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Abstract
Purpose This study aimed to determine whether resveratrol
treatment alleviates endoplasmic reticulum stress and
changes the expression of adipokines in adipose tissues
and cells.
Methods 8-week-old male C57BL/6 mice were fed a high-
calorie diet (HCD group) or high-calorie diet supplemented
with resveratrol (high-calorie diet + resveratrol group) for
3 months. Insulin resistance, serum lipids and proin-
flammatory indices, the size and inflammatory cell infiltra-
tion in subcutaneous and visceral adipose tissues were
analyzed. The gene expressions of endoplasmic reticulum
stress, adipokines, and inflammatory cytokines were deter-
mined. The induced mature 3T3-L1 cells were pretreated
with resveratrol and then palmitic acid, and the gene
expressions of endoplasmic reticulum stress, adipokines,
and inflammatory cytokines were determined.

Results Subcutaneous and visceral adipose tissues in the
high-calorie diet-fed mice exhibited adipocyte hypertrophy,
inflammatory activation, and endoplasmic reticulum stress.
Resveratrol alleviated high-calorie diet-induced insulin
resistance and endoplasmic reticulum stress, increased
expression of SIRT1, and reversed expression of adipokines
in varying degrees in both subcutaneous and visceral
adipose tissues. The effects of resveratrol on palmitic
acid-treated adipocytes were similar to those shown in the
tissues.
Conclusions Resveratrol treatment obviously reversed
adipocyte hypertrophy and insulin resistance by attenuating
endoplasmic reticulum stress and inflammation, thus
increasing the expression of SIRT1 and inverting the
expression of adipokines in vivo and in vitro.
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Introduction

The prevalence of obesity has reached epidemic proportions
worldwide and is usually associated with insulin resistance
(IR), which often leads to a number of interrelated meta-
bolic derangements, collectively characterized as metabolic
syndrome (MetS). Central to the development of MetS
are adipose tissues, which have led to the idea that the
manipulation of the biology of adipocytes might be a useful
therapeutic strategy in MetS [1].

White adipose tissue mainly consists of subcutaneous
adipose tissue (SAT) and internal adipose tissue (IAT). SAT
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makes up about 80% of the total fat mass, while IAT
constitutes the other 20% and is mainly composed of
visceral adipose tissue (VAT). Dysfunctional adipose tissue
is characterized by adipocyte hypertrophy and eventually
hyperplasia, macrophage infiltration, impaired insulin
signaling, and ultimately IR.

Adipose tissue can secrete a multitude of soluble
proteins, collectively called adipokines [2, 3]. Among them,
more than 50 adipokines are pumped out by adipocytes, and
participate in crosstalk with the rest of the body [4]. The
result is the release of a host of inflammatory adipokines
and excessive amounts of free fatty acids (FFAs), which
promote ectopic fat deposition in muscle, liver, and pan-
creatic β cells; this is typically known as “lipotoxicity” [5].
Proinflammatory adipokines are mainly composed of tumor
necrosis factor-α (TNF-α), interleukin-6 (IL-6), and che-
mokine monocyte chemoattractant protein-1 (MCP-1),
which can play a central role in the development of obesity-
induced IR in adipose tissue [6].

Endoplasmic reticulum (ER) stress causes adipocyte
dysfunction and chronic inflammation [7, 8]. Within adi-
pocytes, elevated lipid storage, lipogenesis, and adipokine
synthesis may act as stress signals for the ER. Notably, ER
stress is most prominent in adipose tissue and contributes to
its dysfunction, however, many important questions remain
to be answered, including the mechanism of ER stress in the
inflammatory response and in the expression of adipokines
in adipocytes. Therefore, it is necessary to study the
relationship between ER stress and the expression of
adipokines.

Resveratrol (RES) has attracted a great deal of attention
because of its antioxidant and anti-inflammatory effects [9]
that can reduce protein misfolding or ER stress [10]. There
have been reports about RES participating in ER stress in
HepG2 cells, human nasopharyngeal carcinoma cells, and
retinal vascular degeneration [11–14], but the mitigatory
effects of RES on ER stress in adipocytes are still unknown.
We hypothesize that RES treatment can improve lipid
metabolism and dysregulated adipokines by alleviating ER
stress induced by high-calorie diet (HCD) and circulating
FFAs in adipocytes.

Mitochondria take a central place in consumption of
lipid, directly upstream of lipolysis. Mitochondrial ATPase
family AAA-Domain containing protein 3 (ATAD3) is an
important regulator of mitochondrial biogenesis and
lipogenesis. RES attenuates mitochondrial oxidative stress
and serves as a potent antioxidant. The antilipogenic
effect of RES is further modulated by expression levels of
mitochondrial ATAD3 [15].

We adopted a self-developed HCD to feed C57BL/6
mice, simultaneously accompanied by an RES treatment for
three consecutive months. Saturated fatty acid palmitate
(16:0) is one of the main lipids in the HCD and we found

that the changes of palmitic acid (PA) was the most
remarkable in the serum lipids, so it was chosen to treat
mature adipose 3T3-L1 cells to induce ER stress and verify
the mitigative effects of RES on ER stress in adipocytes. As
far as we know, this is the first study in the literature that
discusses the influence of RES on ER stress in adipose
tissues and cells.

Materials and methods

Animals and RES treatment

Male C57BL/6 wild-type mice (8 weeks of age, 21.52±
2.03 g, n= 32) were purchased from the Experimental
Animal Center of Anhui Medical University (Anhui, China)
and acclimated for 1 week. The mice were randomly divi-
ded into four groups: a standard chow diet group without
(SCD) and with RES treatment group (SCD + RES), a high-
calorie group without (HCD) and with RES treatment group
(HCD + RES). The HCD and HCD + RES mice were
fed HCD (consisting of 20% lard, 20% sucrose, 10% cus-
tard powder, 1% cholesterol, and 49% basic forage) for
3 months. The SCD + RES and HCD + RES mice were
given 400 mg/kg/d of RES [16] via gavage in addition
to the SCD or HCD diet. All procedures were performed in
accordance with the principles approved by the Animal
Ethics Committee of Anhui Medical University.

Glucose tolerance test and insulin tolerance test

Glucose disposal and insulin sensitivity was determined by
the glucose tolerance test (GTT) and insulin tolerance test
(ITT). For the GTT assays, after an overnight fast, all mice
were given glucose (2 g/kg BW) by intraperitoneal injection,
then blood samples were obtained from the tail veins at 0,
30, 60, 90, and 120 min. Blood glucose was measured with a
glucometer (OneTouch Ultra, Johnson & Johnson Medical,
China), and the data were plotted as blood glucose con-
centration over time. ITT assays were performed using an
intraperitoneal injection of neutral insulin (1 U/kg BW) after
a 4–6-h fast. Blood glucose was measured at 0, 30, 45, 60,
90, and 120min, and the data were plotted as blood glucose
concentration over time according to the literature [17].

Analysis of serum biochemical indices and tissue
sampling

After a 12-h fast, the mice were anesthetized via CO2

inhalation. Blood samples were then collected from
the orbital sinus and the serum was separated for the
biochemical analyses, including glucose, triglyceride (TG),
total cholesterol (TC), high density lipoprotein-cholesterol
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(HDL-C), and low density lipoprotein-cholesterol (LDL-C),
by colorimetric enzymatic assays in an automatic analyzer
(Olympus AU640, Japan). Serum TNF-α, IL-6, and MCP-1
levels were measured by ELISA assays (R&D Systems,
Billerica, USA). Serum FFA and PA levels were measured by
gas chromatography according to the method of Han et al.
[18]. Abdominal SAT and VAT (perirenal as a representative
VAT) were rapidly taken and weighed, freshly frozen in
liquid nitrogen, and stored at −80 °C until the time of bio-
chemical analysis. The rest parts of tissues were fixed for
histology and immunohistochemistry respectively.

Histology and immunohistochemistry

The SAT and VAT were fixed in 10% (v/v) phosphate-
buffered formalin, dehydrated, and embedded in paraffin.
Thin tissue slides (4 μm) were deparaffinized and stained
with hematoxylin and eosin for routine pathological
examination and analyzed for adipocyte sizes using Image
Pro-Plus software. The SAT and VAT slides were also used
to incubate overnight at 4 °C with rabbit anti-mouse leptin
(Boster, China), TNF-α (Boster), and GRP78 (Abcam),
respectively, which was followed by signal amplification
with the Boster ABC kit (Boster). The reaction was devel-
oped by the addition of ABC chromogen substrate.
Microphotographs were taken and quantified.

3T3-L1 culture, differentiation, and RES treatment

Mouse 3T3-L1 preadipocytes (American Type Culture Col-
lection, Manassas, USA) were proliferated in 6-well plates in
DMEM containing 10% NCS. After the cells
had maintained confluency for 2 days, they were incubated in
induction medium I (day 0) containing 1 μM dexamethasone,
0.5 mM 1-methyl-3-isobutyl-xanthine, and 5 μg/ml insulin in
DMEM with 10% FBS for 2 days. Then the cells were placed
in induction medium II (day 2), containing 5 μg/ml insulin in
DMEM with 10% FBS, for 2 more days. Thereafter, the cells
were cultured in DMEM with 10% FBS for the remainder of
the differentiation process, which was as normal control (NC)
group. Before the cell experiments, PA was coupled to fatty
acid-free BSA at a 2:1 ratio (PA:albumin) and added to the
cell culture at a concentration of 0.6 mM, which was as PA
group, according to a previous study [19]. Before the addition
of PA, 200 μM RES was used to pretreat the differentiated
mature 3T3-L1 cells and as PA + RES group.

Realtime RT-PCR

Total RNAs were prepared from SAT, VAT, and the dif-
ferentiated mature 3T3-L1 cells by Trizol reagent (Takara,
Japan). Total RNA (1 μg) was reverse transcribed with
OligodT primers and Moloney murine leukemia virus

reverse transcriptase (Fermentas Life Sciences, CA, USA).
The genes engaged in lipid metabolism, such as perox-
isomal proliferator-activated receptor alpha (PPARα), per-
oxisomal proliferator-activated receptor gama (PPARγ) and
sterol regulatory element binding protein-1c (SREBP1c),
inflammatory cytokines such as TNFα and IL1β, adipokines
such as leptin, adiponectin, and resistin, ER stress upstream
markers activated transcription factor 6 (ATF6), ER-
resident PKR-like eIF2α kinase (PERK), and inositol-
requiring enzyme 1α (IRE1α), downstream effectors such as
glucose regulated protein 78 (GRP78) and CCAAT/
enhancer binding protein (C/EBP) homologous protein
(CHOP), and the RES-activated gene silent information
regulator 1 (SIRT1) (primer sequences were shown in
Table 1) were measured by realtime RT-PCR in a StepO-
nePlus Real-Time PCR System (Applied Biosystems, CA,
USA) using the iTaqTM Universal SYBR® Green Supermix
(Bio-Rad, USA) and the ΔΔCT threshold cycle method.
Gene expression levels were normalized to those of
GAPDH and presented relative to the gene expressions in
the SCD group or NC group.

Western blot analysis

Proteins were prepared by lysing SAT, VAT, and the dif-
ferentiated mature 3T3-L1 cells in an ice-cold lysis buffer
(50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1%
sodium deoxycholate, 1 mM phenylmethanesulphonyl
fluoride, 50 mM sodium fluoride, 1 mM sodium orthova-
nadate, 50 μg/ml aprotinin and 50 μg/ml leupeptin) for 30
min and centrifuged at 8000X g for 15 min at 4 °C to obtain
the supernatant. Western blot analysis for β-actin (Abcam),
IRE1α (Bioss, China), IL1β (Bioss), GRP78, CHOP (Bioss)
and SIRT1 (Santa Cruz) were performanced using specific
antibodies. Total protein concentrations were measured with
the Bradford dye binding assay to correct for any differ-
ences in protein loading. The intensities of the bands were
quantified using Gel-Pro Analyser 3.1 software (Informax).

Statistical analysis

Unless otherwise noted, all values are expressed as mean±
SD and analyzed by one-way ANOVA followed by the
unpaired, two-tailed student’s T-test using SPSS16.0 software.
Statistical significance was set at P< 0.05.

Results

Effects of RES on body and fat mass of HCD-fed mice

All male mice started the experiment with similar body
masses. There were no overt differences in the food intakes
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between the three groups (P> 0.05). After 3 months, the
HCD-fed mice had a significant body mass and SAT and
VAT mass gain compared with the SCD-fed and SCD +
RES mice, while body weight and fat mass decreased in the
HCD + RES group, indicating that RES treatment might
decrease lipogenesis and reduce body fat (Table 2).

Effect of RES on IR of HCD-fed mice

GTT and ITT experiments were performed to explore the
role of RES in obesity-induced insulin resistance. The
HCD-fed mice were significantly more glucose intolerant
after the 3-month HCD challenge; they became glucose
intolerant and had greater area under the curve, which
meant reduced glucose disposal. However, administration
of RES reduced glucose intolerance 30 and 60 min after
intraperitoneal injection of glucose in the HCD-fed mice
(Figs.1a, c). Consistent with the effects of RES on GTT, the

reduction in glucose levels during ITT was greater in the
HCD + RES group, indicated that RES treatment robustly
improved glucose disposal and increased insulin sensitivity
(Figs. 1b, d).

Effect of RES on blood lipid and inflammation of
HCD-fed mice

The levels of serum TC, TG, LDL-C, FFA, and PA in the
HCD-fed mice significantly increased and the HDL-C levels
markedly decreased as compared to the SCD-fed and SCD
+ RES mice (P< 0.05) (Table 3); RES treatment obviously
inverted serum lipid levels. Because the HCD-fed mice
showed increased plasma FFA levels, especially PA levels,
meanwhile serum TC levels had no significant differences
between the HCD and HCD + RES groups, we selected PA
as a representative HCD ingredient in order to study its
effects in differentiated mouse 3T3-L1 cells. TNF-α, IL-6,

Table 1 Oligonucleotide
primers for real-time RT-PCR

Genes Accession Primer sequences Product length (bp)

CHOP NM_007837.4 Forward: ATATCTCATCCCCAGGAAACG 188

Reverse: TCTTCCTTGCTCTTCCTCCTC

GRP78 NM_001163434.1 Forward: TGTGGTACCCACCAAGAAGTC 220

Reverse: TTCAGCTGTCACTCGGAGAAT

IRE1α NM_023913.2 Forward: CTGTGGTCAAGATGGACTGG 208

Reverse: GAAGCGGGAAGTGAAGTAGC

PERK XM_011241202 Forward: GGGACTTTGGACTGGTGACTGCTA 215

Reverse: CATCTGGGTGCTGAATGGGTAG

ATF6 NM_001081304.1 Forward: GCTTCCTCCAGTTGCTCCAT 190

Reverse: TGTTTCCAGGACCAGTGATAGG

PPARα XM_006520624.2 Forward: ACGATGCTGTCCTCCTTGATG 67

Reverse: GTGTGATAAAGCCATTGCCGT

leptin NM_008493.3 Forward: GAGACCCCTGTGTCGGTTC 139

Reverse: CTGCGTGTGTGAAATGTCATTG

resistin NM_022984.4 Forward: AAGAACCTTTCATTTCCCCTCCT 167

Reverse: GTCCAGCAATTTAAGCCAATGTT

SREBP 1c XM_006532714.2 Forward: TTCTGGAGACATCGCAAACAAG 280

Reverse: TATGGTAGACAACAGCCGCATC

adiponectin NM_009605 Forward: TCCTGGAGAGAAGGGAGAGAAAG 74

Reverse: TCATTCCAACATCTCCTGTCTCA

SIRT1 XM_011243606 Forward: CCACCAACACCTCTTCATATTTCG 299

Reverse: GCAAGTCTATTAGGCCAGCATTT

IL-1β NM_008361.3 Forward: GCCCATCCTCTGTGACTCAT 230

Reverse: AGGCCACAGGTATTTTGTCG

TNFα NM_013693.3 Forward: GACCCTCACACTCAGATCATCTTCT 77

Reverse: CCACTTGGTGGTTTGCTACGA

PPARγ NM_001308354.1 Forward: GAAGACCACTCGCATTCCT 268

Reverse: CACAGACTCGGCACTCAAT

GAPDH XM_011241214.1 Forward: TGTGTCCGTCGTGGATCTGA 77

Reverse: CCTGCTTCACCACCTTCTTGAT
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Fig. 1 Resveratrol improved the insulin sensitivity and blood
inflammation markers of the HCD-fed mice. 1a-d, Blood samples were
obtained from tail veins, measured with a glucometer, and the data
were plotted as blood glucose concentration over time. a glucose
tolerance test; b insulin tolerance test; c and d the calculation of the

area under the curve (AUC) for each of the experiments.
1e-g, Resveratrol decreased inflammation in the HCD-fed mice.
Plasma TNF-α, IL-6, and MCP-1 were measured using an ELISA kit.
*P< 0.05 vs. SCD group, #P< 0.05 vs. HCD group. Data are
expressed as mean± SD (n= 6)

Table 2 Influence of RES on
body mass and fat mass in SAT
and VAT of mice (n= 8, x± s)

Groups BW (g) SAT(g) VAT(g) SAT/BW VAT/BW

SCD 32.33± 1.96 0.47± 0.06 0.27± 0.11 0.015± 0.001 0.008± 0.003

SCD + RES 31.67± 1.75 0.46± 0.04 0.25± 0.13 0.015± 0.001 0.008± 0.001

HCD 35.67± 1.96** 1.46± 0.29** 1.45± 0.28* 0.041± 0.008 0.04± 0.009

HCD + RES 31± 3.03# 0.98± 0.32 1.0± 0.41 0.032± 0.01 0.03± 0.01

Values are mean ± SD

BW body weight, SAT subcutaneous adipose tissue, VAT visceral adipose tissue, SCD standard chow diet
group, SCD + RES standard chow diet supplemented with resveratrol group, HCD high-calorie diet group,
HCD + RES high-calorie diet supplemented with resveratrol group
*P< 0.05; **P< 0.01 vs. SCD group; #P< 0.05 vs. HCD group
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and MCP-1 are the main obesity-induced proinflammatory
cytokines and chemokine—they were all markedly elevated
(P< 0.05), which suggests inflammatory activation in the
HCD-fed mice. Meanwhile, all three inflammatory factor
levels were attenuated by RES treatment, indicating that
RES had an anti-inflammatory effect (Figs. 1e–g).

Effect of RES on adipocyte size and gene expression in
SAT and VAT

Adipocyte size has been shown to be an independent pre-
dictor of glucose intolerance [16]. Therefore, in order to
detect the influence of RES on adipocyte size, we performed
HE staining experiment. The adipocytes in the SAT and
VAT of the HCD-fed mice were hypertrophic, and their
diameters were almost two times the size of the SCD-fed
and SCD + RES mice. The average sizes of adipocytes in
the SAT and VAT of the HCD + RES mice were markedly
smaller (Fig. 2a). Figure 2e provides statistical information
about the sizes of adipocytes in all four groups, which were
consistent with Fig. 2a.

Next, we confirmed the effect of RES on gene expression
using immunohistochemistry for leptin, TNF-α, and GRP78
in both SAT and VAT. Leptin, TNF-α, and GRP78 in the
HCD-fed mice were significantly increased and mainly
distributed in the cytoplasm as compared to the SCD-fed
and SCD + RES mice. In contrast, leptin, TNF-α, and
GRP78 were markedly decreased in the HCD + RES mice
(Figs. 2b–d). The semi-quantification results indicated that
the gene expression, except for the GRP78 expression in
VAT, showed significant differences among the three
groups (Figs. 2f–h), which meant that the lipid-lowering
effects of RES are possibly related to its influence on the
protein expression of adipokines, inflammatory factors,
and ER stress. Therefore, we would continue to confirm the
effects of RES on more adipokines or genes participating in
inflammation and ER stress.

Because GTT, ITT, inflammatory factors, histological
and immunohistochemical analysis of the adipose tissue
showed no significant differences between SCD and SCD +
RES group, no other parameters were measured for the
SCD + RES group, and the SCD group alone served as the
standard-diet control for the remaining experiments.

Effects of RES on ER stress, lipid metabolism, and
adipokines in SAT and VAT

We further tested the effects of RES on the mRNA
expression of adipokines, ER stress upstream markers
ATF6, PERK and IRE1α, and downstream effectors such as
GRP78 and CHOP mRNA in both SAT and VAT. The
results showed that the ER stress related genes ATF6,
PERK, IRE1α, GRP78, and CHOP were all increased in the
SAT of the HCD-fed mice, while PERK mRNA expression
was almost undetectable in the VAT, which indicates that
the ER stress in SAT and VAT was activated by HCD
feeding, and that RES treatment obviously decreased gene
expression, thus alleviating ER stress (Figs. 3a, b).

We also detected the influence of RES on the expression
of SIRT1, inflammatory factors, lipid metabolism, and
adipokines. As expected, the HCD feeding decreased the
mRNA expression of SIRT1, while increasing the expres-
sions of leptin and resistin, TNF-α and IL-1β, and SREBP1c
(Figs. 3c–e). mRNA expression of adiponectin and PPARα
showed no significant difference when compared with
the SCD-fed mice. RES treatment obviously inverted the
mRNA expression of the above indices and significantly
increased the mRNA expression of SIRT1, adiponectin, and
PPARα. There were also no differences in the expression of
all these genes between SAT and VAT, except for PERK
and IL-1β. Expression of PPARγ was increased in HCD
group and consistent with increased size of adipocytes in
SAT and VAT; RES treatment decreased expression of
PPARγ significantly, which was consistent with decreased

Table 3 Influence of RES on
indices of serum lipid of the
HCD-fed mice (n= 8, x± s)

Groups TC (mmol/L) TG (mmol/L) HDL-C
(mmol/L)

LDL-C
(mmol/L)

FFA (mmol/L) PA (μmol/L)

SCD 1.49± 0.43 0.34± 0.07 1.84± 0.31 0.18± 0.05 0.33± 0.05 201.75± 18.34

SCD +
RES

1.53± 0.33 0.37± 0.06 1.72± 0.17 0.23± 0.06 0.31± 0.04 198.23± 16.76

HCD 3.1± 0.42* 0.6± 0.05** 1.28± 0.35* 0.74± 0.12** 0.71± 0.08** 654.73± 40.19*

HCD +
RES

2.8± 0.36 0.41± 0.10# 1.72± 0.36# 0.47± 0.09# 0.42± 0.06# 351.30± 31.65##

Values are mean ± SD

SCD standard chow diet group, SCD + RES standard chow diet supplemented with resveratrol group, HCD
high-calorie and high-cholesterol diet group, HCD + RES high-calorie and high-cholesterol diet
supplemented with resveratrol group, TG triglyceride, TC total cholesterol, LDL-C low density
lipoprotein-cholesterol, HDL-C high density lipoprotein-cholesterol, FFA free fatty acid, PA palmitic acid
*P< 0.05; **P< 0.01 vs. SCD group; #P< 0.05; ##P< 0.01 vs. HCD group
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Fig. 2 Resveratrol influenced the cell morphology and gene expression
in both SAT and VAT (×200). a HE staining of SAT and VAT; b
Immunohistochemical analysis of leptin; c Immunohistochemical
analysis of TNF-α; d Immunohistochemical analysis of GRP78; e
Quantification of adipocyte size in SAT and VAT; f Quantification of

protein expressions of leptin, g Quantification of protein expressions of
TNFα, h Quantification of protein expressions of GRP78. Data are
expressed as mean± SD (n= 6). *P< 0.05 vs. SCD group, #P< 0.05
vs. HCD group. IOD represent Integral Optical Density
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Fig. 3 Effects of resveratrol on mRNA and protein expression of ER
stress, SIRT1, lipid metabolism, and adipokines in SAT and VAT.
Gene expression were analyzed by realtime RT-PCR or Western blot. a
IRE1α, PERK, and ATF6; b CHOP and GRP78; c leptin, adiponectin,
and resistin; d TNF-α, SIRT1, and IL-1β; e SREBP1c, PPARα and
PPARγ; f Western blot of IRE1α, IL1β, GRP78, CHOP and SIRT1,

1–3 represent protein expression in SAT, 1 SCD, 2 HCD, 3 HCD +
RES, 4–6 represent protein expression in VAT, 4 SCD, 5 HCD, 6
HCD + RES; g and h Quantification of related protein expressions.
Data are presented as mean ± SD. *P< 0.05 vs. SCD group, #P< 0.05
vs. HCD group
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Fig. 4 Effects of resveratrol on mRNA and protein expression of ER
stress, SIRT1, lipid metabolism, and adipokines in mature 3T3-L1
cells. Gene expression were analyzed by realtime RT-PCR or Western
blot. a IRE1α, PERK, and ATF6; b CHOP and GRP78; c leptin,
adiponectin, and resistin; d TNF-α, SIRT1, and IL-1β; e SREBP1c,

PPARα and PPARγ; f Western blot of IRE1α, IL1β, GRP78, CHOP
and SIRT1, 1 NC, 2 PA, 3 PA + RES; g Quantification of related
protein expressions. Data are presented as mean± SD. *P< 0.05 vs.
NC group, #P< 0.05 vs. PA group
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size of adipocytes (Fig. 3e). Changes of protein expression
of IRE1α, GRP78, CHOP, SIRT1, and IL1β were similar
with their mRNA expression in SAT and VAT (Figs. 3f–h).

Effects of RES on PA-treated mature 3T3-L1 cells

In order to confirm whether the changes of gene expression
in adipose tissues also existed in adipocytes, we further
tested the effects of RES on mRNA expression in ER stress
in mature 3T3-L1 cells. The results showed that the ER
stress-related genes ATF6, PERK, IRE1α, GRP78, and
CHOP all increased in the 3T3-L1 cells, indicating that
the ER stress in these cells was activated by PA. RES
pretreatment obviously alleviated ER stress (Figs. 4a, b).

Again, we detected the influence of RES on the
expressions of SIRT1, inflammatory factors, lipid metabo-
lism, and adipokines. PA treatment obviously increased the
expression of TNF-α, IL-1β, SREBP1c, and leptin, while
resistin expression increased, but there were no differences
between the two groups. PPARα mRNA expression
decreased significantly in the PA group. RES pretreatment
obviously decreased the mRNA expression of leptin,
resistin, TNF-α, IL-1β and SREBP1c, while the mRNA
expression of adiponectin, SIRT1, and PPARα increased
significantly (Figs. 4c–e). Changes of protein expression of
IRE1α, GRP78, CHOP, SIRT1, and IL1β were similar with
their mRNA expression in mature 3T3-L1 cells (Figs. 4f, g).

Discussion

It is well known that unfavorable diets with excess calories
are associated with overweight and obesity-associated dis-
eases, such as diabetes, cardiovascular disease, and non-
alcoholic fatty liver disease, which can lead to metabolic
damage through complex pathophysiological mechanisms.
RES is one of the limited viable drug candidates for obesity
treatment. In the present study, RES was shown to reverse
adipocyte hypertrophy and IR by attenuating ER stress and
inflammation, thus increasing the expression of SIRT1 and
inverting the expression of adipokines in vivo and in vitro.
The results showed that RES plays a novel role in obesity-
related metabolic syndrome.

The therapeutic dose of RES was determined based on
previous reports [16] that determined the safe dose by
examining animals fed a standard diet and RES. High doses
of RES, up to 750 mg/kg/day for 3 months, were investi-
gated in vivo in rabbits and rats, and it was concluded that
RES is well-tolerated and non-toxic [20]. We used RES
400 mg/kg/day to treat the HCD-fed mice.

The preventive effect of RES on body fat accumulation
has been demonstrated in various models, including
rodents, primates, and humans [21–23]. Our results

suggested that RES supplementation alleviated HCD-
induced increases in adipose weight, adipocyte size, and
macrophage infiltration, as indicated by elevated serum
MCP-1 levels and heightened TNF-α expression in SAT
and VAT, respectively. Serum TG, TC, LDL-C, FFA, and
PA levels were also decreased after RES treatment.
Reduced uptake of fatty acids for triacylglycerol formation
and increased capacity for triacylglycerol mobilization may
be the mechanisms responsible for the metabolic changes, at
least in part, resulting in the body-fat-lowering effect of
RES.

RES improved adipose insulin signaling and reduced the
inflammatory response in the adipose tissue of rhesus
monkeys on a high-fat, high-sugar diet [24]. Our study also
showed that RES could improve glucose disposal, restore
insulin sensitivity, and decrease serum TNF-α, IL-6, and
MCP-1 levels through increasing SIRT1 expression. Pfluger
et al. reported that transgenic SIRT1 mice fed a high-fat diet
showed lower lipid-induced inflammation along with better
glucose tolerance [25], which was consistent with the
results of our study.

PPARα mainly participates in fatty acid oxidation, while
SREBP1c is responsible for fatty acid and TG synthesis.
Our results showed that HCD feeding or PA treatment
regulated the expression of PPARα and SREBP1c to
increase TG synthesis and decrease fatty acid oxidation in
adipose tissue and adipocytes. RES decreased adipocyte
size (indicated by decreased PPARγ expression), as well as
body weight and adipose tissue mass, and it inverted mRNA
expression of SREBP1c and PPARα in HCD-fed mice and
PA-treated 3T3-L1 cells. RES had been shown to inhibit
PPARγ induction in adipocytes [26]. These results indicated
that RES has a lipid-lowering effect, which was consistent
with Scapagnini’s review of RES [27]. Mercader et al.
reported increased oxidative capacity in white adipocytes
treated with RES by increased expression of CPT1 and
PGC1α [28].

Obesity-induced ER stress triggers a stress cascade that
involves IR, inflammation, and cell death [29]. A recent
study demonstrated that PA-induced ER stress was asso-
ciated with increased protein expression of GRP78 and
CHOP in 3T3-L1 cells and rat primary preadipocytes [30].
These results were consistent with those of our study, in that
not only were downstream CHOP and GRP78 increased by
HCD feeding or PA treatment, but that upstream ER stress
signaling molecules, namely IRE1α, PERK, and ATF6,
were all increased in SAT tissues and 3T3-L1 cells, while
PERK and ATF6 gene expression was almost undetectable
in VAT. RES treatment inverted the mRNA expression
of ER stress-related molecules in adipose tissues and cells.
IRE1α, GRP78, and CHOP were selected as representative
markers of ER stress in adipose tissue and adipocytes. RES
was able to decrease their expression induced by HCD
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feeding or PA treatment, again demonstrating the alleviation
of ER stress by RES in adipose tissue and adipocytes.

Mitochondrial dysfunction is another key determinant of
IR. Mitochondria are involved in lipolytic processes
through the β-oxidation of lipids, and in anabolic processes
such as lipogenesis and lipid storage in adipocytes and
other tissues. RES acts on differentiating preadipocytes by
inhibiting mitochondrial biogenesis and lipogenesis, and
RES-induced reduction of mitochondrial biogenesis and
lipid storage contributes to adipose-tissue-based weight loss
in animals and humans [31].

The antilipogenic effect of RES is further modulated by
expression of mitochondrial ATAD3 in adipocytes, con-
sistent with the emerging role of this protein as an important
regulator of mitochondrial biogenesis and lipogenesis.
Overexpression of ATAD3 counteracts RES antilipogenic
effects in 3T3-L1 [15], so the expression of this protein will
be investigated in future studies.

Nutrient overload, such as with the HCD in adipose tissue
and PA in adipocytes, induces intracellular stress that results
in activation of inflammatory cascades. Our animal model
showed a chronic low-degree inflammatory state, character-
ized by increased proinflammatory cytokine levels in plasma
and adipose tissue. Resolution of inflammation is a carefully
orchestrated and complex process in which endogenously
generated anti-inflammatory mediators counteract the effects
of proinflammatory signaling systems. Only a limited num-
ber of studies and indices have assessed the potential anti-
inflammatory effects of RES in animal models [32].

A paracrine loop involving adipocyte-derived FFA and
macrophage-derived TNF-α establishes a vicious cycle that
aggravates inflammatory changes and IR in adipose tissues
[33]. RES decreased the expression of TNF-α and IL-1β in
SAT and VAT, as well as in 3T3-L1 cells, and exhibited
anti-inflammatory effects in adipose tissue and adipocytes.

Metabolically challenged adipocytes are more prevalent
and the accompanying inflammatory reactions are more
severe in visceral than in subcutaneous fat in obese indi-
viduals [34]. With regard to reduction of body fat, clear
differences in terms of response to RES were found among
adipose tissues from different anatomical locations. How-
ever, in the present study, we found that there was no dif-
ference between the level of inflammation and ER stress in
SAT and VAT, which is inconsistent with previous results
[35]. This discrepancy may be related to the ingredients of
the HCD and the feeding times.

Our results proved that RES increases the expression of
SIRT1 in adipose tissues and cells, which was also shown in
reports from Lv et al. using the same dose [36]. Although
there were some differences among different adipose tis-
sues, the reason for this is unknown. Increased SIRT1
expression has been reported as a mechanism by which RES
produces its beneficial health effects.

Marked changes in adipokine expression in adipose
tissues strongly affect their pathophysiology [37]. As we
expected, increased leptin and resistin levels were induced
in adipose tissues by HCD feeding and in 3T3-L1 cells by
PA treatment, while RES treatment significantly decreased
the expression of these adipokines, further supporting the
role that RES may play in reversing obesity-associated
adipocyte dysfunction. It is possible that the initial increase
in visceral adiposity and inflammation contributed to the
reduced adiponectin level, but a high-fat diet enabled the
mice to compensate and adiponectin levels to increase.
Therefore, there was no difference in adiponectin expres-
sion between the SCD and HCD groups, while RES treat-
ment increased the expression of adiponectin.

3T3-L1 preadipocytes must be cultured in high-sugar
media. All three groups in the cell experiment were under the
same conditions, with the differences among them due only to
whether they were exposed to PA or to RES. Saturated pal-
mitate is a strong inducer of the inflammatory cytokine
pathways known to mediate insulin resistance in 3T3-L1
adipocytes [38]. The fact that RES effectively reduced
palmitate-induced IL1β and TNFα levels in mature 3T3-L1
adipocytes lends support to the notion that RES specifically
blocks palmitate-mediated inflammatory pathways.

In conclusion, our study suggests that the reduction of
inflammation and ER stress due to RES treatment may have
contributed to insulin sensitization in the HCD-fed mice.
This mechanism is related to the reduction of body adip-
osity and the direct suppression of adipokine expression in
adipose tissues and cells. RES also appears to reduce adi-
pocyte dysfunction by decreasing adipocyte size and
increasing SIRT1 expression. Our observations suggest a
new molecular mechanism for the therapeutic efficacy of
the SIRT1 activator RES.
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