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Nutrapharmacology, or the use of bioactive food compounds at pharmacological doses is emerging as a therapeutic approach to
target the complex metabolic dysregulations in ageing and obesity-related chronic disease. Resveratrol, a polyphenol found in the skin
of grapes, and other edible plants and related food products, has received extensive attention through the link with the French
paradox, and later with its chemopreventive activity demonstrated in vitro and in animal cancer models. A plethora of laboratory
investigations has provided evidence for the multi-faceted properties of resveratrol and suggests that resveratrol may target ageing
and obesity-related chronic disease by regulating inflammation and oxidative stress. A number of obstacles stand in the path to clinical
usage however, not least the lack of clinical evidence to date, and the myriad of doses and formulations available. Further, data on the
effects of resveratrol consumption in a capsule vs. food form is conflicting, and there are uncertain effects of long term dosing. The
review will summarize the human pharmacokinetic and pharmacodynamic published data, and the topics for research if resveratrol is
to become a multi-target therapeutic agent addressing chronic disease.

Introduction: nutrapharmacology,
the role of food compounds in
disease prevention

The use of bioactive food compounds (nutrients and phy-
tochemicals found in fruit, vegetables and spices) at phar-
macological doses, is emerging as a therapeutic approach
to address the complex metabolic dysregulations in
ageing and obesity-related chronic diseases.This is termed
nutrapharmacology and the compounds are nutraceuti-
cals. The evidence comes from basic science reports, dem-
onstrating that these compounds can efficiently modulate
the oxidative, inflammatory and apoptotic imbalances in
chronic disease metabolic pathways [1, 2].

Dietary agents originate from daily food.Therefore they
may be more acceptable to consumers who may errone-
ously perceive them as having fewer side effects than phar-
maceutical agents.In contradistinction, people may need to
consume large amounts of foods containing these com-
pounds for therapeutic benefit. Whilst it may not be plau-
sible to consume such large amounts, nutraceuticals offer a
convenient alternative at a time when, in spite of scientific
evidence suggesting their benefits in health and disease
prevention, these compounds are poorly represented in
our daily menu.However food sources are complex,and are

likely to contain combinations of compounds, possibly
acting synergistically to enhance/reduce their bioavailabil-
ity and/or activity [1, 3, 4]. The benefits of dietary constitu-
ents may therefore be different from the putative benefits
of nutraceutical formulations at pharmacological dose.
Additionally, bioactive phytochemicals may have dose-
related toxic effects.Thus clinical evidence of both the food
and the nutraceutical sources is required before consider-
ing these agents in the management of chronic disease.

Resveratrol (RSV) is one compound of interest. It is 13
years since the first paper reported the initial in vitro and
in vivo evidence of cancer chemopreventative activity of
RSV [5]. The abundance of research providing promising
data brings this phytochemical to the era of clinical testing
[6-8].This review will summarize the pharmacology of RSV,
as evidenced in the first published clinical observations,
and discuss its clinical relevance.

Resveratrol

History
Since its identification in the 1940s from the white helle-
bore by Takaoka, and in 1963 in the Japanese knotweed
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Polygonum cuspidatum by Nonomura [9] RSV has gained
notoriety, helped by media attention in the 1990s when
speculated to explain the French paradox [10, 11]. On
closer investigation, it appeared that RSV was perhaps
the active phytochemical in red wine. The concept of the
French paradox has since been challenged, but the appar-
ent cardiovascular protective properties of RSV have been
explained by the inhibition of LDL cholesterol peroxida-
tion, free-radical scavenging activity, and modulation of
nitric oxide production [12-15]. RSV, as grape and
Polygonum cuspidatum extracts, is present in Ayur-vedic
and traditional Chinese medicine formulae, prescribed for
fungal infection, cardiovascular disease, gastrointestinal
disorders, diabetes and inflammation [16, 17]. Figure 1
summarizes the last decade of research invested in under-
standing RSV's biochemical effects, listing genes and
products affected by exposure to RSV. Some of the
proteins thought to mediate the effects of RSV in the
context of multifactorial chronic diseases include
AMP-activated protein kinase (AMPK), silent mating
type information regulation 2 homolog 1 (SIRT1),
N-ribosyldihydronicotinamide:quinone  oxidoreductase
(NQO2), NFE2-related factor 2 (Nrf2) and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-xB)
[18-24].The extensive range of affected proteins raises the
possibility of off-target deleterious effects, further empha-
sizing the need for formal clinical toxicity and efficacy
studies of chronic RSV intake.

Chemical description

RSV is a lipophillic polyphenol. The styrene double-bond
allows for cis and trans conformations [9, 25]. The glucose-
bound form of RSV is piceid, dominant in food sources and
converted to trans-RSV by hydrolysis [26]. Three hydrogen
atoms per RSV molecule are available for transfer to reac-
tive species and interrupt oxidative cascades [27]. RSV is
produced in response to environmental stress such as UV
rays, drought, parasitic or fungal attack [28, 29].

Food sources vs. nutraceuticals

RSV has been found in over 100 plants, often described
as abundant in nature. Few edible plants contain RSV
however, with minimal amounts provided as shown in
Table 1. Cultivars, soil and growing conditions result in
large variations in concentrations [30]. Measures are influ-
enced by the inclusion/exclusion of the piceid and cis-
forms in assays [26].The nutraceutical form of RSV is usually
99% purified trans-RSV, extracted from the rhizome of
Polygonum cuspidatum or grapes.

A daily menu, including safe wine drinking, could
provide 6 to 8 mg of RSV, including numerous other phy-
tochemicals. In contrast, one nutraceutical capsule pro-
vides between 20 to 500 mg of pure trans-RSV, or 3- to
83-fold the supply of a daily diet. The disparity between the
dosages is remarkable, and raises questions on the physi-
ological implications of nutraceutical doses.The scarcity of
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clinical data and understanding of effects of a dietary vs.
nutraceutical dose need addressing, considering the wide
over the counter availability.

Tolerability and toxicity

Tolerability to nutraceutical RSV has been investigated in
healthy lean subjects, from a single up to 29 repeated
doses. Tolerability to RSV appears reasonable, with nausea
and mild headaches occasionally reported, and mild to
moderate diarrhoea reported at larger doses (not always
placebo controlled) [31, 32]. These side effects occurred
with single daily dosing regimens. If related to peak con-
centrations, it is possible that split-dosing may improve
tolerance. In a study administering 2000 mg twice daily
over 1 week [33], there was statistically, but not clinically
significant, raised serum bilirubin and potassium concen-
trations. Daily dosing of 1000 mg for 4 weeks did not
change bilirubin concentrations [34]. Data on chronic
dosing, e.g. over 90 days, are not available, nor are there
data in obese subjects, who are highly represented in the
population with chronic disease.

The inhibition and induction by RSV of hepatic P450
isoenzymes involved in phase 1 and 2 detoxification have
been observed in subjects receiving 1000 mg RSV nutra-
ceutical daily over 4 weeks. This may be of relevance in
patients medicated for co-morbidities due to increased or
decreased effect, and drug interactions [34].

Pharmacokinetics

Initial pharmacokinetic (PK) studies used enzymatic
hydrolysis to reconvert conjugates to parent RSV for quan-
tification. HPLC with MS/MS is now commonly used to
quantify plasma parent and conjugated RSV. Comparison
of results is however difficult because different minimal
detectable concentrations are used, and the different frac-
tions are not always measured. Definitions of ‘total RSV’
vary in reports, from unspecified to include parent and/or
metabolites detected, or include protein-bound and/or
unbound [26, 35]. Table 2 summarizes the PK parameters
reported in human studies with administration of nutra-
ceutical forms of RSV.

Absorption

Human absorption seems rapid, via simple intestinal trans-
epithelial diffusion [36-38]. The rate but not the extent of
absorption following a 400 mg RSV nutraceutical dose was
significantly impaired when taken with food compared
with the fasted state [39]. Similarly, the PK of 2000 mg twice
daily showed delayed and decreased absorption with a
high fat breakfast [33]. In contrast, RSV absorption when
taken as red wine was not reduced by a meal compared
with the fasted state [40].

Metabolism and bioavailability
Following ingestion, most RSV undergoes rapid meta-
bolism in enterocytes, resulting in up to a 20-fold higher
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Figure 1

Structure of resveratrol. Genes and products affected by exposure to the compound [7, 17, 25, 56]. CDK - 1/2/4/7, cyclin-dependant kinase 1/2 /4/7;
HDAC-2, histone deacetylase 2; P53, tumour protein 53;Rb, retinoblastoma tumour suppressor gene; c-Myc, gene myelocytomatosis; PTEN, phosphatase and
tensin homolog; p21"*/P1, cyclin-dependent kinase inhibitor 1A; P27, cyclin dependant kinase inhibitor 27; Rbf-E2F/DP pathway, Retinoblastoma-family
protein/ E2F transcription factor/ DP transcription factor; P300/CBP, CREB binding protein; PARP, poly(ADP)-ribose polymerase; EGF, endothelial growth factor;
HGF, human growth factor; GAD45, DNA damage inducible gene 45; FOXO-1/3a/4, forkhead transcription factor 1/3a/4; NFkB, nuclear factor kappa B; AP-1,
activating protein-1;NRF-2, nuclear respiratory factor-2; STAT3, signal transducer and activator of transcription 3; PPARy, peroxisome proliferator activated
receptor gamma;HIF-10, hypoxia inducible factor 1-alpha; Erg-1, ets-related gene; E2F, transcription factor E2F; SP-1,Sp1 transcription factor; CREB, cyclic-AMP
response element binding proteins; NF1B, neurofibromin 1b; PI3K, phosphoinositide 3 kinases; ERK1/2, extracellular signal regulated kinase 1 /2; PKC, protein
kinase C; PKD, protein kinase D; PKA, protein kinase A; MAPK, mitogen activated protein kinase; JNK-1,c-Jun N-terminal kinases; Akt, serine/threonine protein
kinase; IKKB, kB kinase beta; JAK, Janus kinase; Src, sarcoma pro-oncogenic tyrosine kinase; syk, spleen tyrosine kinase gene; CKll, casein kinase 2; Cu-Zn-Mn
SOD, copper-zinc-manganese superoxide dismustase; Trx1,cytosolic thioredoxin; p47 P, enzyme for production of superoxide; ROS, reactive oxygen species;
AMPK, adenosine monophosphate activated protein kinase; GLUT4, glucose transporter 4; UCP-1, uncoupling protein 1; PGC-1c, PPARgamma coactivator 1
proliferator-activated receptor-gamma; PTB1B, protein tyrosine phosphatase 1 B; ER, eostrogen receptor; AR, andogen receptor; CYP isoforms, cytochrome
P450 isoforms; NQO2, NADPH dehydrogease quinone 2; hTERT, human telomerase reverse transcriptase; IGF-1, insulin like growth factor-1; IRS-1, insulin
receptor substrate 1;1GFBP-3, Insulin-like growth factor-binding protein 3;TNFo, tumour necrosis factor alpha; COX-2, cyclo-oxygenase 2;iNOS, inducible nitric
oxide synthase,eNOS, endothelial nitric oxide synthase; NO, nitric oxide; CRP,C- reactive protein;5-LOX, 5-lipoxygenase- activating protein;NAG-1,nonsteroidal
anti-inflammatory drug-activated gene; IFNy, interferon gamma; ILs, interleukins; MPO, myeloperoxidase; GM-CSF, granulocyte-macrophage colony stimulat-
ing factor; TBARS, thiobarbituric acid reactive substances; SOCS3, Suppressor of cytokine signaling 3; MCP-1, monocyte chemotactic protein-1; TGFj,
transforming growth factor beta; Bcl-2, B-cell lymphoma 2; Bcl-XL, BCL2-like 1; TRAF2, TNF receptor-associated factor 2; AP-20, activating protein 2; XIAP,
X-linked Inhibitor of apoptosis protein; mTOR, mammalian target of rapamycin; PUMA, BCL2 binding component 3; noxA, nitrate reductase, NADH oxidase
subunit; Bim, BCL2-like 11 apoptosis facilitator; Cyt.C, cytochrome C; DIABLO, diablo homolog; AIF, apoptosis inducing factor; mi/Htra2, HtrA serine peptidase
2; clAPs, inhibitor of apoptosis proteins; ASK-1, Apoptosis signal-regulating kinase 1;Bid, BH3 interacting domain death agonist; TRAIL, TNF-related apoptosis-
inducing ligand; Bak, BCL2-antagonist/killer 1; Bax, Bcl-2 associated protein; Fasl, Fas antigen ligand; MMP-2/9, matrix metalloproteinases 2/9; NQO1, human
NAD(P)H quinone 1;VEGF,vascular endothelial growth factor; bFGF, basic fibroblast growth factor;ICAM-1,inter-cellular adhesion molecule 1;VCAM-1,vascular
cell adhesion molecule 1; ELAM-1, endothelium leukocyte adhesion molecule 1; Wnt, wingless-type MMTV integration site family, member; PSA, prostate-
specific antigen; DR4/5, tumour necrosis factor receptor superfamily, member 10a/10b; PIG7, p53-induced gene 7.
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Table 1

Some sources of resveratrol and amount provided in standard serves

Total resveratrol content

Food sources Average per standard units Average equivalent in standard serving Reference
Red wines 0.1-14.3 mg I! 150 ml glass: 0.015-2.15 mg [88, 89]

Pinot noir 10.5 mg I! 150 ml glass: 1.57 mg
White wines <0.1to 1.2 mg ! 150 ml glass: 0.015-0.18 mg

Riesling up to 1.2 mg I 150 ml glass: up to 0.32 mg
Red grape juice 0.5 mg 100 ml-" 250 ml glass: 1.25 mg [90, 91]
White grape juice 0.05 mg 100 ml-! 250 ml glass: 0.125 mg
Cranberry juice 0.2 mg 100 ml~" 250 ml glass: 0.5 mg
Fresh grape skin 5-10mg 100 g'
Grapes (dry sample) 0.64 mg 100 g™’ 250 g (1 cup): 1.6 mg [30, 92, 93]
Blueberry (dry sample) 0.4 mg 100 g™’ 150 g punnet: 0.6 mg
Strawberries (frozen) 0.375mg 100 g™’ 150 g punnet: 1.56 mg
Red currant (frozen) 1.5mg 100 g™' 1259 (1/2 cup): 1.87 mg
Cranberry (frozen) 1.9 mg 100 g~' 125 g (1/2 cup): 2.41 mg
Bilberry (frozen) 0.678 mg 100 g™’ 1259 (1/2 cup): 1.7 mg
Raw peanuts 0.15mg 100 g™’ 250 g (1 cup): 0.37 mg [88, 94, 95]
Roasted peanuts 0.006 mg 100 g™’ 250 g (1 cup): 0.015 mg [96-98]
Boiled peanuts 0.52 mg 100 g™’ 250 g (1 cup): 1.3 mg
100% peanut butter 0.047 mg 100 g™’ 1 tablespoon: 0.01 mg
Cocoa powder 0.185mg 100 g™’ 1 tablespoon: 0.019 mg

Dark chocolate 0.124 mg 100 g™’ 50 g: 0.063 mg

Milk chocolate 0.001 mg 100 g™’ 50 g: 0.0005 mg
Polygonum cuspidatum 181-350 mg 100 g™’ [88]
Itadori tea 0.97 mg 100 ml~" 200 ml: 1.94 mg [98]
Nutraceuticals formulae Capsule: 20 to 500 mg as pure trans-RSV, or from 50 ug to 50 mg as part of

antioxidant formulae

Darakchasava (Ayur-vedic formula) 0.36 mg/100 ml-" [16]

concentration of circulating conjugates,and less than 1% of
parent RSV [36,41]. Seven sulphation and glucuronidation
conjugates have been identified [26, 42]. Entero-hepatic
recirculation and intestinal de-conjugation of metabolites
was evidenced in animals [37,41]. Extreme inter-individual
and inconsistent non-dose-dependent variability were
observed in all PK parameters, possibly explained by assay
sensitivity,individual enzymatic polymorphism and distinc-
tion, or lack of, between parent, cis, trans and conjugated
forms in Cnax measures. Non-proportional changes in bio-
availability were evidenced by non-proportional changes
in the Cnax and AUC with increasing doses (Table 2). Addi-
tionally,morning intake demonstrated greater bioavailabil-
ity, perhaps due to the influence of the circadian rhythm on
drug metabolism enzyme activity and the entero-hepatic
circulation [43]. These considerations are important when
drawing conclusions about RSV bioavailability and correla-
tions with efficacy.

Clinicians are interested in the effects of repeated
dosing on bioavailability, especially in the context of
chronic disease, where a steady-state concentration of a
drug is targeted and intake is chronic. No studies have
investigated the benefits of split vs. single daily dosing on
RSV bioavailability. However repeated intake was observed
to increase plasma parent concentration. Cnax Was 2.4 UM
after single 5000 mg dose administration [44]. The same
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investigators reported Cnax of 4.24um with 5000 mg
administered daily for 29 days. Surprisingly this increase
did not occur at all doses investigated (500 to 5000 mg)
[31]. Additionally, clearance appears to decrease with
repeated dosing, possibly demonstrating saturable
metabolism and altered bioavailability, which is concern-
ing for chronic intake.

Overall, bioavailability of parent RSV is poor due to the
rapid metabolism resulting in high concentrations of cir-
culating conjugates. Tissue accumulation of total RSV [45]
and activity of conjugates were recently evidenced [46,47],
suggesting that circulating parent concentration may not
be the sole mode of exposure. Plasma parent RSV Cina.x Was
undetectable at 500 mg and 1000 mg doses in colorectal
cancer patients after 8 days intake, but total RSV was found
in large concentrations in colorectal tumour and nearby
healthy tissue, and bioactivity demonstrated [45]. It is
unclear whether these concentrations are due to direct
absorption of the parent or the absorption of cleaved glu-
curonide conjugates.

Distribution and excretion

In vitro, 50% to 98% of total RSV was observed non-
covalently bound to albumin, LDL and haemoglobin [42,
48, 49].In humans, close to 50% of total RSV was found to
be bound to plasma proteins [26]. Evidence of total RSV



pills or food? BJCP

Resveratrol

‘loueyld pue ulddIENb pue jsepealq piepuels ‘Yoredds ‘unadianb pue isepiealq piepueis ‘DAs ‘1sepealq
1e4 ybIy 4g4H ‘Isepiealq plepueis 4gas ‘apiuoindnib ayeydins [oa1elansal ‘9D ‘Bpluoindn|b -Q-,i [041RI9ASAI G BPIU0ININ|B-O-E [0J1BIaASAI D) ‘91eyNSIP [041eIDASAI ‘€D ‘aleyd|ns-O-, i -|oJ1esansal ‘7D ‘Bleydins-Q-g-joleiansal ‘| D
!s91e6n[U0d (U0 ‘Al|IGeLIEA JO JUSIDIHS0D ‘AD ‘ASY Pa1ebn(uod pue jualed ‘ASY [E10] DAIND SN} “SA UOIIBIIUSIUOD SU} JSpun Bale ‘DN ‘UOI}RJIUSOUOD [BUIXBU JO S} *B4) [UOo1jeIuSdu0d [eulixew *eWy yblram Apoq png ‘pa1ds1sp Jou gN

[v€]

[Le]

[sv]

[e€]
[66]

[ev]

[78]

[92]

[6€]
[rv]
[Lp]

ERTEYEIEN]

%00%

%L0l O} GE
%00¢
%00¢

%0

%8C1
%08 01 dn

ony pue
Xew) 104 AD

payodas JoN

1uspusdap-asop uou
[006 8€ 0} 8GG€E] £60¥ O} G/
b lowu [1D 7291 729
,-bjowu [¥D 98] 981 pajiodai 10N
008¢€
14014
9961

8GS¢E

9Ll O} /L

6€ = bw gz/bw 051
:onel dNY

payodas JoN

[868 O€ 01 6770¥] 61EL 01 ¥ZT
(0 24°]

['fuod jueuiwop] 4o (y ,_jw 6u) [*[uod Jueuiwop]
24ed jo ayeidn anssi| 10 juaied ‘jejoy Jo DNV

payiodal J0N

1uspusdap-3sop uou
[YpL'80160°€1YL60L8Y

payiodas JoN
yle

yze

Yyve

yre

YLy 016
€l

9s0p 1e Y G—¢

L
9sop e Y e-L

payiodal JoN

[Ys1L o ZeElYyegorge
ygLLorerL

['fuod jJueuiwop] 10
Jed ‘[e303 Jo 8y1-yjeH

payodal JoN

(Apgelen 13lgns-isaul
4G 01 5Z°0) Ulw 0L 03 09

payodal JoN
ye
yv
ys
ye

ygiorl

ulw 06 031 05

uiwi 06

ulw 08 01 09¢

Ui og

yz

ulw 06 01 05

uiw 09¢ 1e ead p,z ‘uiw 09

juaied Jo |eyo} jo *xewy

(12) Wi 7oL

(LD) Wi g8l 0} 67
(92) W g7z
(92) Wi ygL

painseaw 10N

painseaws 10N

painseawl 10N

(payadsun
‘sajeydins) Wr |
AU

(€D) W1 v6°0

painseawl 10N

(1D) wriggL 01 g
(€' D) Wi ¥1-6'0

‘luod
JUBUIWOP JO XUy

sAep gz bw 000L
shep gz bw 0005
shep gz bw 0052
shep gz 6w 0001
shep gz bw 005

[ €°0]

Wi yz'v 03 61°0]

an skep g - 6w 000L
an skep g - bw 00g
AL WA yodas 9La
i 9'g 0as sia
Wit g 494H 8a
i gg 44as La

Kep/zx Bw 000z
sAep ¢ 10} Aep/g x Bw 00z
Y 8t 19N0 sasop €|

N GLo

Gz =bw gz:bw 0G| Bw 051
ones ey Bw 0oL
9 = bw gz:bw 0g Bw o5
:o1jel asoq fuw 5z

Buisop ajdnny

[ 290°0] 6w 005

[ 720°0] Bw 05z
ASY bw 05 03 JudjeAInba

Py wuoy pradid 6w 558

i z'o Bunseq bw ooy

nri gL o pa4 b oop

[wriy'z 01 €°0] 6w 000S O3 00§

[nmi zo'0>] Wiz ana B3 0£/ASY pajieqe] bw sz

ASY [3usied]
10 |e10} jo Xeuy

asoq

Buisop sjbuls
2dennu aind %66

suewny ul sia3dwesed sdnaujodewseyd ASY [ed11nadeinu payoday

Z3lqelL

/ 31

1

/ 72

Br ] Clin Pharmacol



BJCP V.S. Chachay etal.

accumulation in the healthy colon mucosa and tumour
tissue demonstrates tissue uptake, identifying the colonic
tissue as a target [45]. The kidney is the dominant excretion
pathway with urinary and faeces recovery of total RSV
between 70 to 98% within 24 h [44].

Pharmacodynamics and
clinical evidence

Obesity and ageing related chronic diseases are emerging
as a new pandemic, with few solutions [50-52]. At the
crossroads of these disorders stands the combination of
inflammation and oxidative stress [4, 53]. Through its
ability to up-regulate host antioxidant capacity and activ-
ity, and inhibit the NFkB and cyclo-oxygenase pro-
inflammatory pathways, RSV is potentially in a favourable
position to address clinically carcinogenesis, atherogen-
esis, neurodegeneration, mitochondrial dysfunction and
insulin signalling [22, 25, 54-56].n vitro, ex vivo and animal
model experiments have provided evidence for bioactivity
with clinical potential in cancer chemoprevention [57] and
therapy [58], cardiovascular disease and obesity [24, 54,
59-61], hepatic alcoholic or metabolic dysregulations
[62-67], diabetes [54, 66], arthritis, osteoporosis [68], and
neuroprotection [69, 70]. Figure 2 outlines this clinical
potential.

It is still the dawn of clinical investigations, because the
successful translation in humans of in vitro and in vivo find-
ings is thought to depend largely on parent RSV plasma
bioavailability. Basic science investigations have demon-
strated efficacy at parent concentrations physiologically
difficult to replicate (>5 um) [35, 56, 71], considering that
daily 5000 mg resulted in plasma parent concentration of
4.24 um [31].

Animals model experiments have however also shown
efficacy at very low concentrations [8], and diametrically
opposing activity depending on dose [72]. A possible
dose-related target-specific bioactivity allows for anti- or
pro-oxidant effects, and apoptotic or survival signalling
[71].This is relevant in the context of multifactorial chronic
diseases if this characteristic is confirmed in humans, and if
RSV is to become a therapeutic agent.

Table 3 outlines the interventions listed on clinicaltri-
als.gov and currently underway. The broad range of
designs and targeted outcomes reflects the multifaceted
potential of RSV, the lack of consensus on adequate
dosage,and the debate on the most adequate source:food
vs. nutraceuticals.

Cardiovascular health

Initial clinical data on cardiovascular protection provides
some evidence that low RSV dosages, either through phy-
tochemicals synergy in food sources or at lower nutraceu-
tical doses, are sufficient to induce putative beneficial
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effects, consistent with animal observations of anti-
oxidant, anti-inflammatory and vasorelaxation activity
[73,74].

Red grape polyphenols (containing 0.9 mg RSV)
acutely and significantly increased flow mediated dilation
(FMD) in males with coronary heart disease, indicating
activity on endothelial function [75]. Compared with base-
line, powdered mixed grape polyphenols intake (contain-
ing 7 umol kg™ RSV) for 4 weeks significantly decreased
triglycerides, LDL cholesterol, apo-lipoproteins B/E, and
oxidative stress measured by plasma TNFo and urine iso-
prostane concentrations, in pre- and post-menopausal
women [76]. When compared with water, beer or vodka,
red wine intake (100 ml daily) for 3 weeks significantly
increased FMD and promoted endothelial progenitor cells
level and function, through increased nitric oxide bioavail-
ability [77]. Acute red wine intake (400 ml) with a high fat
meal delayed and reduced the peroxidation of post-
prandial LDL in healthy subjects when compared with
plain ethanol [15]. An acute dose-dependent effect on
FMD was also demonstrated in overweight and obese sub-
jects receiving nutraceutical RSV (30,90 or 270 mg) against
placebo [78]. However these dose and intake-dependent
benefits remain to be confirmed with chronic intake, and
can certainly not be attributed to RSV alone, when whole
grape products were administered.

Cancer chemoprevention
Initial oncology trials suggest that both food source RSV as
part of a synergy of phytochemicals and large nutraceuti-
cal RSV dosages may have chemopreventive activity.
Grape extract (containing 0.073 to 0.114mg RSV)
administered for 14 days pre-surgical resection to colon
cancer patients, inhibited the expression of genes impli-
cated in cancer initiation in the healthy mucosa but not
cancerous tissue (measured by gRT-PCR) [79, 80]. In con-
trast, nutraceutical RSV doses of 500 and 1000 mg resulted
in a dose-dependent decrease in cell proliferation by up to
5.6% in colorectal tumours after 8 days intake, quantified
by immune-histochemical staining of the surrogate
marker of cell proliferation Ki-67, in biopsy and surgically
removed tissue.This study also provided evidence that the
parent and conjugated RSV accumulate in tumour tissue
and nearby healthy mucosa, by up to 674 nmol g™', with a
dominance of parent compound [45]. The same investiga-
tors explored the effects of repeated dosing (500 mg to
5000 mg) over 29 days in healthy subjects on circulating
insulin-like growth factor (IGF)-1 and IGF-binding
protein-3 (IGFBP-3), both involved in carcinogenesis path-
ways [31, 81]. The plasma concentrations of IGF-1 and
IGFBP-3, measured by enzyme-linked immunosorbent
assay, were significantly decreased from baseline, with the
2500 mg regimen, but interestingly not at lower or higher
dosages.The authors suggested the modulation of the IGF
axis as a mechanism of action for RSV's chemoprevention
activity.
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AND THERAPY

Inhibition of NFxB,STAT3,COX-2
pathways; apoptosis of cancer
cell via autophagy/pro-oxidant

pathways; carcinogens metabolism;
cancer initiation, promotion,and
progression signaling
inhibition.

NEUROLOGICAL
DISORDERS

Increased cerebral blood flow,
mitochondrial function and mass;
inhibition of fibrilar B-amyloid
peptide formation and deposit;
prevention of oxidative
damage on astroglial cells.

HO
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INSULIN RESISTANCE
TYPE 2 DIABETES,
HEPATIC STEATOSIS

AMPK activation;increased
insulin sensitivity and glucose
uptake by muscles; -cells insulin
secretion modulation; restriction of
insulin anti-lipolytic
activity.

Figure 2

CHRONIC
INFLAMMATON

Inhibition of COX-1 and 2
expression; inhibition of NFxB
signaling resulting in reduction
of pro-inflammatory cytokines
production: ILs,CRP, TNFo.

trans-resveratrol

OBESITY

Increased mitochondrial
biogenesis and fat oxidation;
increased uncoupling proteinland
basal metabolic rate; inhibition of
adipogenesis by up-regulation
of lipolytic and down-regulation
of lipogenic genes.

CARDIOVASCULAR
PROTECTION
Inhibition of iINOS; increased
eNOS; inhibiton of platelets
aggregation; increased HDL;
decreased TG,LDL and
peroxidation; ICAM /VCAM
formation inhibition.

OXIDATIVE
STRESS

Up-regulation of de novo antioxidant
enzymes synthesis resulting in
increased anti-oxidant capacity and
activity; regeneration of
a-tocopherol; free radical
scavenging; lipid peroxidation
inhibition.

OTHER
Osteoporosis / rheumatoid
arthritis bone loss

Stimulation of osteogenesis
through inhibition of receptor
activator of NFxB ligand; inhibition
of caspase 3.

UV radiation injury protection
Anti-microbial activity.

The potential clinical applications of resveratrol and main proposed mechanisms of action [6, 7, 24, 56, 70]. NFkB, nuclear factor kappa B; STAT3, signal
transducer and activator of transcription 3; COX-1/2, cyclo-oxygenase 1 /2; IL’s, interleukins; CRP, C-reactive protein; AMPK, adenosine monophosphate
activated protein kinase; TNFo, tumour necrosis factor alpha; TG, triglycerides; HDL, high density lipoproteins; LDL, low density lipoproteins; ICAM, inter-
cellular adhesion molecule 1; VCAM, vascular cell adhesion molecule 1;iNOS, inducible nitric oxide synthase; eNOS, endothelial nitric oxide synthase.

These studies provide some evidence for chemopre-
vention potential in humans, without clarification on
adequate dosages.

Other

Inflammation and oxidative stress were significantly
reduced in peripheral blood mononuclear cells of healthy
subjects receiving Polygonum cuspidatum (containing
40 mg RSV), for 6 weeks against placebo [82]. Reactive
oxygen species generation, P47 P protein expression
(subunit in the enzyme converting O, to O, species), and

NFxB DNA binding capability were significantly blunted
demonstrating modulation of oxidative stress and pro-
inflammation signalling. Expression of IL-6, SOCS3, TNFa,
plasma C-reactive protein and TNFo. concentrations were
significantly reduced.

The same group investigated similar biomarkers,
endotoxin concentrations and the induction of Nrf2 fol-
lowing a high fat/high carbohydrate meal. Nutraceutical
RSV (100 mg) combined with grape extract (75mg
polyphenols) was administered acutely before the meal to
healthy individuals. Supplementation significantly blunted
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Table 3

Currently recruiting and ongoing clinical trials investigating the effects of RSV (Source: http://www. clinicaltrials.gov)

Investigator  Population

with HbA1c >9%

Length and RSV daily dosage

Manini Aged 65-100 years 12 weeks, 300 mg or 1000 mg Safety, cognitive and physical performance

Dandona Obese and type 2 diabetes 12 weeks, 40 mg three times daily or 500 mg NFxB activity, oxidative stress, GIP, GLP-1 secretions

Poulsen Obese 5 weeks, daily 500 mg three times daily Description of the molecular biology underpinning the interplay
between calorie restriction, SIRT1, STAT5 and the GH/IGF-I
axis

Vita Overweight, type 2 diabetes 1 week for each 90 and 270 mg Arterial flow-mediated dilation, inflammation and oxidative
stress markers, insulin resistance

Holcombe Colon cancer, surgery scheduled 4 weeks, 20, 80 or 160 mg Whnt signaling in cancerous and normal colonic mucosa

Oka Overweight, =50 years, insulin resistant 28 days, 5000 mg Insulin sensitivity, IGF-1 concentrations, cholesterol, physical
activity levels

Kerwin Clinical diagnosis Alzheimer’s disease 52 weeks, 215 mg Cognition, function and behaviour

Holcombe Healthy adults 28 days, 1/3, 2/3 or 1 pound fresh grapes Colonic mucosa cell proliferation. Expression of beta-catenin
and Wnt pathway genes. RSV content variation in grapes

Klein Post-menopausal women 12 weeks, 75 mg or 30% calorie restriction diet  Muscle tissue gene expression, insulin resistance, inflammation,
intra-hepatic lipids, body composition

Fu Malignancy, failed therapies, or no 28 days cycles, starting at 3000 mg alone or Safety-efficacy study, maximum tolerated dose finding

standard care available combined with curcumin

Timmers Obese, sedentary, 45-65 years 30 days, 150 mg Fat oxidation, mitochondrial biogenesis and function, adipose
and skeletal muscle lipolysis

Hummel =50 years, heart failure symptoms 6 weeks 300 mg twice daily dried grape Artery flow-mediated dilation + seven other CVD health

mixed polyphenols markers

Holte Follicular lymphoma grade | or Il 16 weeks, Merlot-grape juice 660 ml or 495 ml  Apoptosis, proliferation of tumour cells, pro- inflammatory
cytokines

Sabaté =6 months diagnosis of types 2 diabetes 24 weeks, moderate fat diet with or without HDL cholesterol, plasma lipids, glucose, HbA1c,

32 g peanuts or 2 tablespoons peanut butter

Endpoints

anthropometrics, blood pressure

NFxB, nuclear factor kappa B; GIP, gastric inhibitory peptide; GLP-1, glucagon like peptide 1; SIRT1, sirtuin 1; STATS5, signal transducer and activator of transcription 5; GH/IGF- axis,
growth hormone /insulin like growth factor 1 axis; Wnt, wingless-type MMTV integration site family pathway; IGF-1, insulin like growth factor 1; HbA1c, glycosylated haemoglobin

Alc; CVD, cardiovascular disease.

the meal-induced inflammatory and oxidative stress, and
increased antioxidant capacity compared with placebo
(measured by Western blotting and RT-PCR) [83].

Acute nutraceutical RSV dosing (250 or 500 mg) dose-
dependently increased cerebral blood flow during
cognitive tasking in healthy subjects, indexed by total
concentration of haemoglobin and near-infrared-
spectroscopy [84].

These studies suggest clinical potential in the modula-
tion of key drivers of chronic diseases. However clinical
efficacy remains to be demonstrated with patients in
phase 3 trials.

Areas of concern

Poor systemic bioavailability of resveratrol
Enhancing the bioavailability of RSV is the subject of exten-
sive biotechnology research, because poor bioavailability
remains a major obstacle to replicate successfully pre-
clinical evidence [85]. Target plasma concentrations, and
therefore dosages prescribed, may however differ for dif-
ferent applications, as shown in initial clinical investiga-
tions [75, 76].

Exposure to conjugates may play a role in efficacy. In
fact, sulphation conjugates were recently reported to
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modulate inflammation pathways in vitro with a similar
efficacy to the parent compound in some cases [46, 47],
whilst glucuronidation conjugates were reported inactive
in vitro at concentrations up to 300 um. Authors have pro-
posed that metabolites may constitute an abundant pool
of RSV, via B-glucuronidase and sulphatase deconjugation
[36, 86]. Recent evidence of parent RSV tissue accumula-
tion, and bioactivity in spite of undetectable plasma con-
centrations suggests that efficacy may not necessarily
depend on parent RSV circulating concentration alone
[45]. 1t is possible that reaching in vitro concentrations may
not be necessary, but that the excursion of total RSV
(parent and metabolites) under the concentration vs. time
curve is of importance.

Localization of tissue uptake, what determines target
tissues and the target/dose relationship are clearly topics
for future research.

Food vs. nutraceutical dose

Dietary intake can reach 6 to 8 mg daily. As such, nutraceu-
tical dosages (20 mg to 500 mg per capsule) may appear
disproportionate. In key studies on obesity and ageing
dysregulations, the animals received between 20 to
400 mg kg™' body weight [62-65, 67]. Converted to the
human equivalent with the body surface area normaliza-
tion method [87], this equates to 243 to 4875 mg for a



75 kg adult, providing some justification for nutraceutical
dosages.In contrast, recent clinical data show bioactivity at
pg doses, when provided as part of a synergy of phy-
tochemicals in foods. This fuels the debate on the synergy
or antagonism of bioactive dietary compounds,a phenom-
enon difficult both to ignore and measure.

It is too soon to comment on the most suitable dose
and source, or the effects and safety of chronic intake, until
further clinical data are available. In the mean time, nutra-
ceutical RSV is easily available commercially, and uncon-
trolled self-prescribing is encouraged by claims of calorie-
restriction mimetic and anti-ageing activity, following
initial in vivo reports [7].

Conclusions

RSV is an intriguing molecule worth investigating for its
multi-target bioactivity, but many questions need answer-
ing. These include queries over the long term effects
of nutraceutical dosages 100- to 1000-fold higher than
dietary sources, the consequences of tissue accumulation
and chronically down-regulating inflammatory pathways,
the consequences of large circulating concentrations of
metabolites which seem bioactive, why there are such
large differences in PK between subjects, should disease-
prevention and therapeutic doses be different and lastly
do apparent saturable kinetics in parent RSV bioavail-
ability and clearance in repeated dosing have toxicity
implications?

RSV has encouraging potential to address systemically
and at the genomic level inflammation and oxidative
stress, two drivers of ageing and chronic diseases [8, 18].
The in vitro, in vivo and first clinical evidence have certainly
confirmed a role for nutrapharmacology in health, and
have provided justification for the daily consumption of
RSV and other phytochemical containing food products as
part of disease prevention, which may ultimately be the
reason why these bioactive compounds do exist in nature
[3]. Clinical evidence examining the effect of metabolites,
the correlation between dose, concentration and effect,
especially in the context of chronic disease, is awaited.
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