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The French have one of the lowest incidences of coronary heart disease in the Western world despite
a diet with a relatively high fat content. This phenomenon that has puzzled researchers worldwide for
more than a decade is known as the

,

French paradox’ and has been linked to the high consumption of
red wine in France. Red wine is rich in the complex polyphenols, the proanthocyanidins, and these
compounds have recently attracted attention as potential cardiac-protective compounds. The present
review summarizes the literature on proanthocyanidins with focus on their chemical structure, the
occurrence, the daily intake from foods, the bioavailability and metabolism, and the evidence for a
protective effect against cardiovascular diseases.
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1 Introduction

The fact that the French have one of the lowest incidences
of coronary heart disease in the Western world despite a
diet with a relatively high fat content has been linked to the
high consumption of red wine [1]. The French eat 3.8 times
as much butter and 2.8 times as much lard as Americans,
and they have higher serum cholesterol levels and higher
blood pressure than Americans, yet Americans have a 2.5-
fold greater death rate due to coronary heart disease than
the French population [2]. This has been attributed to the
drinking of red wine, since the French consume more wine
than Americans, Northern Europeans, and people from the
UK [3]. This phenomenon, commonly referred to as the
“French paradox”, has puzzled researchers worldwide for
more than a decade. Epidemiological evidence from many
studies overwhelmingly supports the hypothesis that mod-
erate alcohol consumption is significantly associated with a
reduction in coronary heart disease mortality [4–6]. Some
who have studied this association in a particular population
have found that wine, in particular red wine, is more power-
ful than other alcoholic beverages in decreasing the inci-
dence of coronary heart disease [5, 7] although other studies
were not able to show a special epidemiological benefit of
wine [4]. Many of the components in wine have during the
years been shown to exert cardioprotective properties, sup-
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porting the theory of the regular wine intake in France as an
explanatory factor of this paradox.

Red wine represents a rich source of polyphenols like
anthocyanins, catechins, proanthocyanidins, flavonols, stil-
benes, and other phenolics, all potent antioxidants that have
been shown to possess biological properties that may pro-
tect against cardiovascular disease (for reviews see, e.g.,
[8–11]). However, many of the studies on these compounds
show conflicting results and the dietary components
responsible for the lower risk of cardiovascular disease in
France still remains to be convincingly identified. During
the past few years, the proanthocyanidins have been sug-
gested as a candidate to explain the superior effect of red
wine as compared to white wine and other alcoholic bev-
erages, since the proanthocyanidins are specifically
extracted from the grape seeds and skin during the mash fer-
mentation of red wine.

Research on the proanthocyanidins is however limited and
many questions still remain to be answered. The present
review will focus on the present knowledge on the
proanthocyanidins, their chemical structure, the occur-
rence, the daily intake from foods, the bioavailability and
metabolism, and the evidence for a protective effect against
cardiovascular diseases.

2 Dietary proanthocyanidins

2.1 Chemistry and occurrence

Proanthocyanidins are synonymous with condensed tannins
and are the second most abundant natural phenolic after lig-
nin [2, 12]. The wide presence of proanthocyanidins in
plants makes them an important part of the human diet, and
they are found especially in fruits, berries, beans, nuts,
cocoa, and wine. Through the formation of complexes with
salivary proteins, proanthocyanidins are responsible for the
astringent character of fruits (grapes, peaches, apples,
pears, berries, etc.) and beverages (wine, cider, tea, beer,
etc.) and for the bitterness of chocolate [2]. This astrin-
gency changes over the course of maturation and often dis-
appears when the fruit reaches ripeness. Proanthocyanidins
are oligomers or polymers of flavan-3-ols and these units
are linked mainly through C4fiC8 bond, but the C4fiC6
linkage also exists. These linkages are both called B-type
linkages. An additional ether bond between C2fiC7 result-
ing in doubly linkage of the flavan-3-ol units is called an A-
type linkage. Proanthocyanidins consist of different flavan-
3-ol subunits, also called proanthocyanidin monomers or
catechins. The most common types are shown in Fig. 1. The
proanthocyanidins that exclusively consist of (epi)catechin
units are designated procyanidins, the most abundant type
of proanthocyanidins in plants. The less common proantho-

cyanidins containing (epi)afzelechin or (epi)gallocatechin
subunits are called propelargonidin or prodelphinidin,
respectively. The flavan-3-ol subunits may carry acyl or
glycosyl substituents. The most common acyl substituent is
gallic acid, which is bound as an ester with the hydroxyl in
the C3 position as in tea or wine [2]. Several glycosylated
proanthocyanidin oligomers have been identified with the
sugar linked to the C3 or the C5 position as the most com-
mon glycosylation [2].

The knowledge about the distribution and nature of
proanthocyanidins in foods has until recently been very lim-
ited. The content of flavonols and proanthocyanidin dimers
and trimers in Spanish foods was investigated in 2000 by
Pascual-Teresa et al. [13]. The same year, Santos-Buelga
and Scalbert [2] have reviewed the available data on
proanthocyanidins, and large discrepancies were found in
the content in food at this time due to different analytical
methods or to the nature of the samples analyzed, variety,
stage of ripeness, part of food considered, level of process-
ing, etc. [2]. Only very recently, the content of proanthocya-
nidins in human foods have been thoroughly investigated.
Gu et al. [12, 14] reported in 2003 a screening of 88 different
kinds of foods for proanthocyanidin content, including oli-
gomers and polymers, using LC-MS/MS after thiolytic
degradation.Out of the 88 plant-based foods investigated, 39
were found to contain proanthocyanidins. The proanthocya-
nidins were mainly detected in fruits and berries, but also
nuts, beans, someminor cereals, such as barley and sorghum,
the spices curry and cinnamon, and the beverages wine and
beer were found to contain proanthocyanidins.Most of these
plant-based foods contained exclusively the homogeneous
B-type procyanidins, but few also contained the heteroge-
neous propelargonidin or prodelphinidin. In some of the
investigated plant foods A-type proanthocyanidins were
found. The majority of A-type proanthocyanidins found in
nature contain only one additional A-type interflavan bond
primarily in between the extension units or as an A-type
terminal unit. A-type proanthocyanidins was only deter-
mined in curry, cinnamon, cranberry, peanut, plums, and
avocado in the study byGu et al. [12]. The content of A-type
proanthocyanidins was however determined to be very high
in these foods, and in curry and cinnamon between 84–90%
of the total amount of proanthocyanidins were A-type, in
cranberry and peanut about 51–65%, and in plums and avo-
cado about 29%wasA-type proanthocyanidins [12].

Of the 19 vegetables screened, only Indian squash con-
tained proanthocyanidins, and vegetables are therefore not
an important source of proanthocyanidins. In addition, no
proanthocyanidins were detected in citrus fruits, pineapple,
and watermelon, in the cereals oat, rice, and corn, or in 13
other spices [12]. Hence, major, regularly consumed fruit
products, like orange juice and grape juice, do not contri-
bute to the intake of proanthocyanidins. In a later study, Gu
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et al. [15] furthermore investigated the concentration of
proanthocyanidins in all the foods that were found to con-
tain proanthocyanidins in the first study. Table 1 sum-
marizes the proanthocyanidin content of some of these
foods as determined by Gu et al. [15] and Fig. 2 shows the
content of proanthocyanidins in beverages as determined
later by Auger et al. [16]. In the studies by Gu et al. also the
degree of polymerization (DP) was determined in selected
foods, and a large variation in the average DP was observed
[12, 15]. In black currants, e.g., the average DP was 47.9 l
5.1, whereas it was only 7.3 l 0.2 and 2.1 l 0.0 in wine and
beer, respectively (see Table 1).

Gu et al. [15] also estimated the daily average intake of
proanthocyanidins in the USA and found that in total the

daily intake of proanthocyanidins is about 53.6 mg/day
excluding the monomers, and 57.7 mg/day including the
monomers. The distribution between intake of monomers,
dimers, and trimers was found to be almost equal with an
intake of 4.1–6.4 mg/day of each group, whereas the intake
of oligomers (4–10-mers) and polymers (>10-mers) was
both around 20 mg/day [15]. Thus, of the estimated total
daily intake of proanthocyanidins, about 73% had a DP > 3.
Apples (32%), chocolate (17.9%) and grapes (17.8%) was
found to be the major contributors to the proanthocyanidin
intake in the USA [15]. Earlier estimations of average daily
proanthocyanidin intake were based on far more scarce data
and ranged from tens to several hundreds of milligrams of
proanthocyanidins per day, and the main sources of
proanthocyanidins were identified to be apples, pears,
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Figure 1. Chemical structures of proanthocyanidins. Structures of the monomeric flavan-3-ols, dimer B1,
B2, and trimer C1 and C2 are shown. Dimer A2 is shown as example of the A-type double linkage.
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grapes, and red wine [2]. It is, however, seen from Fig. 2,
that red wine contributes with significant amounts of
proanthocyanidins compared to other beverages, and regu-
lar drinkers of red wine will thus have a substantial intake
of proanthocyanidins. Also regular fruit eaters will easily
have a daily intake higher than the average 57.7 mg/day as
determined by Gu et al. Compared to the mean intake of
other flavonoid groups like flavonols, flavones and flava-
nones, that has been estimated to be totally about 24.2–
28.6 mg/d in the populations of Finland, Denmark, and the
Netherlands, respectively [17–19], the intake of proantho-
cyanidins is substantial and adds significantly to the total
daily intake of flavonoids.

2.2 Uptake andmetabolism

The estimated amount of 57.7 mg/day of proanthocyanidins
that we consume daily is about twice the amount of other

flavonoids that are present in our food [15]. These com-
pounds are thus an important contributor to the potential
health effects of dietary flavonoids, but to produce a biolo-
gical effect in vivo, it is essential that sufficient quantities
reach the target tissues. Until very recently the fate of
proanthocyanidins in the human body was unknown. How-
ever, new analytical techniques have enabled the study of
the uptake and metabolism of the complex mixtures of
proanthocyanidins present in our food. The proanthocyani-
dins found in food cover a wide range of DP. As seen in
Table 1, the concentration of monomers, dimers, and tri-
mers in foods is by far exceeded by the higher polymerized
proanthocyanidins. Recent studies suggest, however, that
only the low-molecular-weight oligomers (DP f 3) are
absorbed intact in the gastrointestinal tract. D�prez et al.
[20] demonstrated that (+)-catechin and proanthocyanidin
dimers and trimers were permeable through the Caco-2
human intestinal cell line. The permeability of a proantho-
cyanidin polymer with a mean DP of 6 was l10 times
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Table 1. Content of proanthocyanidins in common foodsa)

Food Monomers Dimers Trimers 4–6-mers 7–10-mers >10-mers Total Typeb)

(mg/100 g fresh weight foods or mg/L beverages)
Blueberries 4.0 € 1.5 7.2 € 1.8 5.4 € 1.2 19.6 € 3.4 14.5 € 2.0 129.0 € 47.3 179.8 € 50.8 PC
Black-currants 0.9 € 0.2 2.9 € 0.4 3.0 € 0.3 10.6 € 1.7 9.9 € 1.4 122.4 € 28.0 147.8 € 33.0 PC, PD
Cranberries 7.3 € 1.5 25.9 € 6.1 18.9 € 3.4 70.3 € 13.1 62.9 € 14.7 233.5 € 49.1 418.8 € 75.3 A, PC
Strawberries 4.2 € 0.7 6.5 € 1.3 6.5 € 1.2 28.1 € 6.5 23.9 € 3.5 75.8 € 13.4 145.0 € 24.9 PP, PC
Applesc) 9.6 € 0.9 13.8 € 0.6 9.3 € 0.4 30.2 € 1.2 25.4 € 1.2 37.6 € 2.6 125.8 € 6.8 PC
Apple juice 1 € 0 2 € 0 1 € 0 4 € 0 1 € 0 ND 9 € 0 PC
Pears 2.7 € 1.5 2.8 € 1.3 2.3 € 0.9 6.5 € 1.9 4.6 € 1.0 13.1 € 11.3 31.9 € 7.8 PC
Plums 11.4 € 3.4 31.5 € 7.4 23.9 € 5.1 58.0 € 12.5 33.8 € 11.9 57.3 € 24.4 215.9 € 50.7 A, PC
Peaches 4.7 € 1.4 7.0 € 2.2 5.0 € 1.4 17.7 € 5.5 10.9 € 3.7 22.0 € 7.7 67.3 € 20.9 PC
Avocados 1.0 € 0.8 1.5 € 0.8 1.4 € 0.4 3.2 € 0.8 0.4 € 0.7 ND 7.4 € 4.3 A, PC
Sorghum, sumac bran 27.8 € 1.2 78.2 € 3.4 99.2 € 7.7 585.5 € 50.0 734.3 € 69.3 2440.4 € 271.0 3965.4 € 402.5 PC
Barley 11.0 € 0.3 21.4 € 1.1 14.6 € 1.0 27.2 € 0.6 ND ND 74.2 € 3.0 PC
Pinto beans, raw 14.8 € 0.9 32.0 € 2.6 28.3 € 2.1 125.9 € 9.2 135.6 € 10.4 459.6 € 34.2 796.3 € 58.7 PP, PC
Red kidney beans 21.9 € 0.2 26.4 € 0.7 29.1 € 0.7 117.7 € 2.8 105.3 € 2.2 263.4 € 4.1 563.8 € 10.4 PP, PC
Hazelnuts 9.8 € 1.6 12.5 € 3.8 13.6 € 3.9 67.7 € 20.3 74.6 € 21.9 322.4 € 102.5 500.7 € 152.0 PC, PD
Pistachios 10.9 € 4.3 13.3 € 1.8 10.5 € 1.2 42.2 € 5.2 37.9 € 4.9 122.5 € 37.1 237.3 € 52.0 PC, PD
Almonds 7.8 € 0.9 9.5 € 1.6 8.8 € 1.7 40.0 € 8.5 37.7 € 8.4 80.3 € 28.1 184.0 € 48.2 PP, PC
Walnuts 6.9 € 3.4 5.6 € 0.9 7.2 € 1.2 22.1 € 3.3 5.4 € 0.8 20.0 € 9.3 67.3 € 14.7 PC
Peanuts 5.1 € 1.0 4.1 € 0.7 3.7 € 0.5 2.8 € 0.2 ND ND 15.6 € 2.3 A, PC
Peanut butter 2.0 € 0.9 3.0 € 0.7 8.1 € 3.5 ND ND ND 13.2 € 5.2 A, PC
Black chocolate 31.4 € 0.2 31.2 € 0.9 21.1 € 0.8 55.5 € 3.5 38.5 € 3.0 68.2 € 8.8 246.0 € 0.3 PC
Milk chocolate 26.9 € 3.0 26.2 € 2.5 19.3 € 2.6 51.4 € 9.8 35.3 € 7.2 32.8 € 9.2 192.0 € 28.8 PC
Beer 4 € 0 11 € 1 3 € 0 4 € 0 ND ND 23 € 2 PC, PD
White wined) 15.1 ND ND – – – 15.1d) –
Ros� wined) 17.1 ND ND – – – 17.1d) –
Red wined) 190.0 274.3 93.4 – – – 557.7d) –
Red wine 20 € 1 40 € 1 27 € 1 67 € 2 50 € 1 110 € 2 313 € 5 PC, PD
Grape juice 18 € 0 34 € 0 19 € 0 80 € 0 69 € 0 303 € 2 524 € 2 PC, PD
Grape seed (dry) 660.3 € 8.3 417.3 € 4.8 290.2 € 4.5 664.0 € 8.2 400.3 € 31.3 1100.1 € 86.3 3532.3 € 105.8 PC

a) All data are obtained from [15] unless otherwise is stated in a footnote. Values are means € SD, n = 4–8. See [15] for detailed data on
food content of proanthocyanidins. ND = not detected

b) Type: PP, propelargonidins, PC, procyanidins, PD, prodelphinidins, A, A-type linkage [15]
c) Red delicious with peel
d) Data obtained from [16]. Mean of 95 different French wines, see original paper for ranges in the wines. Only monomers (catechin and

epicatechin) up to trimers were measured. The total given is the sum of monomers to trimers.
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lower, suggesting that only the monomers, dimers, and tri-
mers are absorbed and that polymers are not.

The data based on the absorption and degradation of
proanthocyanidins are, however, somewhat conflicting.
Spencer et al. [21] demonstrated by in vitro experiments the
possibility that procyanidin oligomers are degraded under
in vitro conditions that simulated gastric juice (378C, pH
2.0, 1–4 h, no digestive enzymes) to mixtures of epicatechin
monomers and dimers that then could be absorbed in the
small intestine. However, a later study by Donovan et al.
[22] showed that purified procyanidin dimer B3, as well as
grape seed proanthocyanidins having a higher degree of
polymerization, not were degraded into monomers in rats,
and that none of the dimer was identified in plasma or urine.
The stability of proanthocyanidins was furthermore investi-
gated in humans by regular analysis of gastric juice sampled
with a gastric probe after ingestion of a proanthocyanidin-
rich cocoa beverage [23]. This study supports that
proanthocyanidins are not degraded under the acidic condi-
tions of the stomach in vivo.

Several studies emphasize that the majority of the poly-
meric proanthocyanidins pass unaltered through the small
intestine whereafter they are degraded into small phenolic
acids by the colonic microflora in the cecum and large
intestine [24]. D�prez et al. [25] reported that incubation of
polymeric procyanidins with human colonic microflora in
vitro under anaerobic conditions completely degraded the
procyanidins after 48 h into low-molecular-weight phenolic
acids. The degradation products included phenylacetic,
phenylpropionic, and phenylvaleric acids. Similar meta-
bolic products were observed by Gonthier et al. [26] in vivo
in rats that during five days were provided either catechin
monomer, procyanidin dimer B3, trimer C3, or a fraction
from willow tree containing a mixture of polymers. In the

rats fed the catechin diet, intact catechin and its 3-O-methyl
derivative excreted in urine accounted for 25.7% of the
catechin dose. In the rats provided dimeric, trimeric, or
polymeric proanthocyanidins, no monomeric form of cate-
chin or its methylated form was detected. In all groups,
phenolic acids including phenylacetic, phenylpropionic,
phenylvaleric, and benzoic acids were detected in the urine
(in total 16 different metabolites) with the total yield of
these phenolic acids expressed as percentages of the cate-
chin equivalent dose decreasing from the catechin mono-
mer (10.6 l 1.1%), to the dimer (6.5 l 0.2%), trimer (0.7 l
0.1%) to the polymer fraction (0.5 l 0.1%) [26]. Thus, the
production of absorbable low-molecular-weight phenolic
acids is highest from monomeric and dimeric forms, and
negligible from those with a higher degree of polymeriza-
tion. Similar phenolic acids were observed as the major
metabolites in urine collected from healthy human subjects
after consumption of chocolate containing high amounts of
oligomeric, polymeric proanthocyanidins, and monomeric
catechins [27].

A few studies indicate that some procyanidin dimers are
able to be absorbed intact in rats and humans [28, 29],
whereas others have not been able to detect any intact
dimers. In a human study, the procyanidin dimer B2 was
detected in the plasma of volunteers ingesting a cocoa bev-
erage; however, the maximal plasma concentration reached
2 h after ingestion was only 0.04 lmol/L compared to a
level of 6.0 lmol/L after an equivalent intake of epicatechin
[28]. Despite their high abundance in our food, dietary
proanthocyanidins are very poorly absorbed and may only
exert local effects in the gastrointestinal tract or effects
mediated mainly by the monomeric forms and the simple
phenolic acids produced by the microbial degradation.
Once proanthocyanidins or their fermentation products
have crossed the intestinal barrier, they reach the liver
through the portal vein, where they are further metabolized.
In vitro studies have shown that methylated derivatives can
be formed from the dimer B3 in fresh liver homogenate
obtained from a human biopsy. No in vivo study has, how-
ever, yet reported on the methylation of proanthocyanidins,
but it is very likely that these compounds are being exten-
sively metabolized, hydroxylated, methylated or conjugated
to sulfate esters or glucuronides as has been shown for other
flavonoids [30–33].

This leads to the conclusion that studies on antioxidant and
biological effects of proanthocyanidins only make sense if
their degree of polymerization and their metabolism is
taken into account, since it is evident from the present
knowledge that only the monomers and dimers are bioavail-
able and only to a limited extent, and that it is very unlikely
that proanthocyanidins with DP > 2 are able to reach the
systemic circulation. Furthermore, only proanthocyanidins
with DP f 2 result in the production of significant amounts
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Figure 2. Proanthocyanidin monomer (catechin and epicate-
chin), dimer and trimer level in beverages, including gallotan-
nins for teas (mg/100 mL). Reproduced from [16], with permis-
sion.
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of phenolic acid metabolites in the gut [34]. These readily
absorbed metabolites may also contribute significantly to
the health protective effects observed for proanthocyani-
din-rich foods.

3 Cardioprotective properties
of proanthocyanidins

3.1 Development of atherosclerosis

Atherosclerosis is the primary cause of many cardiovascu-
lar diseases. Mortality from cardiovascular disease is the
leading cause of death in the USA numbering 38.5% of all
deaths in 2001 [35]. Atherosclerosis is an inflammatory dis-
ease that is characterized by the accumulation of lipids in
the innermost layer, the intima of the walls of large- and
medium-sized arteries (for reviews see [36, 37]). The pro-
cess initiates by accumulation of modified low-density
lipoproteins (LDLs) in the intima and uptake of the modi-
fied LDL by macrophages. The LDL may be modified by
oxidation by free radicals or by enzyme-mediated oxidation
resulting in aggregation within the intima [38]. The trapped
oxidized LDL initiates an inflammatory response of the
endothelial cells that attracts monocytes to the area. The
monocytes adhere to the endothelium, cross into the intima,
and differentiate into macrophages. The macrophages
engulf oxidized LDL leading to unregulated accumulation
of LDL. These lipid-loaded macrophages are called foam
cells and are the characteristic components of early athero-
sclerotic lesions, namely fatty streaks [39]. The foam cells
are incapable of escaping the intima and when they undergo
cell death (apoptosis) this may result in an oxidative burst
that further contributes to the oxidation of LDL, thus aggra-
vating the inflammatory process. The progression of the
lesion involves smooth muscle cells, collagen, and platelets
in addition to further lipid accumulation [37]. The advanced
lesion may also develop a fibrous cap. The atherosclerotic
lesions or plaques reduce the endothelial function, limit the
effective diameter of the vessels, and thereby restrict the
blood flow and the supply of oxygen to tissues. When the
plaques grow larger, they have an increased tendency to
rupture and cause thrombosis and sudden death by myocar-
dial infarction [39].

3.2 Antioxidant effects and inhibition of LDL
oxidation

Highly reactive oxygen species, such as singlet oxygen,
1O2, the superoxide anion radical O29–, the hydroperoxyl
radical OH9, the nitrogenoxide radical NO9, and alkyl per-
oxyl free radicals, are regularly produced in our body. They
cause damage to lipids, proteins, and DNA and participate
in the pathogenesis and ageing [40]. Humans possess a

wide array of endogenous antioxidant defences, which
scavenge radicals and repair oxidative damage. The con-
sumption of a diet rich in antioxidants like polyphenols are
thought to contribute further to this defence [41].

Polyphenols are able to scavenge reactive oxygen species
through electron-donating properties, generating a rela-
tively stable phenoxyl radical. For most proanthocyanidins
with an o-dihydroxyphenyl group in the B-ring and a fully
saturated C-ring, the radical site is at the B-ring and the sub-
stitution of the A-ring has only a limited influence on the
reduction potentials of the semiquinone radical formed
[42]. These semiquinone radicals are quite stable [43], and
proanthocyanidins may therefore protect the body against
oxidation and by that limit the risk of developing cardiovas-
cular disease.

Several studies have investigated the antioxidative potential
of the proanthocyanidins and of proanthocyanidin-rich
foods. However, as discussed above, the bioavailability of
the proanthocyanidins has only very recently been investi-
gated, and the state-of-the-art is that in addition to themono-
mers, only the dimers are able to be absorbed in their intact
form and only to a very limited extent whereas the polymers
are nonbioavailable and transfer unaltered through the gas-
tro-intestinal system. Some of the proanthocyanidin forms
are additionally degraded by the gutmicroflora to low-mole-
cular-weight compounds. This rather new knowledge calls
for a reconsideration of the many very promising in vitro
studies on proanthocyanidins conducted in the past, demon-
strating biological and antioxidative effects of proanthocya-
nidins. None of these studies take into account the metabo-
lism and the limitations in the bioavailability of the
proanthocyanidins, and thereby some of the results of these
studiesmaybe irrelevant for the invivo situation, implicating
oral dosing, unless i.v. doses with proanthocyanidins are
used. However, in many of the reported in vitro studies,
proanthocyanidin-rich extracts or foods are used, like red
wine, grape seed extracts, and cocoa powder. Thesemixtures
all additionally contain readily absorbable catechin mono-
mers, proanthocyanidin dimers, and other minor phenolic
compounds, and the results of these studies may therefore in
part be due to these compounds, rather than of the polymeric
proanthocyanidins, and therefore these studiesmaybe repro-
ducible in vivo using the same extracts, but this has to be
further investigated. Thus, the limits of many of the in vitro
studies are that the polyphenols tested are different from
those present in the body. It is thus not only necessary to
know the target and its physicochemical environment but
also to know if the compound effectively reaches the target.
In the absence of such data it will be difficult to extrapolate
results obtained in vitro to the in vivo situation, and in parti-
cular to establish the nature of the dietary phenolic com-
pound providing the most efficient protection against
chronic diseases.
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Several in vitro studies on inhibition of the oxidation of
LDL or membrane systems with purified proanthocyani-
dins have been conducted. Two studies on the antioxidant
activity and membrane effects of proanthocyanidins have
been performed on liposomes [44, 45]. Both studies con-
clude that the oligomer chain length influences the antioxi-
dant activity in a manner where increasing protection
against oxidation was correlated with increasing chain
length of the proanthocyanidins. In another study on cran-
berry proanthocyanidins, it was likewise observed that only
the fractions containing trimers to heptamers or pentamers
through nonamers were able to increase the lag time of Cu2+

induced oxidation of LDL [46]. A third study also found an
increased protection of LDL with increasing chain length
of the proanthocyanidins [47]. The relevance of these
studies to the in vivo antioxidative effects of dietary
proanthocyanidin oligomers is, however, questionable since
it is very unlikely that these oligomeric and polymeric
compounds will reach the systemic circulation in intact
form.

In vitro and in vivo studies on the protection against oxida-
tion of LDL by food products containing proanthocyani-
dins, like red wine, cranberry products, grape skin extracts,
cocoa, and chocolate, have also been conducted, and the
majority of these studies show a protection against LDL
oxidation. In these studies the effects may, however, rather
be due to the content of monomeric or dimeric proantho-
cyanidins in the food products. This literature has recently
been extensively reviewed [48–52].

3.3 Inhibition of the inflammatory response
in atherosclerosis

In the past decade there has been a major shift in the para-
digm of our understanding of the pathogenesis of athero-
sclerosis. It is now generally accepted that inflammatory
mechanisms play a central role in mediating all phases of
the development of atherosclerosis [53]. Since several of
the potentially anti-atherogenic compounds in our diet have
anti-inflammatory properties, their mechanism of action
may be inhibition or blocking of the inflammatory pro-
cesses of atherosclerosis.

Proanthocyanidins have been shown to mediate several
anti-inflammatory mechanisms involved in the develop-
ment of cardiovascular disease. Studies indicate that they,
e.g., are implicated in the modulation of the monocyte
adhesion in the inflammatory process of atherosclerosis.
The TNFa-induced expression of vascular adhesion mole-
cule-1 (VCAM-1), playing a pivotal role in the inflamma-
tory response, was for example shown to be mediated by a
grape seed proanthocyanidin extract in human endothelial
cells [54]. However, like for the in vitro antioxidative effects

of proanthocyanidins discussed in Section 3.2, care must be
taken when interpreting the effects of proanthocyanidins in
cellular systems. Here, the observed effects may result from
adherence of the proanthocyanidin molecules to the cellular
surface rather than to absorption of the compounds into the
cell. It may be difficult to elucidate by which mechanism
the compounds exert their effects in a cellular assay, since
the polyphenols are known to bind strongly to proteins, and
thus also to cellular surface membranes [55, 56]. Thus, as
discussed above, observed cardiac-protective effects of oli-
gomeric proanthocyanidins in cell systems may be rather
irrelevant for the in vivo situation due to the very limited
uptake of the intact forms of these large compounds. Any
observed effects of proanthocyanidin rich fractions may
therefore be due to either cellular surface interaction with
the proanthocyanidins or to the absorbance of the low-
molecular-weight compounds present in the fraction.

However, some studies have taken the metabolism of the
compounds into account. Koga et al. [57], e.g., investigated
the effects of plasma metabolites of (+)-catechin on the
modulation of monocyte adhesion to human aortic endothe-
lial cells, and found that the plasma metabolites of catechin,
was potent inhibitors. Avery recent study employed another
set up to overcome this problem when studying the effects
of wine polyphenols on the adhesion of monocytes to
endothelial cells [58]. Here, monocytes were isolated from
healthy men after 28 days of consumption of either red
wine or gin. The TNFa-induced adhesion of the isolated
monocytes to an endothelial cell line was then studied, and
the red wine consumption virtually abolished the adhesion,
whereas it was only partially reduced after gin consump-
tion. Another recent human study confirms the ability of
red wine to affect inflammatory markers of atherosclerosis.
Estruch et al. [59] report on the reduction of a number of
inflammatory biomarkers by red wine compared to gin con-
sumption in a randomized crossover trial with 40 healthy
men. Among other markers, the adhesion molecules
VCAM-1, ICAM-1, interleukin-1a and C-reactive protein
were significantly reduced by the intervention with red
wine. In a study by Kalin et al. [60] the effects of a
proanthocyanidin-rich extract was investigated in systemic
sclerosis patients having elevated expression of soluble
adhesion molecules including ICAM-1, VCAM-1, P- and
E-selctin, and the grape seed extract used significantly atte-
nuated the increased expression of these adhesion mole-
cules.

3.4 Improvement of endothelial function

The endothelial function plays an important role in regulat-
ing the vascular function, and endothelial dysfunction is
associated with increased cardiovascular disease risk. Vas-
cular endothelium synthesizes and releases nitric oxide

165

i 2005WILEY-VCH Verlag GmbH &Co. KGaA,Weinheim www.mnf-journal.de



S. E. Rasmussen et al. Mol. Nutr. Food Res. 2005, 49, 159–174

(NO), which in turn promotes vasorelaxation (endothelium-
dependent), reduces platelet aggregation, and limits the
flux of atherogenic plasma proteins into the arterial wall.
Animal and human studies have shown that proanthocyani-
dins may have favorable effects on the vascular endothelial
function as recently reviewed by Duffy et al. [61] and Dell’
Agli et al. [10]. In vivo red wine polyphenolics were shown
to reduce blood pressure in normo- and hypertensive rats
[62–64]. The administration of purple grape juice
improved the endothelium-dependent, flow-mediated vaso-
dilation in coronary artery disease patients with impaired
endothelial function [65]. Red wine was shown to reverse
acute endothelial dysfunction caused by saturated fat intake
or by cigarette smoking in healthy volunteers [66, 67]. A
placebo-controlled 2-week study with chocolate high or
low in cocoa flavonoids improved endothelial function and
increased epicatechin plasma concentration in healthy sub-
jects [68]. None of these studies were, however, conducted
with purified proanthocyanidins, so the observed effects
are rather a result of the combination of the phenolic com-
pounds present in the investigated products or extracts.

The investigations of the vasorelaxation of red wine and
grape polyphenols are numerous as reviewed by Dell’Agli
et al. [10], and the results convincingly demonstrate that red
wine polyphenols have beneficial vasodilatatory effects.
The underlying mechanisms seem to involve an increase of
intracellular Ca2+ as the critical step for the activation of
NO-synthase [69, 70]. Attempts to characterize the active
compounds in red wine polyphenolic fractions have only
been performed in vitro using rat aorta [71–74], and sur-
prisingly show that monomeric catechins and simple phe-
nols (benzoic acid, gallic acid, and hydroxycinnamic acids)
are devoid of effect. On the contrary, it was shown that the
compounds exhibiting the most endothelium-dependent
relaxation were the anthocyanins and the proanthocyanidin
trimers, tetramers, pentamers, polymers, and their gallates
[71–74]. Bearing in mind the bioavailability of proantho-
cyanidins (see Section 2.2), these in vitro studies seem not
to have identified the compounds accountable for the vaso-
dilatory effects in vivo, since the oligomeric forms of
proanthocyanidins are nonabsorbable. These studies are
thus only relevant for therapeutic use of i.v. doses of oligo-
meric proanthocyanidins. Consequently, the active com-
pounds that are responsible for the observed vasorelaxation
of red wine polyphenols thus still remain to be identified
and could very well be a combination of the metabolic
products of all the different polyphenols present.

Vascular smooth muscle cells are involved in the pathogen-
esis of atherosclerosis, since their proliferation and migra-
tion are critical steps in the progression of the thickening of
the aortic intima and the development of arterial sclerosis.
In the lesion formed, the release of platelet-derived growth
factor (PDGF) by platelets, endothelial or vascular cells is a

potent mitogenic and chemotactic agent involved in all
phases of the atherogenesis [75]. Rosenkranz et al. [75]
recently demonstrated that red wine polyphenols, and not
white wine polyphenols, are able to inhibit the PDGF recep-
tor and thus abrogate the PDGF-dependent signalling path-
ways and cellular responses in vascular smooth muscle
cells. The authors furthermore reported, that when enrich-
ing the white wine with grape seed polyphenols, mimicking
the mash fermentation of red wine, inhibition of PDGF was
also observed. This suggests that the mash fermentation of
red wine results in the extraction of the active compounds
from grape seeds and skin. The differences in the phenolic
profiles in thewines employed was investigated and showed
that red wine contained far more proanthocyanidins, gallic
acid, and catechins [75]. Other studies on red wine polyphe-
nols have been thoroughly reviewed by Dell’Agli et al.
[10].

3.5 Platelet aggregation

Aggregation of platelets is known to contribute to the devel-
opment of atherosclerosis by several mechanisms [76] and
the inhibition of platelet aggregation is thus regarded as
beneficial. Platelets produce the pro-inflammatory media-
tors, such as thromboxane A2, PAF, and serotonin, and are
thus key participants in the atherogenesis [77]. Recent stud-
ies on the polyphenols in cocoa have shown that epicatechin
and proanthocyanidins have potent anti-inflammatory prop-
erties [78]. The low-molecular weight-proanthocyanidins
and epicatechin itself were shown to be potent inhibitors of
human 5-lipoxygenase [79] and proanthocyanidins from
cocoa were demonstrated to decrease platelet function sig-
nificantly in vivo in humans [80]. Furthermore, another
study showed that the combination of quercetin and cate-
chin synergistically inhibited platelet function in collagen-
induced platelet aggregation by antagonizing the intracellu-
lar production of hydrogen peroxide [81].

Several studies have reported beneficial effects of red wine
and other polyphenol rich fractions from grapes on platelet
aggregation as reviewed by Ruf [82], and Santos-Buelga
and Scalbert [2]. Other cardioprotective effects of
proanthocyanidins have additionally been reviewed by Bag-
chi et al. [83], Reed et al. [84], Steinberg et al. [85], and
Yilmaz et al. [86]. Keevil et al. [87] found reduced platelet
aggregation after one week of treatment with red grape
juice, but not after treatment with orange or grapefruit juice.
Further indications of beneficial effects of proanthocyani-
din-rich foods were observed by Folts [88] who found inhi-
bitory effects on platelet aggregation in dogs and humans
by red wine and red grape juice, but not by white wine. In
rats, red wine and alcohol-free red wine increased the
bleeding time and reduced the thrombus weight as well as
the platelet adhesion to collagen [89]. No effect was
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observed with either white wine or ethanol. Furthermore,
administration of red wine or grape juice intragastrically
eliminated the cyclic flow reductions in the stenosed coron-
ary arteries of dogs and also inhibited the aggregation of
platelets measured ex vivo after induction with collagen
[90]. Again, white wine showed no effect. In rats, red wine,
but not white wine or ethanol, inhibited the rebound effect
of thrombin-induced platelet aggregation 18 h after with-
drawing the alcoholic beverage from the diet [91]. Grape
juice, but not orange or grapefruit juice fed to monkeys for
7 days inhibited the collagen-induced ex vivo platelet aggre-
gation [92]. Finally, a crude preparation of grape polyphe-
nols fed to rats inhibited the thrombin-induced platelet
aggregation [93]. All these animal data demonstrate that
red wine polyphenols are able to inhibit platelet aggrega-
tion.

4 Pycnogenol, a proanthocyanidin-rich
extract from Frenchmaritime pine

Although this review focuses on the dietary proanthocyani-
dins, we find it relevant to include an overview of the litera-
ture on the dietary supplement Pycnogenol, since a large
part of the present proanthocyanidin studies are performed
with this extract. Pycnogenol is a standardized water extract
of the bark from the French maritime pine, Pinus maritime,
containing polyphenolic monomers (catechin, epicatechin,
and taxifolin), proanthocyanidins and phenolic acids (p-
hydroxybenzoic acid, caffeic acid, and ferulic acid) [94].
Pycnogenol has been claimed to have numerous health ben-
eficial properties, e.g., increase the body’s resistance to
inflammation, protect against blood vessel and skin
damage, improve the general function of the brain, relieve
the distresses of arthritis, diabetes, and stroke, relieve pre-
menstrual symptoms, act as a powerful antioxidant, and
work synergistically with vitamin C, protecting it from
degradation [94–96]. The majority of the studies published
to date are, however, in vitro or cell culture studies. Studies
on the bioavailability of the components in Pycnogenol
have been very limited, only a single study has demon-
strated that ferulic acid is excreted into urine after ingestion
of 200 mg pinebark extract [97]. The potential of Pycno-
genol to protect against cardiovascular diseases has been
reported in several in vitro studies using cellular systems or
ex vivo oxidation studies [98–105]. However, the number
of human studies attempting to confirm these results have
been very limited [106–109], and only few are well con-
ducted with, e.g., high numbers of subjects, placebo-con-
trol, blinding, and randomization of treatments and groups.
Some of these studies show conflicting results, it has, e.g.,
been shown that Pycnogenol acts as an antioxidant in vivo
by significantly increasing the oxygen radical absorbance
capacity (ORAC) in plasma [110], whereas another pla-

cebo-controlled study was unable to confirm these results
[111]. The latter study was also unable to confirm earlier in
vitro results indicating an ability of Pycnogenol to protect
and regenerate vitamin C stores [112]. Furthermore, some
of the studies show that Pycnogenol is able to improve the
endothelial function of hypertensive patients [108], and to
inhibit platelet aggregation [107], whereas a study on the
modification of blood pressure in mildly hypertensive
patients failed to show any effects different from that of the
placebo treatment [109]. In a study by Silliman et al. [111]
on the antioxidant potential of Pycnogenol it was concluded
that, determined as ORAC units, the daily dose of 200 mg
Pycnogenol only compares to about a single serving of
fruits or vegetables, and the authors of this study therefore
question the superior health effects of Pycnogenol com-
pared to a diet rich in fruits and vegetables.

5 Effect of proanthocyanidins on
atherosclerosis development in animal
models

The effect of oral doses of proanthocyanidins on athero-
sclerosis as end-point has only been investigated very
recently, and the studies are limited to grape proanthocyani-
dins either provided as wine, grape juice, or a grape/wine
extract. A few studies have been conducted in hamsters fed
an atherogenic diet rich in saturated fat and cholesterol,
resulting in hypercholesterolemic hamsters with a similar
lipid profile as hypercholesterolemic humans. Auger et al.
[113] used this model to investigate the early effects on
atherosclerosis of a red wine phenolic extract containing in
total 471 mg/g phenols (expressed as gallic acid equiva-
lents) including: 17.3 mg/g (epi)catechin, 36.3 mg/g
dimeric proanthocyanidins, 12.4 mg/g anthocyanins, and
20 mg/g phenolic acids. The hamsters were provided the
phenolic extract in either ethanol or water and with ethanol
and water as the respective controls. This revealed that after
8 weeks, both groups receiving the phenolic extract with or
without ethanol, had lowered plasma cholesterol and trigly-
cerides, and aortic fatty streak area was reduced by 32%
and 29%, respectively, in comparison with their respective
controls. Also ethanol it self was observed to significantly
reduce fatty streak area suggesting that ethanol is a comple-
mentary component of phenolics in the health benefits of
red wine [113]. Another study in hamsters compared the
effect of red wine, dealcoholized red wine, and grape juice
on atherosclerosis, and here it was on the contrary observed,
that when compared with dealcoholized wine and normal-
ized to polyphenol dose, red wine’s beneficial effects could
be attributed entirely to the polyphenols [114]. Grape juice
was calculated to be much more effective than red wine or
dealcoholized red wine at the same polyphenol dose in inhi-
biting atherosclerosis and improving lipids and antioxidant
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parameters. This study thus suggests that grape juice or
nonalcoholic red wine are an excellent alternative to red
wine in this model of atherosclerosis [114]. A grape seed
proanthocyanidin-rich extract has also been investigated in
the hamster model for atherosclerosis, and here the athero-
sclerosis was reduced by 50% and 63%, after dosing for 10
weeks with 50 mg/kg and 100 mg/kg, respectively [115].

However, a study in apolipoprotein E-deficient mice failed
to show any protective effects against mature atherosclero-
sis by red wine or red wine powder in water [116], nor were
there any differences in plaque stability measured as the
collagen content between the groups receiving red wine or
their respective control groups. Nevertheless, three other
recent studies in apolipoprotein E deficient mice conducted
with either red wine or dealcoholized red wine confirmed
the protection against atherosclerosis in aorta by the red
wine polyphenols [117–119]. In the study by Waddington
et al. [118] markers of fatty acid peroxidation, such as the
F2-isoprostanes and hydroxyeicosatetraenoic acids, were
also determined. Red wine polyphenols had, however, no
effect on these markers of lipid peroxidation, which led the
authors to conclude that the ability of polyphenols to reduce
aortic lipid deposition may be independent of the inhibition
of lipid peroxidation in this animal model. On the contrary,
a study by Aviram and Fuhrman [52] showed a 40% reduc-
tion in the LDL oxidation demonstrating that the red wine
polyphenols are able to protect the lipoproteins from oxida-
tion as also shown in numerous in vitro and ex vivo studies
as discussed in Section 3.2.

A single study has investigated the effect of grape polyphe-
nols in ovariectomized Guinea pigs, a model for postmeno-
pausal women, and also here atherosclerosis-lowering
effects were observed of the grape preparation used [120].
Plasma triglycerides and very-low-density lipoprotein
(VLDL) cholesterol were 39% and 50% lower, respectively,
in the pigs fed the grape diet compared with controls, and
concentrations of cholesterol in the aorta were 33% lower in
Guinea pigs fed the grape diet. In addition, hepatic acyl
CoA:cholesteryl acyltransferase activity was 27% lower in
the grape diet-fed group compared with controls. The
authors conclude that in ovariectomized Guinea pigs, grape
intake apparently alters the hepatic cholesterol metabolism,
which may affect VLDL secretion rates and result in less
accumulation of cholesterol in the aorta [120].

The effect of purified proanthocyanidins on the develop-
ment of atherosclerosis still remains to be investigated. One
could speculate that since a major part of the proanthocya-
nidins are metabolized into simple phenolic acids in the
intestine, studies on phenolic acids may give a hint about
the effects of purified proanthocyanidins on atherosclero-
sis. Auger et al. [121] studied the effect of hydroxycinnamic
acids, i. e., caffeic acid and sinapic acid present in wine and

chlorogenic acid present in apple compared to a red wine
phenolic extract in the hypercholesterolemic hamster
model. Plasma cholesterol concentration was lower in the
group that received red wine phenolic extract (–22%)
whereas the hydroxycinnamic acids had no effect. Con-
sumption of red wine phenolic extract decreased Apo-B
concentration (-46%) and significantly reduced aortic fatty
streak area (–30%) in comparison with controls and hydro-
xycinnamic acids. This demonstrates that chronic ingestion
of the nonalcoholic components of red wine, mainly poly-
phenols, prevent the development of atherosclerosis in
hamster and that wine hydroxycinnamic acids are not the
phenolic compounds involved in this beneficial effect. The
phenolic acid metabolites produced in the gut by metabo-
lism of proanthocyanidins are, however, somewhat structu-
rally different from the hydroxycinnamates investigated in
this study.

The catechins are the monomeric forms of proanthocyani-
dins and some studies suggest that the oligomers can be
degraded into the monomeric forms, whereas others do not
report this finding [24]. Nevertheless, the monomeric cate-
chin content in proanthocyanidin-rich foods is substantial
(see Table 1 and Fig. 2), so the beneficial effects of these
foods may also be due to the high catechin content. The
studies on atherosclerosis prevention of pure catechins is
also very limited but at single study on tea catechins, pro-
vided as a tea extract from green tea containing primarily
epigallocatechin gallate and epicatechin, has been perform-
ed in apolipoprotein E-deficient mice. This study showed a
protective effect of the catechins present in tea [122], which
are in part structurally different from those found in wine,
due to the various gallic acid substituents. The tea ingestion
did, however, not influence plasma cholesterol or triglycer-
ide concentrations. The plasma lipid peroxides were
reduced in the tea group at week 8, suggesting that the in
vivo oxidative state was improved by the tea. Atheromatous
areas in the aorta was also significantly attenuated in the tea
group compared with the control group, and aortic choles-
terol and triglyceride contents were 27% and 50% lower,
respectively, in the tea group [122]. These results suggest
that catechins may be important contributors to the anti-
atherogenic effects observed of proanthocyanidin-rich
foods, due to the concomitant content of catechins in these
products. Further studies on purified proanthocyanidins,
monomeric catechins and their metabolites, the simple phe-
nolic acids, are therefore greatly warranted, and will pro-
vide more insight in the nature of the beneficial phenolic
constituents in grapes.

All animal studies reported on proanthocyanidins and
atherosclerosis development are limited to few different
animal models, so very little information on the mechan-
isms of protection is gained from these studies. Within the
past years, hundreds of inbred atherosclerosis mouse mod-
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els have been established, with relatively well-defined
genetic maps facilitating genetic experimentation. These
animal models are designed to be preliminary tools for a
better understanding of the pathogenesis, mechanisms of
prevention, and therapy of arteriosclerosis in humans [123].
Future studies implicating different animal models may
thus provide new important information on the mechanisms
underlying the prevention of atherosclerosis development
by proanthocyanidin-rich foods and extracts.

6 Prevention of cardiovascular disease

Only few and all very recent human intervention studies
have been conducted with proanthocyanidins to investigate
the preventive effects on risk markers associated with
development of cardiovascular disease. These studies sup-
port a beneficial effect of proanthocyanidin-rich foods or
extracts but none have been conducted with pure proantho-
cyanidins. Two studies investigated the effects of grape
seed extracts, one in hypercholesterolemic subjects pro-
vided grape seed extract, niacin-bound chromium or a com-
bination of both or placebo. This study showed that the
combination of grape seed extract and chromium decreased
total cholesterol and LDL levels, and a trend to decrease
oxidized LDL was also observed [124]. In the other study,
Vigna et al. [125] studied the antioxidative potential of a
grape seed extract in heavy smokers, a model of oxidative
stress, and found that the oxidative measures, thiobarbituric
acid reactive substances (TBARS) and the lag phase for
LDL oxidation was significantly reduced. In this study, no
effects on cholesterol or plasma lipoproteins were observed.

The effects of cocoa products have also been investigated
recently in two human intervention studies. Cocoa corre-
sponding to l651 mg proanthocyanidins/day was provided
to healthy subjects for 6 weeks [126]. Compared to the
baseline, LDL oxidizability was reduced but no effect on
urinary F2-isoprostanes or markers of inflammation (cyto-
kines, interleukin-1 b, interleukin-6, TNFa, C-reactive pro-
tein, and p-selectin) was observed. However, when inducing
oxidative stress by strenuous physical exercise, as was done
in the study by Wiswedel et al. [127], cocoa was found to
lower the lipid peroxidation determined as the plasma level
of F2-isoprostanes. Thus, in subjects prone to oxidative
stress, proanthocyanidin-rich products exert antioxidative
properties, supporting that intake of proanthocyanidin- and
catechin-rich foods may lower the risk of developing
cardiovascular diseases.

The association between risk of cardiovascular diseases and
proanthocyanidin consumption has never been examined in
epidemiological studies but several studies have investi-
gated the relationship between intake of proanthocyanidin-

rich foods, like wine and tea, on cardiovascular diseases.
The early studies by Hertog et al. [19, 128, 129] showed a
highly protective effect of tea consumption against cardio-
vascular disease, but some of the later and larger cohort
studies, trying to confirm these early studies, found no asso-
ciation or even aggravating effects of tea intake [130–133].
The association of tea and incidences of cardiovascular dis-
eases was later further investigated in several cohort stud-
ies. These studies have all been reviewed in a recent meta-
analysis investigating the relationship between tea con-
sumption and stroke, myocardial infarction, and all coron-
ary heart disease in ten cohort studies and seven case-con-
trol studies [134]. The incidence rate of myocardial infarc-
tion was concluded to be weakly inversely associated (11%)
with a tea consumption of three cups per day. However, the
authors stress that the heterogeneity of the studies and the
risk of bias due to the larger number of smaller studies
showing a protective effect urge caution in interpreting this
result. A recent study on the mechanisms of the protective
effect of tea does, however, support a beneficial effect of
tea intake, since consumption of 900 mL black tea for 4
weeks was shown to reverse the endothelial vasomotor dys-
function in patients with proven coronary artery disease.
Several researchers suggested that the catechin content in
tea could be the protective factor. Arts et al. [135] thus esti-
mated the catechin intake to 72 € 47.8 mg/day in the Zut-
phen Elderly Study and found a significant negative asso-
ciation between ischemic heart disease and intake of tea
catechins. However, in another study on catechin intake by
the same author with postmenopausal women from Iowa,
there was only seen a protective effect of catechins from
other dietary sources than tea [136].

The association between intake of red wine and cardiovas-
cular diseases has also been investigated in several epide-
miological studies, and several of these studies support that
wine drinkers have a lower mortality from cardiovascular
disease than others [1, 5, 7, 137]. Other cohort studies have,
however, found equally beneficial effects of all alcoholic
beverages, and there is no general agreement on this matter
as stated in the review by Rimm et al. [4] and recently by
Ruf [138]. It has been proposed that the possible lower mor-
tality by cardiovascular disease in wine drinkers could be
due in part to differences in lifestyle, e.g., in dietary habits
and exercise, since factors, such as dietary fat composition,
little exercise, and hypertension, also are major risk factors
on the development of atherosclerosis [139].

7 Conclusions

As a consequence of the

,

French paradox’, researchers have
searched for potentially health-protective compounds in red
wine for the past decade. Only very recently, it was sug-
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gested that the proanthocyanidin content in red wine could
be explanatory of the

,

French paradox’, and focus was
turned to these complex polyphenols that originate from the
grape seed and skin and are extracted into the red wine dur-
ing the mash fermentation. Numerous in vitro and animal
studies have demonstrated a cardioprotective potential of
these compounds.

Knowledge on both the intake and bioavailability of
proanthocyanidins in humans are, however, limited and
have only very recently been investigated by few research
groups owing to analytical limits imposed by the complex-
ity of their chemical structures. The available studies indi-
cate that the bioavailability of the polymerized proantho-
cyanidins is very limited, and that the biological active
compounds rather should be sought in the monomeric
forms of the proanthocyanidins, the catechins, and in the
pool of low-molecular-weight metabolic products gener-
ated by degradation of the proanthocyanidins in the intes-
tine. More studies on the bioavailability of proanthocyani-
dins are, however, necessary to definitively establish the
mechanisms of absorption and metabolism of these highly
complex compounds. The indications of a limited bioavail-
ability of the oligomeric and polymeric forms of the
proanthocyanidins do, however, advocate caution when
interpreting in vitro studies conducted in the past, demon-
strating biological and antioxidative effects of high-mole-
cular-weight proanthocyanidins.

Several animal studies have nevertheless confirmed the in
vitro indications of a cardioprotective potential of the
proanthocyanidins, and have, e.g., shown significantly
decreases in plasma cholesterol levels and of the extent of
atherosclerosis after feeding with proanthocyanidins. Only
few human studies have yet been conducted but they indi-
cate an ability of proanthocyanidin-rich extracts to lower
the oxidation of LDL. Epidemiological studies on the asso-
ciation between intake of proanthocyanidins and risk of car-
diovascular diseases are lacking but the recently reported
surveys of the content of proanthocyanidins in foods form
the basis for future studies on this matter. Furthermore, the
cardioprotective properties of purified proanthocyanidins
also still remain to be investigated. Such studies are greatly
warranted to determine the biological effects in vivo of the
proanthocyanidins per se instead of the poorly defined
polyphenol mixtures contained in the majority of the
proanthocyanidin-rich extracts or foods used until now in
animal and human studies on proanthocyanidins. Several
questions thus await to be answered before the complete
picture of the role of proanthocyanidins in dietary disease
protection is resolved but at present the evidence for a car-
dioprotective potential of proanthocyanidin-rich foods or
extracts seems promising.

This review was written as part of a research project sup-
ported by the Danish Research Agency (FELFO grant No.
2056-03-0042) and by Chr. Hansen A/S.
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