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Wine has been part of human culture for
6,000 years, serving dietary and socio-
religious functions. Its production takes place
on every continent, and its chemical com-
position is profoundly influenced by eno-
logical techniques, the grape cultivar from
which it originates, and climatic factors. In
addition to ethanol, which in moderate con-
sumption can reduce mortality from coronary
heart disease by increasing high-density li-
poprotein cholesterol and inhibiting platelet
aggregation, wine (especially red wine) con-
tains a range of polyphenols that have de-
sirable biological properties. These include
the phenolic acids (p-coumaric, cinnamic,
caffeic, gentisic, ferulic, and vanillic acids),
trihydroxy stilbenes (resveratrol and poly-
datin), and flavonoids (catechin, epicatechin,
and quercetin). They are synthesized by a
common pathway from phenylalanine involv-
ing polyketide condensation reactions. Meta-
bolic regulation is provided by competition
between resveratrol synthase and chalcone
synthase for a common precursor pool of
acyl-CoA derivatives. Polymeric aggregation
gives rise, in turn, to the viniferins (potent
antifungal agents) and procyanidins (strong
antioxidants that also inhibit platelet aggre-
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gation). The antioxidant effects of red wine
and of its major polyphenols have been dem-
onstrated in many experimental systems
spanning the range from in vitro studies (hu-
man low-density lipoprotein, liposomes,
macrophages, cultured cells) to investiga-
tions in healthy human subjects. Several of
these compounds (notably catechin, quer-
cetin, and resveratrol) promote nitric oxide
production by vascular endothelium; inhibit
the synthesis of thromboxane in platelets and
leukotriene in neutrophils, modulate the syn-
thesis and secretion of lipoproteins in whole
animals and human cell lines, and arrest tu-
mour growth as well as inhibit carcinogen-
esis in different experimental models. Target
mechanisms to account for these effects in-
clude inhibition of phospholipase A, and
cyclo-oxygenase, inhibition of phosphodi-
esterase with increase in cyclic nucleotide
concentrations, and inhibition of several
protein kinases involved in cell signaling.
Although their bioavailability remains to
be fully established, red wine provides a
more favourable milieu than fruits and veg-
etables, their other dietary source in hu-
mans. J. Clin. Lab. Anal. 11:287-313, 1997.
© 1997 Wiley-Liss, Inc.

anticarcinogenic agents; cyclo-oxygenase inhibitors; antioxidants; polyphenols;

phenolic acids; flavonoids; stilbenes; low-density lipoprotein; biological oxidation;
cholesterol; platelet aggregation; xanithine oxidase; nitric oxide; eicosanoids;
leukotrienes; thromboxane; p-coumaric acid; cinnamic acid; caffeic acid; gentisic
acid, ferulic acid; vanillic acid; resveratrol and polydatin; catechin, epicatechin;

quercetin

INTRODUCTION: WINE IN REVIEW as “alcoholic,” but there is some evidence that wine confers

Through the 1990s, a remarkably consistent body of eagditiongl bgnefits, QUe to its content of_ polyphenols, which
demiologic data has accumulated pointing to the reduceddh/€ast in vitro and in cell culture experiments, act as potent
cidence of mortality and morbidity from coronary heaffhibitors of platelet aggregation, eicosanoid synthesis, and
disease (CHD) among those who consume alcohol in mé&iplogical oxidation reactions associated with the generation
eration by comparison with abstainers (1-3). This reductighfree radicals. Firm evidence sufficient to establish this hy-
has been demonstrated for every end-point (death, myo&gthesis beyond reasonable doubt has been hard to obtain from
dial infarction, or hospitalisation for CHD), in every one of
the diverse populations studied, in both sexes, and at all agesrespondence to: David M. Goldberg, Dept. of Clinical Biochemistry,
This protection seems to be due in large measure, if not Bsating Institute, University of Toronto, Toronto, Ontario M5G1L5, Canada.
clusively, to the ethanol present in those beverages classifieckived 28 January 1997; accepted 11 March 1997.
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population studies, but there is no disputing the reality thag itself two verses later, it was loaded with metaphysical
the advocacy of fruit and vegetables as essential componegtabolism and contained the promise of material advantage
of a healthy diet is based upon their intrinsic content of théseonly one brief passage: So God give thee. . . plenty of corn
same polyphenols, which are deemed to protect against aard wine. Apparently, no greater possessions had any man in
cer and other chronic and inflammatory diseases as welklasse venerable times.
CHD (4-7). A major advantage of wine as a matrix for di- A millennium or so later, Solomon, the wisest of kings,
etary polyphenols is that they are soluble and bioavailablecmmmenced that greatest of love poems, the Song of Songs,
wine, in contrast to vegetable foodstuffs, which contain th&iith the opening refrain: Let him kiss me with the kisses of
phenolic components in polymeric, insoluble or tightly boundis lips, for thy love is sweeter than wine: proof enough that
and compartmentalised forms that render them unavailabli@e is mankind’ssecond-greatest pleasure. Finally, the
for absorption. Indeed, very little is known about the extemtiracle wrought by Christ during the Wedding Feast at
or amount of uptake of these dietary constituents in the I@ana in converting water to wine is all that is needed to
man alimentary system. sanction its consumption by devout Christians. Since the
This review is the first time an attempt has been madedawn of civilisation, and subsequently, wine seems to have
present a complete picture of wine—its history, means of pimeen an important and integral component of the human
duction, cherstry, and biological activity, as well as thatiet, although brief historical outbursts such as the rise of
of its principal phenolic constituents—for a readership t¢iie Puritans in sixteenth-century England and Prohibition
medical scientists. Although the emphasis is placed on ihghe twentieth-century United States disturbed this happy
latter two topics, the first two are briefly described, withequilibrium.
out extensive references, to provide a background for those
not versed in enology and viticulture and without WhiCB st-Biblical Times
an appreciation and understanding of wine as a biologicaﬂ

fluid will be lacking. Wine has an unequivocally recorded history stretching back
nearly 6,000 years, with the earliest evidence dating between
HISTORY 5400 and 500@c. A pottery jar recovered from a square

mudbrick building at the site of Hajji Firutz, Tepe, Iran, pro-
vides the earliest chemical evidence so far discovered (8).
Alcohol had its initiation under the most auspicious ciiine was identified by the presence of the calcium salt of
cumstances. Life on earth had just been eliminated by thearic acid, which occurs in large amounts only in grapes,
Great Flood so graphically described in Genesis, Chapter\dhd in the resin from the terebinth tree, which was widely
all life except Noah and his binary companions, safe in theed in ancient times as an additive to wine to inhibit the
Ark constructed according to divine prescription. Followingrowth of bacteria. Whereas wild grape pips have been found
his reprieve, when the flood waters receded and the Ark caimeriginate as far back as the eighth millennium, this archeo-
safely to rest on dry land, human agriculture commenced witlgical discovery marks the earliest scientific record of fer-
Noah’s establishment of a vineyard, according to Genesisgnted wine as part of human culture.
Chapter IX, Verse 20). This was the first documented plant-Some investigators place the discovery of winemaking, or
ing of any crop by human hand on earth. Unfortunately, Noahleast its development, in the southern Caucasus. It is also
did not have the advantage of advice from the NIAAA or tlthought that the domestication of the wine graygs(vin-
Bureau of Alcohol, Drugs, and Firearms, because his inebiifara) initially occurred within this area. It is there that the
tion is graphically described in the very next verse. But n@iatural distribution o¥/tis viniferamost closely approaches
ther this episode nor any of his subsequent drinking advergélgt of Western viticulture, suggesting spread from the former
affected his longevity, because in Verse 28 of the same chiapthe latter (9).
ter, we are informed: And Noah lived after the flood three From its postulated origins in the Caucasus, grape grow-
hundred and fifty years. Not a bad lifespan for a drunkairdy and winemaking probably traveled southward to Pales-
who narrowly missed death by drowning and was all of 6@ide,Syria, Egypt, and Mesopotamia. From this base, wine
years old when the rains started falling. consumption, and its socioreligious connections, distrib-
Many subsequent passages refer to wine in contexts of vared winemaking around the Mediterranean. Wine was
ing moral propriety. It was employed by Lot's daughters tesed for sacramental purposes in Egypt no later than the
intoxicate their father prior to his incestuous seduction dwtart of the third millenniunsc, although evidence indi-
ing the destruction of Sodom (Genesis Chapter XIX, Versates that it was not produced there for general consump-
33). Jacob, impersonating his older brother Esau in ordetitin for another 2,000 years.
secure the “Blessing of the First-Born” from his blind father, Wines began to take on their modern expressions about the
offered Isaac wine along with venison prior to the performanseventeenth century. The widespread use of sulfur in barrel
of the act (Genesis Chapter XXVII, Verse 25). As fobthss- treatment seems to have occurred about this time. This would

Biblical Times
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have greatly increased the likelihood of producing better qulaldrids. This designation comes from their ability to grow
ity wines and extending their lives. ungrafted in phylloxera-infested soils. They are of complex
North Americans are relatively latecomers to viticultureparentage, based on subsequent back-crossings to one or more
Franciscan missionaries planted the first large-scale vineya¥itss vinifera cultivars and tend to possesiifera-like
in California only 200 years ago, and these had to be reestaimemaking qualities.
lished after the repeal of Prohibition. Although largely rejected in France and the rest of Europe,
A by-product of the Californian vineyards in the nineteentfrench hybrids are broadly accepted in much of North
century threatened the extinction of European vines. The planterica, Brazil, and Japan. In addition to growing well in
lousePhylloxera vitifoliae carried to Europe on Californiamany areas of the United States and Canada, French hybrids
rootstocks, caused a pandemic devastating some 1 milli@ve helped in the production of regionally and varietally
hectares (2.5 million acres) of vineyards in France alone. distinctive wines. There are approximately 15,000 grapevine
timately, the tide was turned when Europe’s vineyards weraltivars, but no cultivar classification system exists. Attempts
replanted entirely with Phylloxera-resistant rootstosk8y have been made in France to rationalize local cultivars into
labruscg native to the eastern United States, onto which vinedated groups based on ampelographic and physiological
of the European wine grapéétis vinifera were grafted. properties, as well as assessing relatedness by utilising com-
parisons of aroma profiles (13).

GRAPE SPECIES AND VARIETIES

Grape vines are placed in a single geMiss, within the mg'\\ﬂ/\f@ COMPOSITION OF GRAPES

family Vitaceag which contains some 12—14 genera, possess-

ing about 1,000 species. The geXiis has a primarily tem-  Our knowledge of the chemical composition of grape and
perate zone distribution, occurring more extensively in tine has advanced greatly in the last 30—40 years. Although
Northern Hemisphere, but also in Australia, New Zealansignificant progress has been made, much still remains a
South America, and South Africa. mystery.

Species in the sectidtuscadiniaare restricted to the south- The number of compounds indentified in wine increased
eastern United States and northeastern Mexico. Informatamamatically since the development of gas chromatography
on the origin of the vast majority of cultivars (unique grapg&cC), high pressure liquid chromatography (HPLC), a thin-
species, also known as “varietals”) is scarce or nonexistdayer chromatography (TLC), droplet counter-current chro-
Occasionally, name derivation has been used to suggest latalography (DCCC), infrared spectroscopy (IRS), and
origin, e.g.,Semillonfrom semis (Fr.), meaning “seed,” anchuclear magnetic resonance (NMR) (14). The interface of
Sauvignorfrom sauvage (Fr.), meaning “wild.” Substantiainass spectrometry (MS) to GC and to HPLC has been espe-
evidence comes from morphological (ampelographic) comrially valuable in identifying unknown compounds.
parison of cultivars, although this is useful only when they More than 500 compounds have been recognized in wine
have diverged from a common ancestor such as the colihws far, of which 160 are esters. The concentrations of the
mutants ofPinot Noir, Pinot Meunier, Pinot GrisndPinot majority range between 1tand 10 mg/L. Atthese levels
Blanc (10). More recently, genetically based chemical indihe individual compounds play very little or no role in the
cators have been used to investigate varietal origin and clasman organoleptic (taste) perception, but collectively they
sification. These include analyses of isomeric forms ohay be very significant (15).
enzymes as well as the distribution of various anthocyaninsThe number of aromatic and sapid (taste and mouth-feel)
flavonoid and nonflavonoid phenolic compounds. Techniquesbstances derived from grapes are relatively few compared
of DNA cloning are also being used to establish degreest@the vast majority that are the metabolic by-products of yeast
similarities between cultivars (11,12). activity during fermentation. Wines generally contain 0.8—

Some grape vine hybridizations were implemented in Nortt?2 g of aromatic compounds per litre, of which the most
America between native specied/dfs or between these andcommon are fusel alcohols, volatile acids, and fatty acid es-
importedVitis vinifera cultivars. The parentage of the besters. Fusel alcohols often constitute 50% of all volatile sub-
known American cultivars is speculative. Wher€asawba stances in individual wines. Carbonyls, phenols, lactones,
andisabellamay be selections from wildtis labruscavines, terpenes, acetals, hydrocarbons, sulfur, and nitrogen com-
Concordis thought to be the result of crossings betwégn pounds, although present in much lower concentrations, are
labruscaand Vitis vinifera Another product of a possiblemore important qualitatively and contribute specific sensory
chance crossing i®elaware among Vitis vinifera, Vitis characteristics relevant to the fragrance of a wine.
labrusca,andVitis aestivalis. The taste and mouth-feel sensations are due primarily to

Cultivars derived from crosses originally made in Frantke few compounds that occur individually at concentrations
betweenitis viniferaandvitis rupestris, Vitis ripariapr Vitis > 100 mg/L. These include water, ethanol, organic acids, sug-
lincecumiiare termed French hybrids or French-Americaars, and glycerol. Tannins occur in red wine and rarely in
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significant amounts in white wines unless maturation in oakntent and their precipitation during pressing. In contrast,
cooperage took place. Unlike the taste and mouth-feel serfsgtucans produced in Botrytis-infected grapes can hinder
tions, odour has a much lower olfactory threshold. It is mgaice and wine clarification by inhibiting the precipitation of
sured as olfactory potential, which represents the numbenodier colloidal materials, such as tannins and proteins (18).
molecule-grams per litre of air at threshold concentration.

Ethanol
Water ) S
The most important and abundant alcohol in wine is etha-

Water is the predominant chemical constituent of grapgs| Under standard fermentation conditions, ethanol can
and wine and is critical in establishing its fundamental chgfecymulate te-14-15%, but generally ethanol concentra-
acteristics. Itis an essential component in many of the chefims in wine range between 10-13%. The primary

cal reactions involved in grape growth and juice fermentati@f:tors controlling ethanol production are sugars, tempera-
and in wine aging. Compounds insoluble or only slightly,re and yeast strain.

soluble in water rarely play a significant role in wine. Ethanol is crucial to the stability, aging, and sensory prop-
erties of wine. As its production increases during fermenta-
Sugars tion, it increasingly limits the growth of most microorganisms,

- allgwingSaccharyomyces cerevisimedominate the fermen-
The principal grape sugars are glucose and fructose, o o :
) X . ation process. The inhibitory activity of ethanol, combined
they occur in roughly equal proportions at maturity, whereas . . .
) ) with the acidity of the wine and the added potassium
overmature grapes often have a higher proportion of fruc-. .. = = ) . !
. R Mmetabisulfite, allows wine to remain sound for years in the
tose. Sucrose is rarely founditis viniferagrapes, and other . : : ;
NS R absence of air. During skin fermentation of red grapes, etha-
sugars are found in insignificant amoumsn-Vitis vinifera

. : | act n important solvent in the extraction of pigment

cultivars may contain up to 10% sucrose. Whether added'Qract5asa portant sove € extraction of pigments
: . : o and tannins. It also influences the types and amounts of aro-

naturally occurring, sucrose is enzymatically split into glu-

cose and fructose during fermentation. Cultivaigitid vin- ?agf ce()é:;&ounds produced by affecting the metabolic activ-
ifera generally reach a sugar concentration of 2B (1 yory '

0 a . Furthermore, ethanol acts as an essential reactant in the
Brix=1% w/v) or more. This is dependent on cultivar, matlférmation of volatile compounds produced during fermenta-
rity, and health of berries. At levels above *BBix sugars P P 9

become the predominant soluble solids in grapes (16). tion and those formed during aging in wood cooperage. The

. : C dissolving action of ethanol probably reduces the evapora-
The primary wine yeasbaccharomyces cerevisjaerives . : . I
. . tion of aromatic compunds along with carbon dioxide dur-
most of its metabolic energy from glucose and fructose an . :
- - ; ing fermentation (19). Ethanol plays several roles in the
has limited ability to ferment other substances. Residual sugz . . .
aging of wine. Together with other alcohols, it slowly re-

ars in dry wines, generally below 1.5 gL, consist mostly 8cts with organic acids to produce esters and influences

pentoses such as arabinose, rhamnose, and xylose. Their JevV- S ; .
) . ; S their stability. Moreover, it also reacts slowly with alde-
els may increase slightly during maturation in oak cooperaﬁﬁa

) : . es to produce acetals.
via the breakdown of glucosides in the wood, as well as fro . : : .
. . ethanol is a minor constituent of wine (0.1-0.2g/L) and
their synthesis and release by yeast cells.

Generally, sweetness is detected at levels higher thahaf no direct Sensory effect. It is pred_omlnantly genergted
0o Do . rom the enzymatic breakdown of pectins. On degradation,
Brix, and this is influenced by other constituents such as etha- ) . .
. . - . methyl groups associated with pectins are released as metha-
nol, acids, and tannins. In addition to being absolutely essen:

tial for fermentation and production of ethanol, sugars arggl. Pectolytic enzymes added to juice or wine to aid clarifi-

) . ; ation inadvertently increase the methanol content of wine.
metabolized to higher alcohols, fatty acid esters, and alde-. . .
i . . ) S .Oxidation of methanol in the body produces formaldehyde
hydes, which give different wines their individual aromatic

. . . d formic acid, which are toxic to the central nervous sys-
character. High sugar concentrations also can increase_ the .
i : tem. Wne has the lowest concentration of methanol of all
volatility of aromatic compounds (17).

fermented beverages (20,21).

Other potentially significant higher alcohols in wine are
the straight-chain alcohols: 1-propanol, 2-methyl-1-propanol,

In finished wines, polysaccharides are generally low. Th@ymethyl-1-butanol, and 3-methyl-1-butanol (22). The for-
are partially water soluble and are extracted into the juiggtion of higher alcohols occurs as a by-product of yeast
during crushing and pressing. Hot pressing of crushedfermentation and is markedly influenced by vinification prac-
whole berries enhances skin extraction, but during fermentiaes such as temperature, presence of oxygen, suspended
tion polysaccharides form complex colloids in the presenselids, and yeast strain (23). Higher alcohols may originate
of alcohol and tend to precipitate. The addition of pectolytiom amino acid deamination and grape-derived aldehydes,
enzymes following crushing significantly reduces the pectamd by the reductive denitrification of amino acids (24).

Polysaccharides
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Acids Polymerization of polyhydroxy flavan-3-ol units, (+)-cat-
ecfhin and (-)-epicatechin, and their gallate esters produces

In wine, acids are divided into two categories: volatile an omers and polymers called proanthocyanidins (often re-
fixed. The first refers to acids that can be readily removed e¥g Poly P y

i
distillation, whereas the latter refers to the carboxylic acids. red to as procyanl_dms). They are c!assme_d based on the
. . nature of the flavonoid monomers, their bonding, esterifica-

The most common volatile acid in wine is ascetic acid. Qua}n- . .
o ) : . : . ion to other compounds, or functional properties. The most
titatively, carboxylic acids such as tartaric, malic, lactic, suc-

cinic, oxalic, fumaric, and citric acids control the pH of wing-ommon structural class in grapes and wine (type B) con-
' ' ' P Sains direct carbon-to-carbon linkage between the adjacent

procyanidin subunits (Fig. 1). The simplest procyanidins are
dimers, and the most common of these in grapes are-the 4
Phenols are a large and complex group of compoundsBdinked compounds (B B,) (25). Even though procyanidins
particular importance to the characteristics and quality of redcur primarily as dimers in grapes (26), they tend to poly-
wines. Their concentration in white wine is much lower (Tablaerize and predominate in wine as condensed tannins, mid-
1). Phenols and related compounds can affect the appearasize,procyanidin polymers containing three to five subunits.
taste, mouth-feel, fragrance, and antimicrobial propertiesinfsome cultivars, structural differences exist among skin,
wine. They may come from the fruit (skins and seeds) astem, and seed procyanidins. Also, there are considerable dif-
vine stems, production by yeast metabolism, or extractiferences in types and concentrations between cultivars (27).
from wood cooperage. The unconjugated hydroxy-phenolic groups on procyanidins
Chemically, phenols are cyclic benzene compounds pg$+e them their distinctive protein-binding property.
sessing one or more hydroxyl groups associated directly withH-lavonoids are primarily from the skins, seeds, and stems
the ring structure (Table 2). The two primary phenol group$the fruit. Flavonols and anthocyanins come predominantly
that occur in grapes and wine are the flavonoids and fhem the skins, whereas catechins and leukoanthocyanins
nonflavonoids (Table 3). Flavonoids are characterized @sginate mainly from the seeds and stems. In red wines, they
molecules possessing two phenols joined by a pyran (oxkpmmonly constitute > 85% of the phenol content (000
gen-containing) carbon ring structure. The most common ftag/L). In white wines, flavonoids typically comprise < 20%
vonoids in wine are flavonols, catechins (flavan-3-ols), anaf, the total phenolic content 60 mg/L).
in red wines, anthocyanins. Small amounts of free leuco-The amount of flavonoids extracted during vinification is
anthocyanins (flavan-3,4-diols) also occur. Flavonoids exisfluenced by many factors, including temperature, length of
free and polymerized to other flavonoids, sugars, noskin contact, mixing, type of fermentation vessel, ethanol
flavonoids, or a combination of these compounds. Those esnhcentrations, SQyeast strain, pH, and pectolytic enzymes.
terified to sugars or nonflavonoids are called, respectiveBxtraction is ultimately limited by the amount present in the
glycosides and acyl derivatives. fruit, and this varies with cultivar, vintage, climatic condi-
tions of the region, and vinification process. Carbonic mac-
eration and thermovinification tend to extract less phenolic
TABLE 1. Estimates of Typical Gross Composition (% weight) compounds as compared to traditional skin fermentation.

Phenols

of Wines” The primary nonflavonoids, in wines not aged in oak, are
Table wines Dessert wines  derivatives of hydroxycinnamic and hydroxybenzoic acids. They
Component White Red White Red are structurally simpler and are stored primarily in cell vacuoles
Water (by difference) 87 87 76 74 o_f grape ceI_Is anql are easily extracted on crush!ng. Hydroxy-
Ethanol 10 10 14 14 cinnamic acid derivatives commonly occur esterified to sugars,
Other volatiiles 0.04 0.04 0.05 0.05 organic acids, or various alcohols. Wines aged in oak have higher
Extract 2.6 2.7 101 12.2  |evels of hydroxybenzoic acid derivatives, especially ellagic acid,
sugars 0.05 0.05 8 10 which comes from the breakdown of hydrolyzable tannins. These
Pectins 0.3 0.3 0.25 0.25 | f ellagi id ll d ellagi id ith
Glycerol 11 11 0.9 0.0 are polymers of ellagic acid, or gallic and ellagic acids, wi
Acids 0.7 0.6 05 0.05 0lucose. Degradation of lignins in wood also liberates various
Ash 0.2 0.2 0.2 0.2 cinnamaldehyde and benzaldehyde derivatives. Wines aged other
Phenol§ 0.01 0.2 0.01 0.1 than in oak wood will differ in their hydrolyzable tannins and
Amino acids 025 025 0.2 02 nonflavonoids. Under acidic conditions, the nonflavonoid-based,
Fats, terpenoids 0.01 0.02 0.01 0.02h drol ble t . t dilv into thei ts.Th
Vitamins, etc. 001 001 001 001 Nydrolyzable tannins separate readily into their components. The

Total: 100 100 100 100 low pH of wine is responsible for weakening the bonding be-

_ tween the hydrogen and oxygen atoms of associated phenols.
8 rom Singleton (93). trast fl id-based d dt ) lativel
PNote that apart from sugar content, this is the only major compositioAgl contrast, flavonold-based conaensed tannins are reiatively

difference between red and white wines of both major categories (Table 8k@ble under these conditions and are held together by strong
Dessert). covalent bonds.




TABLE 2. Polyphenols in Grapes and Winé&

Major
General type General structure Examples sSurce

Nonflavonoids COOH Benzoic acid G, 0
Benzoic acid Vanillic acid (0]

Gallic acid G, 0

Protocatechuic acid G, 0

Hydrolyzable G
tannins

Benzaldehyde CHO Benzaldehyde G OY

Vanillin O

Syringaldehyde O

N O

Cinnamic acid CH=CHCOOH P-Coumaric acid
Ferulic acid
Chlorogenic acid
Caffeic acid

OO0
oo

O

Cinnamaldehyde CH=CHCHO Coniferaldehyde
Sinapaldehyde

[e)©]

O

Tyrosol CH,CH,0H Tyrosol Y

()

Flavonoids
Flavonols R Quercetin
Kaempferol
OH Myricetin

2o N0

O+

HO

Y

Ry

\

O — Glucose

Anthocyanins Cyanin
Delphinin
Petunin
Peonin

Malvin

D006

Flavan-3-ols Catechin
Epicatechin
Gallocatechin
Procyanidins

Condensed Tannins

OOOOO

8From Jackson (24a).
bG, grape; O, oak; Y, yeast.
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TABLE 3. Gross Phenol Composition Estimated in mg GABL for Typical Table Wines From Vitis vinifera Grapes

White wine Red wine
Phenols clads Sourcé Young Aged Young Aged
Nonflavonoids, total 175 160-260 235 240-500
Cinnamates, deriv G,D 154 130 165 150
Low volatility benzene deriv D,M,G,E 10 15 50 60
Tyrosol M 19 10 15 15
\olatile phenols M,D,.E 1 5 5 15
Hydrolyzable tannins, etc. E 0 0-100 0 0-260
Macromolecular complexes
Protein-tannin G,D,E 10 5 5 10
Flavonoids, total 30 25 1060 705
Catechins G 25 15 200 150
Flavonols G,D tr tr 50 10
Anthocyanins G 0 0 200 20
Soluble tannins, deriv G,D 5 10 550 450
Other flavonoids, deriv G,D,EM ? ? 60? 75?
Total phenols 215 190-290 1300 955-1215

8GAE = Gallic acid equivalent. From Singleton (42).
PDeriv = derivative.
°G = grapes; D = degradable product; M = microbes, yeast; E = environment, cooperage.

Nonflavonoids of grape origin are initially synthesized frorhond and precipitate with proteins and yeast hulls (cell rem-
phenylalanine (28), whereas those of yeast origin are derivights). During fining and maturation, the phenols continues
from acetic acid (29). Flavonoids are derived from the cotio- decrease, and aging has a further dramatic effect on their
bination of derivatives synthesized from both phenylalanineduction.

(via the shikimic acid pathway) and acetic acid.

The concentration of phenolics in wine increases duri@IMATIC INFLUENCES ON BERRY MATURATION

skin fermentation and subsequently begins to fall as pher@llgld

OH Overproduction is associated with reduced wine quality.
Although specific cause/effect relationships are poorly un-
OH derstood, overproduction delays fruit maturity, retains exces-
sive acidity, retards anthocyanin synthesis and sugar
Tq}/\
HO
crease in the relative amount of far-red light in vine canopies.
H  Evidence suggests that the proportion of physiologically ac-

HO 1o i accumulation, and limits flavor development. In France, yield
. R
OH OH
OH
O~ R
OH OH
OH O
tive phytochrome (f) shifts from 60% in sunlight to below
HO 0 3 20% in shade (30). This may play a role in delaying the ini-
’ R tiation of anthocyanin synthesis and may also decrease sugar
accumulation and increase ammonia and nitrate content in
OH the fruit (31). The red/far-red balance/BR) of sunlight and
OH

Sunlight

is considered so directly related to wine quality that maxi-
mum crop yields have been set for appellation control re-
gions.
Sunlight is the most important climatic factor affecting
(\  berry development. Most of the effects of light on berry matu-
ration are either thermal- or phytochrome-induced. Because
chlorophyll absorbs light selectively, there is a marked in-
occasionally ultraviolet radiation are involved in the control
of flavonoid biosynthesis in several plants (32).
Fig. 1. Structure of B-type procyanidin polymers (R=H,0H), with Changes in composition of anthocyanins during ripening,
n=0,1,2,3,4,5. due to their different susceptibilities to oxidation, may be sig-
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nificant to wine colour stability and total anthocyanin accu-
mulation. Berry pigmentation may influence théPPratio ’
in maturing fruit (33), and this can significantly influence the -
activity of light-activated enzymes such as phosphoenolpyru; rares

vate carboxylase, a critical enzyme in the metabolism of or-
ganic acids (34).

Y

CENTRIFUGE

Temperature

MACERATICON &

FERMENTATION X

Termperature influences enzyme function and cell mem
brane permeability (35). It has a pronounced effect on antho
cyanin synthesis and stability in grapes, and this is influenced
by warm daytime temperatures and cool nights (20-25°C and
10-15°C, respectively). Temperature also may influence the sove
compositional change in grape anthocyanins during matutra-
tion (36). Warm conditions increase sugar accumulation apd !
generally increase the aminoacid content of developing bershioacic
ries as well as potassium accumulation (37).

Nutrients é

Soil nitrogen content is important in anthocyanin and ami@%. 2
acid synthsis. High soil nitrogen content suppresses pro-
duction of anthocyanin but increases amino acids and 85 chi

. - : ; rushing
pecially arginine. High potassium levels can reduce berry
pH and thereby lower fruit colour and colour stability in The grapes are crushed immediately after de-stemming to

D.E. FILTRATION
fine

[

h 4

DE. ﬂLﬂ;{1ON
rough PRE & FINAL
STERILE
N

FILTRATION

BARRELS ¢

poTe

END

BLENDING

General structure of unit operations for the production of white wine.

red wines (38). avoid microbial contamination and better control of oxida-
tion. The fruit is then pressed against a perforated wall or
Water passed through a set of rollers. The berries are broken, and

“Excess” irrigation can double fruit yield, increase frui%he JuIce, pulp seeds, and skins pass through openings and
e collected in vats.

size, and delay maturity, all potential negatives to quality.
mild water stress following “veraison” (onset of ripening) iﬁ/l .

. : S . ; aceration
beneficial to grape quality. Overirrigation will result in lower
sugar concentrations and increased grape acidity. HoweveFollowing crushing of the grapes, the rupture and release
this will rarely decrease pH substantially, probably due to tbeenzymes from grape cells facilitate the liberation and solu-
dilution associated with fruit enlargement (39). bilization of compounds bound in cells of the skin, flesh, and

GRAPE PROCESSING AND VINIFICATION O
Processing and vinification are the series of unit opera- ( s

tions leading from the crushing of grapes to the bottling of
wines. The common sequence used in the production of white
and red wines is shown in Figures 2 and 3.

DELIVER
GRAPES

DESTEMMER

A
- BARRELS
N
BLENDING ——{  RACKINGS

De-stemming

2 Opi
2
DE. FILTRATION
fine

PRE & FINAL
STERILE
FILTRATION

the excessive uptake of phenols and lipids from vine compo-
nents. Extraction of stem phenols is valuable only when deal-

ing with red grape varieties low in phenol content. Stem

CENTRIFUGE

phenols generally produce more astringent and bitter tastes

than phenols released by the seeds and skins. Leaf removal

before crushing limits the production of aldehydes and alco- C)
hols generated during the enzymatic oxidation of linoleic and

linolenic acids. Fig. 3. General structure of unit operations for the production of red wine.

DE FILTRATION
rough
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seeds. Maceration is almost always employed in the initibktic polymers, e.g., polyvinylpolypyrolidone (PVPP), ny-
phase of red wine fermentation. Limited maceration is usked, (4) polysaccharides, e.g., agar, gum arabic, (5) carbons,
for white wines, along with slight juice oxidation before fere.g., activated charcoal, (6) silica gels, and (7) other agents,
mentation. e.g., cufex, metafine.

During maceration of white grapes, extraction of phenols
(flavonoids and nonflavonoids) may be a linear function dembrane Filtration and Bottling

the temperature and the length of skin contact (40). ShorlvI T , .

. . o .~ Membrane filtration involves the final filtration and ad-
exposure to high temperature (15 min at 70°C) greatly Wstment of dissolved oxygen and carbon dioxide levels
creases the release of volatile compounds such as mon%’er-. T ygen : '

. refinal filtration is made by using synthetic polymer mem-
penes (41). Longer warmer maceration generally produceés a . .
; . rane filters such as cellulose acetate, cellular nitrate, and
wine deeper in colour and of fuller flavour that may age more .
uickly and develop a more complex character (42) polysulfone. They have closely controlled pore sizes and can
q In red wine oroduction. the stvle of the wine can be‘ alterbg set up so that the flow is either perpendicular to and through
X b ” y o ; ﬁ1e membrane or parallel to the surface, with a much smaller
dramatically by the duration and conditions of maceratlof?ansmembrane flow as in the “cross-flow” microfilters
Macerati_ons less than 24 hours commonly produ_ce rose Winul‘?tsrafilters and reverse osmosis membranes. These mém-
Macerations of 3-5 days generally produce wines for caYanes rely on their pore size to exclude larger particles

consumption with good colouration and low tannins. Wines . ) . .
: microorgansims) or solutes (proteins, gums, or tannins). Gen-
for long aging are usually macerated on the seeds and skin U : ) .
. erally, wine is prefiltered by filter pads and/or filter cakes
from 7 to as long as 21 days. This may cause a decreas[? e . .
. efore it comes into contact with a membrane.
free anthocyanin content (43), but may enhance colour sta-

bility and aging potential. WINE AND DISEASE PREVENTION
Pressing Epidemiobgical evidence from many studies, involv-
: e in.% hundreds of thousands of human subjects of both sexes,

There are three major types of press: horizontal, pneumati

(membrane), and continuous screw press. Winemakers gyerwhelmingly supports the notion that light-to-moder-

influence the character of wine by the choice of press. T%?ee alcohol consumption is associated with a reduction in
degree of fining and blending of the various press fractio

overall mortality, due primarily to a reduced risk of CHD
allows winemakers to adjust the final character of the win —3, 45-49).

"Several reasons have been proposed for this cardio-
protective effect of alcohol. Approximately half of the reduc-
tion in CHD mortality may be attributed to its ability to

Thermovinification is one technique of improving théncrease the concentration of high-density lipoprotein cho-
colour of red wine. It involves the heating of intact or crushéekterol (HDLC), a well-known negative risk factor for CHD
grapes between 50°C and 80°C. The temperature varies(86;51). Another mechanism that may play a major benefi-
pending on the varietal. For example, with delicate varietalisl role is the ability of alcohol to inhibit or reduce platelet
such asPinot Noir, heating may be as low as 32°C for 12ggregation and blood clotting (52-54). Investigators have
hours (44). Thermovinification is used primarily to producgemonstrated, both in vitro and in vivo, a reduced coagula-

Thermovinification

wines designed for early consumption. bility of platelets; reduced concentration of clotting factors;
and altered eicosanoid metabolism leading to a reduction in
Filtration and Centrifugal Clarification thromboxane synthesis coupled with increased synthesis of

I . - . vasodilatory prostacyclin (55-61). Other mechanisms may
The clarification of white grape juices prior to fermenta- - . N
. . : reduce the likelihood of atherosclerosis, such as inhibition of
tion and the removal of microscopic suspended matter of vari- oo ; o :
i . . ow density lipoprotein (LDL) oxidation, free radical scav-
ous kinds from wines generally can be achieved by one or . . . . )
. . . nging, and modulation of eicosanoid metabolism. Ethanol

more of the following methods: (1) natural settling and rack:

. i . self, the second largest constituent in wine, does not func-
ing, (2) filtration (earth or pad), and (3) centrifugal SePaon through these postulated mechanisms. However, wines
tion (desludging or decanting). : '

include polyphenols, especially flavonoids, that can exercise
all of these effects (62—67).

In 1979, St. Leger et al. (68) described a strong negative
This is defined as the addition of reactive and/or adsogssociation between CHD mortality and wine consumption
tive substances to remove or reduce the concentration ofinnt8 Western countries. Other reports based on analysis of
desirable constituents. Fining agents can be classified igtobal data have confirmed this inverse correlation between
the following groups: (1) proteins, e.g., gelatine, casein, istite two (69—71). Supporting evidence came from the obser-

glass and albumin, (2) clays, e.g., bentonite, kaolin, (3) swation that the incidence of CHD mortality in France is the

Fining
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lowest among industrial countries, despite the high incidertoea fall in ADP-induced aggregation and increased HDL-
of risk factors such as smoking, high fat diet, and lack dfiolesterol (87).
exercise generally attributed to its citizens. This phenomenoravy et al. (88) in a study following 20 healthy males for 2
was bdieved to be due to the consumption of wine toweeks, 10 of whom consumed 400 mL of white and the rest
gether with the Mediterranean-type diet rich in vegetabld60 mL of red wine per day, concluded that red wine intake
and was light-heartedly christened the “French Paradasignificantly increased plasma HDLC and plasma apo A-1 up
(72). Some authors who studied this relationship in a spge-26% and 12%, respectively. These effects were not ob-
cific population indicated that wine may be more poteserved after the intake of white wine. Struck et al. (89) com-
than other alcoholic beverages in reducing the incidengared the effects of red versus white wine upon serum lipids,
of CHD (73-75), although other studies were unable ptatelet aggregation, and oxidation products in 20 adult hy-
show a differential effect (76—78). percholesterolemic subjects over a 3 month period. Both wines
The intrinsic antibacterial properties of wine have recentiygnificantly reduced thrombin-initiated platelet aggregation,
been demonstrated by Weisse et al. (79). The ancient pradtieebarbituric acid reactive substances (TBARS), and LDL-
of including antibacterial elements such as terebinth resincimolesterol.
wine serves as a precursor to current research showing winka a recent clinical investigation, Furhman et al. (90) stud-
to be a useful antibacterial agent (79,80). Until early in thisd 17 healthy men who were divided into two groups: 8 re-
century, wine was universally used as a base for medicinaived 400 mL red wine/day for 2 weeks, and 9 received the
preparations compounded with various herbs tailored to spame amount of white wine. Red wine consumption for 2
cific ailments. weeks resulted in a 20% reduction in the propensity of plasma
to undergo lipid peroxidation in the presence of a free-radi-
cal-generating system as determined by TBARS assay. In par-
allel, red wine consumption reduced LDL lipid peroxidation
One of the most dramatic demonstrations of the superiorresponse to copper ions by 46%, 72%, and 54% as deter-
ity of red wine over other alcoholic beverages in preventingined by decreases in the content of TBARS, lipid perox-
atherosclerosis was provided by Klurfeld and Kritchevskgles, and conjugated dienes, respectively, as well as by
(81). Rabbits were fed a high cholesterol diet along with wsubstantial prolongation of the lag phase required for the ini-
ter (control), or one of five different beverages containirt@gation of LDL oxidation. The concentration of phenolic com-
equal amounts of ethanol. After 3 months, all of the contqmbunds in the LDL of the red wine drinkers increased by 4.3
and beer-drinking rabbits had developed atherosclerotic field from basal levels. In contrast, dietary consumption of
sions in the coronary arteries. All alcoholic beverages, exceytite wine for 2 weeks resulted in an increase in the propen-
beer, reduced the incidence of atherosclerotic lesions, butsiy of plasma and LDL to undergo lipid peroxidation.
wine showed the most dramatic effect, lowering the incidenceGoldberg and colleagues (91,92) studied 24 healthy males,
to 40% that of the controls. aged 26-45 years, who consumed 375 mL of red wine or white
Yugurani et al. (82) and Tebib et al. (83) demonstrated sigine, each for a period of 4 weeks. After a series of tests for
nificant reductions of total and LDL-cholesterol in rats fedlgids, lipoproteins, platelet aggregation, and eicosanoid pro-
high-cholesterol diet, by simultaneously administerinduction, they could find no difference between the two, al-
polyphenols present in red wine and polymeric tannins eaiough both were associated with significant lowering of
tracted from grape seeds. Ruf et al. (84,85) showed tkaveral major risk factors for CHD. The only consistent dif-
grape seed tannins also protected rats against reboterdnce between red and white wine is that red wine contains
platelet aggregation subsequent to acute major (“bingalich higher concentrations of phenolic compounds, typically
alcohol ingestion. 20-fold the concentration found in the average white wine.
Red wine and grape juice, but not white wine, injected Among these phenols, the major difference is in the flavonoids,
anesthetized dogs, abolished the cyclic flow reductions causgitbenes, hydroxycinammic, and benzoic acids (93).
by periodic acute-platelet-mediated thrombus formation.
However, it took three times as much grape juice by volurROLYPHENOLIC CONSTITUENTS OF WINE
to achieve the same preventative effects (86).

Animal Studies

Chemistry and Biosynthesis

Flavonoids are phenolic compounds and act as potent anti-
oxidants and metal chelators. This latter activity is reinforced

When 16 healthy subjects were given alcohol, white winia,the flavonoids, which have both a 4-carbonyl and 1,5- (or
and red wine for a period of 15 days, spirit alcohol-enhancgd hydroxyl group. They have the ability to sequester and
ADP and adrenaline-induced platelet aggregation increasleds reduce the activity of oxidant-inducing metals such as
serum apo-Al and decreased LDL-cholesterol. White witr®n and copper. Due to their conjugated aromatic structure,
increased total LDL and HDL-cholesterol, and red wine lgébey can act both as potent screens against destructive UV

Human Studies
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light and as attenuaters of physiologically active visible light ¢_w, 2
(especially in the 350—-450 nm region). Some flavonoids, be-~< D) S )= ConsH
sides their general properties, act as visible colour signals forpHmVLALANwE cnnmmicacD 02 P-GOUMARICAGID

important interactions (pollen and fruit dispersal) between, HALGONE

. . . . . . - o CONE o] SE
higher plants and animals (94). Flavonoids interfere with vi- /" \_¢ \ g, s ™ " [ Non  souemase
ral, bacterial, fungal, and animal feeding, reproduction, '

P-COUMARYL-CoA

growth, and development (95). HAVONESNAR'“GLN‘NC“W’N[

Both physical and chemical properties of individual com-. on I:I)I{j OHW aucosy
pounds strongly affect their antioxidant potency (96). Polyphe- ”’ - ' — on e
nols bind with proteins by hydrophobic interactions, hydrogen Nf:mm FLAVONOLS vANIDIN

bonds, and covalent bonds (97). Hydrogen bonding has been
proposed to arise between the amide protein linkages and thé
aromatic phenolic hydroxyls on the polyphenolic compounds. ¥,
Hydrophobic bonding can also occur between the aromatic cnem-s-clucosios
rings on the polyphenyls and aromatic amino acids. ChangIg -
in pH will affect the hydrogen bonding interactions, but hy-
drophobic interactions will be largely affected by solvent
polarity (98). the transfer of acetate units from the first two participating
The first step in the overall biosynthesis of the flavonoidBalonyl CoA residues, whereas the third acetate transfer re-
and related compounds involves the formation of phenylafetion completes the formation of naringenin. The tetra-
nine from phenyl pyruvate (via the shikimate pathway) mBydroxy-chalcone, which serves as the parent compound for
diated by L-phenylalanine-2-ketoglutarate amino transferdtgonoid synthesis, is generated from naringenin through the
(PKA) in the presence of L-glutanate. The latter acts as &ivity of an independent enzyme, chalcone isomerase (Fig.
amino donor and is converted to 2-ketoglutarate. Phenyldfa{101).
nine is then transformed by phenylalanine ammonia lyaséVaringenin is the precursor of flavonols, anthocyanidins
(PAL) totrans-cinnamic acid, and this is accompanied by tHeommonly referred to as anthocyanins), and the correspond-
release of ammonium ions (Fig. 4) (99). ing flavan-3-ols (catechins) and flavan-3, 4-diols, the latter
Cinnamic acid is in turn hydrolyzed by cinnamate-4-hywo groups both being precursors of the procyanidins. The
droxylase (C-4-H) tgp-coumaric acid. In the final step, p-
coumaryl CoA is generated from the free co-enzyme by a

O(‘IUC

Biosynthesis of flavonoid compounds. From Hrazdina et al. (100).

specific CoA ligase (Fig. 5) (100). Similarly, the path of cin- W/O SN (E\?’U
namic acid to caffeic acid, ferulic acid, and sinapic acid in- ngn rateanydronychaicons
volves the corresponding CoA esters. N o
The second essential step in the formation of flavonoids is ‘j 5 /j\ . N)’@
a modification of the pathway leading to the polyketides via AN, /p 2 {‘ o
a nonreductive fatty acid-type biosynthesis. As soon as the s NC,KO
trimer is formed, there is a tendency for the latter to cyclize to o f8 Malonyl-con
form an aromatic ring. This gives naringenin chalcone as a °/ ™"~ )/0 \( o
primary product fronp-coumaroyl CoA (Fig. 5). fmf\m/cwf Efg
The key to flavonoid formation is the ability of this chal- T I
cone to undergo a second cyclization to give the flavanong;™" " s
naringenin. Bis-noryangonin is an intermediate generated by (e’ o4 /
—U"’\E/C"‘\IU o

o

<
& xd RN
[rsK H
(9] OH o1
Il
QCHrC~CmH L-Glutamate NAD® o?p o~ ?"J °~c ox Malonyl-CoA
alcohol o
1 glutamate ‘ " \ / ’\ g z\i

Phenyl pyruvate dehydro-

[‘fzgggg’ genase Bis-noryangonin H’f 4y 0
‘ PKA 2-Ketoglutarate NADH °
. Fig. 6. Scheme for the formation of naringenin and bis-noryangonin from
2 - - - =
@vcr{,—(lzn—«cooxi PAL @cn:cn—coon e p-coumaroyl-CoA and malonyl-CoA. E=Enzyme (Flavone synthase),
RSH=mercaptoethanol or dithio-erythritol. The scheme includes the isomer-
Phenylalanine {rans -Cinnamic acid ization of naringenin to the corresponding chalcone catalyzed by chalcone

somerase (Cl). The waved lines represent energy-rich bonds, probably thiol
Fig. 4. Biosynthesis ofrans-cinnamic acid. From Hasegawa et al. (99).esters. From Kreuzaler et al. (101).
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flavonols are much more effective as metal chelators than tienalonyl CoA through the activity of the stilbene synthase,
corresponding flavones. resveratrol synthase (Fig. 8).
Another class of compounds are the stilbenes and stilbene
glycosides known to occur naturally in a rather restricted d&natioxidant Activity of Polyphenols: Structure-
tribution, predominantly among spermatophytes (102). Thdsenction Relationships

comp(_)unds make up the bulk of the phenolic ant!fungal phy There is a considerable body of literature relating the struc-
toalexins, compounds that are usually synthesized only, in . o L
. . S . tyre of flavonoids to antioxidant activity. Pratt et al. (103)
response to infection or injury. The essential structural skel- . o : .
) o S showed that the dihydroxylation in both rings and in the 3-
eton comprises two aromatic rings joined by a methylene ". . : 7 ; :
. . s osition of catechin, myricetin, and quercetin are required
bridge. There is an array of compounds varying in the num- o L . : .
L i . or antioxidant activity reported in various lipid systems.
ber and position of hydroxyl groups; the extent to which these : " . A
: . roxylation of the 3,5,7-positions of the A-ring and 3",4"-
groups become substituted with sugars, methyl, methoxy, a;

. ) ) : . : ! inydroxylation of the B-ring of flavone were also consid-
other residues; the steric configuration of chemically identi- ”~ ey - -
] L . . ered important to antioxidant activity. Hexahydroxy myricetin
cal molecules; and their ability to enter into reactions for

. ) . - 'had greater antioxidant activity in a lard system oxidized at
ing dimers, trimers, or larger polymers. The most extensiv ¥oC than the pentahydroxy quercetin, followed by the
studied of the stilbenes igansresveratrol (3,5,4"- ’

trihydroxystilbene). The main significance of resveratrol iRentahydroxy catechin (104). In another experiment, 3-
ydroxystibene). 9 r%chosylation of the 3-hydroxy flavones did not alter the an-
plant biology lies in its role as the parent molecule of a fam-

: . R tioxidant activity of myricetin and quercetin (105). Darmon
ily of polymers given the name viniferin (Fig. 7). These com- : : . .
S : . et al. (106) confirmed a relationship between increased hy-
pounds are able to inhibit the progress of fungal infection. . . L - :
: - : . droxylation and increased antioxidant activity of phenolic

The production of trans-resveratrol in grapes is accomplishe

. : compounds. The presence of hydroxyl groups on quercetin,
by the condensation pfcoumaroyl CoA with three m0|eCUIeSnamely, at the 5- and 7-positions of the A ring, at the 3 - and

4’-positions of the B ring, and at the 3-positions of the C-
ring, enhanced its antioxidant activity (107).

HO
In an LDL oxidation system, Teissedre et al. (Fig. 9)
HO oH showed that catechin, which lacks a keto group in the 4-
o oH Hd position, was more inhibitory than the flavonol myricetin

(with 37,475 -trihydroxylation of the B-ring), which was

Cis-resveratrol Trans-resveratrol more active than quercetin (with dihydroxylation in the
H
o OH
0]
SCoA
I + 3
° OH
S 0
HOOH o ot SCoA
H OH 4-Coumaroyl-CoA + Malonyl-CoA
CHS RS OH
w M2
5 l
L J
OH O OH
oo Naringenin chalcone Trans-resveratrol
H o
(+4CoASH +3CO,) (+4CoASH + 4CO,)
a-viniferin e-viniferin

Fig. 7. Chemical structures of resveratrol isoméransresveratrol glu- Fig. 8. Biosynthesis of resveratrol; reactions performed by chalcone (CHS)
coside,a-viniferin ande-viniferin. and resveratrol (RS) synthases.
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oH o o 0 BIOLOGICAL ACTIVITY OF POLYPHENOLS
"o o ’ X" oH Biological Oxidation
HO
n o Damage to tissues by free radicals derived from molecular
OH R, oxygen (including superoxide, hydrogen peroxide, hydroxyl
Catechin, R = ~gy1 Catfeic Acid, Ry, R = radicals, and lipid peroxides) is a concept that has progressed

beyond hypothesis and established fact to become a dogma
that dominates much current thinking about what causes dis-
eases and how best to prevent them (109,110). Dietary anti-
oxidants have taken on a sanctity previously reserved for
o vitamins such ag-tocopherol, which owes its present status
HO oH as a recommended or even essential food constituent virtu-
ally exclusively to its antioxidant potential (111,112). Its pos-
o ucose HO T sible role in rsducing the risk of atherosclerosis and CHD has
recently received strong emphasis (113).

In the debate surrounding the relative merits of different
alcoholic beverages, the antioxidant capacity of red wine has
been promulgated as an important attribute contributing to
its perceived superiority and supported by human in vivo stud-
ies demonstrating increased antioxidant activity in blood fol-
lowing oral ingestion of red wines, but not other beverages

Sinapic Acid, R1 = CH3. Ry = OCH3

Epicatechin. R= OH

Cyanidin Gallic Acid

OH O R, (90,114,115). In contrast, the increment in antioxidant activ-
Quercetin, Ry, Ry = H ity in these experiments was less marked and of shorter dura-
Myricetin, Ry = H, Ry = OH tion that the following 1 g of ascorbic acid according to the

techniques used by these investigators (115).

Fig. 9. Monomeric wine phenolics. From Teissedre et al. (108). | qw Density Lipoprotein (LDL)

In atherosclerosis, a major target of oxidation is LDL, which
B-ring), both having a keto group in the 4-position (108is generated in the circulation by remodeling of VLDL through
In the same study, caffeic acid had higher antioxidant ahe mechanisms of lipolysis and the exchange of lipids and
tivity than synapic acid, confirming that methoxylatiomproteins with HDL. This natural (or native) form of LDL is
of ortho-dihydroxy groups decreases antioxidant activisubject to receptor-mediated endocytosis through a tightly
(Table 4). regulated system, the LDL-receptor. During its transit in the

TABLE 4. Inhibition of LDL Oxidation by Phenolic Compounds in Wine?

Inhibition (%)

Phenolic Average content (mg litfd)° 5uM 10 M 20 uM
compounds Red wines White wines (GAE) (GAE)? (GAE)®
Catechin 191.3 34.9 749 +0.3 98.2+1.1 98.9+0.2
Myricetin 8.5 0.0 68.1+£8.7 97.4+1.3 97.6 £0.9
Epicatechin 82.0 21.2 67.6+7.6 96.4+15 ND
Rutin 9.1 0.0 67.6 + 15 98.2+0.2 99.1+0.1
Galllic acid 95.0 6.8 63.3+3.4 71.8+3.0 97.8+3.0
Quercetin 7.7 0.0 614+1.4 97.7+0.4 98.7+0.1
Caffeic acid 7.1 2.8 585+ 12 98.1+0.1 98.5+0.5
Ellagic acid ND ND 36.6+0.9 ND ND
Sinapic acid 1.8 0.1 35.1+0.9 ND ND
Cyanidin 2.8 0.0 27.0+4.6 546+7.1 89.4+4.2
a-tocopherol ND ND 326+1.8 54.7+7.1 73.8+3.7

%From Teissedre et al. (108).

bAverage contents in 14 California red wines and 6 white wines.

®Inhibition of hexanal formation in human LDL oxidised in the presence &f @ean * SD.
dMolar concentrations in gallic acid molecular weight equivalents.

ND = not determined.
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circulation, oxidative changes may occur affecting the lipids peroxidation, in protecting LDL cholesterol from oxida-
and also the free lysine groups of apolipoprotein B. Thisn and preventing the oxidative modification of apolipo-
“oxidised” LDL is taken up by endocytosis mediated by arotein B100 is caffeic>ferulic>p-coumaric acid. Assessment
“scavenger” receptor system, which is unregulated, and oé-the rates of reaction of the hydroxycinnamates with
sults in overaccumulation of LDL in subendothelial cell$errylmyoglobin, a product of the reductive decomposition
which derive from the monocyte lineage, but because of theilipid hydroperoxides, revealed that the compounds are more
engorgement with lipid have come to be known as “foam cellsffective as peroxyl radical scavengers than reductants of
(116). They play a major role in the accumulation of choleferrylmyoglobin in LDL peroxidising systems mediated
terol in atheromatous lesions. Oxidized LDL has certain oth®y haem proteins (124). A study byingon et al. (125)
attributes conducive to atheromatous changes, includimging hamster and human LDL and measuring TBARS and
blocking of reverse cholesterol transport (uptake) by HDhexanal production demonstrated that all wines, red and
and chemotactic properties promoting adhesion of plateletsite, were better antioxidants than ascorbic acidi-or
to the superficial endothelium (117, 118). tocopherol at 3IM.
Oxidation of LDL represents “bad news” from the perspec- In a system where endogenausocopherol of LDL par-
tive of CHD risk, and at least one therapeutic drug, probuctitles exposed to ferrylmyoglobin (iron in the form of FelvV=0)
has been developed to treat or prevent the disease basedypréshes as a function of myoglobin concentration, subse-
dominately, upon its antioxidant properties. Alpha-tocopherglient heavy lipid peroxidation was prevented by caffeic acid
is also believed to exercise its beneficial effects by protectiagd p-coumaric acid (126). This was accomplished by a
LDL against oxidative changes. mechanism involving the one-electron transfer reaction be-
The research undertaken by the group at the Universitytween phenols and ferrylmyoglobin, with formation of
California, Davis, has made some important and original canetmyoglobin and the corresponding phenoxyl radicals from
tributions to our knowledge of the relationship between wiraffeic andp-coumaric acids. It was shown that caffeic acid
phenolics and LDL oxidation. By means of an ex vivo syslelaysa-tocopherol consumption when present before oxi-
tem whereby conjugated dienes were generated from natie¢ion challenge and restoegsocopherol when added half-
LDL during CUi*-mediated oxidation, they showed that thevay during the reaction. In LDL enriched wititocopherol,
phenolic constituents of red wine, but not white wine, preaffeic acid inhibited the initiation of oxidation longer than
vented these oxidative changes and were several-fold mibie expected from the sum of discrete periods characteristic
potent tham-tocopherol in this respect{2).They extended of the phenolic acid arwtocopherol. Similar effects of these
these observations using pure quercetin, epicatechin, @henolics were observed in a Triton X-100 micellar system.
transresveratol. The latter was not as potent as the first tWhese results suggest that caffeic acid acts synergistically with
compounds in blocking Clsinduced oxidation of human a-tocopherol, extending the antioxidant capacity of LDL by
LDL, but was nevertheless superioottocopherol on a mo- recycling ofa-tocopherol from thex-tocopheroxyl radical.
lar basis (120). In spite of the fact thgt-coumaric acid accelerated the rate
These results were elaborated by demonstrating that dfiex-tocopherol consumption when added either before or
antioxidant effects of wine phenolics also inhibited lipiduring the oxidation reaction, it decreased the peroxidation
peroxidation by biological catalysts such as myoglobin, cghain rate. In a study of the kinetics of the depletion-of
tochrome, and iron ascorbate (121). The ability of certain redopherol in human LDL during macrophage-mediated and
wines to inhibit LDL oxidation strongly correlated with theiicell-free oxidation, the addition of the flavonoid morin pre-
content of gallic acid (r=0.92), catechin (r=0.76), myricetizented bothu-tocopherol consumption and oxidative modi-
(r=0.70), quercetin, (r=0.68), caffeic acid (r=0.63), and sefieation of LDL (127).
eral other phenolics, but not with resveratrol (122). In a comparison of the protective effects of catechin,
Most recently, the U.C. Davis team has once more cqrobucol, anda-tocopherol against cell injury due to LDL
firmed the antioxidant properties of phenolic compounds frooxidation, the ultraviolet-induced lipid peroxidation of LDL
grapes and wines (108). Oxidation of LDL was measured Wwas strongly inhibited by Jimol/L catechin and 25mol/L
analysing hexanal, a specific volatile oxidation product pfobucol, but only poorly by 100mol/L a-tocopherol. The
n-6 polyunsaturated lipids (123). In this LDL oxidation sysiltraviolet-treated LDL protected by catechin or probucol were
tem, most phenols tested exhibited much more potent aniuich less “cytotoxic” than unprotected ultraviolet-treated
oxidant properties thamtocopherol at 1iM concentration LDL. In contrast, LDL treated by ultraviolet irradiation in
(Table 4). the presence of 10Q0nol/L a-tocopherol were just as “cy-
Another group of phenols found in wine are the hydroxysetoxic” as unprotected LDL. Catechin (futhol/L) together
cinnamic acids (caffeic, ferulic, and p-coumaric acids). Theuith a-tocopherol (100pmol/L) were very effective
antioxidant properties were investigated in a lipid peroxidisimytoprotective agents in combination, whereas probucol (up
system mediated by metmyoglobin. The results showed ttmbOumol/L) was completely ineffective. Porbucol was very
the order of effectiveness in increasing the resistance of LPtotective in preventing lipid peroxidation of LDL and their
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subsequent cytotoxicity, but could not protect cells agairigt among compounds possessing two or more hydroxyl
the cytotoxicity of previously oxidized LDL. The cyto-sustituents in the B ring.
protective effect ofi-tocopherol was associated with a com- Yutin et al. (132) measured the superoxide scavenging ac-
plete inhibition of cellular TBARS formation induced bytivity and antioxidation properties of seven flavonoids, in-
UV-treatment of LDL, whereas the cytoprotective effect aluding quercetin, rutin, and morin. The superoxide anions
catechin was relatively independent of TBARS inhibitionvere generated in a phenazine methosulphate-NADH system
Thus catechin (1Amol/L) exhibited two types of protectiveand assayed by reduction of nitroblue tetrazolium. The con-
effects: inhibition of the lipid peroxidation of LDL (and theircentration values yielding 50% inhibition of lipid peroxidation
subsequent “cytotoxicity”) and effective protection of the cella mouse liver homogenate were in the order dfXidor all
against the “toxicity” of previously oxidized LDL (128). three, and no correlation was found between the antioxidative
and scavenging activities of these flavonoids.
Cholesterol The antioxidant abilities of ferulic acid and catechins to
scavenge the reactive oxygen species hydroxyl radical, hy-

In an in vitro study (129) on micellar solubility of . :
cholesterol, a mixture of (-)-epicatechin (EC) and (-)-epigall§oCI"orous acid. and peroxyl radicals was evaluated by Scott
y al. (133). Ferulic acid tested at concentrations ugud 5

catechin (EGC) and their gallates [(epicatechingallate) (Ecgf‘uibited the peroxidation of phospholipid liposomes. Both

: ) L n
and (epigallocatechingallate)EGCG)] precipitated cholester ) and (+) catechin and (-) epicatechin were much more

solubilized in mixed bile salt micelles in a dose-depende : L
; ; : . “effective. All three compounds reacted with trichloromethyl
manner. The effects of epicatechin and epigallocatechin were

weaker than that of their gallate esters. The amount p%roxyl radical. In the same experiment the three compounds

0
coprecipitated EGCG and cholesterol were positively corr

were shown to react with hydroxyl radicals, preventing deoxy-
lated. In the same study, Ikeda et al. (129) demonstrated r‘fﬁgse damage, in asyst_em v_v_hereby hydroxyl radicals gener-
. ; . . a %d are detected by their ability to cause damage to the sugar
hypocholesterolemic effects of tea catechins, epicatechin, and \ribose. Eurthermore (+) catechin and (-) epicatechin
EGC mixture, and a mixture of ECG and EGCG. Both mix y : : P

. . _Inhibited the reduction of cytochrome c in a concentra-
tures markedly lowered lymphatic cholesterol absorption jin : . ;

. . tion-dependent manner, in a mixture of hypoxanthine and
rats with a cannulated thoracic duct.

Igarashi et al. (13) investigated the effects of isorhamnetf(rﬁ?lrlthlne oxidase, which generates superoxide, thus reduc-
meq cytochrome c to ferrocytochrome c. All three com-

rhamnetin, and quercetin on TBARS content and antioxidatiy )
ounds tested were able to scavenge hypochlorous acid at

enzyme activities or rats fed on cholesterol-enriched and cRox - . . ) .
. . a rate sufficient to proteat-1-antiproteinase against in-
lesterol-free diets. The concentration of total serum cholesc-tivation

terol in the rats fed with all three flavonoids was S|gn|f|cantf’§1/ Salah et al. (134) measured the relative antioxidant poten-

lower than that of control rats, although there was no Slgnltfi'élls of several flavonoids against radicals generated in the

cant difference between the individual flavonoid-fed groups. . SR :
uous phase and against propagating lipid peroxyl radicals.

) . a
The total liver cholesterol concentration and TBARS cont E . .
in the rats fed the cholesterol-free diet were decreased byfi%f results showed that in the aqueous phase their order of

ing all three flavonoids. These compounds did not affect tﬁe.eCtIVeneSS as radical SCavengers 1s ep!catech!n gal_late
egl_gallocatechln gallate>epigallocatechin>gallic acid>

activities of liver superoxide dismutase and Catalase,sugg% - atechin=catechin. Adainst propacating livid peroxvl
ing the possibility that the lower liver TBARS content in those - - Nin. A9 propagating fipid peroxy
: . ... radical species, epicatechin and catechin were as effective as
rats fed the cholesterol-free diet with added flavonoids is as- . . )
: . . o . ihe others and least efficacious were epigallocatechin and
cribable in part to the direct antioxidative and superoxide anionl . - cid
generation-suppressing activities of flavonoids and/or th&f ; . L
. . . Catechins and quercetin served as powerful antioxidants
metabolites absorbed from the gastrointestinal tract. . L L S
against lipid peroxidation when phospholipid bilayers were
exposed to aqueous oxygen radicals (135). Measuring the
inhibition of lipid peroxidation in large unilamellar liposomes
In an attempt to correlate the inhibitory activities of sexxomposed of egg yolk phosphatidylchoine (PC), catechol-type
eral structurally-related flavonoids against cyclo-oxygenafiavonoids retarded the accumulation of PC-hydroperoxides,
and 5-lipoxygenase, Laughton et al. (131) tested them asdapending on their concentrations, when the suspension was
hibitors of iron-dependent lipid peroxidation in a rat liveexposed to a water-soluble radical initiator. Their inhibitory
microsomal system. They concluded that the flavonol clasi$ects lasted longer than thatotocopherol.
(quercetin, fisetin, myricetin, morin, naringenin) inhibit iron- In an in vitro study measuring the inhibition of hydro-
ascorbate lipid peroxidation by a mechanism that probalplgroxidation of methyl linoleate initiated by a radical initia-
involves the scavenging of intermediate peroxyl and alkoxglr, quercetin exhibited the highest peroxyl radical-scavenging
radicals. Their activity is structure dependent: polyactivity with its glucosides slightly less active (136). In the

hydroxylated flavonoids are the most active, with high actisame investigation, quercetin and its glucosides retarded the

Other Lipids, Sugars, and Proteins
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accumulation of PC-hydroperoxides to a lesser extent, aadical formation by electron spin resonance spectroscopy.
the induction period was increased in phospholipid bilayeiihey demonstrated that flavones devoid of a C-3 hydroxyl

The authors concluded that quercetin acts as an antioxidgnatup also can be efficient radical scavengers and antioxi-
more efficiently than its monoglucosides when phopholipttants and speculated that they should be useful in the treat-

bilayers are exposed to aqueous oxygen radicals. ment of human disease processes, including ischemia, in
which both reactive oxygen species and xanthine oxidase are
Cells implicated.

Gallate-green tannin from green tea, (-) epigallocatechin,
(-)-epicatechin, and (+)-catechin showed significant dose-

The antioxidant fraction of green tea extract (GTA), whiatkependent inhibition of smooth muscle cell proliferation (139).
is high in catechins, was shown to scaveng®,ldnd Q in a
concentration-dependent fashion in a xanthine/xanthine Ol§ir_imary cultures
dase superoxide ¢pproduction system (137). GTA prevented
the cytotoxicity of paraquat and glucose oxidase and/or theélhe hydroperoxide-induced cytotoxicity on Chinese ham-
inhibition of intercellular communications by noncytotoxiste®V79 cells, Salmonella TA 104, aBdherichia coliPQ37
concentrations of paraquat, glucose oxidase, phenobarhitak suppressed by caffeic acid ester, gallic acid ester, quer-
and 12-0-tetradecanoylphorbol-13-acetate in mouse hepatetin, and catechin. In contrast, neither ferulic acid ester bear-
cytes and human keratinocytes. ing o-methoxyphenol structure nar-tocopherol were

Ten newly synthesized flavones possessing varied hydrogifective, indicating that o-dihydroxy or its equivalent struc-
substitution patterns (Table 5) were studied by Wallet et alre in flavonoids is essential for the protection (140).
(138) in order to establish the effect of the hydroxyl groupsUsing 3T3 Swiss fibroblasts, the effects of catechin were
on biological activities. Using chemiluminescence in two bigtudied under different conditions of oxidative stress leading
logical processes (the oxidative burst of alveolar macroph-cell proliferation or cytotoxicity. Various levels of reactive
ages, and the xanthine/xanthine oxidase system), they studieghen species (ROS) {OH,0,), generated extracellularly

Ex-vivo studies

TABLE 5. Flavones Investigated to Establish the Effect of the Hydroxyl Groups on Biological Activities

n° 5 6 7 2 3 4 6
1 OMe OMe OMe OMe
2 OH OMe OMe OMe
3 OMe OMe OMe OMe
4 OH OMe OMe OMe
5 OH OMe OMe OMe
6 OH OH OMe OMe OMe
7 OH OH OH OH OH
8 OH OH OH
9 OH OMe OMe
10 OMe OMe

%From Wallet et al. (138).
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by a xanthine-xanthine oxidase system, inhibited DNA syimg to acute CHD, is well established (52,150). The potential
thesis at high levels of ROS, the cytotoxicity being propasf platelets to adhere to vascular endothelium as well as to
tional to the level of KD, generated by the enzyme systenparticipate in blood coagulation and thrombus formation can
Catechin did not significantly alleviate the inhibition of DNAbe measured by their ability to aggregate in vitro in response
synthesis induced by low levels of ROS, but protected in@a number of agonists. Resistance to aggregation is evi-
dose-dependent manner against the cytotoxicity of high lelenced by an increase in the concentration of agonist required

els of ROS (141). to aggregate 50% of the cells under standard conditigg) (IC
Early investigations on the biological effects of flavonoids
Other Oxidation Reactions indicated that they were quite potent inhibitors of CAMP phos-

phodiesterase (151) and of cGMP phosphodiesterase (152).
Kinetic and structure-activity studies suggested that these

Xanthine oxidase (XO) is a highly versatile enzyme thaffects were attributable, at least in part, to competitive inhi-
catalyzes the hydroxylation of many purine substances ditibn of substrate binding so that the cyclic nucleotides tended
converts hypoxanthine to xanthine and then uric acid tmaccumulate. Quercetin (153) and catechin (152) were among
the presence of molecular oxygen to yield superoxide anitve most active of the phosphodiesterase inhibitors tested by
(Oy) (142). XO-derived superoxide anion has been linkedtttese authors. Beretz et al. (153) showed that quercetin blocks
reperfusion injury and edema (143), as well as changedha ADP-induced aggregation of washed human platelets in
vascular permeability (144), and limitation of superoxidétro and also potentiates the antiaggregatory effects of
anion generation by this enzymatic pathway would be bemwostacyclin. Both phenomena could be explained by in-
eficial in the case of ischemia. Furthermore, serum XO levelgased intracellular cAMP concentrations in the treated plate-
are increased in hepatitis and mild hepatotoxicity (145); thieys. A diferent conclusion was reached by Mower et al. (154),
are also significantly increased in brain tumor tissues as camio could not find a good correlation between inhibition by
pared with normal brain tissue (146), and the degree of bré@avonoids of platelet aggregation induced by arachidonic acid,
edema and injury is dependent on the level of XO. Goutdginephrine, and ADP and changes in intracellular cAMP
also caused by the deposition of urate crystals, a by-prodtmtcentrations. Instead, they concluded that inhibition of
of the XO-catalyzed reaction, in the joints. cyclo-oxygenase and therefore of thromboxaneduc-

In a study by Chang et al. (147), nine flavonoids were itien was the most likely mechanism involved in this inhibi-
vestigated, among them quercetin, catechin, and epicatectiam. In a later publication, these authors modified this view
for inhibition of XO and compared with allopurinol, an X((155), obtaining evidence that different flavonoid classes
inhibitor. The inhibitory effect of quercetin at low concentrashowed striking differences in their interaction with plate-
tion was by far the best among all the flavonoids and dgts. The glycones of flavonoids and the flavonone deriva-

Xanthine oxidase

ceeded that of allopurinol. tives tested did not affect platelet function. Most flavones
inhibited platelet aggregation by depressing cyclooxygenase
Nitric oxide activity and also reduced cAMP response to prostacyclin,

Arelated issue is the ability of wine phenolics to moduIaPéObably by inhibition of adeylate cyclase, but the flavones

the production of nitric oxide (EDRF:endothelial-derived rerpyrlcetm and quercetin mc_reased the rse O.f platelet CAMP
laxing factor) by vascular endothelium. This agent, gen srt_|mulated by prostacyclin and also inhibited the 12-

9 oy o gent, 9 lipoxygenase pathway leading to production of 12-HETE (12-
ated from arginine by a complex enzymatic system in Whlﬁ droxyeicosatetraenoate)

guanosine 3’,5"-cyclic monophosphate plays a stimulatorX/

) . . Subsequently, Corvazier and Maclouf (156) demonstrated
role, is considered to be a major promoter of vascular rel?ﬁ(-

ation and also inhibits platelet adherence to the endotheliga, O L0 lavonoids examined for their effect on arachidonic

(148). Fitzpatck and colleagues (149) have shown th atcid metabolism of human platelets and neutrophils, some

the contraction of rat aortic rings (but not of aorta fromaoI no effect at concentrations as high as 1 mM, but others
9 inhibited both thromboxane,nd 12-HETE formation. All

which the endothelium had been removed) could be in- : ; . U
- . L . ompounds tested (including quercetin and catechin) inhib-
hibited by wines, grape juices and grape skin extracﬁ‘se.

Quercetin and tannic acid alone, but not resveratrol, co%a’:JI platelet aggregat!on n par_allel with |_nh|b|t|_on of throm_-
oxane B, but not morin and rutin. Some (including quercetin
reproduce these effects.

and morin, but not catechin) inhibited the synthesis of 5-HETE
and leukotriene Boy human platelets. The authors concluded
that eicosanoid metabolism was altered by flavonoids in gen-
The role of platelets in initiating chemical signals that setal and at several different pathways, but each compound
in motion the complex cellular events resulting in atherosclead its own spectrum of effects based upon chemical struc-
rosis, following their adherence to the endothelial surfacetafe as pointed out previously (155). This concept was fur-
the arteries, as well as in triggering lumenal occlusion ledter strengthened by Grylewski et al. (157) who found that

Polyphenols and Platelet Aggregation
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flavonols but not flavanes were bound to platelet membramesults (Table 6) showed that addition of sugar residues greatly
and prevented platelet adherence to rabbit vascular endothduces inhibitory potency while retaining selectivity against
lium as well as dispersing platelet thrombi already formedb-lipoxygenase. In aglycone flavonoids, the inhibitory po-

More recently, the dose-dependent inhibition by tratis:  tency and selectivity against 5-lipoxygenase are conferred by
resveratrol and quercetin of the aggregation of platelets pitee presence of 3" 4”-vicinal diol (catechol) in ring B as part
pared from healthy human subjects was demonstrated usihg 3,4-dihydroxycinnamoy! structure and by the incorpora-
ADP and thrombin as agonists (158). The,E@ncentrations tion of additional hydroxyl substituents. In contrast, cross-
were rather high but were three orders of magnitude less tbaer of inhibitory selectivity is observed in compounds
that of ethanol, although the antiplatelet activity of the latteontaining few hydroxyl substituents (with one in ring B)
has been advanced as one of the mechanisms involved ithiés are selective against cyclo-oxygenase.
protection against CHD (54). None of a wide range of otherln a recent investigation of a large range of polyphenols
wine phenolics or established dietary antioxidants (includiagd antioxidants tested, using freshly isolated washed neu-
a-tocopherol) that were similarly tested had any antiagephils from human subjects, only resveratrol and quercetin
gregatory activity. Indeed, by applying information obwere effective inhibitors of these pathway (170). Dose-re-
tained from dose-response curves, the antiaggregateppnse studies yielded JGralues of 22.41M (resveratrol)
effect of de-alcoholized red wines could be computed asd 0.75uM (quercetin) for inhibition of the 15-lipoxygenase
approximately that expected from its concentrations pathway.
resveratrol and quercetin.

Gentisic acid (2,5-dihydroxybenzoic acid) is another likelg|atelets
candidate for the prevention of platelet aggregation and anti-
inflammatory response. This compound has been describediwo major pathways for the synthesis of eicosanoids from
repeatedly in wine (159-161), at levels of 2.25 mg/L in whitgachidonic acid are present in human platelets. The cyclo-
wine and at slightly higher concentrations in red wine (162)xygenase pathway leads to the production of thromboxane
According to one report (163), the body produces gentigig, whichplays an important role in propagating aggrega-
acid upon absorption of aspirin. Gentisic acid, due to its striken once this process has been initiated. The half-life of
ing structural similarity with the active principle of salicylidhis component is extremely short, so that meaningful re-
acid (2-hydroxy benzoic acid), would be expected to exersalts are very difficult to obtain. The overall activity of
pharmacological action similar to aspirin: inhibition of théhe pathway can, however, be assessed by measuring the
cyclo-oxygenase pathway and vasodilatory effects. Indepdoduction from labeled arachidonate of thromboxape B
gentisic acid has been prescribed as a substitute for aspiriflixB,) and hydroxyheptadecatrienoate (HHT), which are
clinical medicine (164). The antioxidant activity of this comstable products formed from thromboxang Buercetin

pound has been well established (163,165). was reported to potentiate the inhibitory effect of
prostacyclin on ADP-induced platelet aggregation (153),
Eicosanoid Metabolism whereas flavone and a number of other flavonoids directly

inhibited the synthesis of thromboxanes from labeled
arachidonate due to suppression of the cyclooxygenase
The major pathways for arachidonate metabolism in hpathway (54—156)Transresveratrol strongly inhibited this
man neutrophils involve the 5-lipoxygenase and 1pathway, ~60% at a concentrations ofuM (158). Neither
lipoxygenase enzyme systems, the activity of which can t¢peercetin alone or any of the other wine phenolics or anti-
measured by quantitating the rate of formation of their staloeidants tested in the same study had any major effect at this
products 5-HETE and 15-HETE, respectively (166). Thmncentration.
former pathway is particularly important, because it accountsThe other pathway from arachidonate expressed in plate-
for the synthesis of leukotrienes. These are powerful medets involves the 12-lipoxygenase enzyme system, which
tors of inflammatory reactions and are thought to play a radgnthesises a family of eicosanoids defined as hepoxillins and
in certain of the cellular processes contributing to atherosalehich are mediators of calcium mobilization, vascular per-
rosis (167,168). meability, and neturophil activation (171). Its overall activity
Corvazier and Maclouf (156) demonstrated that some fia-most frequently assessed by measuring the production of
vonoids, including quercetin, rutin, and morin, blocked tHE2-HETE, a stable compound thought to be pro-atherogenic
5-lipoxygenase pathway (and therefore leukotriene synthog- impairing endothelial function and prostacyclin produc-
sis) by human neutrophils. The inhibitory action of certation (172). At a concentration of 1M, quercetin abolished
glucoside and aglycone flavonoids for eicosanoid generatibie production of 12-HETE by 70%, but none of the other
via the 5-lipoxygenase and cyclo-oxygenase pathways waspounds tested were effective at this concentration, al-
subsequently studied by Moroney et al. (169) in elicited tiiough at higher concentrationsansresveratrol exerted
peritoneal leukocytes stimulated with calcium ionophore. Theodest inhibition (158).

Neutrophil leukotriene production
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TABLE 6. Inhibition of 5-lipoxygenase and Cyclo-oxygenase by Flavonoitis

5-lipoxygenase cyclo-oxygenase
Compound Class OH group positions (s4@alue mM§ Comment
Aglycones
Morin flavonol 3,5,7,2° .4 160 180 nonselective
Myricetin flavonol 3,5,7,3,4°,5 13 56 LO-selective
Fisetin flavonol 3,7,3 4 11 80 LO-selective
Kaempferof falvonol 3,574 20 20 nonselective
Querecetifi flavonol 3,5,7,3 .4 35 16 LO-selective
Gossypetin flavonol 3,5,6,7,3°,4 10 not active LO-selective
Naringenir§ flavanone 57,4 16 100 LO-selective
Hypolaetir? flavone 5,7,8,3.,4 45 70 LO-selective
Galangin flavonol 3,5,7 20 7 CO-selective
Chrysin flavone 5,7 18 5 CO-selective
3-Hydroxy- flavonol 3 16 1 CO-selective
flavone
Flavone flavone (none) 32 8 CO-selective
Glycosides
Rutin* flavonol 3-sugar, 45 ca 450 LO-selective
57,34
Gossypin flavonol 8-sugar, 250 630 LO-selective
3,5,7,3° .4
Naringirf flavanone 7-sugar, 5,4 >500 320 nonselective
Hypolaetin-8-glycoside  flavone 8-sugar, 5,7,3",4" 56 >1000 LO-selective

8From Moroney et al. (169).

bICSO values based on tests at 6 concentrations; each in triplicate.

‘Indicates compounds tested also using radio-TLC methodology. Inhibition of 5- lipoxygenase in terms of production of éeBkatrielition of cyclo-
oxygenase in terms of thromboxang B

The flavonols quercetin and rutin were studied with recid) in addition to inhibiting 5- and 12-lipoxygenase path-
spect to their antithrombotic action in vivo and their efficacyays by reducing active site iron, as do many other
at influencing the platelet-endothelium interaction in vitrijpoxygenase inhibitors (176,177), also stimulate PGH syn-
(157). Both flavonols inhibited the ascorbate-stimulated fahase cyclo-oxygenase, serving as a reducing substrate for
mation of malondialdehyde by boiled rat liver microsomeBGH synthase peroxidase. Consequently, good inhibitors of
inhibited platelet lipoxygenase activity, stimulated cyclo-oxyeukotriene biosynthesis potentiate prostaglandin biosynthe-
genase, and were bound to platelet membranes. They lsigh acting as reducing agents in both cases. This suggests
dispersed platelet thrombi, which were adhering to rabliitat structurally similar catechins may possess therapeutic
aortic endothelium ex vivo and prevented platelets from agffects different to conventional nonsteroidal anti-inflamma-
gregating over blood-superfused collagen stripss¢E@r tory drugs.
guercetin was 5 nmol/kg and for rutin 33 nmol/kg i.v.). It was
concluded that activated platelets adhering to vascular endgt
helium generate lipid peroxides and oxygen free radicals tha
inhibit endothelial biosynthesis of prostacyclin and destroy This key enzyme (PL4 initiates eicosanoid synthesis by
EDRF. These flavonols were antithrombotic, because théerating arachidonic acid from membrane-bound phospho-
are selectively bound to mural platelet thrombi. By scavergpids. Quercetin was found to inhibit group | PLifom por-
ing free radicals, they stimulate biosynthesis and actionahe pancreas in lower concentrations (<18 than
endothelial prostacyclin and EDRF. Thus flavonols releagelomethacin (>10QM) (178). It was also a potent inhibitor
the thrombolytic and vasoprotective endothelial mediatoo$ one of two PLA fractions purified from the plasma of
only in these vascular segments that are covered by a caspetic shock patients (185). PLi& regarded as an important
of aggregating platelets. enzyme in inflammation as it plays a pivotal role in the for-

Oxygenation of arachidonic acid catalyzed by prostaglamation of inflammatory mediators, including prostaglandins,
din H synthase (PGH synthase) generates two protaglandirkotrienes, platelet-activating factor, and lysophospholipids
products: prostaglandin,G&cyclo-oxygenase function), and(179). The importance of this extracellular PLAas been
its alcohol derivative, prostaglandin fberoxidase function) emphasized and PLAas been described as an acute-phase
(173,174). Bakovic et al. (175) demonstrated that the cprotein (180) that may be a key mediator between proximal
namic acid derivatives (caffeic acid>ferulic acid>p-coumarind distal effectors of inflammation (181).

ospholipase A,
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POLYPHENOLS AND CANCER with humans. Xu et al. (210) reported that in adult women
the average plasma concentration of total isoflavones reached
4.4 ymol/L at 6.5 hours after a dose of 2 mg soybean
In addition to a wide spectrum of pharmacological propésoflavones/kg body weight.
ties, phenolic compounds, and specifically quercetin, haven a recent phase | clinical trial using quercetin, adminis-
been shown to inhibit the growth of cells derived from htiered by short i.v. infusion at increasing doses, in 9 of 11
man and animal cancers, such as leukemia and Ehrlich geients lymphocyte protein tyrosine phosphorylation was in-
cites tumors 182), the estrogen receptor-positive breaktbited at 1 hour, persisting up to 16 hours. In one patient with
carcinoma (MCF-7 (183), squamous cell carcinoma o¥arian cancer refractory to cisplatin, following two courses of
head and neck origin (184), gastric cancer (185), and gpiercetin, the serum CA 125 concentration (a protein marker
lon cancer (186), as well as human leukemia HL-60 cefts ovarian cancer) had decreased by six-fold, and in another
in culture (187). patient with hepatoma the seranfietoprotein (a marker corre-
Quercetin treatment arrested human gastric cancer celliting with tumor burden) was diminished (211).
the G-phase (185) and human melanoma as well as leuke-
mic T cells in late G-phase prior to the beginning of S-phas@ther Flavonoids
(188). More recently, quercetin has been reported to down; S . — .
. ) Hydroxylated flavonoids, including myricetin, quercetin,
regulate mutant p53 levels, which can block apoptosis (189), : . . . .
. . . : orin, kaempferol, and rutin, directly interacted with and
and to induce apoptosis through a pathway involving heat- C : o . .
. potently inhibited the mutagenic activity of metabolites (diol-
shock proteins (190).

The fact that quercetin and other phenolic compounds e)@_omdes) of polycyclic aromatic hydrocarbons, well estab-

hibit growth-inhibitory effects may be a consequence of the'ﬁhed to be powerful mutagens and carcinogens (212). The

ability to interfere with enzymatic activities involved in th(—.genotoxlc effects of a number of cooked-food mutagens were

! . . . . .inhibited in a bacterial mutation assay, in a dose-dependent
regulation of cellular proliferation. Part of the growth mhlblfnanner equally by myricetin and quercetin and much better
tory effects of these compounds may be explained by thglrmorin (213)

biological activities reported in various experimental systems, o .
such as the inhibition of Nik*ATPase (191); the increase of. T_he possibility that the ?ﬁeC‘Sf of fla\_/0n0|ds a_nd_ other an
) S ) . tioxidants on the TPA-mediated induction of ornithine decar-
CcAMP levels (192,193); the inhibition of protein tyrosine ki . . )
C . boxylase (ODC) and tumour promotion being parallel with
nases (194,195) and protein kinase C (196,197);&kPase their activities of lipoxygenase inhibition was investigated in
of sarcoplasmic reticulum (198); pp&kinase (199); the Poxyg 9

. . . . an animal study using CD-1 mice. Morin, fisetin, and
modulation of estrogenic response through an interaction wi S .

L : . R ; aempferol, were shown potently to inhibit epidermal
type Il binding sites (183); the inhibition of the synthesis of“a oxvaenase activity as well as 12-0-tetradecanoviohorbol-
17-kDa protein (cell-cycle related) (186) and HIV reverse traylx Y9 Y yip

scriptase (with a Kof 0.08uM) (200). Furthermore, querce- 3-acetate (TPA)-mediated ODC induction. TPA-mediated

tin is also a potent inhibitor of phosphatidyl-3 kinase (20 NA synthesis was not inhibited by morin, but TPA-induced

and 1-phosphatidylinositol-4 kinase (202), importantenzymiélsI n tumor promotion was markedly inhibited by morin and

in proliferation signaling pathways. ightly by a-tocopherol (214).

Quercetin has antiproliferative activity against breast (Zoé)atechin
and stomach (204) cancer cell lines and human ovarian can-
cer primary cultures (205) and can potentiate the action ofn an in vitro study, addition of (+)-catechin to rat hepato-
cisplatin ex vivo (206). It has been shown to potentiate thgtes cultured with 4-(methylnitrosamino)-1-(3-pyridyl)-1-
cytotoxic action of 13-D-arabinofuranosylcytosine in primarybutanone (NNK), a tobacco-specific carcinogen, inhibited the
cultures of human acute myeloid leukemia cells (207). Fdormation of DNA-damaging intermediates by selectively
thermore, in vivo synergy of quercetin with cisplatin againshpairing the enzymatic activation of NNK, suggesting that
Walker lung cancer xenografts in nude mice has been @e}-catechin could be an effective preventive agent against
scribed (208). NNK hepatocarcinogenicity (215). In another experimental

The bioavailability and the plasma transport of flavonogudy, Fan (216) investigated the effect of catechin on cell
in rats fed quercetin or rutin were studied by Manach et gtowth of HeLa, KB, and 3T3 cell lines and reported that the
(209). The concentration of circulating flavonols was signiffirst two were sensitive to catechin. The survival curve of
cantly increased, and quercetin and rutin administration kela cells treated with catechin varied with the dose and
sulted in similar concentrations of quercetin in cecal conterdsiration of exposure, and tiié-TdR incorporation rate into
Their results demonstrated that dietary flavonols are recéielLa cells was inhibited by catechin at a rate that was also
ered in rat plasma as conjugated metabolites in non-nedlise and exposure-dependent. It is, therefore, possible that
gible concentrations. one of the mechanisms of cell growth inhibition by catechin

Only a few pharmacokinetic studies have been conductaedy be inhibition of DNA synthesis.

Quercetin
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Hydroxycinnamic and Benzoic Acids have lipid lowering properties, although such effects appear
to be relatively weak.

Caffeic and ferulic acids may play a role in the body’s de-__ . . .

. . . R ; This remarkable spectrum of biochemical and cellular func-

fense against carcinogenesis by inhibiting the formation of o .
. . o tions has earned the polyphenols a privileged role in human

N-nitroso compounds. Caffeic and ferulic acids were reported, ~ . . .

R R . nutrition. The resistance to certain diseases, such as athero-
to react with nitrite in vitro and to inhibit nitrosamine forma- : ; :
sclerosis and CHD, manifested by a number of population

tion in vivo. In simulated gastric fluid, caffeic acid and feru- . . e
9 : roups,especially those of the Mediterranean basin, is

lic aC|_d reacted_ raplqlly and complet_ely with an equ'm(.ﬂ%vrldely attributed to the high proportion of fresh fruit and
guantity of sodium nitrite. Caffeic acid was more effective ; :
X L o . L yegetables together with the moderate consumption of

than ferulic acid in both the in vitro (reaction with nitrite) and : : 2
in vivo (inhibition of hepatotoxicity) systems (217) wine, which are considered to be the characteristic fea-
P Y) Sy : tures of their diet. Advanced industrial societies whose

Gentisic acid, due to its antioxidant activity and its ability. .
. : : . iets generally lack these components are being urged to
to inactivate hydroxyl free radicals (163,165), might also pre-~ . - .
oglfy their lifestyles accordingly.

vent, as has been suggested for aspirin, the developmenr??t must be kept in mind that virtually all of the evidence

some forms of cancer (163). ; . : . .
; i . : . upporting these notions comes from direct experiments in
Gallic acid, caffeic acid, and other phenolic compounds . - . : ) .
S . X o artificial systems or from epidemiology-driven population
inhibited aflatoxin B (AFB1)-induced mutagenesisina Sal-, . - L
U : : . studies. Investigations with isolated cells such as leukocytes,
monella typhimurium strain TA 98 in a suspension assay Ih : L X
primary cell cultures, and cell lines, in vitro preparations such

the presence of rat liver microsomes (218). The inhibito(% LDL, and purified enzymes can provide valuable clues to

effect was observed only when the phenolic compound and ~ ! . : : .
e . € intrinsic structure-function relationship of the polyphe-
the mutagen were administered concurrently and in a dose- . : .
nols and how they might potentially behave in the human

dependent manner.

Caffeic and ferulic acids inhibited the induction of OD ody, but such evidence is a long way from definitive proof.

by TPA by 42% and 46%, respectively, in mice (219). In gsues such as the absorption and bioavailability of these com-

similar study, the ability of m-chloroperoxybenzoic acid t80unds have barely been addressed. Unlike vitamins and es-

induce the ODC marker of skin tumor promotion was inhif);-entlal minerals, daily dietary r_equw.ements f_o_r th_e_se
. . . ; . compounds have not been established; no specific clinical
ited by gallic acid and other polyphenols in mouse epidermis

in vivo (22). The same two compounds, when added to t%ndromes are observe_d among |nd|v_|duals or group whose
infake seems to be particularly low. With an exception cited

diet of mice on benzo(a)pyrene-induced neoplasia of the fole, 5ier (211), their deliberate administration singly or collec-

stomach, suppressed neoplasia (221). In arelated study ( ely had not led to amelioration or cure of any disease or

using mice fed on powdered food with or without caffeic acid\,/ . .
somg of each groupp were injected with 7,12-dimethy] gz ymptom complex once this has become established (224).

anthracene (DMBA) after 1 week. Using a bone-marrow méikemse, their putative ability to prevent or protect against

cronucleus test, it was observed that caffeic acid inhibited gease rests upon vague inferences projected by epidemi-

DMBA-induced chromosomal breakage by 50%, suggestirqggegiSts fro_rgI observatiolnsdon poplulations whose variables
that caffeic acid provides significant protection against thes IMmpossible to contrq a equa’Fe y-
genotoxicity of DMBA. Nevertheless, the n_0t|on that o_lletary polyphenols enhance
health and prevent disease, actively promoted but not fully
established by nutritional scientists, has gained growing ac-
ceptance among medical practitioners and other health pro-
Many phenolic compounds present in food and vegetablessionals and has infiltrated the consciousness of the informed
demonstrate potent and desirable biological activities. Tlag public through its wide dissemination in the media. There
most universal property relates to their function as antioxs-almost a collective desire to see this hypothesis achieve the
dants, manifested by their ability to trap free radicals and status ofestablished truth, because it is consistent with
hibit their enzymatic generation, and to block the oxidatidhe presumed benefits of healthy lifestyle practices. It is
of cellular and extracellular components such as membranes our intention to adopt a cynical posture in this debate,
and LDL. More selectively, certain of these polyphenols caince we align ourselves with those who support the hy-
prevent or diminish aggregation of platelets and their synthmsthesis, but we would be irresponsible to our readers if
sis of pro-aggregatory eicosanoids such as thromboxanewe were to terminate this review without raising some of
as well as synthesis by leukocytes of pro-inflammatotlgese cautionary matters.
leukotrienes. However, some polyphenols are able to promot&o, what about wine? This much can be confidently as-
the synthesis of prostacyclin and nitric oxide and in this wagrted: an intake of two glasses of red wine per day will pro-
may play a role in optimizing blood flow through the arterialide ~40% of the total antioxidant polyphenols present in a
system. Several, especially quercetin, have anticancer potezalthy diet (225,226), as well as a number such as resveratrol
tial despite their mutagenic capabilities (223), and others ntagt are virtually absent from commonly consumed fruit and

CONCLUSIONS
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vegetables (1,227). Moreover, the natural way in which wine substances aromatiques volatiles des raisins de deux cepages rouges

is produced and the various processes that contribute to jts & cours de leur maturatioAnn Technol Agrid4:5-14, 1965.
duction as described in this review allow plenty of sco 1e8' Ribéreau-Gayon J, Ribéreau-Gayon P, SeguiBdBytis Cinerean
pro p Yy p Enology. InThe Biology of BotrytisIR Coley-Smith, K Verhoeff, WR

for

Finally, fermentation and the increasing presence of alcohod.

further enrichment of its polyphenol content (228—230).

leads to their liberation and solubilisation such that they are

likely to be much more bioavailable in this milieu than in
solid foodstuffs. Only tea can approach the advantages of wipg

in this respect. The study of wine phenolics is, therefore, a

val

with broader studies to establish and confirm their advantageé
to human health.
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