Chapter 2
Health Effects of Resveratrol and Its Derivatives

2.1 General Introduction

In this chapter we provide an overview of evidence for and against the putative
beneficial effects of resveratrol and its derivatives in human health. Relevant data
come from in vitro studies with human cells in culture, in vivo studies using primar-
ily rodent models, and, where available, human clinical studies. While the detailed
mechanisms underlying the observed effects are not discussed in detail here, these
are the subject of considerable debate and are covered in Chap. 3.

2.2 Resveratrol and Cardiovascular Health

Resveratrol was initially identified as a bioactive component of red wines respon-
sible for the “French Paradox,” i.e., an observation that cardiovascular disease is
less common in the French than predicted on the basis of dietary intake of saturated
fats (Renaud and de Lorgeril 1992; reviewed in Soleas et al. 1997). Thus, research
into the health effects of resveratrol as an isolated compound was initially focused
on its interactions with vascular endothelium and platelets to affect aggregation and
deposition reactions. The cardioprotective effects that have been ascribed to resve-
ratrol include an ability to reduce the severity of damage incurred following a myo-
cardial infarction, antiatherogenic effects, and positive effects on blood lipid
profiles. Although the observed cardiovascular effects were initially attributed to
resveratrol’s chemical antioxidant capacity, more current research has focused on its
ability to upregulate the expression of endogenous antioxidant enzymes, inhibit the
inflammatory activity of cyclo-oxygenases, and promote nitric oxide signalling and
vasodilation by activating nitric oxide synthases (reviewed in Ramprasath and Jones
2010). There is a paucity of data describing the cardiovascular effects of the other
more abundant stilbenes present in red wines. However, it appears that piceid elicits
a very similar range of cardiovascular effects, including protection against ischemia
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reperfusion events and vasodilation (reviewed in Long-tao et al. 2012). Few studies
have focused on pterostilbene’s activities in the cardiovascular system, but the lim-
ited data available does support the idea that it may also be cardioprotective (e.g.,
Park et al. 2010). Understanding the actions of the host of stilbenes found in red
wine will be a valuable contribution to the data describing the cardiovascular effects
of red wines.

The cardiovascular effects of resveratrol established primarily in rodent models
have also been the focus of human clinical trials. In arteries isolated from the adi-
pose tissue of normal human males, resveratrol induces relaxation and thus vasodi-
lation at micromolar concentrations (Cruz et al. 2006). Similar effects have been
shown with unpurified red wine polyphenol extract, which causes vasodilation of
the brachial artery in males with coronary heart disease (Lekakis et al. 2005).
Chronic dietary supplementation with a resveratrol-rich grape supplement attenu-
ates a variety of pro-inflammatory markers in humans with cardiovascular disease
(Tomé-Carneiro et al. 2012a, b). In humans, the levels of resveratrol metabolites in
urine, indicating relatively high dietary intake, correlate with biomarkers of cardio-
vascular health (Zamora-Ros et al. 2012).

The molecular mechanisms underlying these cardiovascular effects appear to
include interactions with cardiomyocytes and the modulation of nitric oxide sig-
nalling in vascular endothelial and smooth muscle cells via regulation of nitric
oxide synthase isoforms. These and other mechanisms are discussed in detail in
Chap. 3.

2.3 Red Wine Polyphenols and Cancer

In 1997 the first major study of resveratrol’s anticancer effects was published by
Jang and colleagues, and since that time there have been over a 1,000 publications
on this topic. Roles for resveratrol in the inhibition of tumor initiation, promotion,
and progression have been reported (e.g., Jang et al. 1997). In vitro, resveratrol
effectively slows the growth of a large number of individual cancer cell lines
(Table 2.1). In vivo, dietary resveratrol supplementation has been shown to slow the
growth of transplanted tumors (Table 2.1). There is far less data on the effects of
resveratrol derivatives on cell growth, but the available data suggests that piceid and
pterostilbene have similar anticancer activities. For example, piceid inhibited lung
tumor growth in mice at oral doses of 300 mg/kg twice daily (Kimura and Okuda
2000). Pterostilbene has recently received considerable attention in this context, and
appears to be an effective inhibitor of cell proliferation at low micromolar concen-
trations (e.g., Lin et al. 2012; Wang et al. 2012a; reviewed by McCormack and
McFadden 2012). In our experiments with C2C12 myoblasts, primary myoblasts,
PC3 prostate cancer cells, SH-SYS5Y neuroblastoma cells, and primary fibroblasts,
both pterostilbene and piceid are at least as effective at inhibiting cell growth in vitro
as resveratrol (unpublished data). Interestingly, the oligomeric resveratrol deriva-
tives, including o-viniferin, €-viniferin, pallidol, and trans-miyabenol all inhibit
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growth at low micromolar concentrations in multiple cell lines including HepG2
liver cells (Colin et al. 2008), colon tumor cells (Marel et al. 2008), and B lympho-
cytic leukemia cells (Billard et al. 2002).

To date there is limited data available from clinical trials of resveratrol’s antican-
cer effects in humans. However, resveratrol’s role as a putative anticancer agent in
humans is supported by the results of a recent study in which patients with colorec-
tal cancer were given an oral resveratrol treatment for 8 days. Doses of 0.5 g/day
and 1.0 g/day resveratrol significantly reduced cell proliferation in cancerous colon
tissue (Patel et al. 2010). Further research involving larger patient cohorts is neces-
sary before resveratrol can be applied to the prevention and treatment of human
cancers.

Thus, many of the polyphenolic compounds identified in red wines, including
resveratrol, pterostilbene, viniferins, and piceid, can inhibit the growth of cancerous
and normal cells in vitro, and tumor grafts in vivo. Since there are no reports of
toxicity in humans, there is potential for their use as anticancer agents. However,
additional research is required in this area, particularly given the estrogenic proper-
ties of these molecules (discussed in further detail in Chap. 3). The structurally
related phytoestrogen genistein appears to affect normal development of rodents
when dietary supplementation occurs in the neonatal period (reviewed in Jefferson
etal. 2007, 2012). A full characterization of resveratrol’s physiological effects with
an appreciation for its estrogen properties is necessary.

2.4 Red Wine Polyphenols and Neuroprotection

Tredici and colleagues (1999) hypothesized that resveratrol possessed neuroprotec-
tive properties in parallel with its better characterized cardioprotective effects. This
property of resveratrol was demonstrated in a rat model of in vivo excitotoxic brain
damage, where it conferred significant protection against systemic kainic acid injec-
tion (Virgili and Contestabile 2000). A similar protective effect of resveratrol against
neuronal death in rat models of cerebral ischemia was subsequently shown (Huang
et al. 2001; Sinha et al. 2002). There have now been many reports of resveratrol’s
neuroprotective activities in a variety of contexts (Table 2.2). Although resveratrol’s
neuroprotection was initially linked to its chemical antioxidant capacity, more recent
reports have explored its biological activities, including the modulation of heme
oxygenase (Zhuang et al. 2003), matrix metalloproteinase (Gagliano et al. 2005),
nitric oxide synthase (Bi et al. 2005), and AMP kinase (Dasgupta and Milbrandt
2007) activities. More recently, the neuroprotective capacity of piceid has been eval-
uated, with similar outcomes. Acute piceid administration is protective in a similar
rat model of brain ischemia/reperfusion injury as investigated with resveratrol
(Cheng et al. 2006; Ji et al. 2012). Surprisingly, although the viniferin oligomers of
resveratrol show neuroprotective properties in the same rat models of stroke (Kim
et al. 2012), there is as yet no data published for pterostilbene.
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Pterostilbene and resveratrol have been investigated for their ability to ameliorate
the age-associated decline of cognitive function. In 19-month-old Fisher 344 rats
(considered old for this strain) dietary pterostilbene administration for 12—13 weeks
improved performance in the Morris water maze test, which is considered a test of
working memory (Joseph et al. 2008). Resveratrol similarly preserved working
memory in aged mice administered the pro-inflammation agent lipopolysaccharide
(Abraham and Johnson 2009), and in aged rats (Zhao et al. 2012). Twenty weeks of
dietary resveratrol supplementation also prevented the cognitive deficits caused by
high fat feeding in mice, a model of the “cafeteria diet” in humans (Jeon et al. 2012).
On the other hand, Park et al. (2012) report a negative effect of dietary resveratrol
supplementation on spatial learning and memory in young mice. In the primate
Microcebus murinus (grey mouse lemur), dietary supplementation with resveratrol
for 18 months improved working and spatial memory (Dal-Pan et al. 2011a). The
potential for red wine polyphenols to confer protection against acute neuronal
insults or to ameliorate the symptoms of chronic neurodegenerative diseases has not
been investigated in humans. However, the evidence gathered to date appears prom-
ising for the ability of resveratrol and pterostilbene to prevent age-associated cogni-
tive impairments but more work, particularly in humans and with grapevine
polyphenols other than resveratrol, is still needed.

2.5 Red Wine Polyphenols and Energy Homeostasis

One of the most publicized health claims for resveratrol in the popular media is its
ability to impact body composition and to improve the negative metabolic conse-
quences of high fat diets. In 2006, two high-profile reports provided evidence for a
beneficial effect of dietary resveratrol supplementation in male mice fed a high fat
diet (Baur et al. 2006; Lagouge et al. 2006). In male mice consuming a high fat diet,
resveratrol supplementation at 22.4 mg/kg/day reduced body weight gains and
decreased the incidence of spontaneous death over 60 weeks (Baur et al. 2006).
Numerous markers of physiological well-being were evaluated and found to be
improved with resveratrol supplementation in these mice. In high fat diet fed mice
receiving 400 mg/kg/day resveratrol supplementation, the diet-induced body
weight gain was reduced significantly, as was overall percentage body fat (Lagouge
et al. 2006). In this latter study, body temperature and energy expenditure were
increased by resveratrol supplementation, as was apparent mitochondrial abun-
dance in skeletal muscle. Again, a wide variety of indicators of metabolic health
were found to be positively altered by resveratrol supplementation in these obese
male mice. Generally, resveratrol supplementation in male mice appears to confer
protection against many of the negative physiological effects of high fat feeding,
including adipogenesis and systemic markers of inflammation (e.g., Kim et al.
2011; Jeon et al. 2012).

Resveratrol supplementation has recently been evaluated in primates. Mouse
lemurs (Microcebus murinus) given 200 mg resveratrol/kg/day for 4 weeks during
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their seasonal body mass gain period (in preparation for winter) showed reduced
body mass gain, increased resting metabolic rates, and elevated body temperatures,
though no differences in activity were observed (Dal-Pan et al. 2010). Interestingly,
in a yearlong study these results, obtained during the winter (short day) season,
were different from those found in summer (long day), where no effect on body
mass was observed (Dal-Pan et al. 2011b). In this latter study, resveratrol supple-
mentation increased 24 h energy expenditure and resting metabolic rate.

These results from primates were consistent with the notion that resveratrol sup-
plementation could be effective in treating human obesity, and results from a very
few human studies have now been reported. In obese (mean body mass index ~31.5)
human males taking 150 mg/day resveratrol supplements for 30 days (e.g., Timmers
et al. 2011) similar changes in muscle mitochondrial metabolic parameters, includ-
ing apparent increases in mitochondrial abundance, were observed as had been
reported in male mice fed a high fat diet (Lagouge et al. 2006; Baur et al. 2006).
This result might suggest increased energy expenditure in human males consuming
resveratrol supplements; however, no changes in body mass, percentage body fat, or
24 h energy expenditure were observed. In postmenopausal women with normal
BMIs taking 75 mg/day resveratrol for 12 weeks (Yoshino et al. 2012), no effects
on body mass, percentage body fat, 24 h energy expenditure, or other markers of
overall health were observed (Yoshino et al. 2012). Taken together, the few human
studies completed to date offer somewhat equivocal support for resveratrol supple-
mentation, though longer-term studies in individuals of unhealthy weight are
awaited. Also, at this time we are aware of no reports of the effects of other grape-
vine polyphenols on obesity and overweight.

2.6 Red Wine Polyphenols and Diabetes

One of the more prominent sequelae of overweight and obesity is type 2 diabetes
mellitus, and the potential benefit of dietary resveratrol supplementation in normal-
izing glucose dyshomeostasis and reducing the side effects of diabetes has been
studied (reviewed in Szkudelski and Szkudelska 2011). In rodent models with
genetically or chemically induced diabetes, dietary resveratrol reduces many of the
cardiovascular side effects of diabetes (Thirunavukkarasu et al. 2007; Silan 2008).
There is evidence in the same experimental models that resveratrol can reduce
hyperglycemia (Palsamy and Subramanian 2008; Penumathasa et al. 2008). Cellular
studies suggest that this anti-hyperglycemic effect could be mediated by a stimula-
tion of glucose transporter activities (e.g., GLUT4; Penumathsa et al. 2008). Other
in vitro cellular studies indicate effects on the stability and insulin secretion rates of
pancreatic beta cells (Palsamy and Subramanian 2010). In a recent clinical trial,
patients with type 2 diabetes mellitus were given 150 mg/day resveratrol supple-
ments (Bhatt et al. 2012). This regimen improved a variety of cardiovascular and
blood parameters, including mean systolic blood pressure. These data support a
beneficial effect of resveratrol on energy homeotasis in humans.
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2.7 Resveratrol and Lifespan

In 2003 Howitz et al. reported the ability of resveratrol to extend lifespan in the
baker’s yeast Saccharomyces cerevisiae. These unicellular yeast have been widely
used as an experimental model of aging and longevity (reviewed in Kaberlein
etal.2007), despite sharing essentially no physiology with mammals. Interestingly,
resveratrol was reported to impact replicative aging (number of daughter cells per
mother cell), but not chronological aging (length of time yeast survive in the non-
dividing state) (Howitz et al. 2003). This observation motivated a series of studies
in invertebrate and vertebrate metazoan species. Wood et al. (2004) reported that
resveratrol significantly extended lifespan in two well-studied models of aging,
Drosophila melanogaster and Caenorhabditis elegans. However, subsequent
attempts to repeat these results yielded equivocal outcomes (Table 2.3). Bass
et al. (2007) were unable to show an effect of resveratrol on longevity in D. mela-
nogaster, despite using the same strain and dietary supplementation protocol.
Wang et al. (2013) have recently provided data suggesting that, under some spe-
cific dietary regimens that differ from that reported by Wood et al. (2004), the
lifespan of female D. melanogaster can be marginally affected. In this study, no
effects were observed in males. In other species of flies, the effects of resveratrol
appear to also be quite variable. In another species of fruit fly, Anastrepha ludens,
dietary resveratrol supplementation had no effect on longevity in males and virtu-
ally no effects in females (Zou et al. 2009). In the honeybee, resveratrol increases
average lifespan (Rascon et al. 2012). The original lifespan extension result
reported for C. elegans (Wood et al. 2004) has proven more robust, though the
magnitude of the effect reported in most experiments is generally quite small.
Bass et al. (2007) showed a very subtle, but positive, effect of resveratrol on C.
elegans longevity. Subsequently, modest lifespan extensions in C. elegans have
been demonstrated by other researchers (Gruber et al. 2007; Greer and Brunet
2009; Zarse et al. 2010).

Evidence for effects of resveratrol on aging and longevity in vertebrate species is
more limited. The first vertebrate model of aging and longevity in which an effect
of resveratrol on lifespan was demonstrated was the short-lived annual fish species
Nothobranchius furzeri. In this species, a highly significant increase in lifespan of
up to 50 % was associated with dietary resveratrol delivery (Valenzano et al. 2006).
Lifespan extension has also been reported in the related species N. guentheri
(Genade and Lang 2013; Yu and Li 2012). Results for mammalian species have
been available only relatively recently. In large, multicenter studies of genetically
heterogeneous mice, dietary delivery of resveratrol failed to increase lifespan in
males or females (Miller et al. 2011; Strong et al. 2013). A long-term study of
dietary resveratrol supplementation has been initiated in the primate species
Microcebus murinus (Dal-Pan et al. 2011b), and this study should provide the best
data with which to judge whether there is any potential for resveratrol to affect
human longevity.
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Table 2.3 Reported effects of resveratrol on lifespan in various metazoan species

Species Effect on lifespan Reference

Drosophila melanogaster Extension Wood et al. (2004)

D. melanogaster No effect Bass et al. (2007)

D. melanogaster No effect in males Wang et al. (2013)
Extension in females

Anastrepha ludens No effect Zou et al. (2009)

Caenorhabditis elegans Robust extension Wood et al. (2004)

C. elegans Marginal effect Bass et al. (2007)

C. elegans Extension Gruber et al. (2007)

C. elegans Extension Greer and Brunet (2009)

C. elegans Extension Zarse et al. (2010)

Nothobranchius furzeri Extension Valenzano et al. (2006)

N. guentheri Extension Genade and Lang (2013)

N. guentheri Extension Yu and Li (2012)

Mus Musculus No effect Miller et al. (2011)

M. Musculus No effect Strong et al. (2013)

Microcebus murinus Study not yet concluded Dal-Pan et al. (2011b)

2.8 Conclusions: Red Wine Polyphenols and Their Putative
Health Effects

In the two decades since the first putative human health effects of resveratrol were
hypothesized and reported, a vast wealth of data has accumulated on the subject.
Only relatively recently, this literature has expanded to include other grapevine
polyphenols. Sufficient data is now available to support clinical trials of resveratrol
and other polyphenols, and several of these have been completed or are ongoing.
Further development of grapevine polyphenols for human health applications will
require continued research into the underlying cellular and molecular mechanisms
of these compounds, and details of their bioavailability in vivo. These are the
subjects of Chaps. 3 and 4, respectively.
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