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ARTICLE INFO ABSTRACT

Aims: Although anabolic steroids (AS) and trans-fatty acids overload exerts systemic toxicity and are in-
dependent risk factors for metabolic and cardiovascular disorders, their interaction remains poorly understood.
Thus, we investigated the impact of a diet rich in trans-fatty acids (HFD) combined with AS on glycemic control,
lipid profile, adipose tissue, skeletal muscle and pancreas microstructure and expression of genes involved in
energy metabolism.

Main methods: Forty-eight C57BL/6 mice were randomized into 6 groups treated for 12 weeks with a standard
diet (SD) or a diet rich in C18:1 trans-fatty isomers (HFD), alone or combined with 10 or 20 mg/kg testosterone
cypionate (AS).

Key findings: Our results indicated that AS improved glycemic control, upregulated gene expression of Glut-4 and
CPT-1 in skeletal muscle, FAS, ACC and UCP-1 in adipose tissue. AS also reduced total and LDL cholesterol in
mice fed a SD. When combined with the HFD, AS was unable to induce microstructural adaptations in adipose
tissue, pancreatic islets and B-cells, but potentiated GCK and Glut-2 (pancreas) and Glut-4 and CPT-1 (skeletal
muscle) upregulation. HFD plus AS also downregulated FAS and ACC gene expression in adipose tissue.
Combined with HFD, AS increased triacylglycerol circulating levels, improved insulin sensitivity and glycemic
control in mice.

Significance: Our findings indicated that HFD and AS can interact to modulates glycemic control and lipid profile
by a mechanism potentially related with a reprogramming of genes expression in organs such as the pancreas,
adipose tissue and skeletal muscle.
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1. Introduction

Dyslipidemias are metabolic disturbances with increasing incidence
and prevalence worldwide [1,2]. These conditions have been closely
correlated with several metabolic (i.e., obesity, diabetes mellitus, and
non-alcoholic fatty liver disease) and cardiovascular (ie., athero-
sclerosis, systemic arterial hypertension, myocardial infarction, and
cardiac insufficiency) diseases, which are potentially preventable
causes of death in general population [3,4]. Dyslipidemias exhibit a
complex and multifactorial etiology, in which genetic determinants are

central mediators of the lipid metabolism that orchestrate the patho-
physiology of these diseases [5,6]. However, by acting as genetic
modulators, environmental factors such as dietary habits and exposition
to hormonal drugs are also implicated in dyslipidemias development
[2,3].

Inadequate eating habits, with excessive ingestion of highly pro-
cessed foods rich in carbohydrates and fats have been strongly im-
plicated with the establishment of a low-grade and chronic pro-oxidant
and pro-inflammatory status and the increased occurrence of a broad
spectrum of metabolic diseases [7,8]. While dietary polyunsaturated
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fatty acids can be beneficial to control lipid metabolism and cardio-
vascular risk, excessive intake of saturated fatty acids has been asso-
ciated with a pro-inflammatory status, marked insulin resistance, and
increased incidence of dyslipidemia and non-alcoholic fatty liver dis-
ease (NAFLD) [9,10]. These effects are mediated by differential mod-
ulation of lipid-sensitive genes, including sterol regulatory element-
binding proteins (SREBPs), acetyl-CoA carboxylase (ACC) and fatty acid
synthase (FAS) [6,11,12]. Although gene modulation by poly-
unsaturated lipids is consistently characterized [11,12], the impact of
trans-fatty acids on glucose metabolism pathways is still poorly un-
derstood [7].

Just like diets, steroid hormones exert a profound impact on energy
metabolism [13]. This influence can be clearly observed throughout
ageing and in cases of gonadal dysfunction and hormonal reposition, in
which variations in hormone levels are often accompanied by changes
in glucose homeostasis and lipid profile [14,15]. Anabolic steroids,
especially testosterone analogues, were primarily developed for the
treatment androgenic deficiencies, aplastic anaemia, growth disorders,
and chronic diseases associated with cachexia [16]. However, these
drugs have been used for aesthetic and athletic purposes to reduce fat
mass, increase lean mass and athletic performance [14,17]. Due to the
use of supraphysiological doses, hepatotoxicity, lipid profile disorders,
atherosclerosis, heart failure and high mortality have been frequently
reported in chronic users of these drugs [18,19]. There is evidence that
by increasing the activity of hepatic triglyceride lipase, testosterone
analogues reduce high-density [17,20] and increase low-density lipo-
proteins level, potentiating the risk of atherosclerosis and cardiovas-
cular events [14].

Surprisingly, although high-fat diets (HFD) and anabolic steroids
are independent risk factors for metabolic disorders, it is not yet un-
derstood if and how these factors can interact to modify organs struc-
ture, gene expression and energy metabolism. In a recent study, was
reported that AS upregulates hepatic genes and determines a circulating
and tissue lipid profile favourable to the development of NAFLD in-
duced by HFD [21]. Considering a more comprehensive analysis of
multiple organs involved in energy metabolism, we used a similar
preclinical model to investigate the impact of a diet rich in trans-fatty
acids and AS alone or combined on glycemic control, peripheral insulin
resistance, lipid profile, microstructure and expression of genes in-
volved in glucose and lipid metabolism in pancreas, adipose tissue, and
skeletal muscle.

2. Material and methods
2.1. Animals, diets and treatments

Female 12 weeks-old C57BL/6 mice were kept in controlled en-
vironmental conditions (temperature 22 = 2°C, air humidity 60-70%
and 12/12 h daily light/darkness cycles). The animals were randomized
into 6 groups with 8 animals in each group. The groups fed a normo-
lipidic diet received a standard diet (SD) alone or combined with the
anabolic steroid testosterone cypionate at 10 mg/kg (SD + AS10) or
20 mg/kg (SD + AS20). The groups fed a hyperlipidic diet were treated
with HFD alone or combined with testosterone cypionate at 10 mg/kg
(HFD + AS10) or 20 mg/kg (HFD + AS20). Female animals were se-
lected because of their low endogenous levels of androgenic steroids.
Diet composition and energy values are presented in Table 1. Diet and
water were provided ad libitum for 12 weeks. Diet intake, energy intake
and body mass were weekly registered. Testosterone cypionate (De-
posteron, EMS, Hortolandia, SP, Brazil) was administered by in-
traperitoneal injection every 48 h for 12 weeks. Testosterone doses were
selected as they were effective in modulating hepatic gene expression
and lipid metabolism in a previous study with female mice [21].
Twenty-four hours after the last treatment, the animals were euthanized
by profound anaesthesia (250 mg/kg tribromoethanol, i.p.) and ex-
sanguination. All visceral adipose tissue deposits (inguinal, periovarian,
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Table 1

Diet composition and profile of trans-fatty acids used in the experimental diet.
Composition (g/kg) SD HFD
Casein 140 70
Corn starch 560.7 206.7
Sucrose 100 50
Soy oil 100 -
Hydrogenated fat including (% of total fatty acids) - 600
C18:1 5 trans 0 0.036205
C18:1 6-9 trans 0 10.09841
C18:1 10 trans 0 5.54772
C18:1 11 trans 0 4.720575
C18:1 12 trans 0 3.272375
C18:1 13 trans 0 2.10546
C18:1 14 trans 0 1.306165
C18:1 15 trans 0 0.50687
C18:1 16 trans 0 0.259005
Total fibers 50 25
Vitamin mix 10 10
Mineral mix 35 35
1-Cysteine 1.8 1.8
Choline 2.5 2.5
Total (g) 1000 1000
Energy (kcal/kg) 3713 5802
Carbohydrate (%) 71 28
Protein (%) 14 7
Lipid (%) 10 60

SD, standard diet; HFD, high-fat diet.

retroperitoneal, and mesenteric) were collected and weighed. The study
was approved by the Institutional Ethics Committee on Animals Re-
search (Protocol: 579/2014).

2.2. Characterization of dietary trans-fatty acids by gas chromatography

As the HFD contained partially hydrogenated vegetable oil (PHVO),
detailed analysis of trans-fatty acids was carried out. To remove im-
purities, lipids from the PHVO were extracted using chloroform/me-
thanol [22]. Lipids were derivatized as fatty acids methyl esters (FAME)
according to a two-step procedure using NaOH (0.5 M in methanol) and
BF; [23]. FAMEs were then extracted twice with pentane and NaCl
(0.9%). AgNOs-thin layer chromatography was subsequently performed
to separate cis and trans-FAME as previously described [24]. Finally,
trans-FAME were analyzed with an Agilent 7890 N gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) equipped with a bonded
fused silica capillary column (BPX90; 100m X 0.25mm, 0.25pm
thickness; SGE Analytical Science, Melbourne, Australia). The tem-
perature program started at 120°C for 120 min, then increased to
260 °C at 10°C/min and held for 10 min. Helium was used as carrier
gas. Mass spectra were recorded with an Agilent 5975C MSD (Agilent
Technologies). The mass spectrometer was operated under electron
impact ionization conditions (electron energy 70 eV, source tempera-
ture 230 °C). Data were obtained in full-scan mode with a mass range of
m/z 50-550 amu. Identification of peaks relied on previously published
analysis of PHVOs [25]. Peak integration was accomplished with
MassHunter Workstation Software, Qualitative Analysis, version
B.07.00 (Agilent Technologies).

2.3. Plasmatic triacylglycerol and cholesterol levels
Triacylglycerol, total cholesterol, LDL and HDL cholesterol levels
were quantified in plasma by spectrophotometer by using commercial

kits and the instructions provided by the manufacturer (Bioclin, Belo
Horizonte, Minas Gerais, Brazil) [26].

2.4. Glucose and insulin tolerance tests

The oral glucose tolerance test (OGTT) was performed with all
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Table 2

Dietary intake and body mass in control mice and those treated with high-fat diet and anabolic steroid.
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Parameters Initial body mass (g) Final body mass (g) Visceral fat (g) Diet intake (g/g mass/day) Energy intake (kj/g mass/day)
SD 20.55 + 2.57% 29.11 + 1.41° 3.01 £ 0.56" 0.25 * 0.09% 3.88 + 1.40°

SD + AS10 20.90 + 2.66% 28.72 + 1.62° 3.08 + 0.44° 0.27 + 0.07° 4.19 + 1.09°

SD + AS20 19.11 + 1.73° 32.95 + 2.34° 2.93 * 0.51* 0.31 * 0.08% 4.81 = 1.24*°

HFD 19.70 + 2.607 28.23 + 2.50% 3.17 * 0.60% 0.26 * 0.05% 6.31 + 1.21%¢

HFD + AS10 20.15 + 2.52% 28.15 + 1.55% 3.05 + 0.53% 0.29 * 0.08* 7.04 + 1.94¢

HFD + AS20 20.63 + 1.70% 29.27 + 2.40% 2.98 * 0.49% 0.27 * 0.06* 6.55 + 1.50°

SD = standard diet, HFD = high-fat diet, AS10 and 20 = anabolic steroid testosterone cypionate administered at 10 and 20 mg/kg. ® ™ “Different letters in the
columns indicate statistical difference between groups (P < 0.05), and groups with the same letter are statistically similar (P > 0.05).

Table 3
Plasma biochemical parameters in control mice and those treated with high-fat
diet and anabolic steroid.

Groups/parameters Glucose (mmol/L) Insulin (pmol/L) HOMA-IR index
SD 10.25 + 0.91° 150.69 + 5.63" 68.57 + 4.98°
SD + AS10 10.16 * 0.56% 149.64 * 2.93°  67.52 * 3.49%
SD+ AS20 9.59 + 0.85° 135.25 + 3.90° 54.17 + 5.00°
HFD 7.24 = 0.62° 130.59 + 4.48"  49.23 + 4.24°
HFD + AS10 7.48 + 0.62° 119.25 + 1.84° 39.66 + 3.57¢
HFD + AS20 7.74 + 0.79° 112,67 * 2.06¢ 38.77 + 3.92¢
HOMA-IR = homeostasis model assessment of insulin resistance,

SD = standard diet, HFD = high-fat diet, AS10 and 20 = anabolic steroid tes-
tosterone cypionate administered at 10 and 20 mg/kg. * > © 9Different letters in
the lines indicate statistical difference between groups (P < 0.05), and groups
with the same letter are statistically similar (P > 0.05).

animals fasted for 16 h, without water restriction. Then, anhydrous
glucose (3 g/kg of body weight) diluted in 1 mL of distilled water (w/v)
was administered by gavage. Blood samples were collected by tail vein
puncture at 0 (fasting glucose), 30, 60, 90 and 120 min and blood
glucose was measured by a glucose oxidase method (OneTouch Ultra,
Jonson & Jonson, CA, USA). The area under the blood glucose response
curve (AUC) was calculated for each animal using the trapezoidal
method [27].

Insulin tolerance test (ITT) was performed 48 h after OGTT, with all
animals fasted for 2 h. The animals were injected subcutaneously at the
back of the neck with 0.5 units/kg insulin (Biochemica, Florida, USA)
and the blood glucose measured at 0, 30, 60, 90 and 120 min. by the
same glucose oxidase method. The ratio of glucose decayment constant
(KITT) was calculated using the relation 0.693/(T1/2), where T1/2 of
plasmatic glucose was determined through the inclination of the glu-
cose curve during its phase of linear decayment (0-30 min) [28].

2.5. Blood glucose and insulin resistance

Blood glucose was measured by a glucose oxidase method using a
handheld glucometer (Accutrend Plus, Roche, WI, USA). Plasma insulin
levels were determined by Enzyme-Linked Immunosorbent Assay
(ELISA) by using a commercial kit and the instructions provided by the
manufacturer (Cayman Chemical, Ann Arbor, MI, USA). The home-
ostasis model assessment of insulin resistance (HOMA-IR) was calcu-
lated as (insulin [mU/I] x glucose [mmol/1]) /22.5 to assess insulin
resistance. All parameters were measured after 6 h of fasting [29].

2.6. Pancreas microstructure and f3-cells histochemistry

The pancreas samples were fixed in 10% paraformaldehyde for 48 h
at room temperature. After inclusion in paraffin, sections with 4-um
thickness were obtained with a 200 um interval to avoid evaluating the
same histological field. The sections were stained with an aldehyde-
fuchsine histochemical method for p-cells [28]. The number of pan-
creatic islets and B-cells was directly counted from 100 random non-
coincident histological fields obtained with a magnification of 50 X

(total area = 3.08 x 10°um?) and 400 x (total
area = 3.85 x 10*um?), respectively. The total tissue area and islet
area were directly measured using a computational contour function
[28]. The number density of pancreatic islets per histological area (n/
mm?) and B-cells per islet area (cells/m?) were estimated by dividing
the number of pancreatic islets by the total tissue area, and f-cells
number by the islet cross-sectional area, respectively. The proportion of
B-cells was estimated as the mean values obtained by two computa-
tional method based on RGB histogram [30,31] and colour segmenta-
tion function [32]. The volume (V) of pancreatic islets was estimated by
the prolate (P) spheroid method according to the formula VP = (4/
3) x a®b; where a is the equatorial (minor) radius a and b is the polar
(major) radius of the islet cross-sectional profile [33]. The Image Pro-
Plus 4.5 (Media Cybernetcs, Silver Spring, MD, USA) and ImageJ [32]
image analysis software were used in all quantifications [28].

2.7. Adipose tissue and skeletal muscle microstructure

Mesenteric adipose tissue and skeletal muscle (tibialis anterior)
samples were fixed in 10% paraformaldehyde for 48 h at room tem-
perature. After inclusion in 2-hydroxyethyl methacrylate resin, sections
with 3-um thickness were obtained with a 200-um interval to avoid
evaluating the same histological field. Skeletal muscle was stained with
toluidine blue and basic fuchsine, while adipose tissue sections were
stained with toluidine blue alone. The slides were mounted and digital
images were obtained using a bright field photomicroscope
(AxionVision Al, Carl Zeiss, Germany). The number of histological
fields used to analyze tissue microstructure was based on the method of
stabilization of the coefficient of variation [28]. Thus, 100 random non-
coincident histological fields in each group and tissue were randomly
obtained and analyzed with a X 40 objective lens, in a total test area
(At) of 3.64 x 10°um> The morphological analysis was performed
using the Image Pro-plus 4.5 software (Media Cybernetcs, Silver Spring,
MD, USA) [34].

2.8. Adipose tissue and skeletal muscle stereology

The stereological method was used in the microstructural analysis of
adipose tissue and skeletal muscle. In this method, a 200-points (P)
test system was applied in a standard test area (A7) of 73 x 10° um?
[35,36]. The volume density (Vv, %) occupied by skeletal myocytes
(MI) and connective tissue (CT) was estimated as Vv = Pp/Pr; where Pp
is the number of points hitting MI or CT [34]. The number density (Qa)
of unilocular adipocytes (AP) was estimated as Qa ap = ZAP/A+; where
IC is the number of interstitial cells and AP is the number of adipocytes
counted in the test area. The area of adipocytes was directly measured
from a contour function. The diameter of skeletal myocytes was de-
termined by linear planimetry. The image analysis software Image Pro-
plus 4.5 (Media Cybernetcs, Silver Spring, USA) was used in all analysis
[34].
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Fig. 1. Glucose tolerance and insulin tolerance tests in mice treated with standard diet (SD) or high-fat diet (HFD) and the anabolic steroid (AS) testosterone
cypionate. GTT = glucose tolerance test, ITT = insulin tolerance test, AUC = area under the glucose curve in GTT, Kirp = glucose decay rate in ITT, AS10 and
20 = anabolic steroid testosterone cypionate administered at 10 and 20 mg/kg. Different letters (a,b,c) in the columns denote statistical differences among the groups

(P < 0.05), and groups with the same letter are statistically similar (P > 0.05).

2.9. Gene expression in pancreas, adipose tissue and skeletal muscle

Acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS), and un-
coupling protein 1 (UCP-1) gene expression was determined in brown
adipose tissue (BAT - collected in the interscapular area). Glucokinase
(GCK) and glucose transporter 2 (Glut-2) expression were evaluated in
the pancreas. Glucose transporter 4 (Glut-4) and carnitine palmitoyl-
transferase 1 (CPT-1) mRNA expression were analyzed in skeletal
muscle (tibialis anterior). The expression of all target genes was eval-
uated by real-time quantitative PCR (qQRT-PCR) according to Yessoufou
et al. [37]. Briefly, cDNA was obtained using a commercial reverse
transcription kit (ThermoFisher Scientific Waltham, MA, USA) and the
manufacturer's instructions. All primers used were previously validated
[37-41]: FAS forward 5-AGTGTCCACCAACAAGCG-3’, reverse 5-GAT
GCCGTCAGGTTTCAG-3; ACC forward 5-CCACACTGAACCGGAAA
TCT-3’, reverse: 5-ATTTGTCGTAGTGGCCGTTC-3’; GCK forward
5’-AGAAGGCTCAGAAGTTGGAGAC-3’, reverse 5-GGATGGAATACATC
TGGTGTTTCG-3; Glut-2 forward 5-TGTGGTGTCGCTGTTTGTTG-3’,
reverse 5-AATGAAGTTTGAGGTCCAGTTGG-3’; Glut-4 forward 5-AAA
AGTGCCTGAAACCAGAG-3/, reverse 5’-TCACCTCCTGCTCTAAA
AGG-3; CPT-1 forward 5’-TCTTGCAGTCGACTCACCTT-3’, reverse
5-TCCACAGGACACATAGTCAGG-3’; and GAPDH forward 5-TGCGAC
TTCAACAGCAACTC-3’, reverse 5-GCCTCTCTTGCTCAGTGTCC-3'.

qPCR reactions used SYBR Green PCR Mastermix (Applied Biosystems,
Carlsbad, CA, USA) and the manufacturer's instructions. The relative
mRNA expression was determined using the AACt method, in which
AACt = ACt of the target gene —ACt of GAPDH. ACt = Ct of group of
interest — Ct of the control group. Relative quantity (RQ) was calcu-
lated as RQ = (1 + E)(—AACt).

2.10. Statistical analysis

Results were expressed as mean and standard deviation
(mean * SD) or median and interquartile intervals. Data distribution
was evaluated by D'agostino-Pearson test. Data with normal distribu-
tion were submitted to two-way analysis of variance (two-way ANOVA)
followed by Student-Newman-Keuls (SNK) post hoc test. Nonparametric
data were compared by Kruskal-Wallis test. A P value <0.05 indicated
a statistical difference in all tests.

3. Results

Diet composition of the experimental diets is detailed in Table 1.
Nine C18:1 trans isomers were identified in HFD, which are usually
found in partially hydrogenated oils commercially available.

All groups presented similar initial body mass, visceral fat mass and
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Fig. 2. Quantification of (-cells marked in pancreatic islets by insulin histochemistry in mice treated with standard diet or high-fat diet and the anabolic steroid
testosterone cypionate. (A) Microscopic image of the pancreas with a Langerhans islet in a central position and -cells marked in dark blue colour. (B) Analysis of (3
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Table 4

Microstructural pancreatic parameters in control mice and those treated with high-fat diet and anabolic steroid.

Groups/parameters Islets (n/mm?) Islets (um®) x 10° B-Cell (n/mm?) B-Cell (%y/islet area)
SD 0.83 = 0.25% 2.27 + 0.40? 10,413 + 4579% 4598 + 15.31°
SD + AS10 0.90 = 0.36* 2.35 = 0.48* 11,559 + 5123* 49.63 + 16.28
SD + AS20 0.85 + 0.29% 2.61 + 0.41% 10,601 + 59272 47.39 + 16.83°
HFD 0.94 + 0.47° 2.68 = 0.55% 12,328 + 4833 50.02 + 14.55%
HFD + AS10 0.90 = 0.52% 2.71 = 0.57* 12,916 + 6141 52.19 + 15.62°
HFD + AS20 0.88 + 0.40% 2.79 + 0.62% 12,159 + 56117 50.27 + 17.01°

SD = standard diet, HFD = high-fat diet, AS10 and 20 = anabolic steroid testosterone cypionate administered at 10 and 20 mg/kg. The same letter (a) in the columns

indicate that the groups are statistically similar (P > 0.05).

diet intake (P > 0.05). Final body mass was higher in the group
SD + AS20 compared to the other groups (P < 0.05). Energy intake
was similar in the groups SD, SD + AS10, and SD + AS20 (P > 0.05),
but higher in the groups HFD, HFD + AS10 and HFD + AS20
(P < 0.05), Table 2.

The group SD + AS20 exhibited similar plasma glucose levels but
reduced insulin and HOMA-IR index compared to the groups SD and
SD + AS10 (P > 0.05). Animals concomitantly treated with HFD,
especially those receiving AS, had a marked reduction in glucose and
insulin plasma levels, and HOMA-IR index compared to the other
groups (P < 0.05), Table 3.

Glucose kinetics in GTT and ITT was changed in the group
SD + AS20 and all groups treated with HDF (Fig. 1). In GTT, the

increase in blood glucose was less pronounced and the area under the
glucose curve was reduced in the group SD + AS20 and in animals
receiving the HFD, especially in combination with AS (P < 0.05).
Conversely, these animals exhibited rapid and pronounced blood glu-
cose decay rate (Kyrp) in ITT and compared to all the groups SD and
SD + A10 (P < 0.05).

Pancreatic islets were analyzed and p-cells were quantified from a
computational method detailed in Fig. 2. From the histochemical
method, pancreatic islets were well-defined and p-cells exhibited a high
resolution, which was required for the quantitative analysis. The mi-
crostructural quantitative analysis indicated that the number and vo-
lume of pancreatic islets, as well as the number and distribution of -
Cell in pancreatic islets, was similar in all groups (P > 0.05), Table 4.
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Fig. 3. Gene expression in the pancreas of mice treated with standard diet (SD)
or high-fat diet (HFD) and the anabolic steroid (AS) testosterone cypionate.
ACC = acetyl-CoA carboxylase, FAS = fatty acids synthase, Glut-2 = glucose
transporter 2, GCK = glucokinase, AS10 and 20 = testosterone cypionate ad-
ministered at 10 and 20 mg/kg. Different letters (a, b, c) in the columns denote
statistical differences among the groups (P < 0.05), and groups with the same
letter are statistically similar (P > 0.05).

In the pancreas, Glut-2 and GCK gene expression was increased in all
groups treated with HFD, especially HFD + AS10 and HFD + AS20
compared to the other groups (P < 0.05). These genes presented si-
milar expression in the groups treated with SD alone or combined with
AS (P > 0.05), Fig. 3.

The microscopic examination indicated a well-organized muscular
structure in all groups analyzed, in which were observed well-delimited
skeletal myocytes and reduced interstitial cellularity. Muscle mass,
parenchymal distribution and myocytes diameter were increased in the
groups SD + AS20 compared to the other groups (P < 0.05), which
exhibited similar morphological parameters (P > 0.05), Fig. 4.

In skeletal muscle, Glut-4 and CPT-1 gene expression were similarly
increased in the groups SD + AS20 and HFD, and even more upregu-
lated in HFD + AS10 and HFD + AS20 compared to the other groups
(P < 0.05), Fig. 5.

The groups HFD, and especially HFD + AS10 and HFD + AS20 ex-
hibited increased triacylglycerol and reduced HDL cholesterol plasma
levels compared to the other groups (P < 0.05), which were similar
between them (P > 0.05). Total cholesterol was reduced in the group
SD + AS20 compared to the other groups (P < 0.05). LDL cholesterol
was reduced in the groups SD + AS10 and SD + AS20 compared to the
other groups (P < 0.05), Table 5.

Morphological analysis of adipose tissue is shown in Fig. 6. The
number and area of adipocytes were similar in all groups investigated
(P > 0.05).

Compared with the groups SD and SD + AS10, FAS and ACC gene
expression in white adipose issue were increased in the group
SD + AS20 (P < 0.05) and reduced in all groups receiving the HFD,
especially those concomitantly treated with AS (P < 0.05). In brown
adipose tissue, animals in the groups SD + AS10, SD + AS20 and HFD
exhibited increased UCP-1 gene expression compared the group SD
(P < 0.05). This gene was even more upregulated in the groups
HFD + AS20 and HFD + AS10 compared to the other groups
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(P < 0.05). (See Fig. 7.)
4. Discussion

Considering that HFD and AS are isolated risk factors for metabolic
diseases, it is surprising that the interaction between them is system-
atically neglected and poorly understood. For the first time, we ob-
served clear evidence that HFD and AS combined exerts a profound
influence on lipid and glucose metabolism in multiple organs. Our
findings indicated that HFD and AS treatment was not associated with
microstructural adaptations in the pancreas and adipose tissue, but
induced mild remodelling in skeletal muscle. Only animals treated with
SD combined with the highest dose of AS exhibited increased body
mass. As diet and energy intake were similar or increased in the other
groups, our findings were consistent with a dose-dependent effect of AS
on feed efficiency in animals receiving the SD. However, this effect was
not observed in mice treated with HFD, indicating that diet composition
exerts a central role on the anabolic effect of AS. Despite the higher
lipid and energy content, adjusted protein levels are essential to support
general body growth [42,43]. There is evidence that in response to
protein deficiency occurs a metabolic deviation of amino acids to en-
sure the homeostatic function of vital organs (e.g., brain, heart, and
liver), at expense of reduced body growth [42,43]. As protein synthesis
is the main effect of AS [16,44], it is not surprising that unbalanced
diets block the anabolic effect in animals treated with testosterone cy-
pionate. As all groups exhibited similar visceral fat mass and micro-
structural characteristics of the adipose tissue, the general body growth
was independent of visceral fat accumulation in the group SD + AS20,
and potentially related to increased lean mass.

Beyond the impact on body growth, HFD and AS alone and espe-
cially combined exerted a profound impact on glycemic control. Thus,
key genes involved in energy metabolism in the pancreas, skeletal
muscle and adipose tissue were investigated. Glut-4 is involved in
glycemic control by acting as insulin-dependent glucose transporter
highly expressed in cardiac and skeletal myocytes. Glut-4 participates
of the cellular metabolic control, and its increased expression is asso-
ciated with intense glycolytic or oxidative pathways responsible for
energy generation and improved insulin sensitivity [45,46]. By transfer
long-chain fatty acids into the mitochondria, CPT-1 plays an important
role in energy metabolism by stimulating S-oxidation [47,48]. Due to
malonyl-CoA accumulation, physiological hyperglycemia and hyper-
insulinemia inhibit CPT-1 and fat oxidation. Thus, fatty acids in excess
are esterified determining increased triacylglycerol accumulation in
skeletal muscles, which is associated with increased insulin resistance
[47]. In addition, UCP-1 is highly produced in BAT and is directly in-
volved in energy metabolism by uncoupling oxidative phosphorylation
to produce heat instead of chemical energy (ATP) [49]. There is evi-
dence that the higher UCP-1 levels are associated with a protective
phenotype against diabetes and obesity [49,50]. BAT is an insulin-
sensitive tissue that beyond glucose, also use fatty acids for thermo-
genesis, indicating a regulatory role of this tissue on body adiposity,
glucose homeostasis and insulin sensitivity in animals and humans
[501.

From similar microstructural characteristics in all groups, morpho-
logical abnormalities in pancreatic islets were unable to explain the
changes in glycemic control induced by AS in HFD-treated mice.
However, animals treated with HFD alone also exhibited increased Glut-
2 and GCK gene expression in pancreas, especially when combined with
AS. Thus, it is possible that together with Glut-4, CPT-1 and UCP-1 gene
expression, Glut-2 and GCK genes in pancreas are additionally activated
to improve the glycemic control in animals treated with HFD, a me-
chanism potentially reinforced by AS that requires further investiga-
tion. Glut-2 is a facilitated diffusion glucose transporter highly ex-
pressed in the plasma membrane of pancreatic 3-cells in animals and
humans [51,52]. This transporter regulates cellular glucose uptake and
its inactivation suppresses glucose-mediated insulin secretion (GMIS) in
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rodent pancreas, determining early postnatal death in mice [51,52].
Glucose uptake by Glut-2 is required as the first step in the metabolic
signalling pathway that regulates GMIS, which is also dependent on
GCK [52]. GCK is a low-affinity glucose-phosphorylating enzyme ex-
pressed in pancreatic f3-cells and hepatocytes. In -cells, GCK acts as a
signal-recognizing enzyme sensitive to small variations in blood glu-
cose, determining glucose phosphorylation and glycolysis activation,
increasing ATP/ADP ratio, as well as the activation of ATP-sensitive K
+ and Ca®* channels, which triggers the insulin granules exocytosis
[51,52].

In a previous study, Kim et al. [53] reported that rats treated with
an isocaloric HFD for 10 weeks exhibited 50% reduction in insulin
plasma levels, Glut-2 and GCK mRNA, suggesting impaired signal
transduction mechanism in pancreatic p-cells compared with animals
receiving a high-carbohydrate diet. However, Reimer and Ahrén [54]
showed that even in the absence of morphological adaptations in
pancreatic islets and f-cell, 8 weeks of HFD were enough to increase
GMIS, indicating a functional compensatory mechanism not observed 1
an 4 weeks of dietary intervention. Winzell et al. [55] also reported
impaired insulin response 1 week after administration of a 30% fat diet,
which was adaptively improved after 16 weeks. Considering the same
principle applied in our model, Kennedy et al. [56] also indicated that
mice eating a low-carbohydrate/HFD failed to gain body mass, despite
the high energy density of the diet. In this study, these animals also
exhibited reduced insulin plasma levels and improved glucose toler-
ance, a finding attributed to changes in Glut-2 and GCK gene expression.

Divergent results of gene expression and glycemic control have been
reported following the exposition to HFD [53,55]. Kim et al. [57] in-
dicated that short-term HFD feeding reduced Glut-4 gene expression
and impaired glucose metabolism in C57BL/6 mice. However, long-

term HFD reduced glucose and insulin plasma levels and improved the
glycemic control, which was correlated with an adaptive increase of
Glut-4 gene expression. In addition, while high glycemic load and glu-
cose oxidation is related to reduced CPT-1 levels, fasting stimulates
CPT-1 production and activity, improving fat oxidation and insulin
sensitivity in animals and humans [58]. As the malonyl CoA content of
rat skeletal muscle increases with carbohydrate intake, low-carbohy-
drate HFD is effective to increases S-oxidation, with an effect poten-
tially mediated by the increased CPT-1 production and activity [58].
Although detailed mechanism by which CPT-1 modulates glucose me-
tabolism is poorly understood, it has been suggested that long-chain
fatty acyl-CoA and its conversion in diacylglycerol might modulate the
activity of protein kinase C and phosphatidylinositol 3-kinase, im-
pairing the phosphorylation of insulin receptor substrate 1 (IRS-1),
Glut-4 translocation to cell membrane and the insulin signalling cas-
cade [48]. Conversely, due its central role in stimulating S-oxidation
[58] increased CPT-1 muscle expression was expected in HFD-treated
animals, representing an adaptive mechanism in response to high lipid
loads, which was also observed by Collino et al. [59] in mice treated for
12 weeks with HFD. Although a similar response was be induced by the
steroid alone, the combination with HFD enhanced CPT-1 gene ex-
pression, indicating a complex interaction in the modulation of muscle
energy metabolism that requires further clarification.

In addition to the impact of HFD on energy metabolism, the highest
dose of AS improved glycemic control by reducing insulin resistance in
SD-treated animals. AS also potentiated insulin sensitivity already ob-
served in mice treated with HFD alone. Reduced insulin resistance was
not surprising in animals receiving a low-carbohydrate HFD, especially
considering that increased expression and sensitivity of insulin re-
ceptors in peripheral tissues are a typical metabolic adjustment to
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improve glucose uptake [57]. In this sense, reduced insulin plasma le-
vels detected were also consistent with increased Glut-4 and CPT-1 gene
expression in skeletal muscle and UCP-1 expression in brown adipose
tissue, indicating that AS can modulate insulin resistance and glucose
metabolism in animals treated with SD and HFD. This effect was clearly
observed from glucose and insulin tolerance tests, in which animals
treated with HDF and AS combined showed more efficient and faster
glycemic control than animals treated with SD or HFD alone. As Glut-2
and GCK gene expression was unaffected in the pancreas of animals
treated with SD alone or combined with AS, the improved glycemic
control in AS-treated animals was potentially related to the increased
gene expression in skeletal muscle and adipose tissue.

As a systematically neglected issue, the impact of AS alone and
especially combined with HFD on gene expression and carbohydrate
metabolism remains poorly understood. Therefore, our findings on
glucose metabolism were interpreted considering an interaction be-
tween diet and steroid hormones with similar chemical properties,
especially sexual hormones. In this sense, increased expression and
synthesis of Glut-4 was reported rat cardiac myocytes treated with
testosterone, indicating that Glut-4 in directed involved in the improved
glucose uptake induced by androgen [60]. High levels of steroid

Table 5
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hormones such as estradiol and progesterone are also associated with
increased insulin gene expression, GCK activity and insulin plasma le-
vels [61]. Conversely, reduced levels in these hormones attenuate K
ATP gene expression and GMIS in pancreatic islets. Apparently, this
response is mediated by the modulatory effect of sex hormones on Pdx1
and Irs2 genes, which are involved in f-cell maturation by acting as
modulators of tyrosine kinase receptors and transcription factor for the
insulin promoter gene [61]. By decrease NF-¢xB nuclear translocation,
mitochondrial cytochrome c release and caspase 9 activation, estrogens
also exert a cytoprotective effect on pancreatic islets, downregulating
apoptotic pathways in f-cells [62]. In vitro and in vivo evidence also
indicated that mice lacking androgen receptors in f3-cells exhibits de-
creased GMIS and glucose intolerance [63]. In this study, while tes-
tosterone increased insulin gene expression in pancreas, hormonal de-
pletion by gonadectomy downregulated insulin mRNA and plasma
levels. Beyond exerting a protective effect against the development of
diabetes in female non-obese diabetic mice [61], the treatment with
dehydroepiandrosterone also increases f-cells mass and GMIS in pan-
creatic islets from aged rats [64]. It has been suggested that this effect is
partially mediated by hormone-induced cAMP biosynthesis, protein
kinase A and glucagon-like peptide-1 receptor activation in pancreatic
islets, improving the glycemic control in type 2 diabetes and hypogo-
nadal men [63,65].

Together with the marked impact on glycemic control, AS reduced
total cholesterol and LDL levels in SD-treated animals, while increasing
blood triacylglycerol and reducing HDL cholesterol in HFD-treated
mice. This impact on lipid profile was dissociated from microstructural
changes in adipocytes but was potentially associated with FAS and ACC
gene expression in adipose tissue. Apparently, the upregulation of these
lipogenic genes [66,67] was not associated with elevation of circulating
lipid levels in SD-treated mice. Conversely, FAS and ACC genes were
interestingly downregulated in response to HFD alone and especially
when combined with AS, reinforcing our hypothesis that the dyslipi-
demia observed in our study was a result of dietary lipid accumulation
rather than de novo fatty acids biosynthesis. Considering that diet and
de novo lipogenesis are the two sources of fatty acids [67], it was ex-
pected that endogenous lipogenic pathways are inhibited by HFD. FAS
gene and its encoded enzyme are central lipogenic regulators, cata-
lyzing the last step of fatty acids biosynthesis from acetyl-CoA, malonyl-
CoA and NADPH [67]. The enzyme ACC (especially the isoform ACC1)
is also involved in de novo lipogenesis, catalyzing the synthesis of
malonyl-CoA [66]. As the isoform ACC2 exerts inhibitory effects on f-
oxidation, depletion of ACC2 gene has been associated with a protective
phenotype against obesity and diabetes induced by high-fat/high-car-
bohydrate diets [66]. Surprisingly, the lack of FAS is not associated
with a protective phenotype against dyslipidemia, since it exacerbates
the development of fatty diseases by increase malonyl-CoA levels and
inhibits f-oxidation [66]. Long-chain polyunsaturated fatty acids
(PUFA) exhibit strong inhibitory effects on FAS and ACC [67,68].
However, aligned with our experimental model, it is recognized that the
excess of saturated fatty acids (SFA) reduces glucose bioavailability and
insulin levels, also attenuating FAS and ACC gene expression and lim-
iting de novo lipogenesis [69]. Although FAS and ACC modulation by AS

Plasmatic levels of triacylglycerol and total cholesterol in control mice and those treated with high-fat diet and anabolic steroid.

Parameters Triacylglycerol (mg/dL) Total cholesterol (mg/dL) HDL cholesterol (mg/dL) LDL cholesterol (mg/dL)
SD 60.57 * 5.39° 169.09 * 9.50° 16.85 + 1.29° 150.18 * 9.77°
SD + AS10 58.21 + 6.11° 162.17 + 8.31% 16.14 + 1.33% 111.37 * 10.02°
SD + AS20 60.18 + 5.33° 131.85 + 7.66" 15.11 * 1.25° 100.08 + 11.58"
HFD 75.29 + 5.40° 170.12 + 12.64° 11.26 + 1.44° 155.36 * 12.15°
HFD + AS10 92.33 + 7.81¢ 165.28 + 10.44° 11.09 + 1.37° 152.75 + 9.96°
HFD + AS20 95.47 + 6.52¢ 160.33 + 10.01° 10.40 + 1.55" 150.69 + 10.32°

SD = standard diet, HFD = high-fat diet, AS10 and 20 = anabolic steroid testosterone cypionate administered at 10 and 20 mg/kg. * ™ °Different letters in the
columns indicate statistical difference between groups (P < 0.05), and groups with the same letter are statistically similar (P > 0.05).
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are poorly understood, there is evidence that sterols suppress FAS ex-
pression by a mechanism associated with the inhibition of the tran-
scription factor sterol regulatory element-binding protein 1 (SREBP-1)
[671.

AS and HFD alone and especially in combination also exerted an
interesting effect by inducing UCP-1 upregulation in adipose tissue,
indicating a direct modulation on a key component energy metabolism
and thermogenesis in adipocytes [70,71]. This effect is potentially re-
lated with the activation of an anti-obesogenic mechanism in animals
receiving a HFD, which represent an adaptation to limit the increase in
adiposity [71], especially considering that uncoupling of oxidative
phosphorylation represents up to 50% of all energy expended by the
mitochondria in a normal functioning cell [70]. By upregulates of UCP-
1 gene expression, AS also exhibited an anti-obesogenic potential, a
proposition reinforced by similar visceral fat mass and adipocytes dis-
tribution in animals treated with SD and AS, which also exhibited the
highest feed efficiency and final body mass. In these animals, the si-
multaneous increase in FAS, ACC, and UCP-1 expression appears to act
as a mechanism that adjusts the balance between lipogenesis and li-
polysis, attenuating the accumulation of visceral fat from dietary lipids
and those obtained from de novo synthesis in AS-treated animals.
However, although FAS and ACC downregulation indicated inhibition
of de novo synthesis in HFD-treated mice, UCP-1 upregulation may still
be beneficial to assist in the degradation of excess dietary lipids in these
animals. In fact, sex hormones such as estradiol, progesterone and
testosterone have been associated with an inductive role on UCP-1 gene
and protein, potentiating its responsivity to B-adrenergic stimulation
and thermogenesis in adipocytes [72-74]. However, the mechanisms by
which steroids hormones modulates lipid metabolism in adipocytes
remains poorly understood, especially in the presence of HFD, an issue
that requires further investigation.

Taken together, our findings indicated that HFD and AS exerted
none or limited effect on body grown and microstructural organization
of pancreas, skeletal muscle, and adipose tissue. However, HFD and AS
had a profound impact on glycemic control and lipid profile in mice,
especially when administered in combination. In general, peripheral
insulin sensitivity and glycemic control were improved, while tria-
cylglycerol and LDL cholesterol circulating levels were increased by
HFD and AS combination. Due to morphological similarities in pan-
creatic islets, skeletal muscle, and adipose tissue, divergent profiles of
GCK, Glut-2, Glut-4, CPT-1, FAS, ACC, and UCP-1 gene expression rather
than microstructural changes are suggested as important mediators of
AS-induced adaptations in energy metabolism of HFD-treated mice. As
our data suggest a disturbing interaction between diet and AS, further
studies are necessary and urgent to investigate to what extent this
combination may increase the risk of metabolic diseases and death,
especially considering that HFD intake and the concomitant use of AS is
a potential case of food-drug interaction systematically neglected.
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