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A B S T R A C T

The present study aimed to evaluate the effects of resveratrol on FNDC5 and thermogenesis markers expression
in the adipose tissue of mice and humans. Thirty-two male mice were randomly divided into four groups (n= 8)
and fed with: Standard Diet; Standard Diet+Resveratrol (400mg/kg); High-fat Diet; High-fat
Diet+Resveratrol for eight weeks. Twenty male and female volunteers, aged 30–55 years, BMI≥ 30 kg/m²
were divided into two groups and treated for four weeks with 500mg trans-resveratrol or placebo, adipose tissue
biopsies were taken. Analysis of body weight, food intake, glycemic and lipid profiles, mRNA expression from
tissues and primary culture of adipocytes were performed. The main results show that resveratrol improves the
glycaemic and lipid profiles along with an increase in the levels of UCP1, PRDM16, PGC1α, and SIRT1. The
increase in FNDC5 expression was observed in the mouse and human subcutaneous adipose tissue. The SIRT1
antagonist in adipocyte primary culture resulted in decreased FNDC5 expression. Our data suggest that improved
metabolism produced by oral administration of resveratrol is, at least in part, associated with increased ther-
mogenesis followed by high expression of UCP1, PRDM16, PGC1α and that increased FNDC5 expression in the
subcutaneous adipose tissue from mice and human might be modulated by SIRT1.

1. Introduction

In 2012, Boström et al. identified a new hormone secreted by the
skeletal muscle - irisin [1]. It was demonstrated that its secretion is
dependent on the transcriptional co-activator PGC-1α [1]. The expres-
sion of FNDC5 (type I membrane protein), which is cleaved and re-
leased into the plasma, is increased by PGC-1α in muscle cells [1]. The
secreted portion of FNDC5 (irisin), is recognized by yet undetermined
white adipocyte surface receptors. Additionally, irisin induces the ex-
pression of uncoupling protein 1 (UCP1) and other brown adipose tissue
(BAT)-associated markers of thermogenesis and browning in the adi-
pose tissue [1–3].

Adipose tissues play essential roles in the energy homeostasis and
the development of obesity and metabolic syndrome, becoming essen-
tial targets in the treatment of obesity and metabolic disorders [4].

Among the key events involved in the progression of the metabolic
dysregulation in obese, insulin resistance and dysfunctional lipid sto-
rage are noteworthy. Both subcutaneous adipose tissue (SAT) and
visceral adipose tissue (VAT) are associated with metabolic risk factors
[5].

Resveratrol (3,5,4’-trihydroxystilbene) a polyphenolic compound
present in grapes and red wine induces an increase of the lifespan in
many organisms by the improvement of metabolic homeostasis [6].
Resveratrol is a known activator of the sirtuin family (especially sirtuin
1 – SIRT1) [7,8]. Recently, studies have indicated an effect of resver-
atrol on thermogenesis and the browning process. Andrade et al. [9]
reported that resveratrol reduced fat accumulation, increased oxygen
consumption and the expression of thermogenesis markers such as
UCP1 and BMP7. Subsequently, another study showed that resveratrol
increases the level of UCP1 protein expression in two important
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thermogenic tissues (brown adipose tissue and skeletal muscle), sug-
gesting that resveratrol can contribute to increasing whole-body energy
expenditure, thus reducing energetic efficiency [10].

Given the FNDC5 expression importance, it is necessary to perform
additional studies so information regarding this hormone nature and its
effects on energy homeostasis may be elucidated. Resveratrol, a poly-
phenol with important functions in obesity-related diseases, has
emerged as a promising possibility for its role in the thermogenesis and
browning activation in the brown and white adipose tissue, respec-
tively.

Thus, our objective was to evaluate the effects of the resveratrol on
the expression of FNDC5 in the white and brown adipose tissue of mice
fed a high-fat diet and obese humans.

2. Materials and methods

2.1. Animals

The experiment was conducted with thirty-two male FVB/N mice
(four weeks old), an obesity model successfully used in several other
studies [9,11,12]. After an adaptation period of 7 days, they were
randomly divided into four groups (n=8) and fed with experimental
diets for eight weeks: Standard Diet (ST); Standard Diet plus Resveratrol
(ST+RSV); High-Fat Diet (HFD); High-Fat Diet plus Resveratrol
(HFD+RSV). All experimental procedures were approved by the An-
imal Ethics Committee (nº023/2012). Daily dose (concentration of
400mg/kg) [13–17].

The animals were obtained and maintained in the Universidade
Estadual de Montes Claros (Montes Claros, Minas Gerais, Brazil), in-
dividually housed and placed in an air-conditioned room (22 ± 2 °C)
with a 12 h light-dark cycle. They had free access to food and water
during the experimental period. Resveratrol was purchased from Sigma-
Aldrich Co. LLC. (Saint Louis, MO, EUA).

2.2. Animals diet

High-fat diet was prepared according to the protocols described
previously [11,18], being composed of 24.55% carbohydrate, 14.47%
protein and 60.98% fat, for a total of 5.28 kcal per 1 g of diet. Standard
diet (Purina – Labina®), which was used for the regular maintenance of
our mice, is composed of 50.30% carbohydrate, 31.90% protein and
17.80% fat, for a total of 2.18 kcal per 1 g of diet [11]. All of the high-
fat diet components were purchased from Rhoster® LTDA (São Paulo,
Brazil). The diets composition details are presented in supplementary
material (Table S1).

2.3. Measurements of body weight, food intake, and tissue collection

The mice were housed, and the food intake was measured daily
during the treatment to obtain food efficiency (food intake/body
weight). Overnight fasted (12 h) mice were killed after anesthesia with
Ketalar® (130mg/kg – Pfizer Laboratório, Brazil) and Dorcipec®

(0.30 mg/kg – Vallé S/A, Brazil) by decapitation. Samples of blood and
white adipose tissue (epididymal, retroperitoneal, mesenteric and
subcutaneous) and brown adipose tissue (interscapular) were collected,
weighed and immediately frozen in dry ice and stored at −80 °C for
subsequent analysis.

2.4. Human samples

Twenty male and female volunteers, aged 30–55 years, participated.
The subjects were divided into two groups as follows: G1: treated for
eight weeks with tablets containing 500mg trans-resveratrol (Fluxome
Inc., Stenlose, Denmark) [19] daily and G2: treated for eight weeks with
placebo tablets daily (1 g/day mineral oil). To finalize the treatment
under sterile conditions and using local anesthesia (Xylestesin® 2%,

Cristália, Brazil) adipose tissue biopsies (subcutaneous abdominal fat)
were obtained by liposuction, cleaned, and subsequently snap-frozen in
liquid nitrogen. A participant surgeon obtained all samples. This study
was approved by the Human Ethics Committee from the Universidade
Estadual de Montes Claros (nº CAAE 01987912.0.0000.5146). Informed
consent was obtained from all included participants.

All participants had BMI≥ 30 kg/m2 considered type 1 obesity but
otherwise healthy, were taking no prescriptive medicine, and had no
overt endocrine disorders. All participants were practicing physical
activity during the experimental period. Eligibility ultimately was
based on a normal physical examination including routine clinical
biochemical exams. During the trial period, the subjects were instructed
to abstain from using nutritional supplements and consuming food
suspected to contain resveratrol in significant amounts. Furthermore,
the importance of maintaining their normal way of living was under-
scored.

2.5. Insulin sensitivity and glucose tolerance tests

D-Glucose (2mg/g body weight) was intraperitoneally injected into
overnight fasted mice for the glucose tolerance test. Glucose levels from
tail blood samples were monitored at 0, 15, 30, 60, and 120min after
injection using an Accu-Check glucometer® (Roche Diagnostics,
Indianapolis, USA). An insulin sensitivity test was performed on over-
night-fed mice, after intraperitoneal injection of bovine insulin (0.75
units/kg body weight; Sigma-Aldrich®, St. Louis, USA). Blood samples
from the tail were taken at 0, 15, 30, and 60min blood glucose levels
measurement.

2.6. Determination of biochemical parameters

Serum was obtained after centrifugation (600× g for 10min at
4 °C). Total serum cholesterol, high-density lipoprotein cholesterol
(HDL-C) and triglycerides were assayed using enzymatic kits (Wiener®,
Argentina). Enzyme-linked immunosorbent assay kits were used to
measure serum adiponectin (Adipo-Gen®, Seoul, Korea), and resistin
(Lincoln®, St. Louis, USA) levels. Serum insulin was measured by che-
miluminescence using a Rat/Mouse Insulin Kit (Millipore®, Billerica,
USA) and ADVIA-Centaur equipment.

2.7. Reverse transcription and qRT-PCR

Total RNA from epididymal and brown adipose tissue of mice and
subcutaneous adipose tissue from humans were prepared using TRIzol
reagent (Invitrogen Corp.®, San Diego, California, USA), treated with
DNAse and reverse transcribed with M-MLV (Invitrogen Corp.®) using
random hexamer primers. The endogenous glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (internal control), FNDC5, PGC1α, SIRT1,
UCP1, PRDM16 cDNA samples were amplified using specific primers
and SYBR Green reagent (Applied Biosystems®, USA) in a PlusOne
platform (Applied Biosystems®).

2.8. Primary culture of adipocytes

Adipocytes from FVB/N mice (subcutaneous inguinal, visceral epi-
didymal and interscapular brown adipose tissue) and human (sub-
cutaneous white adipose tissue) samples were maintained in primary
culture for 3 h in DMEM containing 5mmol/L glucose, 10% fetal bovine
serum, 20 U/mL penicillin, 20mg/mL streptomycin, and 1% BSA. The
cells were incubated under basal conditions or in the presence of 50 μM
of Resveratrol (SIRT1 activator), 10 μM of Sirtinol (SIRT1 inhibitor), or
both (Resveratrol + Sirtinol) for 12 h. At the end of the incubation
period, samples were collected to measure SIRT1, FNDC5, UCP1,
FNDC5 and PGC1α mRNA levels of expression [12].
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2.9. Statistical analysis

All data were transferred to GraphPad Prism software (Version 5.0®,
San Diego, USA) and submitted to specific tests with statistic confidence
of 95% (p < 0.05). Data were expressed as the mean ± SEM. T-stu-
dent test, one-way ANOVA or 2-way ANOVA (glucose tolerance and
insulin sensitivity tests) and the Bonferroni post-test were applied to
assess the statistical significance of differences. For the anthropometric
and biochemical data, the Mann–Whitney U test was used.

3. Results

The results indicated that body weight (BW) was significantly lower
in ST as compared to HFD and HFD+RSV groups after eight weeks of
high-fat diet feeding (P < 0.001 and P < 0.01, respectively, Fig. 1A
and B). The food intake per animal (g/day) among all the groups did
not show differences among groups (Fig. 1C). Regarding the body
adiposity, a significant decrease in ST, ST+RSV and HFD+RSV group
as compared to HFD (Fig. 1D and E) and increased brown adipose tissue
mass in HFD+RSV as compared to HFD group (P < 0.05, Fig. 1F)
were observed.

Serum lipid measurements from HFD group revealed higher levels
of total cholesterol (ST: 102.2 ± 16.35; ST+RSV: 103.5 ± 10.51;
HFD: 173.2 ± 28.25; HFD+RSV: 115.8 ± 13.50, P=0.003); and
triglycerides (ST: 140.3 ± 19.70; ST+RSV: 139.2 ± 18.97; HFD:
169.8 ± 13.78; HFD+RSV: 127.8 ± 17.59, P=0.019) as compared
to ST, ST+RSV and HFD+RSV groups (Fig. 2A and B). Difference on
the levels of high-density lipoprotein cholesterol (HDL-C) were not
observed among groups (P=0.274) (Fig. 2C).

Serum adiponectin levels were increased in HFD+RSV as opposed
to HFD (HFD: 0.575 ± 0.0721 vs. HFD+RSV: 1.201 ± 0.142;
P= 0.046) (Fig. 2D). The resistin levels were similar among groups
(Fig. 2E).

For the glycaemic profile evaluation, intraperitoneal glucose toler-
ance test (IPGTT) and intraperitoneal insulin tolerance test (IPITT)
were performed (Fig. 3A and B). The results showed that HFD+RSV
fed mice had decreased levels of glucose and insulin compared to HFD
group on both tests. The data were confirmed by the glucose area under
curve test. This state was accompanied by a remarkable increase in
fasting plasma glucose levels and insulin levels in HFD group as

compared to all groups (Fig. 3C and D).
The anthropometrical and biochemical profiles of the individuals

included in the study are detailed in Table 1.
As shown in Fig. 4, the results evidenced increased levels of UCP1

(P < 0.001), PGC1α (P < 0.01), PRDM16 (P < 0.01) and SIRT1
(P < 0.01) in HFD+RSV group as compared to HFD (Fig. 4B and E) in
mice brown adipose tissue. On the other hand, FNDC5 expression re-
mained unaltered among groups (P=0.260) (Fig. 4A).

In mice subcutaneous adipose tissue, we observed increased levels
of UCP1 (P < 0.05), PRDM16 (P < 0.05) and SIRT1 (P < 0.01) in
HFD+RSV fed mice as compared to HFD (Fig. 5B, D, and E). PGC1α
expression was similar among groups (P=0.538) (Fig. 5C). The FNDC5
expression was decreased in HFD group as compared to ST and
HFD+RSV, pointing to an important role of resveratrol on FNDC5
expression modulation (Fig. 5A). Following the subcutaneous adipose
tissue analyses, the visceral adipose tissue showed increased levels of
PRDM16 (P < 0.01) and SIRT1 (P < 0.05) in HFD+RSV group as
compared to HFD (Fig. 6D and E). The levels of FNDC5, UCP1, and
PGC1α, on the other hand, remained similar between HFD+RSV and
HFD fed mice (Fig. 6A and C).

Secondly, we analyzed the adaptive thermogenesis markers ex-
pressions in subcutaneous adipose tissue from obese volunteers treated
for four weeks with tablets containing 500mg of trans-resveratrol. The
results displayed increased expression of FNDC5 (P < 0.01), UCP1
(P < 0.01), PRDM16 (P < 0.05) and SIRT1 (P < 0.05) were observed
in the subcutaneous adipose tissue of OBESE+RSV subjects as com-
pared to obese (Fig. 7A–C, and E). The levels of PGC1α levels remained
similar between groups (Fig. 7D).

Considering the described potential effects of resveratrol to stimu-
late thermogenesis in the adipose tissue and its possible effect on the
modulation of FNDC5 via SIRT1, we assessed the levels of thermo-
genesis markers in primary cell culture. The results indicated that re-
sveratrol might be associated with the activation of FNDC5 and genes
associated with the thermogenesis process (Fig. 8A and E).

4. Discussion

Recently, Boström et al. [1] published an auspicious mechanism for
the induction of the browning process in white adipose tissue following
exercise in mice, which counts with increased expression of PGC1α and

Fig. 1. Resveratrol regulate body adiposity. A) Body Weight (g). B) Body weight over time (g). C) Food intake over time (g/day). D) Visceral Adipose Tissue (Ratio of
fat weight to body weight) (g/BW). E) Subcutaneous Adipose Tissue (Ratio of fat weight to body weight) (g/BW). F) Brown Adipose Tissue (g/BW). Data are
presented as means ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001.
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induce the expression of the FNDC5 gene. FNDC5 actions in mice are
associated with an increase in the browning of subcutaneous adipo-
cytes, oxygen consumption stimulation, and prevention of weight gain
and metabolic dysfunction development induced by diet [1,20].

The discovery of new drivers of the FNDC5 activation is encouraged
as it may help in the development of relevant preventive and ther-
apeutic alternatives to the treatment of obesity and its comorbidities. In
this context, the resveratrol, which is described in the literature to be
involved in the control of energy balance, by modulating food intake,
body weight and energy expenditure, deserves attention

[6,10,14,21,22]. Studies have shown that resveratrol protects against
metabolic stress, obesity and its comorbidities in mammals, in part, via
the activation of sirtuins [23–26]. Interestingly, although the body
weight was no different among groups, the visceral adipose tissue
weight was decreased in HFD+RSV animals, which may indicate that
the resveratrol may modulate not only adiposity but other parameters
such as muscle mass, as shown in previous studies [27,28]. The mice in
our study presented a small adiposity increment as compared to a study
published by Kn et al. [29], which can be justified by the short-treat-
ment period applied in our study (2 months). This finding also

Fig. 2. Resveratrol ameliorated lipid plasmatic profile. Serum obtained from the animal’s blood was used for the lipid plasmatic profile, assessed by ELISA, using
enzymatic kits. A) Total cholesterol (mg/dL). B) HDL-c (mg/dL). C) Triglycerides (mg/dL). D) Plasma levels of adiponectin (μg/mL). E) Plasma levels of resistin (ng/
mL). Data are presented as means ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001.

Fig. 3. Resveratrol ameliorated glycemic plasmatic profile. Glucose tolerance test was performed in fasted animals after glucose (2mg/g body weight) injection.
Insulin sensibility test was performed in fed animals after administration of insulin (0.75 units/kg body weight; Sigma-Aldrich®, St. Louis, USA). A) Intraperitoneal
Insulin Tolerance Test (IPITT) and IPITT glucose area under the curve. B) Intraperitoneal Glucose Tolerance Test (IPGTT) and IPGTT glucose area under the curve. C)
Plasma glucose (mg/dL). D) Plasma insulin (UI/L). Data are presented as means ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001.
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emphasize the hypothesis that the resveratrol acts to improve the me-
tabolism via other tissues, such as liver and skeletal muscle, synergistic
to adipose tissue.

Along with the previously mentioned findings, increased adipo-
nectin levels were observed in the HFD+RSV group as compared to
HFD, although the same increase was not noticed in ST+RSV mice. A
possible explanation for this finding is that several hormones and
treatments exert significant effects only when the body homeostasis is
brooked. In our model, the HFD-obesity is the altered situation.
Adiponectin is a adipokine secreted by adipocytes that exerts several
beneficial functions such as antidiabetic, cardioprotective and anti-in-
flammatory [30–33], thus being recognized as an important target in
the treatment of obesity-associated disorders.

For the first time, we show in this study that resveratrol increases
FNDC5 expression in the subcutaneous adipose tissue from mice and
human, and a modulating candidate molecule is SIRT1.

The white adipose tissue has a significant role in whole-body energy
homeostasis [11]. Roca-Rivada et al. [3] showed that the secretion of
FNDC5 by the white adipose tissue, triggered by exercise, suggests that
FNDC5 is an adipokine-like molecule and exerts critical roles in the
adipose tissue [3]. FNDC5 has its mechanisms described in several
different organs and tissues, and have been studied in the last few years

[2,3,20,34–37]. In our study, we showed that resveratrol is an essential
activator of FNDC5, even at protein level that although no statistically
significant differences were observed, a clear tendency could be seen.
Furthermore, many other signaling pathways and key molecules acti-
vated by resveratrol, which includes PGC1α, MAPK, SIRT1, and UCP1,
are critical in FNDC5 activation and thermogenesis activation.

The sirtuin/Sir2 is a family of NAD1-dependent deacetylase and
mono-ADP-ribosyltransferase proteins. In mammals, seven sirtuin genes
have been identified (SIRT1-7) [38–40]. SIRT1 regulates processes such
as glucose homeostasis and insulin production, fat metabolism and cell
survival (increase in lifespan). The possible mechanisms associated with
the SIRT1 role in several body functions seem to be related to the al-
losteric role of this gene with NAD+ and the acetylated substrate [26].
Interestingly, our findings revealed that the resveratrol treatment im-
proved triglycerides and insulin levels in humans. As all individuals
(placebo and intervention) performed the same physical activity pro-
gram, the exercise interference is diluted in all individuals, remaining
to be analyzed the resveratrol effects in the intervention group as
compared to placebo. However, the physical activity is indeed only a
possible reason for the lower insulin and triglycerides levels observed
intra-groups. Moreover, despite the differences between before and
after intervention in the placebo and resveratrol groups, statistically

Table 1
Human anthropometrical and biochemical profiles.

Variables Placebo Resveratrol p-value

Before After Before After

Body weight 102.7 ± 10.5 95.9 ± 12.1 105.4 ± 8.8 98.1 ± 11.7 0.001
BMI 35.0 ± 3.9 32.8 ± 3.6 36.1 ± 2.8 33.6 ± 3.5 0.003
Total Cholesterol 218.4 ± 37.3 193.7 ± 44.1 221.0 ± 38.9 192.1 ± 43.9 0.031
Triglycerides 287.4 ± 45.1 137.1 ± 47.4 294.9 ± 52.8 189.9 ± 73.2 0.094
Insulin 51.7 ± 6.1 13.9 ± 6.1 46.6 ± 7.2 15.6 ± 4.1 0.154
Glycaemia 127.1 ± 33.8 89.4 ± 5.7 138.8 ± 41.0 117.1 ± 45.9 0.116

Body weight (kg); Body Mass Index (BMI) (kg/m2), Total cholesterol (mg/dL), Triglycerides (mg/dL), Insulin (UI/mL), glycaemia (mg/dL). The p values presented on
the table correspond to statistics from the comparison among the differences (before and after resveratrol treatment) in both groups (placebo and resveratrol).
Statistical significance was set at< 0.05.

Fig. 4. Resveratrol modulates SIRT1 and thermogenesis markers in mouse brown adipose tissue. The mRNA expression was assessed by qRT-PCR with mRNA
extracted from the mouse brown adipose tissue. A) FNDC5 mRNA expression. B) UCP1 mRNA expression. C) PGC-1α mRNA expression. D) PRDM16 mRNA
expression. E) SIRT1 mRNA expression. Gene expression data were normalized to the expression of GAPDH and gene expression levels in ST group were assumed to
be 1. Values are the mean ± SEM (n=6 per group). Data are presented as means ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001.
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significant differences were not observed.
Qiang et al. [41] showed that the deacetylation of the PPARγ via

SIRT1 promotes the browning of subcutaneous WAT by regulating the
PPARγ transcriptional complex. As a consequence, increased energy
expenditure and improved metabolic profile were observed [10,41]
suggested that resveratrol increases UCP1 protein expression in two
important thermogenic tissues [10]. Additionally, in another study,

Lagouge et al. [14] showed that mice treated with resveratrol presented
an increased energy expenditure and oxygen consumption, an improved
mitochondrial function and protection against metabolic disease [14].

Together, these findings corroborate to the hypothesis of this study,
by showing that resveratrol induces thermoregulation and improve the
metabolism via SIRT1. Andrade et al. concluded that the oral admin-
istration of resveratrol, which can improve the metabolism, may be

Fig. 5. Resveratrol modulates SIRT1 and thermogenesis markers in mouse subcutaneous adipose tissue. The mRNA expression was assessed by qRT-PCR with mRNA
extracted from the mouse subcutaneous adipose tissue A) FNDC5 mRNA expression. B) UCP1 mRNA expression. C) PGC-1α mRNA expression. D) PRDM16 mRNA
expression. E) SIRT1 mRNA expression. All analysis were made in subcutaneous adipose tissue. Gene expression data were normalized to the expression of GAPDH
and gene expression levels in ST group were assumed to be 1. Values are the mean ± SEM (n=6 per group). Data are presented as means ± SEM. *P < 0.05,
**P < 0.01 and ***P < 0.001.

Fig. 6. Resveratrol modulates SIRT1 and thermogenesis markers in mouse visceral adipose tissue. The mRNA expression was assessed by qRT-PCR with mRNA
extracted from the mouse visceral adipose tissue. A) FNDC5 mRNA expression. B) UCP1 mRNA expression. C) PGC-1α mRNA expression. D) PRDM16 mRNA
expression. E) SIRT1 mRNA expression. All analysis were made in visceral adipose tissue. Gene expression data were normalized to the expression of GAPDH and
gene expression levels in ST group were assumed to be 1. Values are the mean ± SEM (n=6 per group). Data are presented as means ± SEM. *P < 0.05,
**P < 0.01 and ***P < 0.001.
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explained, at least in part, by an increase in the expression of UCP1 and
SIRT1, and consequently increased energy expenditure and thermo-
genesis, thus decreasing fat accumulation in the adipose tissue.
Corroborating with this hypothesis, other studies showed that obese

mice with SIRT1 deficiency have brown adipose tissue dysfunction
[42]. Additionally, it was shown that inflammation downregulates
UCP1 in brown adipose tissue and can be restored via activation of
SIRT1 and resveratrol [43]. Um et al., on the other hand, attributed the

Fig. 7. Resveratrol modulates SIRT1 and thermogenesis markers in human subcutaneous adipose tissue. The mRNA expression was assessed by qRT-PCR with mRNA
extracted from the human subcutaneous adipose tissue. A) FNDC5 mRNA expression. B) UCP1 mRNA expression. C) PGC-1α mRNA expression. D) PRDM16 mRNA
expression. E) SIRT1 mRNA expression. All analysis were made in visceral adipose tissue. Gene expression data were normalized to the expression of GAPDH and
gene expression levels in ST group were assumed to be 1. Values are the mean ± SEM (n=10 per group). Data are presented as means ± SEM. *P < 0.05,
**P < 0.01 and ***P < 0.001.

Fig. 8. Mouse and human primary cell culture adipocytes treated with agonist and antagonist from SIRT1. The mRNA expression was assessed by qRT-PCR with
mRNA extracted from mouse and human primary cell culture adipocytes. A) UCP1, FNDC5, PRDM16, PGC1a and SIRT1 mRNA expression in mouse primary culture
of brown adipose tissue. B) UCP1, FNDC5, PRDM16, PGC1a and SIRT1 mRNA expression in mouse primary culture of subcutaneous adipose tissue. C) UCP1, FNDC5,
PRDM16, PGC1a and SIRT1 mRNA expression in mouse primary culture of visceral adipose tissue. D) UCP1, FNDC5, PRDM16, PGC1a and SIRT1 mRNA expression in
the human primary culture of subcutaneous adipose tissue. Gene expression data were normalized to the expression of GAPDH and gene expression levels in control
group were assumed to be 1. Cell culture conditions: media (DMEM containing 5mmol/L glucose, 10% fetal bovine serum, 20 U/mL penicillin, 20mg/mL strep-
tomycin, and 1% BSA), followed by incubation under basal conditions or in the presence of 50μM of Resveratrol (SIRT1 activator), 10 μM of Sirtinol (SIRT1
inhibitor), or both (Resveratrol + Sirtinol) for 12 h. Values are the mean ± SEM (n=4 per group). Data are presented as means ± SEM. *P < 0.05, **P < 0.01
and ***P < 0.001.
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resveratrol effects on the metabolism to the activation of AMPK path-
ways. The authors argued that the enzyme AMPK affects SIRT1 ex-
pression, in multiple ways, and can modulate PGC1a expression, thus
acting similarly to the role given to SIRT1 in our study [13]. Since
AMPK expression and activity was not measured in our study, it is not
possible to discuss its role in the FNDC5 activation by resveratrol, but
further studies are encouraged to investigate this other possible
pathway by which resveratrol may act on metabolism.

PRDM16 is a gene, found in both mouse and human, and is highly
expressed in the brown adipose tissue [44,45]. Several studies suggest
that PRDM16 may act mainly through the modulation of transcription
factors, such as PGC1α [46,47]. Seale et al. demonstrated that de-
creased expression of PRDM16 diminishes the thermogenic character-
istics usually present in brown adipocytes [44,48].

Additionally, it is well described in the literature, that different
mechanisms may induce the thermogenic process. The primary me-
chanism that triggers this process seems to be the increase in the ex-
pression of UCP1. Also, the UCP1 is believed to be responsible for the
increase of thermogenesis and browning in the adipose tissue.

In our study, the treatment with resveratrol-induced an increase in
UCP1 expression in BAT and subcutaneous WAT. Alberdi et al. [10]
found similar data, showing that resveratrol induces a significant in-
crease in SIRT1 expression in BAT and in PGC1α, which is a potent
inducer of mitochondrial biogenesis, an important part of the thermo-
genic program. Increased PGC1α expression activates the UCP1 gene.

In conclusion, the main findings of the present study show that re-
sveratrol induced significant ameliorations in the metabolic profile and
increased thermogenesis markers and FNDC5 in the subcutaneous adi-
pose tissue of the mice and human. Moreover, SIRT1 might be an im-
portant marker involved in the association between FNDC5 and
Thermogenesis.
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