
Biochemical Pharmacology 81 (2011) 1343–1351
Resveratrol exerts anti-obesity effects via mechanisms involving down-regulation
of adipogenic and inflammatory processes in mice
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A B S T R A C T

Resveratrol is a natural polyphenolic stilbene derivative found in a variety of edible fruits, including nuts,

berries, and grape skin. Although resveratrol has been suggested to improve thermogenesis in the brown

adipose tissues of obese animals, there have been no reports on the anti-adipogenic and anti-

inflammatory effects of resveratrol in the white adipose tissues of obese animals. The primary aim of this

study was to investigate whether resveratrol attenuates high-fat diet (HFD)-induced adipogenesis and

inflammation in the epididymal fat tissues of mice and to explore the underlying mechanisms involved

in this attenuation. In comparison with HFD-fed mice, mice fed with a 0.4% resveratrol-supplemented

diet (RSD) showed significantly lower body weight gain (�48%), visceral fat-pad weights (�58%), and

plasma levels of triglyceride, FFA, total cholesterol, glucose, tumor necrosis factor (TNF) a, and monocyte

chemoattractant protein-1 (MCP1). Resveratrol significantly reversed the HFD-induced up-regulation of

galanin-mediated signaling molecules (GalR1/2, PKCd, Cyc-D, E2F1, and p-ERK) and key adipogenic

genes (PPARg2, C/EBPa, SREBP-1c, FAS, LPL, aP2, and leptin) in the epididymal adipose tissues of mice.

Furthermore, resveratrol significantly attenuated the HFD-induced up-regulation of pro-inflammatory

cytokines (TNFa, IFNa, IFNb, and IL-6) and their upstream signaling molecules (TLR2/4, MyD88, Tirap,

TRIF, TRAF6, IRF5, p-IRF3, and NF-kB) in the adipose tissues of mice. The results of this study suggest that

resveratrol inhibits visceral adipogenesis by suppressing the galanin-mediated adipogenesis signaling

cascade. It may also attenuate cytokine production in the adipose tissue by repressing the TLR2- and

TLR4-mediated pro-inflammatory signaling cascades in HFD-fed mice.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Resveratrol (3,5,40-trihydroxystilbene) is a natural polyphenolic
compound belonging to the stilbene class of aromatic phyto-
chemicals; this compound exists in both cis and trans forms [1]. The
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trans-form, which is present in significant amounts in a variety of
edible fruits, including nuts, berries, and grape skin (and red wine
derived thereof), has received attention because of its possible role in
the prevention of diverse pathologic processes [1–3]. The cardio-
protective [4,5], anti-cancer [6,7], anti-oxidant and anti-inflamma-
tory [8] properties of resveratrol are well characterized. A recent
study reported that resveratrol has an inhibitory effect on
hyperglycemia-induced inflammation in human retinal pigment
epithelial cells [9] and inhibits nuclear factor-kB (NF-kB) signaling in
the sciatic nerves of rats with streptozotocin-induced diabetes [10].

Resveratrol exerts beneficial effects in the prevention and
treatment of non-alcoholic fatty liver disease (NAFLD) through the
modulation of lipid metabolism-related genes, such as fatty acid
synthase (FAS), peroxisome proliferator-activated receptor alpha
(PPARa), peroxisome proliferator-activated receptor gamma
(PPARg), paraoxonase 1 (PON1), type B scavenger receptor
(CD36), and silent information regulation 2 homolog 1 (SIRT1),
in the liver of mice fed an atherogenic diet [11]. Furthermore, two
recent independent studies demonstrated that resveratrol restores
glucose homeostasis in the liver [12] and improves mitochondrial
function by increasing energy expenditure in the muscle and
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brown adipose tissue of mice fed a high-fat diet (HFD) [13]. Both
studies indicate that such effects may be related to the increased
activity of peroxisome proliferative activated receptor gamma
coactivator-1a (PGC-1a), which is probably linked to resveratrol-
dependent SIRT1 activation.

The study of adipose tissue is central to the understanding of
the metabolic abnormalities associated with obesity develop-
ment [14]. In 3T3-L1 mouse preadipocytes, resveratrol shows
inhibitory effects on adipocyte differentiation, which accompa-
nies the down-regulation of several adipocyte-specific genes,
such as those encoding PPARg, FAS, CCAAT/enhancer binding
protein-alpha (C/EBPa), sterol regulatory element binding
proteins-1c (SREBP-1c), hormone-sensitive lipase (HSL), and
lipoprotein lipase (LPL) [15]. White adipose tissue, particularly
in the visceral area, is an active endocrine tissue that produces
various inflammatory cytokines [16,17]. Dysregulation of the
function and production of pro- and anti-inflammatory cytokines
in the white adipose tissue of obese individuals may promote
obesity-linked metabolic disorders. Some researchers have
referred to this inflammatory state as ‘‘metaflammation,’’ i.e.,
metabolically triggered inflammation [18].

Although resveratrol has been suggested to decrease adipocyte
differentiation in vitro, there have been no reports on the anti-
adipogenic effect of resveratrol in tissues of obese animals.
Additionally, the protective effect of resveratrol against the
HFD-induced activation of inflammatory responses in adipose
tissue is unclear. The aim of this study was to investigate whether
resveratrol attenuates the HFD-induced adipogenesis and inflam-
mation in the visceral adipose tissue of mice. Possible involve-
ments of the galanin-mediated adipogenic signaling pathway and
the TLR2- and TLR4-mediated pro-inflammatory signaling cas-
cades as mechanisms underlying the beneficial effects of resvera-
trol in the HFD-fed mice were evaluated.

2. Materials and methods

2.1. Animals and diets

Thirty male C57BL/6J mice (age, 9 weeks) were purchased
from Orient Bio (Gyeonggi-do, Korea) and conditioned in the
animal facility for 1 week. Mice were housed individually in
standard plastic rodent cages in animal quarters maintained at
21 � 2.0 8C and 50 � 5% relative humidity with a light/dark cycle of
12 h. All the mice had ad libitum access to rodent chow and water
for 1 week prior to division into the following 3 weight-matched
groups (n = 10): normal diet (ND) group, high-fat diet (HFD) group,
and 0.4% trans-resveratrol-supplemented diet (RSD) group (res-
veratrol was obtained from Sigma–Aldrich, Steinheim, Germany).
The ND was a purified diet based on the AIN-76 rodent diet. The
HFD was identical to the ND except for the addition of 200 g of fat/
kg (170 g of lard plus 30 g of corn oil) and 1% (w/w)
cholesterol. The RSD was identical to the HFD and contained
0.4% resveratrol. Diets were provided in the form of pellets for 10
weeks.

Food intake of the mice was recorded daily, and their body
weights were monitored every week during the feeding period. At
the end of the experimental period, animals were anesthetized
with ether after a 12-h fasting period. To analyze plasma lipid
levels, freshly collected blood samples were centrifuged at
2000 � g for 15 min at 4 8C. Livers and visceral fat-pads from 4
different regions (epididymal, perirenal, mesenteric, and retro-
peritoneal regions) were removed, rinsed with phosphate-
buffered saline (PBS), and weighed. The plasma, liver, and visceral
fat-pad samples were collected and stored at �70 8C until
analysis. All mice were housed in a specific pathogen-free facility
of Yonsei University, Seoul, Korea, and this study was approved by
the Institutional Animal Care and Use Committee of Yonsei
University.

2.2. Histological analysis

The epididymal fat pads were fixed in 10% buffered formalin
and embedded in paraffin, cut at thicknesses of 5 mm, and later
stained with hematoxylin and eosin (H&E), for the histological
examination of fat droplets.

2.3. Biochemical analysis

Plasma concentrations of total cholesterol, triglyceride, free
fatty acid (FFA), and glucose were determined enzymatically using
commercial kits (Bio-Clinical System, Gyeonggi-do, Korea). Plasma
insulin levels were measured through radioimmunoassay (Linco
Research, Inc., St. Louis, MO, USA). The homeostasis model
assessment of basal insulin resistance (HOMA-IR) was used to
calculate an index from the product of the fasting concentrations of
plasma glucose (mmol/L) and insulin (pmol/L) divided by 22.5.
Lower HOMA-IR values indicated greater insulin sensitivity,
whereas higher HOMA-IR values indicated lower insulin sensitivi-
ty (insulin resistance). Hepatic lipids were extracted as described
by Folch et al. [19], and dried lipid residues were dissolved in 2 ml
of ethanol. Cholesterol and triglyceride concentrations in hepatic
lipid extracts were measured using the same enzymatic kits (Bio-
Clinical System) used for plasma analysis. Plasma levels of tumor
necrosis factor-alpha (TNFa) and monocyte chemoattractant
protein-1 (MCP1) were measured using ELISA kits (ID Labs, MA,
USA).

2.4. RNA extraction and semi-quantitative RT-PCR analysis

Total RNA was isolated from epididymal adipose tissue using
Trizol (Invitrogen, CA, USA). Fat contained in tissue homogenates
was removed by centrifugation for 10 min at 13,000 � g for 4 8C.
4 mg of the total RNA was reverse-transcribed using the Super-
script II kit (Invitrogen), according to the manufacturer’s recom-
mendations. The GenBank accession numbers of the relevant
templates and the forward (F) and reverse (R) primer sequences
are shown in Table 1. Primers to amplify the 530-bp cDNA
fragment encoding glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were designed and used as an internal control. The cDNA
served as a template in a 40-ml reaction mixture and was
processed using the following protocol: an initial denaturation at
94 8C for 5 min, followed by 30–33 amplification cycles (94 8C for
30 s, 55–60 8C for 45 s, and 72 8C for 1 min) and 72 8C for 10 min.
Next, 4 ml of each PCR reaction mixture was mixed with 1 ml of 6-
fold-concentrated loading buffer and loaded onto a 2% agarose gel
containing ethidium bromide.

2.5. Western blot analysis

Epididymal fat-pads were homogenized at 4 8C in an extraction
buffer (100 mM Tris–HCl, pH 7.4, 5 mM EDTA, 50 mM NaCl, 50 mM
sodium pyrophosphate, 50 mM NaF, 100 mM orthovanadate, 1%
Triton X-100, 1 mM phenylmethanesulphonylfluoride, 2 mg/ml
aprotinin, 1 mg/ml pepstatin A, and 1 mg/ml leupeptin). Tissue
homogenates were centrifuged (13,000 � g, 20 min, 4 8C), and the
resulting supernatants (whole-tissue extracts) were used for
Western blot analyses. Protein concentrations were measured
using the Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA,
USA). Protein samples (80 mg/lane) were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a nitrocellulose membrane (Amersham,
Buckinghamshire, UK). The membranes were then probed with



Table 1
Primer sequences and PCR conditions.

Gene description Primers Sequences (50 !30) Tm (8C) Size (bp)

Adipogenesis related

Galanin receptor 1 (GalR1) F CCAAGGGGGTATCCCAGTAA 55 147

R GGCCAAACACTACCAGCGTA

Galanin receptor 2 (GalR2) F ATAGTGGTGGCATGCTGGAA 60 134

R AGGCTGGATCGAGGGTTCTA

Protein kinase C delta (PKCd) F CTGAGCGCTGCAAGAAGAAC 60 146

R TGGAAACTTTGCCTCCTCCT

Cyclin D (Cyc-D) F TGGGAAGTTTTGTTGGGTCA 55 144

R TCCTTGTCCAGGTAATGCCA

E2F transcription factor 1 (E2F1) F CCTCGCAGATCGTCATCATC 55 102

R AGAGCAGCACGTCAGAATCG

Peroxisome proliferator-activated receptor gamma (PPARg2) F TTCGGAATCAGCTCTGTGGA 55 148

R CCATTGGGTCAGCTCTTGTG

CCAAT/enhancer binding protein alpha (C/EBPa) F TCGGTGCGTCTAAGATGAGG 55 187

R TCAAGGCACATTTTTGCTCC

Sterol regulatory element binding transcription factor 1 (SREBP1c) F ATCGCAAACAAGCTGACCTG 55 115

R AGATCCAGGTTTGAGGTGGG

Liver X receptor (LXR) F TCCTACACGAGGATCAAGCG 55 119

R AGTCGCAATGCAAAGACCTG

Fatty acid synthase (FAS) F TTGCCCGAGTCAGAGAACC 55 171

R CGTCCACAATAGCTTCATAGC

Lipoprotein lipase (LPL) F TGCCGCTGTTTTGTTTTACC 55 172

R TCACAGTTTCTGCTCCCAGC

Fatty acid binding protein (aP2) F AGCATCATAACCCTAGATGG 55 128

R GAAGTCACGCCTTTCATAAC

Leptin F CTCCAAGGTTGTCCAGGGTT 55 143

R AAAACTCCCCACAGAATGGG

Inflammation-related

Toll like receptor 2 (TLR2) F GAGCATCCGAATTGCATCAC 55 120

R TATGGCCACCAAGATCCAGA

Toll like receptor 4 (TLR4) F TCGAATCCTGAGCAAACAGC 55 199

R CCCGGTAAGGTCCATGCTAT

Myeloid differentiation primary response gene 88 (MyD88) F AAGAAAGTGAGTCTCCCCTC 55 149

R TCCCATGAAACCTCTAACAC

TIR-domain-containing adaptor protein (Tirap) F GTGGCCGCTGGAGCAAAGAC 55 370

R TTGCCTCTGCCATCCACATA

TNF receptor-associated factor 6 (TRAF6) F GCACAAGTGCCCAGTTGACAATGA 55 479

R AGTGTCGTGCCAAGTGATTCCTCT

TIR-domain-containing adapter-inducing interferon-b (TRIF) F ATGGATAACCCAGGGCCT T 55 528

R TTCTGGTCACTGCAGGGGAT

Interferon regulatory factor 5 (IRF5) F AATACCCCACCACCTTTTGA 55 191

R TTGAGATCCGGGTTTGAGAT

NF-kB (p50) F CGCCAAAGTATAAGGATGTC 55 104

R GTAGAGAAAGGGTTTCGGTT

NF-kB (p65) F AGCACAGATACCACCAAGAC 55 158

R TCAGCCTCATAGTAGCCATC

TNF alpha (TNFa) F TGTCTCAGCCTCTTCTCATT 55 156

R AGATGATCTGAGTGTGAGGG

Interferon alpha (IFNa) F ATGGCTAG(G/A)CTCTGTGCTTTCCT 55 500

R GGGCTCTCCAGA(T/C)TTCTGCTCTG

Interferon beta (IFNb) F TGGAGCAGCTGAATGGAAAG 55 122

R GAGCATCTCTTGGATGGCAA

Interleukin 6 (IL-6) F ATGAAGTTCCTCTCTGCAAGAGACT 55 638

R CACTAGGTTTGCCGAGTAGATCTC

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) F AGAACATCATCCCTGCATCC 55 321

R TCCACCACCCTGTTGCTGTA
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a 1:1000 dilution of primary antibody. Antibodies to the following
proteins were purchased from the indicated sources: ERK, p-ERK
(Thr202/Tyr204), and p-IRF3 (Ser396) were obtained from Cell
Signaling Technology (Cell signaling, Beverly, MA, USA); IRF3 was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
After incubation with the corresponding secondary antibody
(Santa Cruz), signals were detected using a chemiluminescent
detection system (Amersham) and quantified using Quantity One
analysis software (Bio-Rad).

2.6. Statistical analysis

Data on the body weight gain, visceral fat-pad and liver weights,
and plasma and hepatic biochemistries are presented as mean-
s � SEM of 10 mice. RT-PCR and Western blot data are presented as
means � SEM of the results of triplicate analyses of RNA and protein
samples, respectively, which were pooled from 10 mice per group.
Data were analyzed using one-way analysis of variance (ANOVA) with
Duncan’s multiple-range tests. Statistical significance was defined as
p < 0.05. Statistical analysis of the data was performed using SPSS
statistical software (Version 12.0).

3. Results

3.1. Body and visceral fat-pad weights

The HFD increased the body weight in mice, but supplementing
the HFD with 400 mg resveratrol/kg diet suppressed the body
weight gain (�48%, p < 0.05) (Fig. 1A) without affecting food intake
(Fig. 1B). The food efficiency ratio in the RSD group was
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significantly lower (�51%) than that in the HFD group (Fig. 1C). The
relative weights of the epididymal (�57%), mesenteric (�56%),
perirenal (�56%), and retroperitoneal (�62%) fat-pads in RSD mice
were significantly lower than those in the HFD mice (Fig. 1D). The
histological analysis of epididymal adipose tissue sections by H&E
staining also showed smaller adipocytes in RSD-fed mice than in
HFD-fed mice (Fig. 1E).
Fig. 1. Effects of resveratrol on body weight gain, food intake, FER1), visceral fat-pad we

sacrificed after 10 weeks of ND and HFD consumption with or without 0.4% resveratrol (RS

and (D) visceral fat-pad weights in each group are shown. (E) Representative histological

200�. Values are expressed as mean � SEM (n = 10). Means without a common letter di
3.2. Plasma and hepatic biochemistry

Mice that received resveratrol showed significantly lower
plasma concentrations of triglyceride (�23%), FFA (�25%), total
cholesterol (�20%), TNFa (�41%), and MCP1 (�56%) in comparison
with the values for HFD control mice. Resveratrol significantly
reversed the HFD-induced elevations in plasma glucose (�17%)
ights, and histology of epididymal adipose tissue of mice fed a HFD. Animals were

D or HFD, respectively). (A) Changes in body weight gain (g), (B) food intake, (C) FER,

images of the epididymal adipose tissue as assessed by H&E staining; magnification,

ffer, p < 0.05. 1) FER ðfood efficiency ratioÞ ¼ Body weight gain for the experimental period ðgÞ
Food intake for the experimental period ðgÞ .



Table 2
Plasma and hepatic biochemistries of mice fed experimental diets.

Groups ND HFD RSD

Plasma

Triglyceride (mmol/L) 0.60� 0.05b 0.84�0.04a 0.65� 0.04b

Free fatty acid (mEq/L) 657�26.5b 999�31.8a 752�38.9b

Total cholesterol (mmol/L) 2.22� 0.12c 3.86�0.11a 3.07� 0.18b

Glucose (mmol/L) 3.79� 0.40c 6.82�0.35a 5.62� 0.42b

Insulin (pmol/L) 107�6.54b 187�8.12a 111�7.90b

HOMA-IR 17.9� 0.81b 56.7�2.77a 27.9�2.04b

TNFa (pg/ml) 38.3�4.87c 105.8�5.75a 62.2�5.34b

MCP1 (pg/ml) 16.3�2.29c 80.5�5.20a 35.3�5.22b

Liver

Liver weight (g/100 g body

weight)

3.60� 0.10c 5.00�0.30a 4.40� 0.20b

Triglyceride (mg/g liver) 12.4� 0.99c 31.4�1.53a 19.2� 0.66b

Cholesterol (mmol/g liver) 36.3�6.54c 86.1�7.25a 62.2�8.28b

Values are expressed as mean� SEM (n = 10). Values within a row without a common

letter differ significantly, p< 0.05.

ND, normal diet group; HFD, high-fat diet group; RSD, 0.4% resveratrol-supplemented

diet group.
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and insulin (�40%) levels. The insulin sensitivity was increased
significantly by resveratrol supplementation as indicated by 51%
reduction in HOMA-IR. Similarly, resveratrol reversed the detri-
mental effects of HFD feeding on the hepatic accumulation of
triglyceride (�39%) and cholesterol (�28%) (p < 0.05). The relative
weight of the liver in RSD-fed mice was also significantly lower
than that in HFD-fed mice (Table 2).

3.3. Expression of adipogenesis-related signaling molecules

We explored the potential mechanisms by which resveratrol
may attenuate the HFD-induced activation of adipogenesis in the
epididymal adipose tissue of mice. The mRNA levels of GalR1,
GalR2, PKCd, Cyc-D, and E2F1 in RSD mice were significantly lower
than those in HFD mice (Fig. 2A). The mRNA levels of several
adipogenic transcription factors, including PPARg2, C/EBPa,
SREBP-1c, and liver X receptor (LXR), in the visceral adipose tissue
of RSD-fed mice were significantly lower than those in the HFD
control mice. Additionally, the mRNA levels of key adipogenic
target genes, including FAS, LPL, adipocyte protein 2 (aP2), and
leptin, in RSD-fed mice were significantly down-regulated in
comparison with their levels in HFD-fed mice (Fig. 2B). Results
from the Western blot analysis of proteins isolated from
epididymal adipose tissue confirmed that ERK phosphorylation
(Thr202/Tyr204) in RSD-fed mice was significantly down-regulat-
ed in comparison with that in HFD-fed mice (Fig. 2C).

3.4. Expression of inflammation-related signaling molecules

Next, we tested whether resveratrol can attenuate HFD-
induced activation of toll-like receptor (TLR)-mediated pro-
inflammatory signaling in the epididymal adipose tissue of mice.
The mRNA levels of TLR2 and TLR4 in RSD-fed mice were lower
than those in HFD control mice (p < 0.05). Moreover, mRNA
expression of myeloid differentiation primary response gene 88
(MyD88)-dependent adaptor molecules, such as MyD88, toll-
interleukin 1 receptor domain containing adaptor protein (Tirap),
and TNF receptor-associated factor 6 (TRAF6), in RSD-fed mice
were down-regulated in comparison with their expression in HFD-
fed mice (p < 0.05). Similarly, the mRNA level of a MyD88-
independent adaptor molecule, TIR-domain-containing adapter-
inducing interferon-1 b (TRIF), was also significantly lower in RSD
mice than in HFD mice (Fig. 3A). As shown in Fig. 3B, the mRNA
levels of pro-inflammatory transcription factors, such as interferon
regulatory factor 5 (IRF5) and NF-kB (p50 and p65), in the
epididymal adipose tissue of RDS-fed mice were significantly
lower than the levels in HFD-fed mice. Furthermore, expression of
the target cytokine genes, including those expressing TNFa,
interferon-alpha (IFNa), interferon-beta (IFNb), and interleukin
6 (IL-6), in the RSD mice were down-regulated in comparison with
their expressions in the HFD mice (p < 0.05). Immunoblot results
indicate that the phosphorylated IFN regulatory factor-3 (IRF3)
level in the epididymal adipose tissue of RSD-fed mice was
significantly lower than that in HFD-fed mice (Fig. 3C).

4. Discussion

The resveratrol dosage (0.4%) given to mice in this study was
chosen on the basis of 2 previous reports: Lagouge et al. indicated
that 0.4% resveratrol supplementation for 15 weeks significantly
decreases body weight gain and visceral fat-pad weights in HFD-
fed mice [13]. In contrast, supplementation of 0.04% resveratrol to
the HFD for 6 months did not lead to a significant reduction in body
weight but it improved health and survival of mice [12]. The daily
resveratrol intake of the mice in our study (approximately 400 mg/
kg body weight) was equivalent to an intake of approximately
32.4 mg/kg human body weight (1944 mg/60 kg person) when
calculated on the basis of normalization to body surface area under
the recommendations of the U.S. Food and Drug Administration
(http://www.fda.gov/cder/cancer/animalframe.htm) and Reagan-
Shaw et al. [20] when an extrapolation of animal dose to human
dose is performed. Additionally, daily doses of commercial dietary
supplements range from 50 to as high as 2000 mg trans-resveratrol
(0.8–33 mg/kg body weight) for a 60-kg human [21–25].

In the present study, mice fed a diet supplemented with 0.4%
resveratrol for 10 weeks showed significantly lower body weight
gain (�48%) and visceral fat-pad weights (�58%) than the HFD-fed
mice. These beneficial effects of resveratrol on body and visceral
fat-pad weights were not because of decreased food intake, as the
amount of food consumed per mouse was unchanged. The
magnitudes of body weight gain and visceral fat-pad weight
attenuations induced by 0.4% resveratrol supplementation were
greater in the mice in our study than in the animals raised by
Lagouge et al. (body weight gain: �48% vs. �30%, visceral fat-pad
weight: �58% vs. �20%) despite the fact that the mice in the latter
study were maintained on experimental diets for a longer period
(10 weeks vs. 15 weeks) [13]. We further observed that
supplementation with 0.4% resveratrol resulted in a significant
reduction in plasma and hepatic triglyceride and cholesterol levels.
These beneficial resveratrol-induced changes in the plasma and
hepatic lipid profiles correlate with the findings of a previous
report by Rivera et al., in which resveratrol (10 mg/kg body weight;
administered for 8 weeks) was reported to be effective in reducing
plasma levels of triglycerides, FFA, and cholesterol, and hepatic
triglyceride levels in obese Zucker rats [26], however, this contrasts
with the results of two independent studies on mice with diet-
induced obesity [12,13].

Galanin is a neuropeptide that plays a role in food intake
regulation by acting on the central nervous system in mammals
[27,28]. Circulating serum levels of galanin are elevated in obese
individuals relative to lean individuals, suggesting that elevated
peripheral galanin levels may contribute to the development of
obesity and obesity-associated impairments [29–31]. The possible
association of the galanin-mediated signaling pathways in the
manifestation of the HFD-induced activation of adipogenesis has
been suggested in the epididymal adipose tissues of mice [32].
Prolonged consumption of a HFD leads to increased expression of
galanin and its receptors, along with increased expression and/or
activation of downstream molecules related to adipogenesis, such
as PKCd, Cyc-D, E2F1, and p-ERK, and key adipogenic transcription
factors, such as PPARg2 and its target gene, aP2, in epididymal

http://www.fda.gov/cder/cancer/animalframe.htm


Fig. 2. RT-PCR (A and B) and Western blot (C) analyses of epididymal adipose tissues from the ND, HFD, and RSD groups showing the expression of molecules involved in

galanin-mediated adipogenesis signaling. A representative image from 3 independent experiments of is shown in the left portion of the figure. The right portion of the figure

shows the results of densitometric analysis of (A) upstream and (B) downstream molecules of galanin-mediated signaling. Data were normalized to the GAPDH mRNA levels

and compared to ND group measurements, which were assigned a value of 1.0. (C) Protein levels of p-ERK were determined by Western blotting. The levels of p-ERK were

normalized to those of total ERK. Each bar represents the mean � SEM of 3 independent experiments of the RNA or protein samples pooled from 10 mice per group. Means without

a common letter differ, p < 0.05.
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adipose tissues of mice. The activation of ERK signaling promotes
adipogenesis by enhancing the PPARg2 and C/EBPa gene expres-
sions during the differentiation of 3T3-L1 preadipocytes [33].
Another current study in the literature states that Cyc-D/E2F1
pathway lies downstream the mitogenically activated RAS/RAF/
MEK/ERK cascade [34]. In the current study, resveratrol signifi-
cantly reversed HFD-induced up-regulation of galanin-mediated
adipogenic signaling molecules (GalR1, GalR2, PKCd, Cyc-D, E2F1,
and p-ERK) in the adipose tissues of mice (Fig. 2A). Furthermore,
resveratrol significantly suppressed the expression of adipogenic
transcription factors (PPARg2, C/EBPa, SREBP-1c, and LXR) and
their target genes (FAS, LPL, aP2, and leptin) in adipose tissues
(Fig. 2B), which may have contributed to the lower visceral
adiposity and weight gain in HFD-fed mice (Fig. 4).

Toll-like receptors (TLRs) are involved in the innate immune
response, and their stimulation typically leads to the activation of
pro-inflammatory processes in response to microbial pathogens
[35]. In previous studies, TLR2 and TLR4 have been reported to



Fig. 3. RT-PCR (A and B) and Western blot (C) analyses of the expression of TLR-mediated signaling molecules of epididymal adipose tissues from ND, HFD, and RSD groups. A

representative image from 3 independent experiments is shown in the left portion of the figure. The right portion of the figure shows the results of densitometric analysis of

(A) upstream and (B) downstream molecules of TLR-mediated signaling. Data were normalized to GAPDH mRNA and compared to ND group measurements, which were

assigned a value of 1.0. (C) Protein levels of p-IRF3 were determined by Western blotting. Levels of p-IRF3 were normalized to that of total IRF3. Each bar represents the

mean � SEM of 3 independent experiments of the RNA or protein samples pooled from 10 mice per group. Means without a common letter differ, p < 0.05.
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recognize select host lipids and play important roles in the
pathogenesis of noninfectious, inflammatory diseases of host de-
regulation, such as obesity [36–38]. Signaling through MyD88 by
TLR2 or TLR4 results in NF-kB activation, which is mediated by
TRAF6 and leads to the expression of pro-inflammatory cytokines
such as TNFa and IL-6 [39]. Alternatively, signaling through TRIF
by TLR4 induces the phosphorylation of the IRF3, which results in
the expression of IFNa and IFNb [39] (Fig. 4). Our results
demonstrate that resveratrol significantly attenuates the HFD-
induced up-regulation of pro-inflammatory cytokines such as
TNFa, IFNa, IFNb, and IL-6, and of their upstream signaling
molecules, including TLR2, TLR4, MyD88, Tirap, TRIF, TRAF6, IRF5,
p-IRF3, and NF-kB in epididymal adipose tissues of mice (Figs. 3B
and 4). These decreased mRNA levels of pro-inflammatory
cytokines in adipose tissues appear to be related to the lower
levels of plasma TNFa and MCP1 in RSD mice (Table 2). In the
present study, the plasma concentration of FFA, known as a
ligand of TLR2 and TLR4 [40,41], was prominently decreased by
resveratrol. These results together suggest that resveratrol may
improve obesity-induced inflammation by both down-regulat-
ing TLR2 and TLR4 expression in epididymal adipose tissue
and lowering plasma FFA level in mice maintained on a HFD.

In conclusion, the results of this study demonstrate that
resveratrol may inhibit visceral adipogenesis through suppression
of the galanin-mediated adipogenesis signaling cascade in mice fed a
HFD, and it may also attenuate cytokine production in adipose tissue
by repressing TLR2- and TLR4-mediated pro-inflammatory signaling
cascades. These results reveal novel insights into resveratrol action in
the epididymal adipose tissue of mice and add to the potential of this
dietary polyphenol in the control of obesity and metaflammation.



Fig. 4. The possible molecular mechanisms of dietary resveratrol in attenuating adipogenesis and inflammation induced by HFD. Dietary resveratrol reverses the HFD-induced

changes in the GalR1, GalR2, PKCd, and p-ERK protein expressions, along with the subsequent changes in the Cyc-D and E2F1 expressions, which are implicated in the galanin-

mediated adipogenesis cascades, in the epididymal adipose tissue. The downstream adipogenic transcription factors (PPARg2, C/EBPa, SREBP-1c, and LXR) and their target

genes (FAS, LPL, aP2, and leptin) were also suppressed by resveratrol in the adipose tissues of HFD-fed mice. TLR4 uses MyD88-dependent and MyD88-independent pathways,

whereas TLR2 signals only in the MyD88-dependent manner. The MyD88-dependent pathway uses TRAF6 and IRF5, leading to its nuclear translocation and co-operation with

NF-kB. The MyD88-independent pathway uses TRIF in activating NF-kB in either a TRAF6-dependent or a TRAF6-independent mechanism. TRIF associates with TBK1 and

IKKi, which in turn leads p-IRF3. Resveratrol reverses the HFD-induced changes in the expression of TLR2, TLR4, and downstream molecules (MyD88, Tirap, TRIF, TRAF6, IRF5,

p-IRF3, and NF-kB), along with the subsequent changes in the cytokines (TNFa, IFNa, IFNb, and IL-6), which are implicated in the TLR2/4-mediated pro-inflammatory

signaling cascades, in the epididymal adipose tissue.
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