
Research Article
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The effects of high-fructose diet on adipose tissue insulin signaling and inflammatory process have been poorly documented. In this
study, we examined the influences of long-term fructose intake and resveratrol supplementation on the expression of genes involved
in insulin signaling and the levels of inflammatory cytokines and sex hormones in the white adipose tissues of male and female
rats. Consumption of high-fructose diet for 24 weeks increased the expression of genes involved in insulin signaling including
IR, IRS-1, IRS-2, Akt, PI3K, eNOS, mTOR, and PPAR𝛾, despite induction of proinflammatory markers, iNOS, TNF𝛼, IL-1𝛽, IL-18,
MDA, and ALT, as well as anti-inflammatory factors, IL-10 and Nrf2 in adipose tissues from males and females. Total and free
testosterone concentrations of adipose tissues were impaired in males but increased in females, although there were no changes in
their blood levels. Resveratrol supplementation markedly restored the levels of MDA, IL6, IL-10, and IL-18, as well as iNOS, Nrf2,
and PI3K mRNA, in adipose tissues of both genders. Dietary fructose activates both insulin signaling and inflammatory pathway
in the adipose tissues of male and female rats proposing no correlation between the tissue insulin signaling and inflammation.
Resveratrol has partly modulatory effects on fructose-induced changes.

1. Introduction

The regional storage of fat tissue varies between male and
female gender. Adipose tissue has a function as endocrine and
metabolic organ secreting several hormones and factors that
affect fat and glucose metabolism as well as insulin sensitivity
[1]. Disruption of adipose tissue function and production of
inflammatory cytokines may aggravate the development of
metabolic disorders [2]. Moreover, the expansion of white
adipose tissue was determined to be related with insulin
resistance and low-grade inflammation [3]. Effect of insulin
is initiated by its receptor activation through insulin receptor
substrates (IRS-1 and IRS-2), which triggered downstream
signaling pathways in adipocytes. In obesity, macrophages
infiltrate adipose tissue and begin to induce proinflammatory
cytokines, such as interleukin-1 beta (IL-1𝛽), tumor necrosis
factor alpha (TNF𝛼), and interleukin-6 (IL-6), which can
interfere with insulin signaling in adipocytes [4]. However,

little is known about the influence of dietary components,
such as fructose, on visceral fat accumulation and its func-
tion. High-fat diet feeding was found to cause early onset
of insulin resistance and activation of inflammatory process
particularly in vasculature and then in skeletal muscle and
liver but lately in adipose tissue indicating a less sensitivity
of fat tissue to detrimental effects of nutritional factors [5].
Moreover, high-fructose diet in rats has been reported to
activate the inflammatory factors such nuclear factor kappa B
(NF𝜅B) and TNF𝛼 in the liver, but not in the adipose tissue,
showing its tissue-specific effects [6]. In this sense, we have
shown that dietary high-fructose corn syrup (HFCS) for 12
weeks caused early vascular injury and insulin resistance,
but there was a subinflammatory state in the liver, despite
increased hepatic lipogenesis [7, 8].Themechanismof insulin
resistance and its relation to inflammatory process in the dif-
ferent tissues, especially in adipose tissue, are poorly under-
stood [9].
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The growing global epidemic of metabolic syndromemay
be related with an excessive consumption of fructose in cur-
rent human diet, particularly in the form of sweetened bever-
ages. Some evidence supports that estrogen protects females
from the signs of diet-induced metabolic disturbances [10–
12]. However, the differential disease susceptibility depending
on diet composition between males and females is not well
investigated and experimental metabolic syndrome studies
are generally performed on male animals. High-fructose diet
is well documented to provoke metabolic disturbances in
male rats; however, it remains to be established if there are
differences in adipose tissue reactivity to dietary fructose
between males and females. Recently, we suggested that fruc-
tose-induced metabolic dysfunction could be related with
abdominal fat accumulation, but independent of the general
obesity, in the females, differently from the males [13]. Fur-
thermore, in the above study, we also showed that resveratrol,
a multifunctional compound, which is found in grape and
wine, leads to a significant decrease in omental weight in
association with the improvement of hyperinsulinemia and
hypertriglyceridemia in male and female rats upon fructose
feeding. The investigation of effects of high-fructose diet
on adipose tissue insulin signaling and inflammatory pro-
cess and their modification by resveratrol will provide new
insights to understand themechanisms.Therefore, herein, we
investigated the effects of dietary fructose and resveratrol sup-
plementation on gene expressions of insulin signaling ele-
ments and inflammatory cytokines in adipose tissue of male
and female rats.Thus, in this study with long-term high-fruc-
tose diet (for 24 weeks, 10% beverage), we aimed to make a
simulation for the consumption of current high-carbohydrate
diet in human subjects.

2. Materials and Methods

2.1. Chemicals. Chemicalswerepurchased fromSigmaChem-
ical Co. (St. Louis, MO) unless otherwise stated. Fructose
was obtained from Danisco Sweeteners OY (Finland) and
trans-resveratrol was from Herb-Tech (ROC). The purity of
resveratrol was tested by HPLC followed with LC-MS and
98% of the constituent was determined as trans-resveratrol.

2.2. Animals and Diets. The animal protocols were approved
by the Ethical Animal Research Committee of Gazi Uni-
versity (GU ET-10.045). Four-week-old male and female
Wistar rats were housed under temperature- and humidity-
controlled rooms (20–22∘C) with a 12 h light-dark cycle. The
animals were fed with a standard rodent chow diet that was
composed of 62% starch, 23% protein, 4% fat, 7% cellulose,
standard vitamins, and salt mixture. After acclimation for
1 week, male and female rats were randomly divided into
four groups as control, resveratrol, fructose, and resveratrol
plus fructose (resveratrol + fructose). Fructose was given to
the rats as 10% solution in drinking water ad libitum for 24
weeks. Resveratrol was added to chow at a dose of 500mg/kg,
which was kept under protection from light. All rats were fed
with the standard diet with or without resveratrol ad libitum
for 24 weeks. Body weights and food and liquid intakes
were recorded weekly during the follow-up period. The daily

resveratrol ingestionwas calculated from the amount of chow
intake. The daily fructose consumption was determined by
measuring the liquid intake. The female rats were randomly
chosen on different days of the estrous cycle on the time
of sacrifice. At the end of the follow-up period, the rats
were anesthetized with a mixture of ketamine-xylazine (100
and 10mg/kg, resp., i.p.) and thereafter, blood samples were
rapidly collected via cardiac puncture. The omental adipose
tissues were dissected, blotted dry, weighed, and frozen in
liquid nitrogen and stored at −85∘C.

2.3. Measurement of Metabolic Parameters in the Plasma and
Adipose Tissue. Cardiac blood samples of nonfastedmale and
female rats were immediately centrifuged at 4∘C and 10,000 g
for 30min. Adipose tissue samples were homogenized with
0.1M phosphate buffer 1 : 10 (w/v), pH 7.4, and 24,000
cycles/min (Ultra Turrax, USA) and then ultrasonicated at
20,000 cycles/sec for 1min (Dr. Hielscher, Germany). Homo-
genates were centrifuged at 4∘C at 10,000 g for 15min and
the supernatants were collected. All samples were stored at
−85∘C until analysis.Plasma triglyceride levels and alanine
aminotransferase (ALT) and aspartate transaminase (AST)
activities were determined by using standard enzymatic
techniques (Biolabo, France). Insulin (Mercodia, Sweden),
estradiol, free and total testosterone, TNF𝛼, IL-1𝛽, IL-6 and
interleukin-10 (IL-10) (eBioscience, USA), interleukin-18 (IL-
18) levels (Cusabio, China) were measured by using commer-
cial ELISA kits according to the manufacturer’s instructions.
Malondialdehyde (MDA) levels were measured with thiobar-
bituric acid reactive substances (TBARS) assay kit (Cayman
Chemical, USA).

2.4. Determination of the Gene Expressions with Real Time
Polymerase Chain Reaction. Total RNAs were isolated from
the abdominal tissues using RNeasy total RNA isolation
kit (Qiagen, Venlo, Netherlands) as described according to
the manufacturer protocol. After isolation, the amount and
the quality of the total RNAs were determined by spec-
trophotometry and agarose gel electrophoresis. Then, 1 𝜇g
of total RNA was reverse-transcribed to cDNA using com-
mercial first-strand cDNA synthesis kit (Thermo Scientific,
USA). Expression levels of insulin receptor beta (IR𝛽), IRS-
1, IRS-2, protein kinase B (Akt), phosphoinositide 3-kinase
(PI3K), endothelial nitric oxide synthase (eNOS), sirtuin
1 (SIRT1), mammalian target of rapamycin (mTOR), per-
oxisome proliferator-activated receptor gamma (PPAR𝛾),
nuclear factor erythroid 2-related factor 2 (Nrf2), nuclear
factor kappa B (NF𝜅B), and inducible nitric oxide synthase
(iNOS) genes were determined with real-time polymerase
chain reaction (qRT-PCR, LightCycler480 II, Roche, Basel,
Switzerland). To do this, 1 𝜇L cDNA, 5 𝜇L 2X SYBR Green
Master Mix (Roche FastStart Universal SYBR Green Master
Mix), and primer pairs (Table 1) at 0.5 𝜇M concentrations in
a final volume of 10 𝜇L were mixed and qRT-PCR was per-
formed as follows: initial denaturation at 95∘C for 10 minutes,
denaturation at 95∘C for 10 seconds, annealing at 58∘C for
15 seconds, and extension at 72∘C for 15 seconds with 45
repeated thermal cycles measuring the green fluorescence at
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Table 1: Primer sequences of IR𝛽, IRS-1, IRS-2, Akt, PI3K, eNOS, SIRT1, mTOR, PPAR𝛾, Nrf2, NF𝜅B, iNOS, and internal standard GAPDH
used for the mRNA expression determination of qRT-PCR.

Gene Forward primer sequence (5󸀠 → 3󸀠) Reverse primer sequence (5󸀠 → 3󸀠) Product
length (bp)

Gene bank
accession number

IR𝛽 GTGCTGCTCATGTCCTTAGA AATGGTCTGTGCTCTTCGTG 234 XM 006248753.2
IRS-1 GCCAATCTTCATCCAGTTGC CATCGTGAAGAAGGCATAGG 337 NM 012969.1
IRS-2 CTACCCACTGAGCCCAAGAG CCAGGGATGAAGCAGGACTA 151 NM 001168633.1
Akt GAAGAAGAGCTCGCCTCCAT GAAGGAGAAGGCCACAGGTC 211 NM 033230.2
PI3K ATGCAACTGCCTTGCACATT CGCCTGAAGCTGAGCAACAT 320 NM 053481.2
eNOS TGCACCCTTCCGGGGATTCT GGATCCCTGGAAAAGGCGGT 189 XM 006235872.1
SIRT1 CGGTCTGTCAGCATCATCTTCC CGCCTTATCCTCTAGTTCCTGTG 136 XM 008772947.1
mTOR GCAATGGGCACGAGTTTGTT AGTGTGTTCACCAGGCCAAA 94 NM 019906.1
PPAR𝛾 CTCAGGTCAGAGTCGCCCC GAGAGAGACCTCGTCAGGCT 205 NM 001145367.1
Nrf2 GATTCGTGCACAGCAGCA GCCAGCTGAACTCCTTAGAC 466 XM 006234397.2
NF𝜅B GGGTCAGAGGCCAATAGAGA CCTAGCTTTCTCTGAACTGCAAA 71 AF 079314.1
iNOS CTTCAGGTATGCGGTATTGG CATGGTGAACACGTTCTTGG 352 XM 006246949.2
GAPDH TGATGACATCAAGAAGGTGGTGAAG TCCTTGGAGGCCATGTGGGCCAT 240 NM 017008.4

the end of each extension step. All reactions were performed
in triplicate and the specificity of PCR products was con-
firmed using melt analysis. The relative expression of genes
with respect to internal control glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was calculated with the efficiency
corrected advance relative quantification tool provided by the
LightCycler� 480 SW 1.5.1 software.

2.5. Statistical Analysis. All data are given asmean± standard
error of the mean; 𝑛 is the number of rats. Statistical compar-
isons were performed by using unpaired Student’s 𝑡-test or
one-way ANOVA followed by the Bonferroni post hoc test.
𝑃 values smaller than 0.05 were considered as statistically
significant.

3. Results

3.1. The Effects of Dietary Fructose and Resveratrol on Meta-
bolic and Endocrine Parameters in the Plasma and the Adipose
Tissues. Thedata representing bodyweight, omental fatmass,
daily food, and liquid and caloric intakes, aswell as resveratrol
and fructose ingestions of rats, have been published in our
recent study [13]; however, they were again included in
Table 2 to facilitate understanding of the current study. Die-
tary fructose caused a significant body weight gain in male
rats (𝑃 < 0.05 versus corresponding control), which is redu-
ced with resveratrol supplementation (𝑃 < 0.05 versus cor-
responding fructose), but not in female rats (Table 2). Impor-
tantly, fructose treatment augmented omental fat mass in
both male and female rats (𝑃 < 0.05 versus their correspond-
ing control groups), which responded to resveratrol supple-
mentation with a significant reduction (𝑃 < 0.05 versus
their corresponding fructose groups, Table 2). High-fructose
diet increased plasma triglyceride and insulin levels (𝑃 <
0.05 versus their corresponding control groups), which are
significantly reduced by resveratrol (𝑃 < 0.05 versus their
corresponding fructose groups), in both genders (Table 2) as

demonstrated in our recent study [13]. Resveratrol decreased
insulin level in adipose tissue of healthy female rats (𝑃 < 0.05
versus corresponding control). Dietary fructose increased
insulin level in adipose tissue of both male and female rats
(𝑃 < 0.05 versus their corresponding control groups), which
responded to resveratrol supplementation with a significant
reduction (𝑃 < 0.05 versus their corresponding fructose
groups, Table 3).

Resveratrol decreased free testosterone level in adipose
tissue but increased in plasma of healthy female rats (𝑃 < 0.05
versus corresponding control). Dietary fructose did not affect
the plasma level of testosterone in both genders; however, this
dietary intervention impaired the total and free testosterone
concentrations of adipose tissue in males (𝑃 < 0.05 versus
corresponding control) and contrarily increased those of
females (𝑃 < 0.05 versus corresponding control). Moreover,
fructose feeding decreased estrogen level in adipose tissue
of females (𝑃 < 0.05 versus corresponding control), with-
out changing in that of males. Resveratrol supplementation
diminished free and total testosterone levels in adipose
tissue of females upon fructose feeding (𝑃 < 0.05 versus
corresponding fructose, Tables 2 and 3).

3.2. The Effects of Dietary Fructose and Resveratrol on Cyto-
kines and Oxidative Stress Markers in the Adipose Tissues.
Results show that female control rats have significantly lower
IL-1𝛽, IL-6, and TNF𝛼 levels as compared to the males, but
there was an opposite condition for AST activity (𝑃 < 0.05).
Resveratrol decreased MDA, ALT, and AST levels in adipose
tissue of healthy female rats, but only IL-1𝛽 in those of males
(𝑃 < 0.05 versus their corresponding controls, Table 3).
High-fructose diet caused marked elevation in MDA, ALT,
andAST levels in adipose tissues of male and female rats (𝑃 <
0.05 versus their corresponding controls). Inflammatory
cytokines, TNF𝛼, IL-1𝛽, IL-6, IL-10, and IL-18 levels were also
elevated in adipose tissues of male and female rats by dietary
fructose intervention (𝑃 < 0.05 versus their corresponding
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Table 2: Effects of long-term dietary fructose (Fruc), resveratrol (Res), and their combinations (Res + Fruc) on some metabolic parameters
and plasma insulin, triglyceride, estradiol, and free testosterone and total testosterone of male and female rats.

Groups Control Res Fruc Res + Fruc

Terminal body weight (g) Male 370 ± 10.7 335 ± 4.1∗ 415 ± 6.5∗ 371 ± 5.1#

Female 249 ± 6.7† 227 ± 7.5† 260 ± 1.8† 235 ± 1.5#

Food intake (g/day) Male 20.74 ± 0.83 24.6 ± 1.1 20.5 ± 1.1 21.9 ± 1.1
Female 14.4 ± 0.8† 18.3 ± 0.6∗† 12.7 ± 0.5† 12.8 ± 0.4†

Liquid intake (mL/day) Male 46.5 ± 2.1 61.2 ± 2.4∗ 56.8 ± 1.6∗ 55.9 ± 1.6
Female 32.9 ± 0.9† 38.9 ± 1.3∗† 38.1 ± 1.3† 37.8 ± 1.3†

Total caloric intake (kcal) Male 72.6 ± 2.9 86.1 ± 3.8∗ 94.9 ± 4.2∗ 99.5 ± 4.5
Female 50.5 ± 2.9† 64.1 ± 2.2∗† 60.1 ± 2.2∗† 60.3 ± 2.1†

Resveratrol intake (mg/kg bw) Male — 36 ± 1.2 — 29 ± 0.8
Female — 40 ± 2.1 — 27 ± 0.5

Fructose intake (g/day) Male — — 5.7 ± 0.2 5.6 ± 0.2
Female — — 3.8 ± 0.1 3.8 ± 0.1

Omentum weight/body weight (%) Male 0.53 ± 0.02 0.57 ± 0.03 1.39 ± 0.32∗ 0.95 ± 0.10#

Female 0.88 ± 0.04† 0.59 ± 0.03∗ 1.64 ± 0.23∗ 1.20 ± 0.09#

Glucose (mg/dL) Male 129.5 ± 10.9 95.3 ± 6.1∗ 129.4 ± 19.1 113.8 ± 8.6
Female 103.7 ± 3.7 87.6 ± 4.2 113.2 ± 7.8 100.9 ± 2.3

Insulin (ng/mL) Male 0.48 ± 0.13 0.40 ± 0.09 4.38 ± 0.52∗ 1.28 ± 0.27#

Female 0.33 ± 0.08 0.29 ± 0.05 4.97 ± 0.34∗ 2.08 ± 0.66#

Triglyceride (mg/dL) Male 88.9 ± 9.4 49.2 ± 4.6∗ 132.8 ± 8.5∗ 57.4 ± 6.9#

Female 81.6 ± 8.4 64 ± 8.3∗ 205.1 ± 27.2∗† 102.9 ± 14.1#†

Estradiol (pg/mL) Male 11.7 ± 1.3 9.3 ± 1.1 13 ± 2.3 9.9 ± 1.2
Female 41.6 ± 13† 49.2 ± 10.6† 33.8 ± 8.7† 43.1 ± 6.9†

Free testosterone (pg/mL) Male 25.7 ± 0.6 23.1 ± 0.9 23.1 ± 1.9 29.3 ± 1#

Female 2.5 ± 0.17† 3.1 ± 0.09∗† 2.9 ± 0.09† 2.7 ± 0.02†

Total testosterone (ng/mL) Male 3 ± 0.01 3.1 ± 0.12 2.7 ± 0.12 3 ± 0.1#

Female 0.29 ± 0.01† 0.29 ± 0.01† 0.3 ± 0.01† 0.27 ± 0.02†

Values are expressed as mean ± SEM, 𝑛 = 6–12.
∗Significantly different (𝑃 < 0.05) compared to control group.
#Significantly different (𝑃 < 0.05) compared to fructose group.
†Significantly different (𝑃 < 0.05) compared to male group.

controls). Resveratrol supplementation significantly reduced
MDA, IL-6, IL-10, and IL-18 levels in adipose tissues from
male and female rats upon fructose feeding (𝑃 < 0.05 versus
their corresponding fructose groups). Moreover, this supple-
mentation also decreased ALT, AST, and TNF𝛼 levels in the
females (𝑃 < 0.05 versus corresponding fructose group,
Table 3).

3.3. The Effects of Dietary Fructose and Resveratrol on IR𝛽,
IRS-1, IRS-2, Akt, PI3K, eNOS, SIRT1, mTOR, PPAR𝛾, Nrf2,
𝑁𝐹𝜅𝐵, and iNOS Gene Expressions in the Adipose Tissues.
The gene expression levels of IR𝛽, IRS-1, IRS-2, Akt, PI3K,
eNOS, SIRT1, mTOR, PPAR𝛾, Nrf2, 𝑁𝐹𝜅𝐵, and iNOS in the
adipose tissue samples frommale and female rats were estab-
lished by real-time PCR analysis. Dietary fructose increased
IR𝛽, IRS-1, IRS-2, Akt, PI3K, eNOS,mTOR, PPAR𝛾,Nrf2, and
iNOSmRNA expressions in the adipose tissue samples from
male and female rats (𝑃 < 0.05 versus their corresponding
control groups), whereas no changes were observed in𝑁𝐹𝜅𝐵
and SIRT1mRNA expressions of both genders (Figures 1(a)–
1(l)).Therewas a blunted increase in iNOS andPPAR𝛾mRNA

levels in the adipose tissue of female rats in response to
dietary fructose (𝑃 < 0.05 versus their correspondingmales).
However, taken all together, being female does not provide
any protection against harmful effects of fructose.

Resveratrol supplementation significantly reduced PI3K
and iNOS mRNA expressionsin male and female rats upon
fructose feeding. However, this supplementation decreased
Akt, PPAR𝛾, and eNOSmRNAs only in the females, and Nrf2
mRNAin the males (𝑃 < 0.05 versus their corresponding
fructose groups, Figures 1(a)–1(l)).

4. Discussion

A characteristic feature of metabolic syndrome is enlarge-
ment of visceral adipose tissue. In a very recent study, we have
shown that dietary fructose causes an increase in the plasma
level of insulin and triglyceride, in associationwith expansion
of omentalmass, pointingmetabolic syndrome and increased
visceral adiposity in male and female rats [13]. The effect of
high-fructose diet on adipose tissue insulin signaling and its
relation to inflammatory process are not well characterized.
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Table 3: Effects of long-term dietary fructose (Fruc), resveratrol (Res), and their combinations (Res + Fruc) on some endocrine parameters
and cytokines in the adipose tissues of male and female rats.

Groups Control Res Fruc Res + Fruc

Insulin (mU/g protein) Male 1,54 ± 0.16 1.19 ± 0.17 2.75 ± 0.42∗ 1.32 ± 0.27#

Female 1.45 ± 0.16 0.79 ± 0.1∗ 2.93 ± 0.26∗ 1.63 ± 0.26#

Estradiol (pg/g protein) Male 9.1 ± 0.6 8.6 ± 1.1 13 ± 1.5 9 ± 1.1
Female 27.5 ± 8† 28 ± 5.1† 14 ± 1.8∗ 22 ± 4.6†

Free testosterone (pg/g protein) Male 45 ± 4.9 48 ± 7.8 21 ± 2.8∗ 26 ± 4
Female 2.8 ± 0.8† 1.5 ± 0.1∗† 5.6 ± 0.1∗† 2 ± 0.4#†

Total testosterone (pg/g protein) Male 655 ± 51 581 ± 78 285 ± 33∗ 332 ± 43
Female 32 ± 6.1† 16 ± 3† 68 ± 9.5∗† 25.7 ± 4.9#†

MDA (𝜇mol/g protein) Male 16 ± 1.9 18 ± 4.9 26 ± 3.6∗ 14 ± 1.9#

Female 14 ± 2.1 5.3 ± 0.8∗† 48 ± 13∗† 12 ± 2.1#

ALT (U/g protein) Male 169 ± 14 192 ± 22 335 ± 73∗ 448 ± 135
Female 272 ± 47 113 ± 13∗† 736 ± 145∗† 315 ± 39#

AST (U/g protein) Male 85 ± 5 119 ± 27 123 ± 28 271 ± 55#

Female 164 ± 18† 51 ± 11∗† 346 ± 56∗† 142.1 ± 5#†

TNF-𝛼 (ng/g protein) Male 153 ± 10 163 ± 7 261 ± 31∗ 218 ± 33
Female 111 ± 9† 99 ± 6† 319 ± 41∗ 184 ± 38#

IL-1𝛽 (ng/g protein) Male 382 ± 30 250 ± 17∗ 496 ± 38∗ 548 ± 44
Female 241 ± 26† 270 ± 17 703 ± 108∗ 445 ± 68

IL-6 (ng/g protein) Male 61 ± 4.6 46 ± 2.5 67 ± 6.4 36 ± 5.3#

Female 13 ± 1.3† 11 ± 1.9† 51 ± 7.4∗ 20 ± 3.1#†

IL-10 (ng/g protein) Male 50 ± 7.6 52 ± 4.7 83 ± 13.3∗ 40 ± 5.8#

Female 52 ± 6.2 33 ± 4.1† 93 ± 7.6∗ 55 ± 6.1#

IL-18 (MBL) (𝜇g/g protein) Male 9.4 ± 1.6 7.6 ± 0.7 39 ± 7.7∗ 19 ± 3.8#

Female 7.5 ± 1.4 8.3 ± 0.6 37 ± 6.2∗ 14 ± 2.5#

Values are expressed as mean ± SEM, 𝑛 = 6–12.
∗Significantly different (𝑃 < 0.05) compared to control group.
#Significantly different (𝑃 < 0.05) compared to fructose group.
†Significantly different (𝑃 < 0.05) compared to male group.

Extending our study, herein, we focused on the influence of
long-term fructose intake in the expression of genes involved
in insulin signaling and inflammatory cytokines in the
adipose tissue of rats of both genders. Our findings showed
that dietary fructose-induced visceral fat accumulation led to
increased expression of genes functioning in insulin signal-
ing, changed endocrine function, and activated proinflam-
matory and anti-inflammatory markers, in adipose tissue
from male and female rats. Gender-dependent differences to
fructose feeding were not prominent suggesting that being
female does not provide any advantage in protection from
harmful effects of fructose. Resveratrol supplementation
restored the increased levels of MDA, IL-10, and IL-18 as well
as expression of iNOS and PI3K mRNAs in adipose tissue
from both genders; however, its effectiveness on the insulin
signaling pathway and other parameters measured was lim-
ited or rather gender-dependent.

Our recent findings revealed that dietary fructose-
induced metabolic disorder is more likely linked to abdomi-
nal fat accumulation, but independent of the general obesity.
Long-term dietary fructose increased body weight of males,
whereas it did not change that of females [13]. Visceral
adipose tissue mass was increased in subjects consuming

fructose-sweetened beverages, not those consuming glucose-
sweetened beverages, suggesting that dietary fructose is more
closely associated with metabolic disease and adiposity [14].
Insulin signaling in adipocytes is initiated by its receptor
activation through IRS-1 and IRS-2 transmitting signal to the
intracellular effectors. Insulin signaling also elongates various
links to eNOS, SIRT1, PPAR𝛾, andmTORpathways [9, 15–17].
Insulin may activate lipogenic genes and stimulate lipogene-
sis in adipocytes, recognized as de novo fatty acid synthesis,
but the mechanisms are less known than those of liver [9].
In the liver, high-fructose diet causes hyperinsulinemia and
increased lipogenesis which in turn raises ectopic lipid depo-
sition, despite hepatic insulin resistance and inadequate
control of hyperglycemia [8, 18, 19]. High-fat and fructose
diets were shown to stimulate lipogenesis by increasing FAS
gene expression in adipose tissue ofmice [20–22]. Differently,
it has been reported that the expression of lipogenic tran-
scription factor SREBP1 and lipogenesis are decreased in adi-
pose tissue of obese mice, although expression of inflam-
matory genes in adipocytes and hepatic lipogenic capacity
are increased [23, 24]. These results revealed that lipogenic
response in adipose tissue in the metabolic syndrome and
obesity has not yet been entirely understood.
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Figure 1: Continued.
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Figure 1: The mRNA expression levels of IR𝛽 (a), IRS-1 (b), IRS-2 (c), Akt (d), PI3K (e), eNOS (f), SIRT1 (g),mTOR (h), PPAR𝛾 (i), Nrf2 (j),
𝑁𝐹𝜅𝐵 (k), and iNOS (l) in the adipose tissues of male and female rats from the control, resveratrol (Res), fructose (Fruc), and Res + Fruc
groups. Data was normalized by GAPDH. Each bar represents the means of at least six rats. Values are expressed as mean ± SEM, 𝑛 = 6–12.
∗Significantly different (𝑃 < 0.05) compared to control group; #significantly different (𝑃 < 0.05) compared to fructose group; †significantly
different (𝑃 < 0.05) compared to male group.

Previously, it has been shown that disruption of IRS-2
in mice caused a marked insulin resistance in adipose tissue
[25]. Phosphorylation of IRS-1 and IRS-2 was detected to be
increased in adipose tissue lysates of hyperinsulinemic mice
[20]. Herein, we detected an elevation in adipose tissue level
of insulin and upregulation of IR𝛽, IRS-1, and IRS-2mRNAs,
as well as insulin downstream effectors Akt, PI3K, eNOS,
mTOR, and PPAR𝛾 mRNAs, but no change in SIRT1 mRNA
expression, in association with expansion of omental mass of
male and female rats. This could be a differing situation to
those seen in other insulin sensitive organs such as liver, mus-
cle, and vascular system, where downregulation of insulin
signaling had been determined as a consequence of fructose
consumption in rodents [7, 8, 13, 26, 27]. It is therefore
tempting to propose that the upregulation of insulin signaling
pathway in adipose tissue leads to the increased visceral
adiposity. In studies investigating dietary fructose on fat
tissue, short-term fructose solution drinking (10% fructose
for 3 weeks) was found to decrease the expression of IRS-1
and IRS-2 genes in enlarged abdominal adipose tissue of rats
[28, 29]. Consumption of high-fructose corn syrup (for 10
months) caused downregulation of IRS-1 gene in association

with increased expression of TNF𝛼, IL-1𝛽, and IL-6 in intra-
abdominal adipose tissue, but not in those of liver and skeletal
muscle, in mice [30]. These tissue-specific and contradictory
results warrant additional studies to understand the accurate
influence of fructose given in diet on the insulin effectors in
adipose and other sensitive organs.

In obesity, macrophages infiltrate adipose tissue and
begin to induce proinflammatory cytokines, such as IL-1𝛽,
TNF𝛼, and IL-6, which contribute to insulin resistance [4].
Long-term treatment of adipocytes with IL-6, IL-1𝛽, or TNF𝛼
was shown to inhibit insulin signaling and cause insulin resis-
tance [31, 32]. High-fructose diet in rats has been reported to
activate the inflammatory factors includingNF-𝜅B andTNF𝛼
in the liver, differently from the adipose tissue, signifying
tissue-specific effects of dietary fructose [6]. Herein, dietary
fructose increased the levels of proinflammatory markers,
iNOS, TNF𝛼, IL-1𝛽, IL-18, MDA, and ALT, as well as anti-
inflammatory factors, IL-10, Nrf2, and mTOR, in adipose
tissues from males and females. These latter factors could
be activated as a compensatory mechanism to counteract
inflammation as reported previously in adipose tissue [16,
33, 34]. In this sound, mRNA level of PPAR𝛽/𝛿, which is
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an insulin sensitizing molecule, was found to be increased
in visceral adipose tissue from insulin-resistant patients, in
spite of the presence of inflammatory condition, proposing
a compensatory mechanism [35], in accordance with our
results with increased expression of PPAR𝛾 mRNA due to
fructose diet. A recent study showed that fructose-enriched
diet (for 8 weeks) activates proinflammatory cytokine IL-
6, accompanied by a reduction of PPAR𝛾, without causing
hyperinsulinemia, in adipose tissue of rats [36]. In a related
study, it has been shown that high-fructose diet lowered
IL-10, but did not change TNF𝛼 levels; however, PPAR𝛽/𝛿
deficiency made the insulin resistance apparent, in associa-
tion with increased inflammatory markers, in adipose tissue
of mice [37]. The discrepancy between the aforementioned
and the present studies can be ascribed to the differences
in the method and feeding duration to induce metabolic
disorder. Regarding gender differences to fructose diet, all our
above results indicated that being female does not provide
any advantage in protection from harmful effects of this
nutritional intervention.

Our data with sex hormones demonstrated that dietary
fructose changes endocrine function of adipose tissues of rats,
in which total and free testosterone levels were impaired in
males, but increased in females. Differently, estrogen level
was decreased in the females without changing in the males.
There was no change in the blood levels of testosterone and
estrogen, which is partly consistent with previous results in
high-fructose-fed rats [38, 39]. The significance of reciprocal
adverse effect of dietary fructose on testosterone levels of
males and females, as well its diminishing effect on estrogen
of females, in the adipose tissues remains to be understood,
which could be an imperative issue. On the other hand,
restoring effect of resveratrol on testosterone level in adipose
tissue of females may have a potential interest.

Resveratrol supplementation did not change the increased
IR𝛽, IRS-1, and IRS-2 mRNA expressions in adipose tissue
of high-fructose-fed male and female rats. However, we
found a decrease in PI3K mRNA in both genders, as well
as in Akt, eNOS, and PPAR𝛾 mRNA expressions in females
after resveratrol supplementation. It was previously reported
that resveratrol treatment restored the insulin-stimulated
Akt (Ser473) phosphorylation in liver and adipose tissue,
but not in the skeletal muscle, of high-fat-fed mice [40].
In high-fat, high-sugar diet-fed rhesus monkeys, resveratrol
supplementation was shown to increase IRS-1 protein levels
but decrease Akt (Ser473) phosphorylation in visceral adipose
tissue [41]. In that study, resveratrol was also demonstrated to
increase SIRT1 expression in visceral, but not subcutaneous,
adipose tissue. Herein, SIRT1 mRNA level was not changed
with resveratrol treatment in both genders. In our recent
studies, resveratrol supplementation increased IRS-1 mRNA
and protein as well as IRS-2 mRNA levels in liver, but not
in vascular tissue, of rats fed with HFCS [7, 8]. However, in
a comparison study between genders, we determined some
differences on vascular upregulation of the IRS-1 ofmales and
IRS-2 of females upon fructose feeding by resveratrol treat-
ment [13].Thus, it can be assumed that diversity in the effects
of resveratrol on insulin signaling pathway may depend on
the types of tissues, animals, and diets as well as gender.

A decrease in MDA, IL-6, IL-10, and IL-18 levels as well
as in Nrf2 and iNOS mRNAs was observed after resveratrol
supplementation to fructose feeding male and female rats.
Additionally, TNF𝛼, AST, and ALT levels were reduced in
females which may have a gender-dependent response to
resveratrol. These findings are consistent with earlier obser-
vations showing that resveratrol suppressed inflammatory
cytokine expression and oxidative stress markers in adipose
tissue of rats [42] and epididymal fat tissues of mice [5]
and adipose tissue of rhesus monkeys [41]. Current findings
suggested that resveratrol could be more effective on inflam-
matory parameters in adipose tissue from females than those
ofmales upon fructose feeding. Regarding gender differences,
resveratrol decreased insulin, free testosterone, MDA, and
ALT and AST levels in adipose tissue of healthy female rats,
but only IL-1𝛽 in those of males. These findings also showed
that resveratrol has gender-dependent potential.

In conclusion, dietary fructose-induced gene expression
in insulin signaling pathway, in association with the activa-
tion of inflammatory markers, led us to propose that there
could be no correlation between insulin signaling and inflam-
mation in adipose tissue of male and female rats. Resveratrol
has limited modulatory effects on these unexpected changes.
Further studies are necessary to clarify the relationship bet-
ween insulin signaling pathway and inflammation in adipose
tissue due to fructose diet.
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