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Abstract

Purpose Adipose tissue is central to the regulation of

energy balance. Two functionally different fat pads are

present in mammals: white adipose tissue, the primary site

of triglyceride storage, and brown adipose tissue (BAT),

which is specialized in heat production. In this context,

new strategies capable of modulating the development and

function of white and BAT become relevant. In the present

study, we analyzed the influence of resveratrol (sirtuin

activator) on energy balance and the expression of ther-

mogenesis markers.

Methods Mice were divided into two groups: standard

diet (ST) and standard diet plus resveratrol (ST ? RSV).

Results After 2 months of treatment, ST ? RSV mice

presented significantly decreased fat accumulation in adi-

pose tissue, with diminished total cholesterol and glucose

plasma levels. Additionally, increased oxygen consumption

was observed in ST ? RSV group. Analyses of mRNA of

thermogenesis-related genes showed significant increase in

UCP1, SIRT1, PTEN and BMP-7 expression in BAT.

Conclusion Our data suggest that improved metabolism

produced by oral administration of resveratrol is, at least in

part, associated with increased thermogenesis followed by

high expression of UCP1 and SIRT1, which can mediate

higher energy expenditure and decreased fat accumulation

in adipose tissue.

Keywords Thermogenesis � PTEN � Adipose tissue �
SIRT1 � UCP1

Introduction

Adipose tissue is a key organ in the regulation of energy

balance. Two functionally different types of adipose tissue

are present in mammals: white adipose tissue (WAT), the

primary site of triglyceride storage, and brown adipose tissue

(BAT), which is specialized in energy expenditure and

thermogenesis [1]. These two tissues differ in anatomical

localization, abundance, maintenance throughout the life of

the animal, morphology and mainly in function [2].

Adaptive thermogenesis (nonshivering thermogenesis),

for the maintenance of basic body temperature and heat

balance energy, is an important function of BAT. It is

mediated by uncoupling proteins (UCPs), which are loca-

ted in the inner mitochondrial membrane. These proteins
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act as uncouplers of oxidative phosphorylation by dissi-

pating the proton gradient across the membrane and pro-

ducing heat, rather than being used to drive the synthesis of

ATP [3]. UCPs can, in this manner, dissipate surplus

caloric energy and can consequently be important regula-

tors of body weight.

In this context, thermogenic ingredients may be con-

sidered functional agents that could help to prevent a

positive energy balance and obesity.

Resveratrol (3,5,40-trihydroxystilbene) is a natural

polyphenolic compound found in grapes and red wine,

which has been shown to extend the life span in many

organisms [4, 5]. It is a natural activator of the sirtuins

(SIRT) family, the mammalian homolog of yeast silent

information regulator 2 (Sir2), and is comprised of a highly

conserved family of proteins, with one or more sirtuins

present in virtually all species from bacteria to mammals

[6, 7]. Previous studies have shown that resveratrol

administration improves metabolic profile in mice and rats

by modulating adipose tissue function [8, 9].

In a recent report, it was shown that brown remodeling

of WAT and thermogenesis are dependent on SIRT1 [10].

Activation of NAD?-dependent deacetylase SIRT1 by

natural compound, calorie restriction or exercise promotes

mitochondrial biogenesis and activities [11, 12], raising the

possibility that SIRT1 regulates BAT functions. The study

published by Lagouge et al. [13] showed that treatment of

mice with resveratrol (concentration of 4 g/kg of food)

increased their aerobic capacity (increased running time

and consumption of oxygen) by an induction of genes for

oxidative phosphorylation and mitochondrial biogenesis,

with increase in PGC-1a activity mediated by SIRT1.

Alberti et al. [3] showed that resveratrol increases the

level of UCP expression in two important thermogenic

tissues (BAT and skeletal muscle), suggesting that resve-

ratrol can contribute to increased whole-body energy dis-

sipation and consequently to increased energy expenditure,

thus reducing energetic efficiency.

Taking these data into account, we hypothesize that oral

administration of resveratrol in mice fed with a standard

diet would modulate thermogenesis by increasing thermo-

genic gene expression. This mechanism might contribute to

alteration in energy efficiency, lipidic and glycemic profile

and loss of fat mass.

Materials and methods

Animals and diets

The experiment was conducted with sixteen male mice

(4 weeks old) from the Federal University of Minas Gerais

(Belo Horizonte, Minas Gerais, Brazil) which were

randomly divided into two groups (n = 8 each) and fed the

following respective experimental diets for 8 weeks: stan-

dard diet (ST) and standard diet plus resveratrol

(ST ? RSV) (concentration of 4 g/kg of food to provide a

400-mpk dose), as described previously [3, 13].

Standard diet (Purina-Labina�), used for regular main-

tenance of the mice, is composed of 50.30 % of carbohy-

drate, 41.90 % of protein and 7.80 % of fat with a total of

2.18 kcal per 1 g of diet [14, 15].

All experimental procedures were approved by the

Ethics Committee of the Universidade Federal de Minas

Gerais for the Care and Use of Laboratory and were con-

ducted in accordance with the regulations described in the

Committee’s Guiding Principles Manual.

Measurements of body weight, food intake and tissue

collection

Mice were individually housed, and food intake was

measured twice a week during treatment to obtain food

efficiency (food intake/body weight). After an overnight

fast, mice were killed by decapitation. Samples of serum;

epididymal, mesenteric and retroperitoneal WAT; inter-

scapular BAT and gastrocnemius muscle were collected,

weighed, immediately frozen in dry ice and stored at

-80 �C for subsequent analysis.

Oxygen consumption measurement

After 4 weeks of treatment, the animals were submitted to

oxygen consumption measurement to verify thermogenic

effects. Animals were transferred from their cages to an

acrylic box where oxygen consumption (VO2), an index of

metabolic rate, was measured by an open-flow indirect

calorimeter (PANLAB, Apparatus LE405, Gas Analyzer).

The calorimeter was calibrated before each use with a

certified mixture of gases (50 % O2 and 1 % CO2/20.2 %

O2 and 0 % CO2—White Martins). Animals were allowed

to rest for at least 1 h with VO2 (mLO2 9 kg-1 9 min-1)

being continuously recorded online using a computerized

system (Metabolism OXYLET System). Data analyses

used only the last 20 min of VO2 recording, when animals

had already returned to rest condition after the stress of

handling. All experiments were conducted between 8:00

and 12:00 h to prevent circadian variation, and ambient

temperature was controlled at 23 ± 1 �C [16, 17].

Locomotor activity

The experiments measuring the spontaneous locomotor

activity (SLA) were carried out in an open field (40 cm in

diameter with a 50-cm-high Plexiglas wall) located in an

isolated room, and the lighting in the room was 200 lx. The
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animals were video-recorded, and the distance moved was

automatically analyzed with the aid of ANYMAZE soft-

ware 4.5 (Stoelting, Wood Dale, IL, USA). For evaluating

the effect of treatment on spontaneous locomotor activity,

the animals were placed in the center of the open field and

the total distance moved in centimeters was recorded dur-

ing 30 min [18].

Determination of circulating biochemistry parameters

Serum was obtained after centrifugation (3,200 rpm for

10 min at 4 �C). Total serum cholesterol, triglycerides,

high-density protein (HDL) and glucose were assayed

using enzymatic kits (Wiener�, Argentina). Measurements

were taken in Wiener BT-3000 plus Chemistry Analyzer

(Wiener�, Argentina).

Quantitative reverse transcriptase polymerase chain

reaction (qRT-PCR)

Total RNA from the BAT was 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. Levels

of UCP1, UCP3, Cidea, adiponectin, PTEN, BMP-7,

PRDM16 and SIRT1 mRNA were determined by qRT-

PCR using SYBR Green reagent (Applied Biosystems�,

USA) in a PlusOne platform (Applied Biosystems�, USA).

Gene expression was normalized to the endogenous glyc-

eraldehyde 3-phosphate dehydrogenase (GAPDH).

Applied biosystems

Statistical analysis

All data were transferred to GraphPad Prism software

(Version 5.0�, San Diego, California, USA) and analyzed

with 95 % confidence (P \ 0.05). Data are expressed as

mean ± SEM. The statistical significance of differences in

mean values between mice groups was assessed by Stu-

dent’s t test.

Results

ST ? RSV mice did not present reduced final body weight

(P = 0.72) and food intake (P = 0.62) (Fig. 1a, b). How-

ever, we observed significant decreases in epididymal (ST

0.0075 ± 0.0051 vs. ST ? RSV 0.0022 ± 0.0019 g/body

weight, P \ 0.05) and retroperitoneal (ST 0.0012 ± 0.0006

vs. ST ? RSV 0.0006 ± 0.0003 g/body weight, P \ 0.05)

adipose tissue in the group treated with resveratrol (Fig. 1c,

e). No significant differences were found between ST and

ST ? RSV group to mesenteric adipose tissue, skeletal

muscle mass and BAT (Fig. 1e–g).

ST ? RSV mice showed diminished total cholesterol

(ST 139.6 ± 9.39 vs. ST ? RSV 110.8 ± 11.52 mg/dL,

P \ 0.01) and glucose levels (ST 133.4 ± 22.19 vs.

ST ? RSV 96.4 ± 15.13 mg/dL, P \ 0.05) (Fig. 2a, b).

Regarding HDL and triglycerides, no significant differ-

ences were observed between ST and ST ? RSV groups

(Fig. 2c, d).

The oxygen consumption was increased in ST ? RSV

mice (ST 36.59 ± 2.77 mLO2 9 Kg-1 9 min-1 vs. ST ?

RSV 42.33 ± 1.35 mLO2 9 Kg-1 9 min-1; P \ 0.001)

(Fig. 3a, b). Locomotor activity did not show difference

between the groups (ST 104.9 ± 32.54 cm/30 min. vs.

ST ? RSV 80.32 ± 32.76 cm/30 min.) (Fig. 3c).

Analyses of mRNA expression of thermogenesis-related

genes showed significant increase in UCP1 (ST

0.448 ± 0.15 vs. ST ? RSV 0.85 ± 0.22, P \ 0.01)

(Fig. 4a). Other targets such as UCP3 (ST 0.73 ± 0.10 vs.

ST ? RSV 0.79 ± 0.24), Cidea (ST 0.805 ± 0.183 vs.

ST ? RSV 1.003 ± 0.492), PRDM16 (ST 0.59 ± 0.13 vs.

ST ? RSV 0.69 ± 0.28) and adiponectin (ST

0.933 ± 0.17 vs. ST ? RSV 0.895 ± 0.15) mRNA

expression in the interscapular BAT did not show signifi-

cant difference between the groups (Fig. 4b, e). Further-

more, an increase was observed in UCP1/UCP3 ratio in the

same tissue (Fig. 4f).

Additionally, we observed a significant increase in SIRT1

(ST 0.65 ± 0.19 vs. ST ? RSV 1.07 ± 0.19, P \ 0.05),

PTEN (ST 0.30 ± 0.12 vs. ST ? RSV 0.51 ± 0.08,

P \ 0.05) and BMP-7 (ST 0.32 ± 0.08 vs. ST ? RSV

0.51 ± 0.074, P \ 0.05) expression (Fig. 4g, i).

Discussion

The main findings of this study are that mice treatment with

resveratrol enhances thermogenesis and improves lipid and

glycemic profile in mice fed with a standard diet. These

alterations were associated with increased UCP1 expres-

sion in BAT. We suggest that high expression of SIRT1,

PTEN and BMP-7 markers might be associated with

increased expression of UCP1.

Two adipose tissue types can be distinguished in

mammals, which have essential antagonistic functions:

WAT stores excess of energy as triglycerides, while BAT

is specialized in the dissipation of energy through the

production of heat (nonshivering thermogenesis) [19].

These two tissues differ in anatomical localization, abun-

dance, maintenance throughout the life of the animal,

morphology and mainly in function [2]. Although exces-

sive accumulation of WAT is important for the

Eur J Nutr

123



Fig. 1 Body weight, food intake and tissue weight. a Body weight

(g) of 4-week-old ST and ST ? RSV (n = 8) male mice. b Food

intake (g/g bw). c Epididymal adipose tissue weight. d Retroperitoneal

adipose tissue weight. e Mesenteric adipose tissue weight. f Skeletal

muscle weight. g Brown adipose tissue weight. *P \ 0.05, in

comparison with ST group

Fig. 2 Circulating levels.

a Plasma levels of total

cholesterol. b Plasma levels of

glucose. c Plasma levels of

high-density protein. d Plasma

levels of triglycerides.

*P \ 0.05 and **P \ 0.01 in

comparison with ST group
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Fig. 3 Oxygen consumption

and locomotion levels. a,

b Oxygen consumption (mL O2/

kg/min). b Locomotion levels

(LSA). ***P \ 0.001 in

comparison with ST group

Fig. 4 Analyses of mRNA expression of thermogenesis-related

targets by qRT-PCR in brown adipose tissue. a mRNA expression

of UCP1. b mRNA expression of UCP3. c mRNA expression of

Cidea. d mRNA expression of PRDM16. e mRNA expression of

adiponectin. f mRNA expression of SIRT1. g mRNA expression of

PTEN. h mRNA expression of BMP-7. *P \ 0.05 and **P \ 0.01 in

comparison with ST group
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development of insulin resistance, it is believed that some

fat depots are more linked to risk factors for disease than

others. The main adipose depots of interest are found in the

abdomen and around the testis of males (epididymal) and

around the ovaries of females (periovarian) and have been

identified as an important metabolic and inflammatory

organ that modulates the action and metabolism of brain,

liver, muscle and vascular endothelial cells [20–22].

Recently, a new process was described called ‘‘brown-

ing’’ of WAT. Brown adipocytes may appear after thermo-

genic stimuli at anatomical sites corresponding to WAT. The

brown adipocytes appearing in WAT derive from precursor

cells different from those in classical BAT and are closer to

the white adipocyte cell lineage [23–25]. UCPs are closely

involved in ‘‘browning process.’’ Understanding the bio-

logical processes controlling brown adipocyte activity and

differentiation could help the design of BAT-focused strat-

egies to increase energy expenditure and fight obesity.

In the present study, the decreased body fat mass is not

associated with alteration in total body weight. Previous

studies have found that UCP1 levels are associated with

changes in the adiposity index and significantly contribute

to thermogenesis and adaptations of energy expenditure.

Decrease in UCP1 expression is associated with increased

adiposity [26, 27]. Another study indicated that UCP1

enhances leptin action at the level of the hypothalamus,

suggesting that this molecule contributes to the energy

control balance not only through the regulation of energy

expenditure but also through appetite control by modulat-

ing leptin action [28].

Recent studies have shown that polymorphic variations

in UCP1 gene have a strong association with reduced

HDL-cholesterol levels, increased LDL-cholesterol levels

[29, 30], or triglycerides [31], and increased systolic and/or

diastolic blood pressure [32]. On the other hand, UCP1 also

appears to act in the regulation of glucose homeostasis.

Several works have reported that polymorphisms -3826A/

G, -1766A/G and -112A/C in the promoter region,

Ala64Thr in exon 2 and Met299Leu in exon 5 of UCP1

gene are possibly associated with obesity and/or type 2

diabetes mellitus [33].

Evidences suggest that increased expression of UCP1 is

associated with a decrease in adiposity, due to the increase

in brown adipocyte number [34]. Additionally, UCP1

induces an increase in oxygen consumption and energy

expenditure, leading to weight loss. In fact, our study

showed that resveratrol produce a decrease in body adi-

posity, possibly by increasing UCP1 levels in BAT.

Previous studies have found that aside from UCP1,

UCP3 levels are also associated with changes in the adi-

posity index and significantly contribute to thermogenesis

and adaptations of energy expenditure [18, 35]. Our study

revealed an increase in the ratio of UCP1/UCP3. Queiroz

et al. [18] suggest that physical training increases the ratio

of UCP1/UCP3 expression, which might mediate the

induction of higher energy efficiency.

Mitochondrial biogenesis in BAT and muscle is con-

trolled, in large part, by the transcriptional coactivator

PGC-1a [36]. PGC-1a, in turn, is positively regulated by

SIRT1 [37]. In our study, we did not find any increases in

PGC-1a expression, however resveratrol induces increase

in oxygen consumption. Moreover, Baur et al. [4] suggest

that the acetylation status of PGC-1a in the resveratrol-fed

mice was threefold lower than diet-matched controls.

These findings were accompanied by increased mitochon-

drial biogenesis.

A recent report indicates that PTEN overexpression in

mice is associated with high levels of UCP1 [38], accom-

panied by reduced body size, reduced levels of IGF1,

improved insulin sensitivity and increased energy expen-

diture. Moreover, transgenic PTEN mice have an increased

energy expenditure, which is associated with lower adi-

posity and lower body weight despite being hyperphagic

[38].

A new study showed that BMP-7 promotes the differ-

entiation of brown preadipocytes [39]. BMP-7 activates a

full program of brown adipogenesis, including induction of

early regulators of brown fat rate PRDM16 [40] and PGC-

1a (PPARc coactivator-1a) [41], increased expression of

brown fat-defining marker UCP1 and adipogenic tran-

scription factor PPARc, and mitochondrial biogenesis via a

p38 MAPK- and PGC-1a-dependent pathway [39]. Addi-

tionally, Schulz et al. showed that genetic ablation of the

type 1A BMP receptor (BMPr1a) in brown adipogenic

progenitor cells leads to a severe paucity of BAT, affecting

regulatory mechanism of thermoregulation and energy

homeostasis [42].

In addition, it was reported that a gain of function of

NAD-dependent deacetylase SIRT1 promotes browning of

WAT by deacetylating PPAR-c on Lys268 and Lys293

[10]. SirT1-dependent deacetylation of Lys268 and Lys293

is required to recruit the BAT program coactivator

PRDM16 to PPPA-c, leading to selective induction of BAT

genes and repression of visceral WAT genes associated

with insulin resistance [10].

Lagouge et al. [13] showed that mice treated with res-

veratrol associated with high-fat diet present increased

energy expenditure and oxygen consumption, mediated by

PGC-1a activity through SIRT1. Recently, another study

by Alberti et al. [3] suggests that resveratrol increases

UCP1 protein expression in two important thermogenic

tissues, BAT and skeletal muscle. Together, these findings

confirm our data showing that resveratrol, via activation of

SIRT1, can induce thermoregulation and improves meta-

bolic homeostasis. In the present study, we have similar

findings to those showed by Lagouge et al. [13] and Alberti
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et al. [3]; however, our experiment was performed in mice

fed a standard diet. The present data opens a perspective to

reduce adiposity in nonobese population.

Taken together, our findings suggest that oral adminis-

tration of resveratrol increases UCP1 expression by stim-

ulation of SIRT1, which might mediate the induction of

higher energy efficiency, improved metabolic parameters

and decreased fat mass. The relationship between UCP1

and SIRT1 mRNAs might be responsible for the mainte-

nance of body balance, allowing for changes in body

composition, without change in body weight.

Acknowledgments This work was partially supported by the

Coordination for the Improvement of Higher Education Personnel

(CAPES), National Council for Scientific and Technological Devel-

opment (CNPq) and Minas Gerais State Foundation for Research

Development (FAPEMIG).

Conflict of interest There is no conflict of interest to disclose for

any of the authors.

References

1. Gesta S, Tseng YH, Kahn CR (2007) Developmental origin of

fat: tracking obesity to its source. Cell 131(2):242–256. doi:10.

1016/j.cell.2007.10.004

2. Del Gonzalez-BarrosoM M, Ricquier D, Cassard-Doulcier AM

(2000) The human uncoupling protein-1 gene (UCP1): present

status and perspectives in obesity research. Obes Rev 1(2):61–72

3. Alberdi G, Rodriguez VM, Miranda J, Macarulla MT, Churruca I,

Portillo MP (2013) Thermogenesis is involved in the body-fat

lowering effects of resveratrol in rats. Food Chem

141(2):1530–1535. doi:10.1016/j.foodchem.2013.03.085

4. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A,

Prabhu VV, Allard JS, Lopez-Lluch G, Lewis K, Pistell PJ,

Poosala S, Becker KG, Boss O, Gwinn D, Wang M, Ramaswamy

S, Fishbein KW, Spencer RG, Lakatta EG, Le Couteur D, Shaw

RJ, Navas P, Puigserver P, Ingram DK, de Cabo R, Sinclair DA

(2006) Resveratrol improves health and survival of mice on a

high-calorie diet. Nature 444(7117):337–342. doi:10.1038/

nature05354

5. Baur JA, Sinclair DA (2006) Therapeutic potential of resveratrol:

the in vivo evidence. Nat Rev Drug Discov 5(6):493–506. doi:10.

1038/nrd2060

6. Carafa V, Nebbioso A, Altucci L (2012) Sirtuins and disease: the

road ahead. Front Pharmacol 3:4. doi:10.3389/fphar.2012.00004

7. Lavu S, Boss O, Elliott PJ, Lambert PD (2008) Sirtuins–novel

therapeutic targets to treat age-associated diseases. Nat Rev Drug

Discov 7(10):841–853. doi:10.1038/nrd2665

8. Alberdi G, Rodriguez VM, Miranda J, Macarulla MT, Arias N,

Andres-Lacueva C, Portillo MP (2011) Changes in white adipose

tissue metabolism induced by resveratrol in rats. Nutr Metab

(Lond) 8(1):29. doi:10.1186/1743-7075-8-29

9. Kim S, Jin Y, Choi Y, Park T (2011) Resveratrol exerts anti-

obesity effects via mechanisms involving down-regulation of

adipogenic and inflammatory processes in mice. Biochem Phar-

macol 81(11):1343–1351. doi:10.1016/j.bcp.2011.03.012

10. Qiang L, Wang L, Kon N, Zhao W, Lee S, Zhang Y, Rosenbaum M,

Zhao Y, Gu W, Farmer SR, Accili D (2012) Brown remodeling of

white adipose tissue by SirT1-dependent deacetylation of Ppar-

gamma. Cell 150(3):620–632. doi:10.1016/j.cell.2012.06.027

11. Canto C, Gerhart-Hines Z, Feige JN, Lagouge M, Noriega L,

Milne JC, Elliott PJ, Puigserver P, Auwerx J (2009) AMPK

regulates energy expenditure by modulating NAD? metabolism

and SIRT1 activity. Nature 458(7241):1056–1060. doi:10.1038/

nature07813

12. Milne JC, Lambert PD, Schenk S, Carney DP, Smith JJ, Gagne

DJ, Jin L, Boss O, Perni RB, Vu CB, Bemis JE, Xie R, Disch JS,

Ng PY, Nunes JJ, Lynch AV, Yang H, Galonek H, Israelian K,

Choy W, Iffland A, Lavu S, Medvedik O, Sinclair DA, Olefsky

JM, Jirousek MR, Elliott PJ, Westphal CH (2007) Small molecule

activators of SIRT1 as therapeutics for the treatment of type 2

diabetes. Nature 450(7170):712–716. doi:10.1038/nature06261

13. Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C,

Daussin F, Messadeq N, Milne J, Lambert P, Elliott P, Geny B,

Laakso M, Puigserver P, Auwerx J (2006) Resveratrol improves

mitochondrial function and protects against metabolic disease by

activating SIRT1 and PGC-1alpha. Cell 127(6):1109–1122.

doi:10.1016/j.cell.2006.11.013

14. de Pinho L, Andrade JM, Paraiso A, Filho AB, Feltenberger JD,

Guimaraes AL, de Paula AM, Caldeira AP, Botelho AC, Cam-

pagnole-Santos MJ, Santos SH (2013) Diet composition modulate

expression of sirtuins and renin-angiotensin system components

in adipose tissue. Obesity. doi:10.1002/oby.20305

15. Feltenberger JD, Andrade JM, Paraiso A, Barros LO, Filho AB,

Sinisterra RD, Sousa FB, Guimaraes AL, de Paula AM, Cam-

pagnole-Santos MJ, Qureshi M, Dos Santos RA, Santos SH

(2013) Oral formulation of angiotensin-(1–7) improves lipid

metabolism and prevents high-fat diet-induced hepatic steatosis

and inflammation in mice. Hypertension. doi:10.1161/HYPER

TENSIONAHA.111.00919

16. Leite LH, Lacerda AC, Balthazar CH, Marubayashi U, Coimbra

CC (2007) Central AT(1) receptor blockade increases metabolic

cost during exercise reducing mechanical efficiency and running

performance in rats. Neuropeptides 41(3):189–194. doi:10.1016/j.

npep.2007.01.002

17. Guimaraes JB, Wanner SP, Machado SC, Lima MR, Cordeiro

LM, Pires W, La Guardia RB, Silami-Garcia E, Rodrigues LO,

Lima NR (2013) Fatigue is mediated by cholinoceptors within the

ventromedial hypothalamus independent of changes in core

temperature. Scand J Med Sci Sports 23(1):46–56. doi:10.1111/j.

1600-0838.2011.01350.x

18. de Queiroz KB, Rodovalho GV, Guimaraes JB, de Lima DC,

Coimbra CC, Evangelista EA, Guerra-Sa R (2012) Endurance

training blocks uncoupling protein 1 up-regulation in brown

adipose tissue while increasing uncoupling protein 3 in the

muscle tissue of rats fed with a high-sugar diet. Nutr Res

32(9):709–717. doi:10.1016/j.nutres.2012.06.020

19. Saely CH, Geiger K, Drexel H (2012) Brown versus white adi-

pose tissue: a mini-review. Gerontology 58(1):15–23. doi:10.

1159/000321319

20. Bjorndal B, Burri L, Staalesen V, Skorve J, Berge RK (2011)

Different adipose depots: their role in the development of meta-

bolic syndrome and mitochondrial response to hypolipidemic

agents. J Obes 2011:490650. doi:10.1155/2011/490650

21. Caesar R, Manieri M, Kelder T, Boekschoten M, Evelo C, Muller

M, Kooistra T, Cinti S, Kleemann R, Drevon CA (2010) A

combined transcriptomics and lipidomics analysis of subcutane-

ous, epididymal and mesenteric adipose tissue reveals marked

functional differences. PLoS ONE 5(7):e11525. doi:10.1371/

journal.pone.0011525

22. DiGirolamo M, Fine JB, Tagra K, Rossmanith R (1998) Quali-

tative regional differences in adipose tissue growth and cellularity

in male Wistar rats fed ad libitum. Am J Physiol 274(5 Pt

2):R1460–R1467

23. Norheim F, Langleite TM, Hjorth M, Holen T, Kielland A,

Stadheim HK, Gulseth HL, Birkeland KI, Jensen J, Drevon CA

Eur J Nutr

123

http://dx.doi.org/10.1016/j.cell.2007.10.004
http://dx.doi.org/10.1016/j.cell.2007.10.004
http://dx.doi.org/10.1016/j.foodchem.2013.03.085
http://dx.doi.org/10.1038/nature05354
http://dx.doi.org/10.1038/nature05354
http://dx.doi.org/10.1038/nrd2060
http://dx.doi.org/10.1038/nrd2060
http://dx.doi.org/10.3389/fphar.2012.00004
http://dx.doi.org/10.1038/nrd2665
http://dx.doi.org/10.1186/1743-7075-8-29
http://dx.doi.org/10.1016/j.bcp.2011.03.012
http://dx.doi.org/10.1016/j.cell.2012.06.027
http://dx.doi.org/10.1038/nature07813
http://dx.doi.org/10.1038/nature07813
http://dx.doi.org/10.1038/nature06261
http://dx.doi.org/10.1016/j.cell.2006.11.013
http://dx.doi.org/10.1002/oby.20305
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00919
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00919
http://dx.doi.org/10.1016/j.npep.2007.01.002
http://dx.doi.org/10.1016/j.npep.2007.01.002
http://dx.doi.org/10.1111/j.1600-0838.2011.01350.x
http://dx.doi.org/10.1111/j.1600-0838.2011.01350.x
http://dx.doi.org/10.1016/j.nutres.2012.06.020
http://dx.doi.org/10.1159/000321319
http://dx.doi.org/10.1159/000321319
http://dx.doi.org/10.1155/2011/490650
http://dx.doi.org/10.1371/journal.pone.0011525
http://dx.doi.org/10.1371/journal.pone.0011525


(2013) The effects of acute and chronic exercise on PGC-1alpha,

irisin and browning of subcutaneous adipose tissue in humans.

FEBS J. doi:10.1111/febs.12619

24. Bartelt A, Heeren J (2014) Adipose tissue browning and meta-

bolic health. Nat Rev Endocrinol 10(1):24–36. doi:10.1038/

nrendo.2013.204

25. Giralt M, Villarroya F (2013) White, brown, beige/brite: different

adipose cells for different functions? Endocrinology

154(9):2992–3000. doi:10.1210/en.2013-1403

26. Liu X, Rossmeisl M, McClaine J, Riachi M, Harper ME, Kozak

LP (2003) Paradoxical resistance to diet-induced obesity in

UCP1-deficient mice. J Clin Investig 111(3):399–407. doi:10.

1172/JCI15737

27. Hamann A, Flier JS, Lowell BB (1996) Decreased brown fat

markedly enhances susceptibility to diet-induced obesity, diabe-

tes, and hyperlipidemia. Endocrinology 137(1):21–29

28. Okamatsu-Ogura Y, Nio-Kobayashi J, Iwanaga T, Terao A,

Kimura K, Saito M (2011) Possible involvement of uncoupling

protein 1 in appetite control by leptin. Exp Biol Med

236(11):1274–1281. doi:10.1258/ebm.2011.011143

29. Oh HH, Kim KS, Choi SM, Yang HS, Yoon Y (2004) The effects

of uncoupling protein-1 genotype on lipoprotein cholesterol level

in Korean obese subjects. Metab Clin Exp 53(8):1054–1059

30. Sale MM, Hsu FC, Palmer ND, Gordon CJ, Keene KL, Borgerink

HM, Sharma AJ, Bergman RN, Taylor KD, Saad MF, Norris JM

(2007) The uncoupling protein 1 gene, UCP1, is expressed in

mammalian islet cells and associated with acute insulin response

to glucose in African American families from the IRAS Family

Study. BMC Endocr Disord 7:1. doi:10.1186/1472-6823-7-1

31. Proenza AM, Poissonnet CM, Ozata M, Ozen S, Guran S, Palou

A, Strosberg AD (2000) Association of sets of alleles of genes

encoding beta3-adrenoreceptor, uncoupling protein 1 and lipo-

protein lipase with increased risk of metabolic complications in

obesity. Int J Obes Relat Metab Disord J Int Assoc Study Obes

24(1):93–100

32. Shin HD, Kim KS, Cha MH, Yoon Y (2005) The effects of UCP-

1 polymorphisms on obesity phenotypes among Korean female

subjects. Biochem Biophys Res Commun 335(2):624–630.

doi:10.1016/j.bbrc.2005.07.096

33. Jia JJ, Tian YB, Cao ZH, Tao LL, Zhang X, Gao SZ, Ge CR, Lin

QY, Jois M (2010) The polymorphisms of UCP1 genes associated

with fat metabolism, obesity and diabetes. Mol Biol Rep

37(3):1513–1522. doi:10.1007/s11033-009-9550-2

34. Kozak LP, Harper ME (2000) Mitochondrial uncoupling proteins

in energy expenditure. Annu Rev Nutr 20:339–363. doi:10.1146/

annurev.nutr.20.1.339

35. Lanouette CM, Giacobino JP, Perusse L, Lacaille M, Yvon C,

Chagnon M, Kuhne F, Bouchard C, Muzzin P, Chagnon YC

(2001) Association between uncoupling protein 3 gene and

obesity-related phenotypes in the Quebec Family Study. Mol

Med 7(7):433–441

36. Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G,

Mootha V, Troy A, Cinti S, Lowell B, Scarpulla RC, Spiegelman

BM (1999) Mechanisms controlling mitochondrial biogenesis

and respiration through the thermogenic coactivator PGC-1. Cell

98(1):115–124. doi:10.1016/S0092-8674(00)80611-X

37. Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, Puig-

server P (2005) Nutrient control of glucose homeostasis through a

complex of PGC-1alpha and SIRT1. Nature 434(7029):113–118.

doi:10.1038/nature03354

38. Ortega-Molina A, Efeyan A, Lopez-Guadamillas E, Munoz-

Martin M, Gomez-Lopez G, Canamero M, Mulero F, Pastor J,

Martinez S, Romanos E, Mar Gonzalez-Barroso M, Rial E,

Valverde AM, Bischoff JR, Serrano M (2012) Pten positively

regulates brown adipose function, energy expenditure, and lon-

gevity. Cell Metab 15(3):382–394. doi:10.1016/j.cmet.2012.02.

001

39. Tseng YH, Kokkotou E, Schulz TJ, Huang TL, Winnay JN,

Taniguchi CM, Tran TT, Suzuki R, Espinoza DO, Yamamoto Y,

Ahrens MJ, Dudley AT, Norris AW, Kulkarni RN, Kahn CR (2008)

New role of bone morphogenetic protein 7 in brown adipogenesis

and energy expenditure. Nature 454(7207):1000–1004. doi:10.

1038/nature07221

40. Seale P, Kajimura S, Yang W, Chin S, Rohas LM, Uldry M,

Tavernier G, Langin D, Spiegelman BM (2007) Transcriptional

control of brown fat determination by PRDM16. Cell Metab

6(1):38–54. doi:10.1016/j.cmet.2007.06.001

41. Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman

BM (1998) A cold-inducible coactivator of nuclear receptors

linked to adaptive thermogenesis. Cell 92(6):829–839

42. Schulz TJ, Huang P, Huang TL, Xue R, McDougall LE, Town-

send KL, Cypess AM, Mishina Y, Gussoni E, Tseng YH (2013)

Brown-fat paucity due to impaired BMP signalling induces

compensatory browning of white fat. Nature 495(7441):379–383.

doi:10.1038/nature11943

Eur J Nutr

123

http://dx.doi.org/10.1111/febs.12619
http://dx.doi.org/10.1038/nrendo.2013.204
http://dx.doi.org/10.1038/nrendo.2013.204
http://dx.doi.org/10.1210/en.2013-1403
http://dx.doi.org/10.1172/JCI15737
http://dx.doi.org/10.1172/JCI15737
http://dx.doi.org/10.1258/ebm.2011.011143
http://dx.doi.org/10.1186/1472-6823-7-1
http://dx.doi.org/10.1016/j.bbrc.2005.07.096
http://dx.doi.org/10.1007/s11033-009-9550-2
http://dx.doi.org/10.1146/annurev.nutr.20.1.339
http://dx.doi.org/10.1146/annurev.nutr.20.1.339
http://dx.doi.org/10.1016/S0092-8674(00)80611-X
http://dx.doi.org/10.1038/nature03354
http://dx.doi.org/10.1016/j.cmet.2012.02.001
http://dx.doi.org/10.1016/j.cmet.2012.02.001
http://dx.doi.org/10.1038/nature07221
http://dx.doi.org/10.1038/nature07221
http://dx.doi.org/10.1016/j.cmet.2007.06.001
http://dx.doi.org/10.1038/nature11943

	Resveratrol increases brown adipose tissue thermogenesis markers by increasing SIRT1 and energy expenditure and decreasing fat accumulation in adipose tissue of mice fed a standard diet
	Abstract
	Purpose
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Animals and diets
	Measurements of body weight, food intake and tissue collection
	Oxygen consumption measurement
	Locomotor activity
	Determination of circulating biochemistry parameters
	Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)

	Applied biosystems
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References


