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Abstract The prevalence of obesity has increased rapidly
during recent years and has reached epidemic proportions.
As a result, the scientific community is interested in active
biomolecules which are naturally present in plants and food-
stuffs and may be useful in body weight management. In
recent years, polyphenols have made up one of the most fre-
quently studied groups among these molecules. Numerous
studies have been carried out on animals to analyse the poten-
tial anti-obesity effects of resveratrol, a non-flavonoid poly-
phenol, and a general consensus concerning the body-fat-
lowering effect of this compound exists. By contrast, studies
in humans have been few so far. Moreover, in these studies,
the effectiveness of resveratrol is low. The aims of the present
review are to summarize the results reported so far on this
topic and to justify the differences observed between animals
and humans. It seems that the reduced response to resveratrol
in humans cannot be attributed to the use of lower doses in
humans because the doses that induce body-fat-lowering
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effects in rodents are in the same range as those used in human
studies. With regard to the experimental period length, treat-
ments were longer in animal studies than in human studies.
This can be one of the reasons contributing to the reduced
responses observed in humans. Moreover, animals used in
the reported studies are young while volunteers participating
in human studies are adults, suggesting that resveratrol may be
more efficient in young individuals. In addition to differences
in the experimental designs, metabolic differences between
animals and human cannot be discarded.

Keywords Resveratrol - Animal models - Humans - Adipose
tissue - Body weight

Introduction

The prevalence of obesity has increased rapidly during recent
years, reaching epidemic proportions. An important issue to
be emphasized is that nowadays, obesity is not only an adult
problem as children are also increasingly affected. According
to WHO data, in 2014, approximately 1.9 billion adults, aged
18 and older, were overweight. Of these, over 600 million
were obese. As far as children are concerned, 41 million chil-
dren under the age of 5 were overweight or obese in 2014 [41].
Obesity is associated with increased risk of development of
numerous adverse health conditions, such as type 2 diabetes,
dyslipidemia, hypertension and other cardiovascular diseases
and cancer, among others [18].

Energy restriction and physical activity are the commonly
used tools in overweight and obesity treatment. However, due
to social and economic reasons among others, compliance
with this treatment protocol is often very poor, especially in
the long term. Furthermore, the number of drugs approved for
obesity treatment remains limited as a consequence of their
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side effects, and as a result, some have been withdrawn from
the market in recent years.

In this context, the scientific community is interested in
active biomolecules which are naturally present in plants and
foodstuffs and which may be useful in body weight manage-
ment. In fact, plants have been an important source of drugs;
many currently available drugs have been derived directly or
indirectly from them. Moreover, natural products have been
used as traditional medicines around the world to treat various
diseases for thousands of years. Among these molecules,
polyphenols, a wide and heterogeneous family of phytochem-
icals present in different plant species, make up one of the
most frequently studied groups in recent years.

One of the more widely studied polyphenols in the field of
obesity is resveratrol (3,5,4'-trihydroxy-trans-stilbene), a non-
flavonoid polyphenol that shows hydrogen atoms available
for transfer to reactive species and interrupt oxidative cascades
(Fig. 1). It is produced naturally in several plants in response
to injury or fungal attack [25]. It was first detected in the roots
of white hellebore (Veratrum grandiflorum) and is found in
various foodstuffs such as grapes, berries, red wine and nuts
[10]. Although the molecule exists in two isoforms, trans-
resveratrol and cis-resveratrol (Fig. 1), the trans form, which
is the preferred steric form in nature, is relatively stable [8].
The glucose-bound form of resveratrol is piceid, predominant
in food sources and converted to trans-resveratrol by hydro-
lysis (Fig. 1) [9].

A general consensus concerning the body-fat-lowering ef-
fect of resveratrol in mice and rats exists [1, 37]. The present
review focuses on the studies devoted to analysing the poten-
tial anti-obesity effects of resveratrol in animal models and
human beings (for a review of the usefulness of many other
phytochemicals for the prevention and treatment of obesity,
please refer to [20]). As this review focuses its interest on
resveratrol anti-obesity properties, many of the studies with
other aims have not been included in the present review al-
though they include data concerning body weight or body fat
following resveratrol treatment.

Studies in animals

Many studies have been addressed using animal models and
various experimental approaches to analyse the potential anti-
obesity effect of resveratrol. The most commonly used species
are mice (Table 1) and rats (Table 2).

Studies in mice
As far as mice are concerned, the pioneering studies on the
anti-obesity effect of resveratrol were performed by Lagouge

etal. in 2006 [23]. They fed C57BL/6J mice with a standard or
a high-fat diet, with or without resveratrol at 0.4 g/100 g diet
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Fig. 1 Structure of piceid and trans-resveratrol

(0.4% wi/w). This resveratrol supplementation resulted in an
ingested daily dose varying from 200 to 400 mg/kg body
weight/day depending on the evolution of body weight and
food intake of the 4 to 8 week-old male mice fed these diets for
9 to 15 weeks. The effect of resveratrol in reducing weight
gain was significant only under high-fat feeding conditions.
The reduction in body mass gain was accounted for by a
decrease in body fat. An unequivocal anti-obesity effect was
attested by the lower weight of adipose depots. A
histomorphological analysis of epididymal white adipose tis-
sue showed smaller adipocytes upon resveratrol treatment.
These beneficial effects were not due to decreased food intake.
By contrast, basal energy expenditure was significantly in-
creased in high-fat-fed mice treated with resveratrol.
Resveratrol supplementation also enhanced the capacity for
adaptive thermogenesis, since treated mice maintained their
body at a higher temperature than that of non-treated when
submitted to short-term cold exposure. Morphometric analysis
of brown adipose tissue revealed larger mitochondrial struc-
tures in resveratrol-treated mice. Accordingly, resveratrol in-
creased uncoupling protein 1 (UCP1) expression, heat produc-
tion capacity and gene expression of a masterpiece of the
thermogenic program: peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (PGC-1«), which is a po-
tent inducer of mitochondrial biogenesis. Moreover, the ratio
of acetylated to total nuclear PGC-1« protein was reduced in
BAT and muscle, meaning that PGC-1x was activated, by a
pathway dependent on the stimulation of the protein
deacetylase sirtuin-1 (SIRT1).

Around the same date, another publication revealed a sim-
ilar anti-obesity effect when the addition of 0.04% resveratrol
to a high-fat diet (60% of calories from fat) was reported to
limit the body weight of male C57BL/6NIA mice during the
initial months of treatment [7]. However, the protocol of res-
veratrol treatment was different: the dietary dose was tenfold
lower, and the mice were 1 year old at the beginning of sup-
plementation. This resulted in an average resveratrol intake of
22.4 mg/kg body weight/day. This low dose still increased



Anti-obesity effects of resveratrol

419

Table 1  Studies carried out with resveratrol in mice
References Model Dose Treatment  Effects
period
(weeks)
Lagouge et al. [23] C57BL/6J mice 200 mg/kg/day 15 | Body weight after 15 weeks but
High-fat diet 400 mg/kg/day reduction in body weight gain only
after 9 weeks
| Body fat
| WAT weight
| Adipocyte size in epididymal WAT
1 Basal energy expenditure
1 Cold-induced thermogenesis
Larger mitochondria structures in BAT
1 UCP1 protein expression in BAT
1 PGC-1«x gene expression and
activation in BAT
Baur et al. [7] C57BL/6NIA mice 0.04% in the diet (from From6to  No changes in body fat
High-fat diet 22.4 to 186 mg/kg/day) more 1 Mitochondria number
than 55 1 PGC-1«x activity
1 AMPK activity
Kim et al. [21] C57BL/6J mice 0.4% in the diet 10 | Body weight gain
High-fat diet | Visceral WAT weight
| Adipocyte size in epididymal WAT
| C/EBPx, PPARY2, SREBP-1c and
LXR, FAS, LPL, aP2 gene
expression
| GalR1, GalR2, PKCo, CyC-D,
E2F1 gene expression
Tauriainen et al. [38] C57BL/6J mice 0.2 or 0.4% in the diet 15 No changes in body weight and
High-fat diet (135 mg/kg/day or adipose tissue weight
282 mg/kg/day)
Cho et al. [13] C57BL/6J mice 0.005% or 0.02% in the 10 | Perirenal and mesenteric WAT weight
High-fat diet diet (5 or 20 mg/kg/day) | FAS and PAP activities in WAT
only the low dose:
| G6PDH activity
| B-oxidation
Jeon et al. [19] Homozygous apoE-deficient mice 0.02% in the diet 12 | Epididymal WAT
Atherogenic diet (20% fat and 1% No changes in lipogenic enzyme
cholesterol) activities in epididymal WAT: ME,
G6PDH, FAS
| PAP activity in epididymal WAT
1 Fatty acid oxidation in epididymal
WAT
Qiao et al. [33] Kunming mice 200 mg/kg/day 12 | Body weight
High-fat diet | Visceral WAT weight
| LPL, SCD-1, PPARy, ACX and
FAS gene expression in epididymal
WAT
Changes in microbiota
Andrade et al. [5] FVB/N mice 0.4% in the diet 8 | WAT weight
Standard diet 1 Oxygen consumption
1 UCPI1, SIRT1 and BMP-7 gene
expression in BAT
Ohara et al. [31] C57BL/6J mice 0.2 or 0.4% in the diet 4 No changes in body weight and
High-fat diet adipose tissue weight
Voight et al. [40] C57BL/6J mice 30 mg/kg/day 3 No changes in body weight and
High-fat diet adipose tissue weight
Mendes et al. [27] FVB/N mice 0.4% in the diet 8 | WAT weight
High-protein diet | Body adiposity

| Adipocyte area
| ACX and FAS gene expression
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Table 1 (continued)

References Model Dose Treatment  Effects
period
(weeks)
Gu et al. [16] C57BL/6J mice 5 mg/kg/day 12 | Body weight
High-fat diet 22.5 mg/kg/day
45 mg/kg/day
Chang et al. [12] C57BL/6C mice 1 mg/kg/day 10 | Body weight gain
High-fat diet 10 mg/kg/day | Fat accumulation in WAT
30 mg/kg/day

ACX acetyl-CoA carboxylase, AMPK AMP-activated protein kinase, aP2 adipocyte protein 2, BAT brown adipose tissue, BMP-7 bone morphogenetic
protein-7, C/EBPo CCAAT-enhancer-binding protein alpha, CyC-D cyclin D, E2F1 E2F transcription factor 1, FAS fatty acid synthase, GalR1, 2 galanin
receptors 1 and 2, G6PDH glucose-6-P dehydrogenase, LPL lipoprotein lipase, LXR liver X receptor, ME malic enzyme, PAP phosphatidase hydrolase,
PGC-1« peroxisome proliferator-activated receptor gamma coactivator 1-alpha, PKCo protein kinase C delta, PPAR peroxisome proliferator-activated
receptors, SCD-1 stearoyl-coenzyme A desaturase 1, SIRT1 NAD-dependent deacetylase sirtuin-1, SREBP-1 ¢ sterol regulatory element binding protein

lc, UCPI uncoupling protein 1, WAT white adipose tissue

mitochondrial number, PGC-1x and AMP-activated protein
kinase (AMPK) activities. However, at 18-24 months of
age, when most of the analyses were performed, there
was no pronounced difference in subcutaneous, abdominal
and epididymal white adipose tissue or brown adipose
tissue between the control and resveratrol-treated groups.
The other effects of resveratrol consisted in increasing
insulin sensitivity, locomotor function and survival and
were therefore beneficial for limiting obesity- and ageing-
related disorders.

Two other studies confirmed the capacity of resveratrol to
alleviate the obesogenic properties and the harmful outcomes
of high-fat feeding. One consisted in a supplementation of a
high-fat diet with resveratrol at 0.4% during 10 weeks [21].
Those mice (C57BL/6J) supplemented with resveratrol
showed reduced body weight gain and visceral fat pad weights
when compared to mice fed the high-fat diet, although food
intake was not affected. Histological analysis of epididymal
adipose tissue also showed smaller adipocytes in resveratrol-
treated mice. No differences were found between standard-fat-
fed mice and resveratrol-treated mice in the values for these
parameters. Significant reductions in triglyceride and choles-
terol plasma levels were also observed.

In order to explain this anti-obesity effect, the authors
analysed the expression of several genes in adipose tissue.
They observed that resveratrol significantly reduced the
expression of CCAAT-enhancer-binding protein o
(C/EBPw), peroxisome proliferator-activated receptor y 2
(PPARY?2), sterol regulatory element binding protein Ic
(SREBP-1¢) and liver X receptor (LXR), as well as their target
genes fatty acid synthase (FAS), lipoprotein lipase (LPL),
adipocyte protein 2 (aP2) and leptin. In addition, resveratrol-
treated mice exhibited a reduced expression of adipogenic
signalling molecules, such as galanin receptors 1 (GalR1),
galanin receptors 2 (GalR2), protein kinase C delta (PKCo),
cyclin D (CyC-D) and E2F transcription factor 1 (E2F1),
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together with a limited phosphorylation of the extracellular
signal-regulated kinases (p-ERK). Indeed, the level of gene
expression was similar in mice fed the standard fat diet and
the mice fed the high-fat diet treated with resveratrol. This
study confirmed that resveratrol promoted a normalization of
the disturbances induced by high-fat feeding and suggested
that resveratrol-induced adipose tissue mass reduction was
due, at least in part, to reduced adipogenesis and lipogenesis.

More confirmation was added by a study designed to com-
pare the effects of two doses of resveratrol, using four exper-
imental groups of male C57BL/6J mice: a group fed a stan-
dard diet, another fed a high-fat diet reaching 40% of calories
as fat and two additional high-fat-diet-fed groups supplement-
ed with 0.005 or 0.02% resveratrol for 10 weeks [13]. These
treatments, which assumed that a resveratrol intake of 5 and
20 mg/kg body weight/day would be reached, reduced the
weight of perirenal and mesenteric adipose tissue. However,
only the lower dose reduced the weight of the epididymal and
retroperitoneal depots. Morphological observations also indi-
cated that epididymal adipocyte size was smaller in the
resveratrol-supplemented mice. These reductions in fat depo-
sition were not caused by a reduction in food intake.
Resveratrol significantly decreased lipogenic enzyme activi-
ties, such as FAS and phosphatidate phosphohydrolase (PAP),
in epididymal adipose tissue. Furthermore, mice fed the low
dose of resveratrol showed a significant decrease in glucose-6-
phosphate dehydrogenase (G6PDH) activity and a significant
increase in fatty acid beta-oxidation. Taken as a whole, these
results indicated that the body-fat-lowering effect of resvera-
trol was mediated by a reduction in lipogenesis, and in accor-
dance with that observed for white adipose tissue weight, the
effects of low resveratrol dose were greater than those of the
high dose. Furthermore, Cho et al. observed that the low dose
normalized the increase in plasma total cholesterol and apoB/
apoA-I ratio induced by the high-fat diet, while these effects
were not seen with the highest dose.
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Table 2 Studies carried out with resveratrol in rats
References Model Dose (mg/kg/day) Treatment period  Effects
(weeks)
Macarulla Sprague-Dawley rats 6 6 | WAT size (30 and 60 mg/kg/day)
et al. [26] High-fat high-sucrose diet 30
60
Rivera et al. Obese (fa/fa) and lean (Fa/fa) 10 8 | Abdominal fat
[35] Zucker rats 1 ACX phosphorylation (inhibition) in WAT
Standard diet 1 AMPK phosphorylation (activation) in WAT
Alberdi etal.  Sprague-Dawley rats 30 6 | WAT weight
[3] High-fat high-sucrose diet | HR-LPL activity
| G6PDH, FAS and ACX activities
| HSL gene expression
Alberdi etal.  Sprague-Dawley rats 30 6 1 TFAM, COXII, SIRT1 and PGC-1c gene
[4] High-fat high-sucrose diet expression in interscapular BAT
1 UCP1 protein expression in interscapular BAT
1 TFAM, COX2 gene expression in gastrocnemius muscle
1 UCP3 protein expression in gastrocnemius muscle
Gomez-Zorita Obese Zucker fa/fa rats 15 6 | Body weight gain
etal. [17] Standard diet | Epididymal WAT weight
| G6PDH and HR-LPL activities in epididymal WAT
| LPL gene expressions in epididymal WAT
1 HSL gene expression in epididymal WAT
Miranda et al. ~ Wistar rats 30 6 | Rev-Erba gene and protein expressions in epididymal
[28] High-fat diet WAT and gene expression in liver
| FAS activity in epididymal WAT
Nagao et al. OLETF rats 4 | Body weight gain
[30] Normocaloric diet | Protein and carbohydrate oxidation
1 CPT gene expression in WAT
Arias et al. [6] Wistar rats 15 6 No changes in body weight

High-fat high-sucrose diet

No changes in adipose tissue weight
| HR-LPL activity in perirenal WAT

ACX acetyl-CoA carboxylase, AMPK adenosine monophosphate-activated protein kinase, BAT brown adipose tissue, COX2 cytochrome ¢ oxidase
subunit 2, CPT carnitine palmitoyltransferase, FAS fatty acid synthase, G6PDH glucose-6-P dehydrogenase, HR-LPL heparin-releasable lipoprotein
lipase, HSL hormone-sensitive lipase, OLETF Otsuka Long-Evans Tokushima fatty, PGC-1« peroxisome proliferator-activated receptor gamma coac-
tivator 1-alpha, Rev-Erba reverse erythroblastosis virus «, SIRT/ NAD-dependent deacetylase sirtuin-1, 7FAM mitochondrial transcription factor A,

UCP uncoupling protein, WAT white adipose tissue

Along the same lines as the study reported by Cho et al.,
successive studies also revealed that the anti-obesity proper-
ties of resveratrol did not follow a classical dose-response
curve. Very recently, the absence of a classical sigmoidal
dose-response pattern for resveratrol in limiting body weight
gain was reported in a study comparing the effects of the
administration by oral gavage of resveratrol at 5, 22.5 and
45 mg/kg body weight/day for 12 weeks in high-fat-fed mice.
All the treated groups exhibited a significant reduction in body
weight compared with the high-fat control, but there was no
difference between the three resveratrol-treated groups [16].
In another study, the anti-obesity effects of resveratrol were
tested at 1, 10 and 30 mg/kg body weight/day for 10 weeks in
high-fat-fed mice (45% of calories from fat) and the results
showed that, without decreasing energy intake, resveratrol
attenuated the high-fat diet-induced weight gain and protected
against lipid deposition in white adipose tissue and liver.

Although in some parameters, there was a dose-response pat-
tern, for many parameters, the effect of a daily intake of
10 mg/kg was equivalent to or even tended to be greater than
that of 30 mg/kg [12].

There are also studies reported in the literature that did not
find the previously described resveratrol-induced positive ef-
fects. In the study published by Voigt et al. [40], high-fat-fed
C57BL/6J male mice were treated for only 21 days with oral
resveratrol (30 mg/kg/day). This treatment tended to reduce
body weight gain and adipose tissue weight without reaching
significant differences when compared to control. In this
study, it may not have been the resveratrol dosage that caused
the lack of effect, but rather the short treatment duration. Even
a treatment duration of 4 weeks appeared insufficient to detect
any anti-obesity effects of resveratrol. In a study aiming to
compare the anti-obesity effect of resveratrol to that of its
dimer e-viniferin, C57BL/6J mice were fed a very high-fat
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diet (60% of total calories as lipids) with or without the re-
spective stilbenes for 4 weeks. Supplementations with 0.2 and
0.4% resveratrol were not associated with significant reduc-
tions of body weight gain or adipose tissue weight when com-
pared to control, though this took place in the case of e-
viniferin-containing supplementation [31].

Tauriainen et al. carried out a study in mice fed a high-
fat diet (60% of energy as fat) supplemented with resvera-
trol at 0.2 and 0.4% [38]. While these treatments did not
clearly decrease body or fat pad weights or modify body fat
content, they partially protected against high-fat diet-in-
duced fatty liver formation. In this case, there is no clear
justification for the lack of effects of resveratrol adminis-
tration. The ingested amounts of the polyphenol represent-
ed 135 and 282 mg/kg body weight/day, doses that are
included in the wide range of doses tested by other re-
search teams (5 to 400 mg/kg body weight/day). As far
as the experiment period length is concerned, it was longer
(15 weeks) than most of the “positive” studies that were
performed with supplementation periods lasting between 8
and 11 weeks.

In addition to mice fed a high-fat diet, there were other
studies performed under different feeding conditions.
Thus, Andrade et al. [5] treated mice fed a standard diet
with 30 mg/kg body weight/day of resveratrol. Under these
conditions, the delipidating effect of resveratrol was also
observed. After 2 months of treatment, these animals pre-
sented significantly decreased fat accumulation in adipose
tissue, with diminished total cholesterol plasma levels
when compared with the controls. Additionally, increased
oxygen consumption was observed. Analyses of messen-
ger RNA (mRNA) of thermogenesis-related genes showed
significant increase in UCP1, SIRT1 and bone morphoge-
netic protein-7 (BMP-7) expression in brown adipose tis-
sue, suggesting that increased thermogenesis could be in-
volved in the reduction in body fat accumulation induced
by the polyphenol.

Mendes et al. [27] fed FVB/N mice a high-fat diet or a
high-protein diet with or without resveratrol (4 g/kg diet).
Mice fed the high-protein diet supplemented with resvera-
trol showed decreased body weight, body adiposity, adi-
pose tissue weight, adipocyte area and total cholesterol, as
well as acetyl-CoA carboxylase (ACX) and FAS gene ex-
pressions. Again, such body-fat-lowering effect of resver-
atrol was mediated in part by a reduction in de novo lipo-
genesis. As far as mice fed the high-fat diet supplemented
with resveratrol were concerned, only decreased concen-
tration of total cholesterol was observed when compared
with mice fed the high-fat diet not supplemented with the
polyphenol.

Likewise, Jeon et al. used homozygous apoE-deficient
mice, a model of hypercholesterolemia that mimics the
initiation and progression of human atherosclerosis [19].
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After 12 weeks of atherogenic diet supplemented with
0.02% resveratrol, a significant reduction in body weight
and epididymal white adipose tissue weight was observed,
but not that of perirenal fat depot. No changes were ob-
served in food intake. Resveratrol-treated mice exhibited
increased plasma levels of HDL-cholesterol and lower
apoB/apoA-I ratio. However, no change was detected in
the activity of FAS, G6PDH or malic enzyme (ME) in
epididymal white adipose tissue between control and treat-
ed animals. Nevertheless, resveratrol supplementation re-
sulted in significantly elevated beta-oxidation and lowered
activity of the lipogenic enzyme PAP in white adipose
tissue.

Lastly, it may be noted that Kunming mice, widely stud-
ied in China, also exhibited lower body and visceral white
adipose tissue weights when they were fed a high-fat diet
(50% energy as fat) supplemented with resveratrol at a
dose of 200 mg/kg body weight/day for 12 weeks [33].
The polyphenol improved the gut microbiota dysbiosis in-
duced by the high-fat diet, by increasing the Bacteroidetes-
to-Firmicutes ratios, inhibiting the growth of Enterococcus
faecalis and increasing the growth of Lactobacillus and
Bifidobacterium. Pearson’s correlation coefficient showed
that there was a negative correlation between body weight
and the ratios of Bacteroidetes to Firmicutes, as well as
body weight and Lactobacillus and Bifidobacterium. By
contrast, a positive correlation was found between body
weight and E. faecalis. In addition, resveratrol significant-
ly decreased mRNA expression of genes related to fatty
acid synthesis, adipogenesis and lipogenesis (LPL, ACX,
FAS, stearoyl-coenzyme A desaturase 1 (SCD-1), PPARY)
in epididymal adipose tissue. Thus, in this study, resvera-
trol seemed to induce body fat reduction through the inhi-
bition of metabolic pathways by driving fat accumulation
and also by modifying gut microbiota.

Taken as a whole, almost all the experiments performed
on mouse models converge in demonstrating that oral ad-
ministration of resveratrol ranging from 5 to 400 mg/kg
body weight/day exerts anti-obesity actions that are espe-
cially detectable after 8§ to 12 weeks of supplementation,
when using simple morphologic indexes such as body
mass and adiposity. Although the administration of the
higher tested doses of resveratrol is hardly transposable
to humans, the different studies have shown that resvera-
trol use is safe and that diverse complications of obesity
can be alleviated owing to its supplementation, via (though
not exclusively) SIRT1 and AMPK activation.

Studies in rats
Other studies have been performed in rats. In general terms,

although mice are highly responsive to different treatments,
resveratrol treatment also shows interesting effects on rats. In
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a study from our group [26], we analysed the effects of three
doses of resveratrol (6, 30 and 60 mg/kg/day), administered
for 6 weeks to male rats fed a high-fat high-sucrose diet (40%
of energy as fat). Although a clear dose-response was not
observed, important differences were found among the three
experimental doses. While the lowest dose (6 mg/kg/day) did
not show a body-fat-reducing effect, the intermediate dose
(30 mg/kg/day) reduced all the adipose depots measured (sub-
cutaneous, epididymal, perirenal and mesenteric). The highest
dose (60 mg/kg/day) led to a significant reduction in mesen-
teric and subcutaneous depots but not in epididymal and
perirenal tissues. No significant changes were observed in
food intake. In good accordance with the results found in other
studies performed in mice [13], the lower dose of resveratrol
within the range of effective doses (30-60 mg/kg/day) was
more effective than the higher one in this study. Serum param-
eters, cholesterol, triacylglycerols, free fatty acids and glu-
cose, were not affected by resveratrol intake.

In other study designed to assess the effects of a combina-
tion of resveratrol and quercetin using a similar experimental
design in terms of diet and experimental period length (high-
fat high-sucrose diet, 6 weeks of treatment), we observed that
resveratrol, at a dose of 15 mg/kg/day, was unable to reduce
body weight gain or adipose tissue weight in rats [6]. These
results showed that, under the experimental conditions used in
these two studies, resveratrol was ineffective in the range of 6
to 15 mg/kg/day.

When we analysed the potential mechanisms of action un-
derlying the body-fat-lowering effect of resveratrol in the co-
hort of animals treated with 30 mg/kg/day of this polyphenol
[3], we observed a significant reduction in the activity of
heparin-releasable LPL, the enzyme which allows adipose
tissue to uptake fatty acids from triacylglycerol transported
by chylomicrons and very low-density lipoproteins, as well
in the activity of lipogenic enzymes, such as ACX, FAS and
G6PDH in epididymal adipose tissue. These data suggest that
the effect of resveratrol on adipose tissue was mediated, at
least in part, by a reduction in fatty acid uptake from triacyl-
glycerols in circulating lipoproteins as well as in de novo
lipogenesis

As far as the lipolytic pathway is concerned, no changes
were observed in gene expression of adipose tissue triglycer-
ide lipase. By contrast, gene expression of hormone-sensitive
lipase was significantly reduced by the polyphenol treatment.
Although it is well known that the main mechanism by which
lipases are activated is phosphorylation, the increase in
hormone-sensitive lipase expression suggests a potential in-
crease in lipolysis, which is in good accordance with the en-
hanced lipolytic response to epinephrine induced by resvera-
trol observed by Szkudelska et al. [36].

In this cohort of rats, we also observed a significant in-
crease in SIRT-1 and PGC-1« gene expressions, in
interscapular brown adipose tissue from rats treated with

resveratrol [4]. PGC-1« is a potent inducer of mitochondrial
biogenesis, an important part of the thermogenic program.
Increased PGC-1a expression was accompanied by a great
increase in mitochondrial transcription factor A (TFAM) gene
expression, suggesting that resveratrol enhanced
mitochondriogenesis. This fact was confirmed by the increase
in the mRNA of mitochondrial protein cytochrome C oxidase
subunit-2 (COXII), a mitochondrion-encoded protein which is
a critical component of the oxidative phosphorylation
pathway.

We also analysed the protein expression of UCP1, the first
uncoupling protein discovered, which is exclusively
expressed in brown adipose tissue [4]. This effect was likely
to be related to the increase in PGC-1cc. These results are in
line with those reported by Lagouge et al. [23] in mice brown
adipose tissue using a very high dose of resveratrol (400 mg/
kg/day) and a longer experimental period than that used in the
present study (15 weeks).

Moreover, rats treated with resveratrol showed significant-
ly greater protein expression of UCP3 and gene expression of
TFAM and COXII in skeletal muscle [4]. These results show
that resveratrol increased UCP protein expression in two im-
portant thermogenic tissues. This could contribute to in-
creased whole-body energy dissipation and consequently to
increased energy expenditure, thus reducing energetic effi-
ciency, and it could represent another mechanism of action
underlying the body-fat-lowering effects of resveratrol.

In order to gain more insight into the mechanisms under-
lying the anti-obesity effect of resveratrol in rats, we also
analysed the effects of resveratrol on the clock genes. The
circadian timing system is composed of several endogenous
clocks and is mainly present in the suprachiasmatic nucleus of
the hypothalamus, but circadian clocks are also present in
peripheral tissues as the adipose tissue. Adipose tissue clock
gene desynchronization has been related to the development
of certain diseases such as obesity. In this context, it has been
proposed that unhealthy lifestyle choices, such as high-fat
feeding, produce progressive derangements in temporal com-
munication among different food intake signals by modifying
the strength, duration and frequency of circadian rhythms.

We observed that resveratrol treatment led to the downreg-
ulation of reverse erythroblastosis virus o (Rev-Erbe). This
gene, which is a part of the clock machinery, participates in the
regulation of the expression of SREBP-Ic¢, the transcription
factor which in turn regulates de novo lipogenesis, as well as
in its translocation to the nucleus [24], that is in its maturation
and activation. According to these data, it can be proposed that
the reduction in lipogenic activities induced by resveratrol
could take place via Rev-Erbx [28].

In addition to the model of rats fed an obesogenic diet, we
also used a model of genetic obesity in our studies. We ad-
ministered resveratrol at a dose of 15 mg/kg/day to obese
Zucker fa/fa rats for 6 weeks with a standard diet [17]. In this
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animal model, resveratrol reduced both subcutaneous and in-
ternal adipose tissue weights, but the reduction only reached
statistical significance in internal depots, mostly in epididymal
adipose tissue. As previously mentioned in this review, when
we analysed the effects of this dose of resveratrol also for
6 weeks in rats fed an obesogenic diet, the polyphenol did
not induce reductions in adipose tissues. Thus, it seems that
an obese Zucker rat is a more sensitive model.

When the activity of enzymes involved in triacylglycerol
metabolism was assessed in epididymal adipose tissue, we
observed that, in general terms, the activity of enzymes in-
volved in de novo lipogenesis was not modified by resveratrol
treatment. By contrast, the activity of LPL was significantly
reduced. Finally, gene expression of hormone-sensitive lipase
was increased, and gene expression of fatty acid translocase/
scavenger receptor cluster of differentiation 36 (cd36), which
is a transporter of fatty acids, was decreased. These results
suggest that resveratrol reduces the uptake of fatty acids for
triacylglycerol formation and increases the capacity for triac-
ylglycerol mobilization.

Previous to our study, Rivera et al. [35] also analysed the
effects of resveratrol in lean and obese Zucker rats. They fed
rats with a standard diet and treated them with 10 mg/kg/day
of polyphenol (orally provided by gavage) for 8 weeks.
Resveratrol decreased abdominal fat content in obese rats
but not in their lean littermates. This effect was not due to a
reduction in food intake. These authors suggested that the
body-fat-lowering effect induced by resveratrol in obese rats
was mediated, at least in part, by the reduction in de novo
lipogenesis because ACX was phosphorylated, that is
inhibited, in adipose tissue. ACX phosphorylation was due
to the activation of AMPK.

Nagao et al. [30] carried out a study in Otsuka Long-Evans
Tokushima fatty (OLETF) rats. This animal model develops a
syndrome with multiple metabolic and hormonal disorders
that shares many features with human obesity. OLETF rats
have hyperphagia due to a lack of receptors for cholecystoki-
nin, and they become obese even by consuming a normal diet.
They fed animals with a standard diet supplemented with
0.5% of resveratrol, which, according to the food intake and
body weight values provided, represented approximately
200 mg/kg/day. After 4 weeks of treatment, they observed that
resveratrol reduced omental and perirenal adipose tissue
weights. In order to examine the effect of resveratrol on the
oxidation of nutrients, respiratory gas analysis was performed.
Carbohydrate oxidation and protein oxidation were signifi-
cantly lowered in the resveratrol-treated rats after the first
week of feeding. Moreover, resveratrol enhanced fat oxidation
and suppressed carbohydrate and protein oxidation after
3 weeks of feeding. These results suggest that resveratrol in-
duced an anti-obesity effect through the alteration of metabol-
ic profiles of nutrients. Furthermore, when they analysed gene
expression of FAS and PPARs and transcription factors
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involved in the regulation of lipolysis and adipocyte differen-
tiation, no changes were observed between experimental
groups. By contrast, mRNA level of carnitine palmitoyl trans-
ferase, a key enzyme in fatty acid 3-oxidation, was signifi-
cantly increased in the perirenal white adipose tissue from rats
treated with the polyphenol. The authors proposed that this
effect might contribute to the partial enhancement of fat oxi-
dation induced by resveratrol.

All the studies described up to this point in this review
show the effects of resveratrol during periods of fat accumu-
lation due to dietary patterns or to genetic alterations. In order
to broaden the focus, we carried out a study devoted to deter-
mining whether resveratrol was able to increase body fat re-
duction induced by energy restriction [2]. For this purpose,
male Wistar rats were fed a high-fat high-sucrose diet (40%
energy as fat) for 6 weeks to obtain a diet-induced obesity
model. Then, they were submitted to a mild energy restriction
(25%) without or with resveratrol supplementation (30 mg/kg
body weight/day) for 2 weeks. Final body weight and white
adipose tissue weights were reduced in both restricted groups,
but no differences were found among them. FAS, ACX and
LPL activities and expressions were also similar in both
groups. These results suggested a lack of any adjuvant effect
of resveratrol on energy restriction for obesity treatment pur-
poses. The lack of effect of resveratrol supplementation ob-
served in the work mentioned could be due to two main rea-
sons. On the one hand, the effects caused by energy restriction
were strong enough to mask the potential positive effects as-
cribed to resveratrol, which has been clearly observed under
other feeding conditions. On the other hand, our experimental
procedure might not have been long enough to allow resver-
atrol to bring about its effects.

Studies in other animal models

In addition to rodents, a study has been reported in mouse
lemurs (Microcebus murinus, Cheirogaleidae), a seasonal
non-primate model [15]. As in rodents, resveratrol was also
effective in this model.

Behavioural and physiological seasonal changes in mouse
lemurs are dependent on the photoperiod and are reproduced
in captivity using an artificial photoperiodic regimen. In the
present study, animals were studied during the weeks
following the shift from long to short day lengths,
corresponding to the pre-wintering fattening period. The
animals were fed ad libitum during 4 weeks with fresh fruit
(bananas and apples) and a mixture of cereals, milk and eggs
supplemented with the amount of resveratrol needed to
provide a dose of 200 mg/kg/day. Nevertheless, due to the
fact that the animals tended to eat less food than provided,
the real doses during the four treatment weeks ranged from
192 to 168 mg/kg/day.
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Resveratrol reduced body mass gain, activated energy
expenditure by inducing an increase in resting metabolic rate
and a decrease in torpor patterns that play key roles in energy
saving in these lemurs and decreased spontaneous food intake.
At a molecular level, resveratrol activated SIRT1 and lipid
metabolism and increased glucose-dependent insulinotropic
polypeptide (GIP), which induces an increase in energy
expenditure, motor activity and mobilization of fat stores.
All of these changes participated in the limitation of pre-
wintering fattening processes.

Studies in human beings

Only a reduced number of studies addressing the potential
anti-obesity effect of resveratrol in humans have been reported
so far (Table 3). In the near future, more data will be available
because at present, there are several ongoing studies. Table 4
summarizes only ongoing studies designed to analyse the ef-
fects of resveratrol alone (not included in a polyphenol mix-
ture) including parameters related to body fat or energy bal-
ance as outcomes (Table 4).

Yoshino et al. [42] analysed the metabolic effects induced
by resveratrol supplementation in Caucasian postmenopausal
women showing normal weight or overweight. Resveratrol

Table 3  Studies carried out with resveratrol in humans

was administered for 12 weeks at a dose of 75 mg/day. At
the end of the total experimental period, no changes were
observed in body weight, total fat mass, subcutaneous abdom-
inal fat and intra-abdominal fat between both groups.

Taking into account that in animal models, the beneficial
effects of resveratrol seem to be mediated via SIRT1, the au-
thors analysed the gene expression of these mediators, as well
as that of PGC-1« in white adipose tissue, but no differences
were observed between placebo group and resveratrol-treated
group.

Thus, the final conclusion of this study was that, under
these experimental conditions, resveratrol supplementation
was not effective. The lack of positive effects may be due to
the fact that the subjects in this study were not obese. As
already stated, some subjects were of normal weight and
others slightly overweight. The vast majority of animal studies
showing positive effects of resveratrol were performed in
obese animals or animals fed an obesogenic diet (Tables 1
and 2).

Timmers et al. [39] analysed the effects of resveratrol ad-
ministration on whole-body energy expenditure, substrate uti-
lization and lipolysis in adipose tissue among other aspects.
For this purpose, healthy obese males were randomly distrib-
uted in a placebo group or a resveratrol group treated with
150 mg resveratrol/day for 4 weeks. As far as energy

References Subjects Dose

Treatment period Effects
(weeks)

Timmers et al. [39] Healthy obese men

Yoshino et al. [42] Caucasian lean and overweight

postmenopausal women

Crandall et al. [14]  Subjects with impaired glucose tolerance

Poulsen et al. [32] Healthy obese subjects

Konings et al. [22] Healthy obese men

Chachay et al. [11] Men with BMI >25, waist circumference

>90 cm and NAFLD

Méndez-del Villar
etal. [29]

Subjects with metabolic syndrome

150 mg/day 4

75 mg/day 12

1 g/day
1.5 g/day
2 g/day
1500 mg/day 4

150 mg/day 4

3 g/day

1500 mg/day 12

No changes in body weight

| Sleeping metabolic rate

No changes in diet-induced thermogenesis and
physical activity index

1 Respiratory quotient

No changes in body weight and body fat (total,
abdominal subcutaneous and intra-abdominal)

No changes in AMPK, SIRT1 and PGC-1« gene
expression in WAT

4 No changes in body weight
No changes in body fat

No changes in body weight

No changes in lean and fat mass

No effects in resting energy expenditure and lipid
oxidation rate

1 Proportion of small adipocytes
1 Gene expression of adipogenic genes

8 No changes in body weight
No changes in body fat
No changes in fat distribution

| Body fat

AMPK AMP-activated protein kinase, NAFLD non-alcoholic fatty liver disease, PGC-1« peroxisome proliferator-activated receptor gamma coactivator
1-alpha, SIRT1 NAD-dependent deacetylase sirtuin-1, WAT white adipose tissue
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Table 4  Ongoing clinical trials carried out with resveratrol

Identifier Study type and design Subjects Dose Treatment Outcomes
period
NCT02247596 Study type: interventional 21 to 55 year-old 1 g three 2 weeks  Effects on resting energy
Study design: allocation: randomized non-diabetic, obese male times daily expenditure, insulin
Endpoint classification: efficacy Estimated enrolment 36 sensitivity, serum lipid
Study intervention model: parallel profile, systolic and
assignment diastolic blood pressures
Masking: double blind (subject, and glycated haemoglobin
investigator)
Primary purpose: treatment
NCT01446276 Study type: interventional 25 to 65 years healthy obese 500 mg three 6 months  Effects on lipid turnover, liver
Study design: allocation: randomized male times daily fat content, insulin
Endpoint classification: efficacy study Estimated enrolment 26 sensitivity, body
Intervention model: parallel assignment composition, lipase activity
Masking: double blind (subject, caregiver, and fat cell size
investigator, outcomes assessor)
Primary purpose: basic science
NCTO01412645 Study type: interventional 30- to 60-year-old male with 500 mg or 4 months  Effects on inflammation
Study design: allocation: randomized metabolic syndrome 75 mg markers, sugar and fat
Endpoint classification: efficacy study Estimated enrolment 76 twice daily metabolism biomarkers, fat
Intervention model: parallel assignment and muscle tissue gene
Masking: double blind (subject, caregiver, expression, body
investigator, outcomes assessor) composition, bone mineral
Primary purpose: basic science density and structure, bone
metabolism biochemical
markers, gene expression
and cytokines in bone
marrow
NCT00998504 Study type: interventional 45- to 65-year-old healthy 75 mg twice 4 weeks  Effects on fat oxidation,
Study design: allocation: obese male daily mitochondrial biogenesis,

randomized

Endpoint classification: safety/efficacy
study intervention model: crossover
assignment

Masking: double blind (subject,
investigator)

Primary purpose: treatment

Study design: interventional

Study design: allocation:

randomized

Endpoint classification: efficacy study

Intervention model: parallel assignment

Masking: double blind (subject,
investigator)

Primary purpose: treatment

Study type: interventional

Study design: allocation: randomized

Endpoint classification: efficacy study

Intervention model: parallel assignment

Masking: double blind (subject, caregiver,
investigator, outcomes assessor)

Primary purpose: prevention

NCT02114892

NCT02565979

Estimated enrolment 18

30- to 50-year-old male and
female with metabolic
syndrome

Estimated enrolment 24

500 mg three 3 months
times daily

40- to 70-year-old 6 months
overweight/obese male or
female

Estimated enrolment 58

75 mg twice
daily

lipolysis in adipose and
skeletal muscle tissue

Effects on weight, BMI, total
cholesterol levels,
low-density lipoprotein
levels, creatinine and uric
acid levels, metabolic
syndrome, insulin sensitivi-
ty and insulin secretion

Effects on glucose tolerance,
resting energy metabolism,
intra-hepatic lipid content,
physical performance, body
composition and quality of
life

BMI body mass index

expenditure was concerned, a lower sleeping metabolic rate
was observed in the resveratrol-treated group and no differ-
ences were found in diet-induced thermogenesis or in a phys-
ical activity index. Finally, a higher respiratory quotient was
noticeable in the resveratrol-treated group. The authors
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suggested that resveratrol administration was efficient in in-
ducing an improvement in metabolic flexibility. Nevertheless,
these effects were not accompanied by changes in body
weight. Unfortunately, in this study, the authors did not pro-
vide data concerning adipose tissue or body fat. They later on



Anti-obesity effects of resveratrol

427

addressed a new study with the same cohort for analysing
abdominal and subcutaneous adipocyte size [22]. They ob-
served that resveratrol supplementation induced a shift toward
an increased proportion of small adipocytes. Moreover, a mi-
croarray was carried out, which showed increased expression
of genes involved in adipogenesis. Although the authors pro-
posed that these effects may underline the previously reported
improved insulin sensitivity [39], it is not possible to draw
conclusions concerning the net effect on adiposity.

In another study, Poulsen et al. [32] carried out a double-
blinded, placebo-controlled parallel-group trial with healthy
obese subjects in order to analyse the effect of resveratrol on
energy and substrate metabolism as well as on metabolic bio-
markers of obesity. In this case, the experimental period length
was shorter and the polyphenol dose was greater. The treat-
ment consisted of three tablets of resveratrol daily (500 mg/
day) for 4 weeks. Participants were asked not to alter their
normal way of life. Resveratrol did not induce significant
changes in body mass, lean body mass and total body fat
mass. Similarly, resting energy expenditure and lipid oxida-
tion rate remained unchanged even though a higher dose was
used. Previously, in this review, when the study reported by
Yoshino et al. [42] was mentioned, we proposed that the lack
of effect of resveratrol on body fat may have been due to
participants not being obese. However, in the study reported
by Poulsen et al., where subjects showed BMI >30 kg/m?,
resveratrol was also ineffective, even at a higher dose. In this
case, it is important to emphasize that the treatment period was
quite short (4 weeks).

Crandall et al. [14] also analysed the effects of a short
period of resveratrol administration on overweight to obese
old subjects with impaired glucose tolerance. They adminis-
tered resveratrol at doses of 1, 1.5 and 2 g/day for 4 weeks.
Participants were instructed not to alter their usual dietary and
physical activity patterns. In line with the results obtained by
Poulsen et al. [32], regardless of the dose used, no changes
were observed in body weight or percentage of body fat.
Nevertheless, the authors indicated that the small number of
subjects participating in their study reduced the ability to de-
tect differences in some study outcomes.

Obese or overweight subjects were also used in the study
reported by Chachay et al. [11]. Men whose body mass index
was greater than 25 kg/m? and with a waist circumference
>90 cm, with non-alcoholic fatty liver disease, received pla-
cebo or 3 g of resveratrol during 8 weeks. No changes were
observed in body weight, total abdominal fat or fat distribu-
tion. These results are in good accordance with those reported
by Poulsen et al. [32] although the treatment period was lon-
ger, 8 weeks instead of 4 weeks, and the dose of resveratrol
used was higher.

Mendez-del Villar et al. [29] carried out a study devoted to
examining the effect of resveratrol administration on metabol-
ic syndrome, insulin sensitivity and insulin secretion. In

addition, they measured parameters related to obesity such
as total body weight, body mass index and waist circumfer-
ence. Subjects with a diagnosis of metabolic syndrome were
treated with placebo or 500 mg of resveratrol three times per
day before meals for 12 weeks. In this case, all the anthropo-
metric parameters measured were significantly reduced, indi-
cating that polyphenol treatment induced a decrease in body
fat.

This is the only study showing a clear reduction in body fat
induced by resveratrol. Two important aspects to point out are
that this experimental period was longer than those used in
other studies reporting no effects of this polyphenol, and that
participants were obese. Thus, it can be hypothesised that
treatment periods of at least 12 weeks are needed for resvera-
trol to exhibit body fat-lowering effects in obese humans.

Concluding remarks

Although the number of studies carried out in humans is low
so far, the reported data show that animals seem to respond
more readily to resveratrol treatment than humans. In order to
shed light onto this different pattern of response, comparisons
between experimental designs should be made. The doses
used in the reported studies range from 5 to 400 mg/kg/day
in mice, from 6 to 60 mg/kg/day in rats and from 75 to
3000 mg/day in humans. By using the Reagan-Shaw formula
to know the equivalence between these doses and those used
in human studies [34], it can be deduced that the doses used in
human studies are in the same range as those used in animal
studies (equivalent to 30-2.220 mg/day). Consequently, the
reduced response to resveratrol in humans cannot be attributed
to the use of lower doses in humans than in animals.

With regard to the experimental period length, in the re-
ported studies, animals were treated for between 4 weeks and
6 months. In humans, the studies were performed for 4 to
12 weeks. Taking into account that lifespan is clearly shorter
in rodents than in humans, in general terms, it can be stated
that, in animal studies, treatments were longer than in human
studies. This can be one of the reasons contributing to the
reduced responses observed in humans.

Another important aspect to be considered is the age of
individuals. Thus, while animals used in the reported studies
were young, with the exception of the study reported by Baur
et al. [7], volunteers participating in human studies are adults.
This suggests that, perhaps, resveratrol is more efficient in
young individuals. Furthermore, it is important to emphasize
that the vast majority of the reported animal studies were per-
formed by administering resveratrol during the fattening peri-
od. Thus, in some experimental designs, the polyphenol was
administered at the same time as an obesogenic diet. In other
cases, resveratrol was provided to young genetically obese
rodents during the fattening period. By contrast, in humans,
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resveratrol was administered to overweight or obese subjects
who were not apparently in a fattening period. According to
the experimental designs of animal studies, it seems that in
animal studies, resveratrol avoided or reduced fattening, thus
showing a preventive effect on obesity. By contrast, resvera-
trol was administered in humans not to prevent but to treat
obesity.

In addition to differences in experimental designs, metabol-
ic differences between animals and human cannot be
discarded. Thus, de novo lipogenesis, which is a metabolic
pathway inhibited by resveratrol, is very relevant in adipose
tissue from rodents but not in human adipose depots.

Finally, it should be emphasized that further studies in
humans are needed in order to better characterize the potential
anti-obesity effects of resveratrol. In this scenario, various
population groups (gender, age, obesity degree, etc.) should
be used.
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