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Abstract

Pre-clinical findings have provided mounting evidence that resveratrol, a dietary polyphenol, may
confer health benefits and protect against a variety of medical conditions and age-related
complications. However, there is no consistent evidence of an increased protection against
metabolic disorders and other ailments when comparing studies in laboratory animals and humans.
A number of extraneous and potential confounding variables can affect the outcome of clinical
research. To date, most of the studies that have investigated the effect of resveratrol administration
on patient outcomes have been limited by their sample sizes. In this review we will survey the
latest advances regarding the timing, dosage, formulation, bioavailability, and toxicity of
resveratrol, and resveratrol-drug interactions in human studies. Moreover, the present report
focuses on the actions of resveratrol treatment in combatting diseases, such as cancer, diabetes,
neurodegeneration, cardiovascular disease, and other age-related ailments.
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“Let food be your medicine and medicine be your food”
Hippocrates
Since the beginning of the 1990s, various reports began to emerge that resveratrol, a

compound present in red wine, might contribute in part to the “French paradox”, a
phenomenon that refers to the relative low rate of cardiovascular disease (CVD) in France
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despite high intake of dietary saturated fat (Renaud and de Lorgeril, 1992). Resveratrol

(3,47 ,5-trihydroxystilbene, RSV) is a small polyphenol compound found in various berries,
nuts, grapes, and other plants sources, including traditional Asian medicines. Although this
polyphenol exists as ¢isand #rans isomers, trans-RSV is the predominant form found in
dietary sources and supplements. The growing interest in the use RSV is due to its
pleiotropic action as a molecule that affords protection against inflammation, oxidative
stress and cancer, and as a caloric restriction mimetic (Baur and Sinclair, 2006; Cottart et al.,
2014). RSV has gained considerable interest in the medical community as possible treatment
to combat several human chronic diseases (Baur and Sinclair, 2006).

This review will focus on recent insights into the metabolism of RSV and its biological
effects in humans (Figure 1). We considered only studies that tested known quantities of
RSV and not formulations that may contain other potentially efficacious compounds (e.g.
quercetin) (Tables 1 and 2). In addition, mechanistic insights into RSV signaling in in vitro
and animal models were limited to a minimum as to not detract the readers from the main
objective of this review. In that regard, a general overview of the pleiotropic effects of RSV
in animal studies precedes the presentation of clinical trials that were mostly conducted with
small sample sizes. We will discuss the beneficial and adverse responses to RSV
supplementation, and the challenges of translating these preliminary findings in humans to
thorough and stringent clinical trials.

1. Introduction

Animal models and clinical studies have established that RSV is generally well tolerated,
although some adverse effects were reported. These effects were observed among a wide
range of doses (from 0.5 to 5 g per day), but according to the authors not all adverse effects
were deemed possibly associated with RSV intake (Brown et al., 2010). Adverse reactions to
RSV in animals included nephrotoxicity (Crowell et al., 2004), while the gastrointestinal
tract was the most affected in humans (Brown et al., 2010; Chow et al., 2010; Howells et al.,
2011; la Porte et al., 2010; Poulsen et al., 2013). Other side effects ranging in intensity from
low to mild were fully resolved (Almeida et al., 2009; Vaz-da-Silva et al., 2008). Daily
consumption of 450 mg of RSV has been deemed safe for a 60-kg individual (Smoliga et al.,
2012). The potency of RSV may be influenced by its interaction with other drugs, vitamins,
and dietary components. Although no negative drug-drug interactions have been reported to
date, high doses of RSV have been found to inhibit cytochrome P450 isoenzymes and,
consequently, can influence the pharmacokinetic profile of many drugs (Detampel et al.,
2012; Smoliga et al., 2012).

The clinical trials presented here report a wide range of RSV concentrations, ranging from 5
mg to 5 g, and comprise various treatment durations. The specifics about the dosage,
duration and mode of administration of RSV for subjects with health problems are found in
Table 1, whereas Table 2 encompasses clinical trials with healthy and/or obese participants
that do not take medication, unless indicated otherwise. From these studies, it is clear that a
consensus must be found by determining the minimum effective concentration of RSV that
confers health benefits with minimal side effects.
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2. General overview of the pleiotropic effects of RSV in in vitro and animal

studies

It is now well recognized that RSV extends the lifespan of numerous lower organisms,
including Saccharomyces cerevisiae (Howitz et al., 2003), Caenorhabditis elegans and
Drosophila melanogaster, without reducing fecundity (Wood et al., 2004). Although RSV
exerts significant beneficial effects in the treatment of age-related pathologies, such as
cancer, type 2 diabetes (T2DM), and cardiovascular and neurodegenerative diseases, ho
extension of lifespan was reported in animals fed a standard diet ad /ibitum supplemented
with RSV (Miller et al., 2011; Pearson et al., 2008; Strong et al., 2013). This contrasts with a
significant increase in lifespan and changes associated with longer life when mice were fed a
high-fat diet supplemented with RSV (Baur et al., 2006), hence reinforcing the concept that
RSV may be effective only under context-specific metabolic stress.

RSV supplementation increases insulin sensitivity in mice fed a high caloric diet (Baur et al.,
2006; Lagouge et al., 2006), and after intracerebroventricular infusion of RSV in diabetic
animals (Ramadori et al., 2009). Low doses of RSV cause weight gain in mice fed a high-fat
diet (Pearson et al., 2008), whereas at high doses there is marked weight loss (Lagouge et
al., 2006), illustrating the biphasic nature of RSV actions. An increase in insulin sensitivity
and mitochondrial number occurs upon the combination of RSV supplementation with
physical exercise, through improved mitochondrial function (Baur et al., 2006). Similarly,
RSV treatment improves the beneficial effects of endurance exercise training in rats, as
evidenced by an increase in cardiac fatty oxidation and favorable changes in gene expression
in the heart (Dolinsky et al., 2012), as well as significant reduction in blood pressure
(Dolinsky et al., 2013; Rivera et al., 2009), hypertrophy and associated cardiac dysfunctions
(Thandapilly et al., 2010; Thandapilly et al., 2013) in response to RSV supplementation.
Addition of RSV to an exercise regimen ameliorates aerobic capacity through activation of
SIRT1, resulting in PGC-1a activation and a decrease in ROS production (Lagouge et al.,
2006). The role of SIRT1 pathway in mitochondrial biogenesis has been recently challenged,
however, both in rodents and cultured myotubes (Higashida et al., 2013), with evidence
suggesting that the RSV-induced increase in oxidative capacity takes place in an intact
muscle-nerve unit, and not in dystrophic muscle (Gordon et al., 2014).

In addition to these beneficial effects on insulin sensitivity, mitochondrial number, and
improvement in motor function, RSV treatment exerts neuroprotective actions in a wide
range of neurogenederative pathologies, including Parkinson’s disease (Blanchet et al.,
2008), Huntington’s disease (Kumar et al., 2006), cerebral ischemia (Della-Morte et al.,
2009), diabetic neuropathy (Kumar et al., 2013), and multiple sclerosis (Shindler et al.,
2010), among others. A large number of studies have focused also on Alzheimer’s disease
(AD) in part because of the tight association between AD and T2DM (Adeghate et al.,
2013). For this reason, RSV has been proposed to play a dual role in the prevention of
dementia, firstly by acting directly on brain cells, and, secondly, through the reduction of
metabolic syndrome and associated pathologies. Studies have demonstrated that RSV
supplementation diminishes plaque formation in specific brain regions —the largest
reductions being observed in area medial cortex, striatum and hypothalamus- in a transgenic
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mouse model of Alzheimer’s disease, without detectable changes in SIRT1 activation or
alterations in amyloid precursor protein (APP) processing (Karuppagounder et al., 2009).
Likewise, RSV reduces hippocampal neurodegeneration, prevents learning impairment, and
decreases the acetylation of the known SIRT1 substrates, PGC-1a and p53, in the inducible
p25 transgenic mouse, a model of AD and tauopathies (Kim et al., 2007). Significant
improvement in spatial memory and protection from p amyloid-induced neurotoxicity has
been reported in RSV-treated rats through the reduction in iNOS and lipid peroxidation
levels and increased production of the enzyme heme oxygenase 1 (Huang et al., 2011).

Many in vitroand in vivo animal models have demonstrated the potent protection conferred
by RSV against inflammation, oxidative stress, and cancer (Baur and Sinclair, 2006; Tome-
Carneiro et al., 2013b). Notably, treatment with RSV inhibits cell cycle progression and
promotes tumor apoptosis (Kalra et al., 2008; Roy et al., 2009); it reduces nitric oxide
synthase expression and blocks the growth and migration of cancer cells (Oktem et al.,
2012), and prevents DNA damage that can cause tumor formation (Halicka et al., 2012).
RSV inhibits also cyclooxygenase activity (Banerjee et al., 2002; Kowalczyk et al., 2010; Li
et al., 2002), which has an important role in tumorigenesis. Finally, it suppresses glucose
uptake and glycolysis in cancer cells through reduced generation of intracellular reactive
oxygen species (ROS) (Jung et al., 2013).

The antitumor protection conferred by RSV in various animal models of cancer (Alfaras et
al., 2010; Dias et al., 2013; Lee-Chang et al., 2013; Lin et al., 2012) is mediated, in part, by
SIRT1 (Boily et al., 2009), although long-term treatment with RSV appears to be ineffective
in preventing neoplasia in male mice, particularly lymphoma (Pearson et al., 2008). There
has been controversy about the use of RSV in breast cancer treatment (Carter et al., 2014;
Castillo-Pichardo et al., 2013), and its dual role in pancreatic cancer acting both as a tumor
suppressor, via the up-regulation of the apoptosis regulator Bax, and tumor activator through
VEGF-B up-regulation (Yang et al., 2014). From the initial report showing that topical
application of RSV offers chemoprotection against skin cancer development (Jang et al.,
1997), many studies conducted /n vitroand /n vivo have suggested that in addition to its
anti-carcinogenic properties, RSV may also be used for the treatment of skin diseases
(Ndiaye et al., 2011). RSV treatment prevents both the damages caused by UVB radiation,
which are regarded to be critical in the development of skin cancer, in the SKH-1 hairless
mouse skin (Afaq et al., 2003), and activation of NF-xB in normal human epidermal
keratinocytes (Adhami et al., 2003).

3. Resveratrol and cancer

In the first published human study on the anticancer properties of RSV, eight patients with
colorectal cancer were given either 20 or 80 mg of RSV per day or RSV-containing freeze-
dried grape powder (80 or 120 g/day) to assess the regulation of Wnt signaling in cancerous
colonic mucosa (Nguyen et al., 2009). Wnt signaling pathway is considered a major risk
factor for colon cancer development (Moon et al., 2004). RSV supplementation significantly
inhibited Whtexpression in normal colonic mucosa, but not in cancerous mucosa,
suggesting the ability of RSV to prevent colon cancer development, but not against
established colon cancer (Nguyen et al., 2009). A limitation of the study was the relatively
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small sample size and possible confounding effect of other dietary compounds and drugs.
The use of RSV as a potential chemopreventive agent was further assessed in twenty patients
with colorectal cancer consuming either 0.5 g or 1 g of a micronized form of RSV (aka
SRT501) daily for 8 days before surgery: The rate of cellular proliferation, as measured by
Ki67 levels, was reduced by 5% in colorectal cancer tissue without any histopathological
differences in tumor tissue before (biopsy) and after surgical resection (Patel et al., 2010).
The use of SRT501 allowed for increased RSV absorption and bioavailability. Another pilot
study in six colorectal cancer patients with hepatic metastasis was performed and the results
showed that daily consumption of 5 g of SRT501 for 14 days was well tolerated, and that
RSV was detected in tissues distant to the gastrointestinal tract together with increased
activation of the apoptotic marker caspase 3 in tumor tissue (Howells et al., 2011). Patients
with relapsed or refractory multiple myeloma receiving SRT501 at a dose of 5 g per day
experienced a number of side effects (nausea, diarrhea, fatigue, anemia, renal failure,
infections) and a possible treatment-related death has occurred (Popat et al., 2013). Breast
cancer patients receiving RSV (5 or 50 mg twice daily for 12 weeks) had lower methylation
of the tumor suppressor gene RASSFIa, which led to decreased levels in the cancer-
promoting prostaglandin E, (Zhu et al., 2012). Despite being very interesting, this result
should be interpreted cautiously, especially given the weak relationship and the small sample
size. Overall, these results indicate that the safety, efficacy, and health benefits of RSV must
be further investigated in order to ensure that it represents a viable treatment option for
cancer.

4. Resveratrol and diabetes

According to the American Diabetes Association, as many as 1 in 3 American adults will
have type 2 diabetes mellitus (T2DM) by 2050 if present trends continue (Boyle et al.,
2010). Because of its associated comorbidities, including heart disease, retinopathy,
neuropathy, and nephropathy, T2DM is a huge impediment to human health, and, therefore,
an effective treatment is needed. Of significance, RSV (up to 240 mg twice daily) has been
recently reported to exert beneficial effects toward the reduction in blood glucose,
preservation of pancreatic B cells and improvement in insulin action in nonhuman primates
(Macaca mulatta) fed a high fat/sugar diet for two years (Fiori et al., 2013; Jimenez-Gomez
etal., 2013).

Similar to the conclusions reached from cellular and animal studies, it would appear that the
effectiveness of RSV treatment depends on the patient’s metabolic status. Earlier work
demonstrated that improvement in insulin sensitivity in response to RSV was tissue-specific
and occurred only under insulin-resistant conditions in mice (Kang et al., 2012). A meta-
analysis of eleven randomized controlled clinical trials showed that RSV significantly
improves glucoregulation and insulin sensitivity in diabetic patients, but not in control
participants (Liu et al., 2014a). Similar results were obtained in a second meta-analysis that
included only T2DM patients (Hausenblas et al., 2014). Moreover, RSV supplementation (5
g/day for 28 days) significantly decreased fasting and postprandial serum glucose and
insulin concentrations in T2DM patients (Elliot et al., 2009). Insulin resistance was
improved in diabetic male subjects receiving a low RSV dose (2x5 mg per day for 4 weeks)
via activation of the Akt signaling pathway and decrease in the levels of oxidative stress
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markers (Brasnyo et al., 2011). When used as adjuvant of other hypoglycemic agents, RSV
(250 mg per day) further improved glycemic control after a 3-month trial, which was
accompanied by significant decrease in systolic blood pressure, glycated hemoglobin Aj¢
(HbA (), and total cholesterol as compared to hypoglycemic agents alone (Bhatt et al.,
2012). The same study also revealed significant differences in all the variables, except
HbA 1, after six months of RSV supplementation (Kumar and Joghee, 2013). Similarly, diet
supplementation with RSV (1 g per day for 45 days) not only complemented standard anti-
diabetic medication, but it also provided more protection in T2DM patients already on anti-
diabetic therapies (Movahed et al., 2013). This was evident by the decrease in systolic blood
pressure and the average HbA 1 levels, lower fasting blood glucose and plasma insulin
concentrations, and improved insulin resistance index (HOMA-IR), all of which reaching
levels attained after metformin treatment (Movahed et al., 2013). In contrast to these studies,
no reduction in HbA 1 levels or other glucose metabolism markers, including glucose,
insulin and C-peptide levels, and HOMA-IR was noted in five T2DM patients who had been
on a stable oral hypoglycemic regimen for the past 3 months supplemented with RSV (0.5-3
g daily) for 12 weeks (Goh et al., 2014).

Gestational diabetes is a condition of pregnancy that has the potential to affect fetal
development, with outcomes known as diabetic embryopathies. RSV use during pregnancy
yields potential harmful effects in fetal pancreatic development of nonhuman primates
(Macaca mulatta), resulting in pancreatic islet hypervascularization in the offspring (Roberts
et al., 2014). Hypervascularization and macrophage infiltration in pancreatic islets are
possible precursors of malignancy (Pound et al., 2014). In contrast, other animal studies
illustrated RSV’s ability to prevent embryonic malformations of diabetic pregnancy (Singh
and Pai, 2014) via the normalization of hyperglycemia-induced oxidative stress in diabetic
rat dams (Singh et al., 2011). Thus, understanding the benefits and adverse outcomes of
RSV supplementation during pregnancy is of utmost importance.

5. Resveratrol, obesity and cardiovascular disease

Obesity is a social pandemic and health problem worldwide. The excess of fat accumulation
is causally linked with various metabolic risk factors, including T2DM, hypertension, and
dyslipidemia, which ultimately lead to the development of CVD and a decrease in life
expectancy. Excessive accumulation of fat in the myocardium and endothelium leads to
structural and functional alterations. Moreover, numerous adipokines and hormones secreted
by adipose tissue create a pro-inflammatory and prothrombotic state (Ashraf and Baweja,
2013). At the preclinical level, there are many studies demonstrating that RSV modifies
various aspects of cardiometabolic health, including suppression of plaque formation (Do et
al., 2008), platelet aggregation (Gocmen et al., 2011; Schmatz et al., 2013), endothelial
function (Chen et al., 2013; Ungvari and Csiszar, 2011), lipid metabolism (Zang et al.,
2006), and markers of oxidative stress and inflammation (Guo et al., 2014; Jimenez-Gomez
etal., 2013).

Obesity is usually linked to insulin resistance and consequently T2DM development.
Contradictory results were observed when the effect of RSV supplementation on insulin
sensitivity was studied in patients with obesity and/or metabolic syndrome. Some studies
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reported an improvement in insulin sensitivity in response to RSV (Crandall et al., 2012;
Mendez Del Villar et al., 2014), while others failed to reach similar conclusions (Chachay et
al., 2014; Dash et al., 2013). Differences in protocol design and sample size may have
contributed to these discrepancies.

Atherosclerosis is one of the main pathologic mechanisms for CVD. It is a silent and
progressive condition characterized by dyslipidemia, elevated levels of low-density
lipoprotein (LDL) cholesterol and triglycerides, and diminished levels of high-density
lipoprotein (HDL) cholesterol. In this context, a meta-analysis evaluating the benefits of
RSV supplementation on plasma lipids revealed no significant effect on any of the lipid
parameters (e.g., total, LDL- and HDL-cholesterol, and triglycerides) independently of the
dose, duration of the study or the cardiovascular risk of the population studied (Sahebkar,
2013). This finding supports the idea that the cardioprotective properties of RSV may not be
due to any effect on cholesterol and triglyceride plasma levels. However, some studies
included in the meta-analysis indicated that RSV treatment (250 mg per day for 3 months)
led to significant decrease in the levels of total cholesterol (Bhatt et al., 2012), LDL, total
and oxidized LDL, and ApoB (Tome-Carneiro et al., 2012a) in patients with T2DM,
coronary artery disease, diabetes or hyperlipidemia plus another cardiovascular risk.
Similarly, total cholesterol and triglyceride levels were reduced by RSV (20 mg/per day for
2 months) in patients with stable angina pectoris (Militaru et al., 2013). Because many of the
patients were on multiple drugs, these results need to be interpreted with caution (Magyar et
al., 2012; Tome-Carneiro et al., 2012a).

Besides dyslipidemia, high blood pressure is also an important risk factor of CVD (Wang et
al., 2012). A recent meta-analysis showed that treatment with > 150 mg/day of RSV (Bhatt
etal., 2012; Movahed et al., 2013) decreases systolic blood pressure without affecting
diastolic blood pressure (Liu et al., 2014b). Flow-mediated dilatation of the brachial artery is
another important biomarker of CVD that has a direct association with hypertension.
Administration of RSV (30, 90 or 120 mg) resulted in significant increase in flow-mediated
dilatation both in overweight/obese men and post-menopausal women with untreated
borderline hypertension (Wong et al., 2011). These observations are consistent with the
beneficial and rapid effects of RSV on endothelial function. Similar results were obtained
when post-myocardial infarction patients were given 10 mg of RSV daily for 3 months
(Magyar et al., 2012). Increase in nitric oxide signaling and stimulation of Ca2*-activated K*
channels have been proposed to mediate the improvement of endothelial function by RSV
(Magyar et al., 2012).

Obesity-induced metainflammation is defined as a chronic, low-grade inflammatory
response initiated by excess nutrients in cells within metabolically active tissues. Obesity is
associated with elevated levels of inflammatory markers that promote vascular dysfunction
(Gregor and Hotamisligil, 2011). Fat depots in obese individuals represent a major source of
ROS that are released into the peripheral blood to affect many tissues and organs (Matsuda
and Shimomura, 2013). Studies /n vitro and in animal models have suggested that RSV may
confer protection against obesity-related comorbid conditions. RSV supplementation
reduces adipocyte size in rhesus monkeys fed a high-fat, high sugar diet for 2 years
(Jimenez-Gomez et al., 2013), an observation recently confirmed in a human trial (Konings
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et al., 2014). RSV decreases also diet-induced NF-xB activation and the steady-state mMRNA
levels of several inflammatory markers, such as IL-6 and IL-1B (Jimenez-Gomez et al.,
2013). Comparable effects of RSV on plasma pro-inflammatory cytokine concentrations
have been reported in several clinical studies. Six-to twelve-month administration of RSV
(350 mg per day) mediates the decrease in the production of IL-6 (Tome-Carneiro et al.,
2013c), IL-6/1L-10 (Tome-Carneiro et al., 2012b), and TNF-a (Tome-Carneiro et al.,
2012b) in patients with high cardiovascular risk. The serum levels of clinical biomarkers for
acute and chronic inflammation, such as high-sensitivity CRP (hs-CRP) (Militaru et al.,
2013; Tome-Carneiro et al., 2012b), were also lower following RSV treatment in patients
with cardiovascular complications, whereas the levels of adiponectin, an anti-inflammatory
adipokine (Ohashi et al., 2014), were increased (Tome-Carneiro et al., 2013a). Attenuation
of inflammatory markers and hepatocellular apoptosis were observed after a 12 week-
treatment with 500 mg of RSV in patients with nonalcoholic fatty liver disease (NAFLD)
(Faghihzadeh et al., 2014). Controversies surrounding the anti-inflammatory function of
RSV abound as other clinical studies failed to demonstrate significant changes in circulating
cytokines in NAFLD patients (Chachay et al., 2014; Magyar et al., 2012). As stated above,
the metabolic state of the patients appears to contribute to the anti-inflammatory responses
of RSV (Tome-Carneiro et al., 2012b; Tome-Carneiro et al., 2013c). RSV treatment was
associated with decreased oxidative stress markers in patients with metabolic syndrome
(Brasnyo et al., 2011; De Groote et al., 2012), while having no significant impact on LDLox
and CRP levels and DNA stability in white blood cells from healthy, non-obese subjects
(Heger et al., 2012). A chronic inflammatory milieu causes central arterial wall stiffening
and, consequently, represents a great risk for the development of CVD. Although numerous
studies have demonstrated that pulse wave velocity (PWV) is a good predictor of aortic
stiffness (Wentland et al., 2014), there are currently no effective therapies to reduce it. A
recent study has demonstrated that a 2-year diet supplementation with up to 240 mg RSV
twice daily, at concentrations achievable in humans, prevented the increase in PWV in
nonhuman primates fed a high-fat, high sugar diet (Mattison et al., 2014). The levels of 4-
hydroxynonenal, a lipid peroxidation marker, and caspase 3 activity were also reduced with
RSV treatment. These results are consistent with the health-promoting effects of RSV by
virtue of its antioxidant and antiapoptotic properties, and ability to protect endothelial cells
against diet-induced metabolic stress (Mattison et al., 2014).

Taken together, it would appear that RSV treatment is associated with lower CVD marker
levels and reduced obesity at least when studies were conducted in subjects with metabolic
syndrome.

6. Neuroprotection and Cognitive Function

Neurodegenerative diseases are a group of chronic and progressive pathologies characterized
by an inflammatory status, whereby microglia activation leads to increased ROS generation
and subsequent loss of neurons in the central nervous system. Experimental and
epidemiological evidence has demonstrated that RSV, along with other flavonoids, can offer
protection against neurodegeneration and preserve cognitive functions (Foti Cuzzola et al.,
2011; Sun et al., 2010).
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To date, only few clinical trials aimed at assessing the effect of RSV on cognitive function
have been completed, and to our knowledge all in healthy patients. It has been hypothesized
that improvement in systemic vasodilator function may also enhance cerebral arterial
vasodilation, thereby influencing cognitive performance. However, it was observed that
short-term treatment with RSV (after a 45-min resting absorption period of 250 or 500 mg of
RSV) dose-dependently increased cerebral blood flow and oxygen extraction in healthy
men, without significant impact on their cognitive function (Kennedy et al., 2010). However,
a 28-day diet supplementation with 500 mg of RSV led to significant reduction in fatigue,
but had no effect on sleep pattern, health status and chronic cerebral blood flow
(unpublished data, NCT01640197). To address the issue of RSV bioavailability, these
authors changed the formulation by adding the alkaloid piperine in an attempt to enhance
RSV access to the brain. When compared to placebo or RSV alone, the combination
piperine and RSV significantly increased cerebral blood flow during task performance
without impacting on cognitive function, mood and blood pressure (Wightman et al., 2014).
The fact that chronic RSV supplementation was not accompanied by significant changes in
attention and concentration nor were there any correlations with improvements in flow-
mediated dilation response led to the conclusion that RSV supplementation might only be
effective in participants with cognitive impairments (Wong et al., 2013). However, a recent
study conducted in healthy overweight older adults reported an improvement on memory
performance and hippocampal functional connectivity together with higher brain glucose
metabolism after a 26-week supplementation with RSV plus quercetin (Witte et al., 2014).

Although there is limited information on the role of RSV in the reduction of brain
inflammation, there are several clinical trials currently underway (NCT01126229,
NCT01504854, NCT01794351, NCT00743743, NCT00678431, NCT00996229,
NCT01126229) aimed at investigating the therapeutic potential of RSV in neurodegenerative
diseases.

7. Resveratrol and skin disorders

Although human studies are still limited, topical application of RSV protects human skin
from the effects of sun damage by decreasing the formation of sunburn cells (Polonini et al.,
2013; Wu et al., 2013). There was improvement in the moisture of the skin and its elasticity,
an amelioration of skin roughness and depth of wrinkles, combined with a reduction of age-
spots color intensity (Buonocore et al., 2012). The presence of specific RSV receptor sites in
human skin suggests that this polyphenolic compound may be useful to prevent skin
disorders associated with aging (Bastianetto et al., 2010). The improvement of clinical signs
of aging was even better when RSV was used in conjunction with -cyclodextrin excipient
(Moyano-Mendez et al., 2014). The anti-acneic property of RSV in volunteers with acne
vulgaris has also been reported (Fabbrocini et al., 2011). Of significance, RSV treatment
(one capsule containing 50 mg of trans-RSV given twice daily over a 60-day period)
promoted a reduction in foot ulcer size in T2DM patients (Bashmakov et al., 2014).
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8. Resveratrol and aging

For centuries researchers have tried to discover the mythical fountain of youth and unravel
the secret of the aging process and its associated pathologies. Only recently has our
knowledge helped us to prevent and treat several age-related diseases. Although RSV exerts
significant beneficial effects in the treatment of age-related pathologies, such as cancer,
T2DM, and cardiovascular and neurodegenerative diseases, studies on the effect of RSV on
longevity in primates, including humans, have not yet been conducted. It is interesting that
RSV, one of the main caloric restriction (CR) mimetic, induces similar changes in gene
expression patterns as CR (Mercken et al., 2012). Although discrepancies were reported on
the effect of CR on lifespan in nonhuman primates (Colman et al., 2014; Mattison et al.,
2012) diet composition and genetic origin of the monkeys may have been contributing
factors to the divergent conclusions.

9. Resveratrol and exercise

Exercise is widely acknowledged as an effective tool to improve health, reduce
cardiovascular risk, improve vascular function, and prevent T2DM. Moreover, aerobic
exercise programs in the elderly can have beneficial effects on several health outcomes
associated with the aging process (Warburton et al., 2006). Conflicting results have emerged
with regard to the impact of RSV in many aspects of endurance training. Diet
supplementation with RSV activates skeletal muscle AMPK and increases SIRT1 and
PGC-1a protein levels in obese, but otherwise healthy subjects (Timmers et al., 2011) and
T2DM patients (Goh et al., 2014). However, the positive impact of exercise training on the
metabolic and inflammatory status of skeletal muscle in aged men was negated by RSV
(Olesen et al., 2014), consistent with an earlier report showing negative effects of oral
antioxidant supplementation on exercise training in older sedentary adults (Donato et al.,
2010). Another investigation tested the effect of a daily dose of RSV in 16 young men
before and after a four-week sprint-interval training program, and the results indicated
smaller improvements in anaerobic power and capacity for fat burning during exercise in
RSV-treated participants despite exhibiting comparable rise in maximal oxygen uptake as
the placebo group (Scribbans et al., 2013). Daily RSV supplementation (150 mg) with
concurrent exercise training did not augment the normal training response induced by low-
dose, high-intensity interval training (Scribbans et al., 2014). Moreover, performance
athletes using a combined supplementation of RSV with quercetin saw significant reduction
in exercise-induced lipid peroxidation without associated changes in inflammation or plasma
antioxidant status (McAnulty et al., 2013).

Gliemann et al. recently showed that RSV hindered the positive effects of an 8-week
exercise training on cardiovascular health in aged men (Gliemann et al., 2013). There was no
change in SIRT1 protein expression reported with exercise training without and with RSV
supplementation; moreover, RSV did not contribute to the marked improvement in muscle
endurance, content, and activity of oxidative proteins, nor did it affect the decrease in
skeletal muscle TNFa mRNA content and protein carbonylation level induced by exercise
training (Gliemann et al., 2013). During the last few months, many comments have emerged
regarding the results of Gliemann et al. (Joyner, 2013; Hartmann and Forbes, 2014; Santos-

Ageing Res Rev. Author manuscript; available in PMC 2018 March 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Novelle et al.

Page 11

Parker and Kaplon, 2014), but probably the editorials written by Buford and Anton (Buford
and Anton, 2014) and Smoliga and Blanchard (Smoliga and Blanchard, 2013) were the most
critical. These authors consider that the results of Gliemann et al. were presented in a
dramatic and misleading manner, and a conclusion supported by over interpreted data.
Clearly, more studies are needed to clarify the impact of RSV supplementation on the health
benefits gained by exercise training using a wide range of effective RSV doses, other
population groups, and a fair interpretation of the data.

10. Resveratrol supplementation in healthy individuals

As indicated earlier, the patient’s metabolic status appears to dictate the effectiveness of
RSV treatment. Human clinical trials showed positive effects of RSV when conducted in
patients with cancer, diabetes, obesity-mediated insulin resistance or cardiovascular disease,
but not in healthy individuals (Poulsen et al., 2013; Yoshino et al., 2012) with normal
homeostatic response that helps prevent RSV from lowering blood glucose (and thus causing
hypoglycemia)(Smoliga et al., 2013). In the following clinical trials, many participants were
obese, but otherwise deemed ‘healthy’ and not taking medications that could affect their
metabolic, inflammatory or cardiovascular responses. Positive metabolic responses to RSV
were reported in ‘healthy’ subjects (obese or smokers) including improvement in plasma
triglyceride concentration (Bo et al., 2013; Timmers et al., 2011), lowering in circulating
cytokine levels (Ghanim et al., 2010; Ghanim et al., 2011; Timmers et al., 2011), better
metabolic flexibility with lower HOMA-IR index (Timmers et al., 2011), and suppression of
postprandial glucagon responses (Knop et al., 2013). RSV decreases resting metabolic rate
and improves respiratory quotient in obese, but otherwise healthy individuals (Timmers et
al., 2011). The reduction in resting metabolic rate combined with the absence of changes in
the 24-hour energy expenditure by the RSV-treated study participants differed from the
increased energy expenditure observed when subjects were fed a diet containing a
combination of RSV with epigallocatechin-gallate, a polyphenol from green tea that
promotes fat oxidation in humans (Most et al., 2014). In contrast, RSV supplementation
elicited no changes in body composition or resting metabolic rate in non-obese healthy
humans (Yoshino et al., 2012). It would appear, therefore, that a certain degree of metabolic
complications is required in order for RSV to exert its health benefits (Smoliga et al., 2013).

11. Future directions and Challenges

Recent studies may cast doubt on a central tenet of the “French paradox”; however, there is
enough scientific evidence to consider RSV as a compound of great interest for human
health. In order to propose such health claims, there are still a number of aspects that need
clarification. For example:

. Targets for resveratrol. Controversies surrounding the mechanism of action of
RSV persist, in large part, because the targets of RSV are still ill-defined (Tennen
et al., 2012). Earlier reports established that RSV acted through direct activation
of SIRT1 (Howitz et al., 2003); however, a more recent study proposed an
indirect modulation of SIRT1 via inhibition of cAMP phosphodiesterases (Park
et al., 2012). Nevertheless, the preponderance of evidences indicates that RSV
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activates SIRT1 through direct and indirect actions (Canto et al., 2010; Um et al.,
2010) and that the metabolic effects of RSV depend on acute activation of
AMPK (Baur et al., 2006) via a SIRT1-independent mechanism (Price et al.,
2012). The identification and validation of the cellular targets of RSV is key for
understanding its health benefits (for a recent review about this topic see
(Kulkarni and Canto, 2014)).

Resveratrol bioavailability. Because of the rapid and presystemic metabolism of
RSV, a new formulation that extends its bioavailability is needed to provide an
effective therapeutics (Amri et al., 2012). Until recently, RSV has been used in
its free form, either in liquid form (e.g., dissolved, diluted or suspended in
different vehicles) or encapsulated with very poor water solubility. There are
renewed efforts toward the development of new delivery systems and
formulations of RSV to improve its bioavailability and efficacy.

Resveratrol toxicity. Although generally well tolerated in animals, RSV can
exhibit severe side effects when given at high doses (la Porte et al., 2010; Popat
et al., 2013). Hence, new long-term studies are needed to evaluate the effect of
RSV supplementation in human health and identify approaches toward the
prevention and treatment of side effects. In addition, a better understanding of the
interaction of RSV with other drugs and supplements is key to reduce adverse
events (MacDonald et al., 2009). The modulation of the cytochrome P450
enzyme system by RSV is worthy of note, and suggests possible impact of this
polyphenol on hepatic detoxification and metabolism of drugs and xenobiotics
(Chow et al., 2010).

Resveratrol dosage. As indicated above, the levels of RSV found in food are well
below the concentrations needed to elicit health benefits or promote adverse
effects in rats (Baur et al., 2006; Smoliga et al., 2012) and in human volunteers.
Moreover, inter-individual variability in gene expression, nucleotide
polymorphisms, age, sex, race, diet, exercise practices (Smoliga et al., 2013), and
even variability in the human gut microbiota (Bode et al., 2013) could influence
RSV bioavailability and physiological responses. More clinical research on RSV
is needed to determine the minimal effective dose, mode of delivery, frequency
of use and safety/efficacy of doses for particular target populations.

Resveratrol interactions. Future human trials should also study the health
benefits of RSV when combined with other supplements, even diet and exercise.
Indeed, it has been demonstrated that RSV bioavailability and efficacy improve
when it is administered with other compounds and excipients (De Santi et al.,
2000; Johnson et al., 2011; Smoliga et al., 2013).

To date, most clinical trials were conducted with small sample sizes, large range of dosage
levels and various populations and groups studied. As a result, it is difficult to establish a
specific range of safety/efficacy for particular doses of RSV for particular populations.
Many discrepancies and conflicting information must be resolved before recommending the
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use of RSV as a safe and effective alternative approach to prevent or treat diseases in
humans. Additional clinical studies should be conducted before asserting that RSV is the
fountain of youth —the panacea for chronic diseases— or discounting the documented
beneficial effects of RSV on human health. Despite the recent publication of unfavorable
editorials about RSV use in humans (Ponzo et al., 2014; Visioli, 2014), we consider that a
coordinate effort among basic and clinical researchers and clinicians is paramount in order
to further advance our understanding of the potential health benefits of RSV.
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Highlights
. Resveratrol protects against angiogenesis, inflammation, and cancer
. Resveratrol might have a wide spectrum of disease treatment applications
. Dietary sources of resveratrol are not enough to have an impact on health
. The effects of resveratrol are very much context dependent and tissue specific
. New clinical trials are needed to firmly establish its therapeutic potential
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Type 2 Diabetes

* Glucoregulation

* Insulin sensitivity

* Potency of hypoglycemic agents
and anti-diabetic therapies

Cardiovascular Disease

* Plasma lipid profile/cholesterol ‘ =)
« Systolic blood pressure

* Flow-mediated dilatation t

¢ Pulse-wave velocity (NHP) ‘

Obesity

* Insulin sensitivity t‘

* Adipocyte size

* Circulating inflammatory cytokines lﬁ
* Adiponectin

Skin Disorders

Cancer

¢ Formation of sunburn cells

» Skin moisture and elasticity

* Age-associated skin disorders
« Acne, foot ulcers l

* Development (colon)

* Proliferation (colorectal)

» Caspase 3 activity (colorectal) t
* Prostaglandin E2 (breast) ‘

Figure 1.

Summary of the effects of resveratrol in human clinical trials when conducted in patients
with type 2 diabetes, obesity, cardiovascular disease, cancer or skin disorders. The symbol
«» denotes lack of effect, and £ § opposite action in some trials.
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