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Abstract Obesity is a major health problem throughout the
world, and it is increasing both in prevalence and severity.
Pharmaceutical approaches developed for the treatment of
obesity, despite short-term benefits, often are associated with
rebound weight gain after the cessation of drug use and
serious side effects deriving from the medication can occur.
Resveratrol has been well recognized as an anti-obesity sub-
stance for its lipid-lowering function as well as calorie-
restriction effect. This polyphenol induces hormetic dose re-
sponses in a wide range of biological models, affecting nu-
merous endpoints of biomedical and therapeutic significance.
From an hormetic standpoint, we will discuss the potential
relevance of resveratrol in the management of obesity and
related comorbid conditions, emphasizing its ability to control
simultaneously various pathological mechanisms associated
with obesity.
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Abbreviations

(CR) Calorie restriction

(WAT) White adipose tissue

(NF-kp3) Nuclear factor- kf3

(SIRT-1) Sirtuin-1

(AMPK) Adenosine monophosphate activated
protein kinase

(FABP4) Fatty acid binding protein 4

(MCP-1) Monocyte chemoattractant protein-1

(LPL) Lipoprotein lipase

(IL)- Interleukin

(FOXO0) Forkhead Box O

(MMP) Metalloproteinase

(SREBP-1c) Sterol regulatory element binding protein-1c

(TNF-x) Tumor necrosis factor-alpha

(FAS) Fatty acid synthase

(C/EBPx) CCAAT/enhancer binding protein o

(PPARY) Peroxisome proliferator-activated receptor-y

(PGC-1x) Peroxisome proliferator-activated receptor y
coactivator-1c.

Introduction

Obesity is a severe metabolic disorder and it is the major risk
factor for the most common human diseases including type 2
diabetes, hypertension, cardiovascular diseases, stroke and
certain types of cancer. The number of obese individuals in
the world is reaching epidemic proportions. Importantly, obe-
sity is not only an issue of adult life but also children are
increasingly affected. This increase in frequency of obese
children is mainly attributed to high-energy diets and low
activity levels. Obesity is characterized by an excessive
amount of adipose tissue and it is not only a health complica-
tion on its own, but brings with it significant co-morbidities.
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These include nonalcoholic fatty liver disease, insulin resis-
tance (Avogaro and de Kreutzenberg 2005), dyslipidaemia,
impaired glucose homeostasis, sleep apnea, accelerated skel-
etal and pubertal development (ageing processes), cancer,
orthopedic disorders and psychological consequences
(Wellman and Friedberg 2002; Naderali 2009). Although
many of these conditions only develop later in life, obese
individuals are already setting the scene for their future health
concerns when they are young.

Efforts to develop innovative anti-obesity drugs have in-
tensified recently, and a more appropriate, medically based
outcome measure for obesity treatment has been advocated
(Blackburn et al. 1997). It is well established that weight loss
in obese patients will lead to a significant amelioration in
obesity-related disorders (Poirier et al. 2006) and the reduction
of caloric intake induces weight loss. In higher organisms,
calorie restriction (CR) results in a reduction of body fat from
white adipose tissue (WAT) and an increase in insulin sensi-
tivity (Picard et al. 2004). The adipose tissue of obese indi-
viduals has been found to release pro-inflammatory cytokines
and systemic inflaimmation is a hallmark of obesity and its
complications (Fuentes et al. 2013).

To optimize obesity prevention and intervention efforts,
many researchers have looked into potential therapeutic ef-
fects of naturally occurring phytochemicals (Gonzalez-
Castejon and Rodriguez-Casado 2011; Bracale et al. 2014).
The secondary metabolites represent a key component of plant
metabolism characterized by dynamic plasticity and adaptive
value, because they are involved in the responses to biotic and
abiotic stresses. Polyphenols predominate among the second-
ary plant metabolites and thousands of polyphenolic com-
pounds have been identified in different plant species
(Quideau et al. 2011). Polyphenols may represent a novel
therapeutic approach to manage or prevent obesity and diet-
related disease in view of their ability to exert anti-
inflammatory responses and modulate important regulatory
factors involved in adipogenesis and lipogenesis. However,
even though numerous polyphenols show promising effects in
in vitro and animal models, many fail to affect adipogenesis in
humans. The lack of results in clinical studies can be ex-
plained by pharmacological doses used in vitro, whereas
physiological doses used in humans are not carefully de-
signed, considering the hormetic activity of certain
polyphenols.

Although polyphenols may interact with molecular and
cellular pathways associated with stress resistance and cell
survival benefits, it is important to point out that some poly-
phenols may have carcinogenic or genotoxic effects at high
doses or concentrations (Catterall et al. 2000). Further human
studies evaluating the potential efficacy of polyphenols for the
management of obesity and associated co-morbidities should
consider that high-dose of polyphenols can potentially cause
adverse effects. Alternatively, a dose that produces a
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beneficial effect in cell cultures may be poisonous or ineffec-
tive when applied in a human setting (Mennen et al. 2005). In
this scenario, hormesis represents an essential concept to
explain how bioactive secondary metabolites produced by
plants may have a biphasic dose-response depending on their
concentration and exert anti-adipogenic, anti-lipogenic, anti-
inflammatory and/or antioxidant effects when administered at
low doses. Moreover, to confirm the anti-obesity benefits of
polyphenols the hormetic concept must be taken into account
in the design of future human studies since the dosing ap-
proach for clinical trials typically involves high-dose treat-
ment, whereas experimental data suggest that intermittent
lower doses may be more effective (Lee et al. 2014).
Resveratrol, a natural phytoalexin, is a polyphenolic com-
pound mainly found in the skin of grapes and is known to
affect a broad range of intracellular pathways (Carrizzo et al.
2013). Resveratrol mimics the metabolic effects of long-term
CR and many in vitro studies have demonstrated that resver-
atrol has an anti-obesity potential by inhibiting preadipocyte
differentiation, decreasing adipocyte proliferation, inducing
adipocyte apoptosis, decreasing lipogenesis, and promoting
lipolysis and fatty acid (3-oxidation (Wang et al. 2014). The
detailed pharmacokinetics of resveratrol in humans and ro-
dents have been studied (Almeida et al. 2009) and recent
studies have shown that resveratrol binds several receptors
and signalling molecules, and inhibits the functions of key
receptors, kinases, proteinases and other enzymes involved in
metabolic pathways (Pervaiz and Holme 2009). It is notewor-
thy that resveratrol causes a plethora of biological responses in
cells and organisms that involve a spectrum of adaptive mech-
anisms, suggesting that such responses may be mediated by
hormetic mechanisms. In this review we will discuss the
hormetic mechanisms of action of resveratrol to elucidate its
usefulness in the treatment of obesity and related diseases.

Phytochemical hormesis and its relevance in obesity

There is considerable potential for the application of hormesis
in biomedical sciences and the concept of hormesis may
provide important insights to improve the treatment of obese
patients. In particular, the emerging field of phytochemical
hormesis indicates that the anti-obesity effects of polyphenols
may be attributed to the ability of these compounds to interact
with adipose tissues (Wang et al. 2014). Phytochemical
hormesis is supported by studies showing that polyphenol-
rich diets may prevent or mitigate various diseases by activat-
ing adaptive stress response signaling pathways (Mattson and
Cheng 2006). The concept of hormesis as a significant dose—
response model in toxicology and pharmacology has been
extensively reviewed elsewhere (Calabrese et al. 2010a).
Although many of the most effective drugs and widely used
dietary supplements for the management of obesity are
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naturally occurring phytochemicals, the application of the
hormetic dose-response model in obesity research remains
elusive. However, a highly conserved feature of the responses
of cells to phytochemicals is that they are biphasic (Fig. 1) and
nutritional experimental findings provide evidence that the
molecular mechanisms of action of phytochemicals involve
activation of hormetic pathways (Calabrese et al. 2012).

The pharmacological treatments of obesity have not re-
duced the disease burden associated with this condition, and
this is due to adverse reactions found with many of the anti-
obesity compounds used so far. As already mentioned, a
correct dose translation from cells, rats or mice to humans is
required and the hormetic dose-response model may offer an
important approach to identify effective dosages and predict
adverse effects of anti-obesity phytochemicals.

Many polyphenols share beneficial effects against a broad
range of pathologies, including obesity and diabetes but the
concentrations of polyphenols often used in in vitro experi-
ments cannot be achieved in vivo. Therefore, according to the
hormesis concept, it seems crucial to reconsider in studies with
obese human subjects that polyphenols display hormetic action
and the concentrations and the duration of exposure to the
polyphenols are essential to have positive physiological out-
comes. Since concern has been raised on the safety of the intake
of high doses of polyphenols, detailed dose—response analyses
are essential for extending polyphenols research to clinical
studies related to obesity, overweight, and body composition.
It will also be important to investigate whether intermittent
dosing with polyphenols may be more effective to improve
various metabolic parameters associated with obesity. Although
recent evidence supports the capability of polyphenols to mod-
ulate pathways related to obesity including neuroregulatory
factors that affect food intake (Panickar 2013), clinical data
are extremely limited. However, polyphenols are able to pro-
mote lipolysis and limit the production of proinflammatory
adipokines or influence the activities of hormetic intracellular
targets such as adenosine monophosphate activated protein
kinase (AMPK), the deacetylating enzyme sirtuin-1 (SIRT-1),

Maximum benefit
(Activation of cellular
protective mechanisms)

Deficiency zone Toxicity zone

(Damaging
effects on cell)

: Hormetic Zone }
i Adaptative stress response |

Response

Increasing Dose

Fig. 1 Hormetic response curve Within the hormetic zone, mild or
moderate doses of phytochemicals may increase stress resistance and
promote beneficial effects by invoking transcription of stress response
genes

and the peroxisome proliferator-activated receptor y
coactivator-1 (PGC-1«), which are altered in metabolic dis-
turbances associated with obesity (Timmers et al. 2011). Thus,
the development of hormetic nutritional interventions using
polyphenols that activate adaptative signaling pathways is a
promising new approach for the preventation and treatment of
obesity and related pathologies.

Dose reposonse relationship of resveratrol in obesity

The physiological benefits of resveratrol are currently under
intensive investigation and numerous studies report that res-
veratrol displays hormesis-like biphasic dose responses
(Calabrese et al. 2010b). Resveratrol has received widespread
attention because it was shown to extend the life span of yeast,
flies, and worms (Barger 2013). Findings suggest that resver-
atrol may prevent the deleterious effects of a high-fat diet on
metabolism, lowering inflammation, and enhancing memory
in mice fed a high-fat diet (Baur et al. 2006; Jeon et al. 2012).
In adipose tissue of genetically obese rats, resveratrol reduced
nuclear factor- k3 (NF-kf3) activity and obesity-related in-
flammation markers (Gomez-Zorita et al. 2013).

To date, the only nonpharmacological intervention known
to alleviate age-related chronic diseases such as obesity, dia-
betes, and cancer is CR. Hormesis has been considered as one
of the possible mechanisms of CR and resveratrol modulates
gene expression profiles that resemble those induced by CR in
multiple tissues of healthy mice (Barger et al. 2008). Although
resveratrol mimics the health benefits of CR and can improve
adipose tissue function and insulin sensitivity in models of
obesity and metabolic disorders, the optimal dose of resvera-
trol remains an unresolved issue in clinical pratice. Human
studies evaluating the efficacy of resveratrol are emerging but
different results are reported due to notable differences in the
dose of resveratrol administered. In terms of cellular experi-
ments, the most commonly applied resveratrol concentration
is 50 uM (=11,400 ng/mL), and the generally accepted range
of in vitro activity is 5-100 uM (Poulsen et al. 2013a). These
in vitro concentrations are potentially unachievable in the
in vivo setting. Pharmacokinetic studies in healthy volunteers
have shown that after repeat dosing of 0.5-5.0 g daily for
28 days, the mean average plasma concentration values of
resveratrol and its metabolites across the four dose levels
ranged from 0.04 to 0.55 nmol/mL and 0.19 to 4.24 nmol/
mL, respectively (Brown et al. 2010).

in vitro research and preclinical studies have greatly facil-
itated the characterization of molecular targets activated by
resveratrol. Among these, PGC-1«, SIRT1, NF-k3, AMPK,
Forkhead Box O3 (FOXO3), and peroxisome proliferator-
activated receptor-y (PPARY) appear to be related to obesity
pathophysiology and affected by specific hormetic mecha-
nisms (Poulsen et al. 2013b; Barrajon-Catalan et al. 2014).
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For instance, SIRT1 is the primary molecular target of resver-
atrol and is an important regulator of many processes influenc-
ing obesity, including fatty acid oxidation, gluconeogenesis,
adipogenesis, insulin secretion, and glucose and cholesterol
homeostasis. SIRT1 and AMPK activation and NF-k[3 sup-
pression appear to be the common signatures of the potential
beneficial effects of resveratrol in models of obesity (Sun et al.
2014). Adipocyte mitochondrial function is impaired in obe-
sity and SIRT1 plays an essential role in the ability of moder-
ate doses of resveratrol to stimulate AMPK and improve
mitochondrial function. Price et al. 2012have shown that
resveratrol dosage is a critical factor both in vitro and
in vivo and the mechanism by which resveratrol activates
AMPK is highly dose dependent. Interestingly, at a low dose,
the ability of resveratrol to activate AMPK was blocked by
SIRT1 knockout but at a dose that was 10 times higher,
activation of AMPK occurred in the SIRT1 knockout mouse
(Price et al. 2012). AMPK in the dephosphorylated state is a
key signaling compound required for adipogenesis and res-
veratrol was also found to increase the phosphorylation of
AMPK in a dose-dependent fashion. Thus, enhancing the
phosphorylation state of AMPK by resveratrol affects the
down-regulation of PPARYy expression and the inhibition of
the differentiation of pre-adipocytes into mature fat cells
(Tang et al. 2014). Furthermore, resveratrol induces apoptosis
of adipocytes, decreases their proliferation and causes cell
cycle arrest at a concentration range 10 to 100 uM (Kwon
et al. 2012). At these concentrations, resveratrol also inhibits
preadipocyte differentiation in a dose dependent manner with
a concomitant suppression of expression of PPARy, CCAAT/
enhancer binding protein & (C/EBP«), fatty acid binding
protein 4 (FABP4) and other biomarker proteins [e.g.,
AMPK, SIRT1, FOXO1] for adipocytes (Wang et al. 2014).
Resveratrol down-regulates lipogenic genes (10—100 M) in-
cluding fatty acid synthase (FAS), lipoprotein lipase (LPL),
sterol regulatory element binding protein-1c (SREBP-1c) and
stearoyl-CoA desaturase-1 (SCD1) (Zhang et al. 2012;
Rayalam et al. 2008). Several in vitro and animal studies have
examined the anti-inflammatory effects of resveratrol in obe-
sity. At concentrations ranging from 0.1 to 10 uM, resveratrol
significantly reduced NF-k[3 activation and the expression
and release of interleukin (IL)-6 and tumor necrosis factor-
alpha (TNF-«) in 3 T3-L1 adipocytes (Kang et al. 2010).
Resveratrol at up to 50 uM also suppressed the expression
of matrix metalloproteinase (MMP)-2 and MMP-9 and
TNF-a-induced release of IL-6, monocyte chemoattractant
protein-1 (MCP-1) and other adipokines in 3 T3-L1 cells
(Kang et al. 2012; Wang et al. 2014).

Numerous in vitro studies have shown that resveratrol has
anti-obesity properties, however these in vitro results taken
together with the findings from obese animal models indicate
that most responses triggered by resveratrol may be even more
complex than biphasic. Resveratrol has multiple targets
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(Fig. 2) and their activation or inhibition depends on the doses,
models studied, and timing of administration. Morover, these
promising in vitro anti-obesity results need to be extensively
investigated in human controlled trials. Although several stud-
ies examined the efficacy of resveratrol on obesity-related
energy expenditure, fat oxidation, plasma lipid profiles, glu-
cose hemostasis and inflammation, sporadic clinical trials
have been performed to define the dose—response effects of
resveratrol in relation to the activation or inhibition of specific
molecular targets involved in obesity. In a randomized double-
blind crossover study, Timmers et al. 2011 treated 11 healthy
and obese men with placebo and 150 mg/day resveratrol for
30 days. This study revealed that cytokine signaling was
significantly decreased after the intervention period and west-
emn blotting analysis of skeletal muscle indicated that resver-
atrol increases AMPK activity and the protein levels of SIRT1
and PGC-1a (Timmers et al. 2011). In contrast to these
findings, Poulsen et al. 2013a; b. reported that a high-dose
(500 mg for 4 weeks) of resveratrol supplementation in 24
obese men did not affect gene expression for a panel of pivotal
metabolic and inflammatory biomarkers. More importantly,
resveratrol failed to activate AMPK and no significant effect
was recorded on blood pressure, resting energy expenditure,
and oxidation rates of lipid, ectopic, and visceral fat content
(Poulsen et al. 2013a). Consistent with these results Yoshino
et al. 2013., conducted a randomized, double-blind, placebo-
controlled trial to evaluate the metabolic effects of 12 weeks of
resveratrol supplementation (75 mg/day) in non-obese, post-
menopausal women with normal glucose tolerance. This sudy
showed that resveratrol did not affect its putative molecular
targets, including AMPK, SIRT1, and PGC-1«, in either

PPARy T
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Fig. 2 Some of the main molecular targets modulated by resveratrol in
obesity models. For purposes of simplicity, this figure do not differentiate
results based on the dose administered, and highlight only those studies
where resveratrol was tested as an anti-obesity agent. Abbreviations:
Nuclear factor- k3 (NF-kf3); sirtuin-1 (SIRT-1); adenosine
monophosphate activated protein kinase (AMPK); fatty acid binding
protein 4 (FABP4); monocyte chemoattractant protein-1 (M CP-1); lipo-
protein lipase (LPL); interleukin (/L)-; forkhead Box O (FOXO); metal-
loproteinase (MMP); sterol regulatory element binding protein-1lc
(SREBP-1c¢); tumor necrosis factor-alpha (7NF-«); fatty acid synthase
(FAS); CCAAT/enhancer binding protein « (C/EBPc); peroxisome
proliferator-activated receptor-y (PPAR~); peroxisome proliferator-
activated receptor y coactivator-1 (PGC-1c)

Resveratrol



Dose response biology of resveratrol

389

skeletal muscle or adipose tissue (Yoshino et al. 2013).
Regarding cardiovascular effects and anti-inflammatory po-
tential of resveratrol, Tomé-Carneiro et al. 2013 demonstrated
that chronic daily consumption of resveratrol may exert car-
diovascular benefits in stable coronary artery disease patients.
Interestingly, 75 participants were assigned to placebo, low-,
or high dose (8 mg daily) resveratrol groups and resveratrol
supplementation in the high-dose group significantly de-
creased adiponectin, TNF-«, and IL-6/IL-10 ratio (Tomé-
Carneiro et al. 2013). Human safety studies indicate that high
doses of resveratrol as well as chronic exposure to lower doses
have not induced adverse effects, but few clinical trials have
been undertaken to date and detailed dose—response analyses
in clinical settings are essential to consider resveratrol supple-
mentation as an effective nutritional intervention in metabol-
ically abnormal individuals.

Conclusions

Obesity is associated with various diseases such as diabetes,
hypercholesterolemia, hyperlipidemia or metabolic syndrome.
Currently, obesity and its related diseases have become a
major health problem throughout the world and is increasing
in both prevalence and severity. In spite of serious efforts to
treat and prevent obesity and its related diseases, an ideal
solution for obesity has not been developed. Considering
efficacy and side effects, current pharmaceutical drugs do
not provide a solution for obesity and its related diseases so
that only 6 % of obese patients are treated pharmacologically.
Obesity is a strong risk factor for type 2 diabetes and appears
generally in subjects developing [ cell dysfunction and death
in response to metabolic and inflammatory stresses. However,
about half of obese individuals do not develop diabetes, due to
efficient long-term adaptation to insulin resistance by increas-
ing [ cell mass and insulin secretion. In these resistant indi-
viduals, 3 cells may develop adaptive stress responses to
prevent their loss, at least transiently. Converging evidence
suggests that stresses can induce specific responses rendering
[ cells more resistant to the stress-molecule, or even to other
toxins. Thus, 3 cells possess hormetic mechanisms in re-
sponse to inflammatory and metabolic stresses. Stressors are
not merely toxic; they can also prime the stressed cell to future
pathogenic challenges by rendering them more resistant.
Mitochondrial adaptation or mitohormesis, originally de-
scribed the hypothetical model of cell preservation in response
to ROS-induced stresses originating from mitochondria. In
agreement with this model, calorie restriction extends life span
in different organisms by increasing mitochondrial ROS pro-
duction. In pancreatic 3 cells, the mitohormetic response is
suggested by adaptation to dietary fat-induced insulin resis-
tance attributed to increased mitochondrial function, an effect
correlated with elevated ROS levels secondary to fatty acid

treatment of insulin-secreting cells. The ROS-induced endog-
enous H202 generation is accompanied by increased expres-
sion of genes participating to recovery of mitochondrial func-
tion, detoxification, and cell survival.

Numerous studies have reported a remarkable ability of
resveratrol to inhibit weight gain, improve endothelial func-
tion, and reduce inflammatory responses, representing a prom-
ising candidate to manage obesity and obesity-induced sec-
ondary sequels (Wong et al. 2011). Hormesis can account for
numerous types of adaptive responses such as pre-conditioning
and post-conditioning in a broad spectrum of biomedical
models, as well as for adaptive responses to radiation exposure.
Resveratrol causes a plethora of biological responses in cells
and organisms that involve a spectrum of adaptive mecha-
nisms, suggesting that such responses may be mediated by
hormetic mechanisms. Resveratrol induces hormetic dose re-
sponses in a wide range of biological models, affecting numer-
ous endpoints of biomedical and therapeutic significance.

Society is still generally guided by the assumption that the
nature of the dose response follows a threshold model with
respect to non-cancerous outcomes or a linear model for
carcinogens. In these instances, the guidance that can be
offered is rather straight forward. In the case of threshold-
acting agents, the goal has been to keep the exposure below
the toxic threshold with an adequate margin of safety. In the
case of carcinogens, in which risk has been assumed to be
proportionate to dose, the lower the exposure the better.
However, voluminous findings over the past decade have
revealed that these standard dose-response models fail to
make accurate predictions in the low-dose zone, the zone
where people tend to live. However, the hormetic dose re-
sponse has been shown to commonly occur and to make far
more accurate predictions of biological responses in the low
zone than either the threshold or linear models. The key
challenge for the biomedical and regulatory communities is
to take advantage of these developments in the area of dose—
response biology in terms of how to improve study designs so
as not to miss important low-dose effects of a beneficial or
undesirable nature, and how to use the information provided
by the hormetic framework to improve the preclinical and
clinical testing of chemotherapeutic and chemopreventive
agents and to enhance the likelihood of ‘getting the dose
right.’
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