and RD ORX mice, which do not show met-
abolic alterations, glucose-stimulated insulin release was
however similar, suggesting that the pancreatic g-cell fail-
ure observed in androgen-deficient HFD-fed animals is
likely an indirect consequence of the peripheral insulin
resistance. However, a direct effect of androgen deficiency
in promoting insulin secretory defect cannot be totally
excluded. Indeed, ex vivo stimulation of rat pancreatic
islets with T leads to an increase in insulin secretion (54).

We investigated whether the above-mentioned meta-
bolic effects of hypogonadism could be reversed by an-
drogen replacement with T or DHT. Interestingly, the cas-
tration effects on body composition, serum leptin, glucose
tolerance, and pancreatic insulin secretion were restored
by T but not DHT supplementation. This confirms other
studies in obese or diabetic mouse models demonstrating
the importance of T aromatization. Indeed, male mice
lacking the aromatase gene show increased adiposity, hy-
perglycemia, as well as insulin resistance (55, 56). Accord-
ingly, treatment of castrated mice with combined T and
aromatase inhibitor increased fat mass compared with T
treatment alone (57). In men also, several lines of evidence
underline the importance of aromatization for the effects
of androgens on body composition and glucose homeo-
stasis. A recent study for instance shows that T suppres-
sion in men increases fat mass due to loss of substrate for
aromatization (40). Hence, aromatizable androgens are
preferable if treatment of hypogonadal men with obesity
and/or T2D is considered.

In summary, androgen deficiency per se has no delete-
rious effects on metabolic parameters, but potentiates
HFD-induced metabolic alterations, including increased
adiposity, impaired glucose tolerance, and decreased in-
sulin secretion and sensitivity. When translated to hu-
mans, this indicates that endogenous hypogonadism as
well as androgen deprivation therapy may accelerate the
development of metabolic syndrome in men, although this
may be avoided with a healthy diet. Our findings may have
implications for the prevention of metabolic alterations in
hypogonadal men.
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