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Consumption of some plant-derived flavonoids results in their

absorption and appearance in plasma and tissues. The inverse

relationship between dietary flavonoids consumption and

cardiovascular diseases may be associated with the ability of

flavonoids to attenuate LDL oxidation, macrophage foam cell

formation and atherosclerosis. The effect of flavonoids on

arterial cell-mediated oxidation of LDL is determined by their

accumulation in the lipoprotein and in arterial cells, such as

macrophages. Flavonoids can reduce LDL lipid peroxidation by

scavenging reactive oxygen/nitrogen species, chelation of

transition metal ions and sparing of LDL-associated

antioxidants. They can also reduce macrophage oxidative stress

by inhibition of cellular oxygenases [such as nicotinamide

adenine dinucleotide phosphate, reduced form (NADPH)

oxidase] or by activating cellular antioxidants (such as the

glutathione system). Thus, plant flavonoids, as potent natural

antioxidants that protect against lipid peroxidation in arterial cells

and lipoproteins, significantly attenuate the development of

atherosclerosis. Curr Opin Lipidol 12:41±48. # 2001 Lippincott Williams &

Wilkins.
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Introduction
The oxidative modi®cation hypothesis of atherosclerosis
proposes that LDL oxidation plays a causative role in
early atherogenesis [1±8], and oxidized LDL has been
shown to exist in atherosclerotic lesions [9]. The process
of LDL oxidation occurs within the arterial wall, where
all major cells, including endothelial cells, smooth
muscle cells and monocyte-derived macrophages, can
oxidize LDL [10±13]. The interaction of LDL with
macrophages under oxidative stress activates cellular
oxygenases, which can then produce reactive oxygen
species and reactive nitrogen species, both of which are
capable of oxidizing LDL [14]. Studies in cell culture
identi®ed a number of enzyme systems that could play a
role in cell-mediated oxidation of LDL, including
nicotinamide adenine dinucleotide phosphate, reduced
form (NADPH) oxidase [14], 15-lipoxygenase [15],
cytochrome P450 [16], and myeloperoxidase [17,18].

Under conditions of oxidative stress lipids in cells of the
arterial wall, including arterial macrophages, are also
exposed to oxidation, resulting in the formation of
`oxidized macrophages', which in turn can easily oxidize
LDL [19,20]. On the other hand, LDL is protected from
oxidation by human serum paraoxonase, which is an
HDL-associated esterase that can hydrolyze and reduce
lipid peroxides in lipoproteins and in lesions [21,22].

Because LDL oxidation in the arterial wall is a key event
in early atherogenesis, agents that can prevent LDL
oxidation could possibly attenuate the development of
atherosclerosis. Thus, an effort is being made to identify
natural dietary potent antioxidant components and also
means to increase paraoxonase activity, in order to
attenuate the progression of atherosclerosis. Flavonoids
constitute one of the largest groups of antioxidant
phytochemicals, and they are an integral part of the
human diet. Flavonoid intake was shown [23] to be
inversely related to morbidity and mortality from
coronary heart disease, and this phenomenon could be
associated with inhibition of LDL oxidation. The
present review details recent studies on the antioxidative
effect of dietary ¯avonoids, and presents a model for
¯avonoid-induced attenuation of atherogenesis.

Flavonoids and LDL oxidation
Flavonoids are powerful antioxidants that act against
LDL oxidation, and their antioxidant capacity is related
to their localization in the LDL particle, as well as to
their chemical structures [24±26]. Flavonoids, which are
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mostly hydrophylic and thus not LDL-bound, can act as
potent inhibitors of LDL oxidation via several mechan-
isms: (1) scavenging of free radicals by acting as reducing
agents, as hydrogen atom donating molecules and as
singlet oxygen quenchers; (2) chelation of transition
metal ions, thereby reducing the metal's capacity to
generate free radicals; (3) sparing of vitamin E and of
carotenoids (b-carotene, lycopene) in the LDL particle,
thus protecting LDL from oxidation; and (4) preserving
or increasing serum paraoxonase activity, thus promoting
hydrolysis of arterial cells and LDL-associated lipid
peroxides.

Oxidation of LDL was inhibited in vitro, as well as in
vivo (after dietary consumption), by several nutrients
that are rich in ¯avonoids, including the following: ginger
extract and its ¯avonoids gingerol and shogaol [27]; soy
extract and its iso¯avones genistein and daidzein [28];
pomegranate juice and its tannins [29 ..]; olive oil and its
phenolics oleuropein and hydroxytyrosol [30]; and
purple grape juice and its catechins [31.]. Tea poly-
phenols also inhibited LDL oxidation in some [32±35]
but not all studies [36±38].

Flavonoid localization and
antioxidant activity
Protection of LDL against copper ion-induced or free
radical-induced oxidation by ¯avonoids depends on their
partitioning between the aqueous and the lipophylic
compartments in plasma, within the LDL particle, and
also on the physical localization of the generated free
radicals.

Flavonoids contain both lipophylic and hydrophylic
moieties, and hence they can act against free radicals
that are generated in the aqueous and in the lipid milieu.
The bioavailability of phenolic compounds was recently
discussed by Duthie and Crozier [39 .].

In humans, polyphenols from red wine were shown to be
absorbed, to bind to LDL and to protect it from
oxidation [40,41]. In contrast, a recent study [42 .]
showed that, although red wine consumption increased
plasma phenolic acid concentrations, this increase was
insuf®cient to affect resistance of LDL to oxidation.
These results suggest that the absorption rate and the
type of ¯avonoids in the red wine are important for its
activity against LDL oxidation. Glabridin, the major
¯avonoid in licorice root extract, is an iso¯avan with
hydrophobic characteristics. After ingestion of licorice
extract by humans, glabridin is absorbed and its
hydrophobic characteristics direct its position in LDL
towards the core lipid compartment [43,44]. After
incubation of LDL with glabridin, catechin or quercetin,
about 80% of the glabridin was found to be LDL
associated, whereas quercetin and catechin, which are

less lipophylic, only minimally bind to the LDL [44,45].
The soybean iso¯avones daidzein and genistein in
unesteri®ed form are also incorporated into LDL to a
relatively small extent.

Esteri®cation with fatty acids at different hydroxyl
groups provides lipophilicity, which is needed for
¯avonoid incorporation into LDL [46 .]. The ¯avanol
catechin prevented plasma lipid peroxidation that was
induced by azo compounds, such as the water soluble
2,2'-azobis,2-amidinopropane hydrochloride (AAPH) and
the lipid soluble 2,2'-azobis, 2,4-dimethylvaleronitrile. As
expected from its hydrophylic structure, however,
catechin showed a higher antioxidant capacity when
the free radical reactions were initiated in the aqueous
phase rather than in the lipid phase [47]. After
administration of proanthocyanidin-rich extract from
grape seeds, these ¯avonoids could be detected in
plasma but not in the LDL fraction, suggesting that
these antioxidants protect LDL from oxidation by their
action in the aqueous milieu that surrounds the LDL
particle [48].

Protection of LDL-associated antioxidants
by flavonoids
Flavonoids can also protect LDL from oxidation by their
ability to spare some LDL-associated antioxidants.
Glabridin enrichment of LDL prevented the consump-
tion of b-carotene and of lycopene by 41% and 50%,
respectively, after 1 h of LDL oxidation in the presence
of AAPH, but failed to protect vitamin E, the major
LDL-associated antioxidant, from oxidation [44]. Quer-
cetin glycosides, as well as its aglycone form, were shown
to inhibit the consumption of LDL-associated vitamin E
during its oxidation [49]. Morin, ®setin, quercetin and
gossypetin inhibited copper ion-induced LDL oxidation
and macrophage-mediated oxidation of LDL with a 50%
inhibitory concentration of 2 mmol/l, by protecting
vitamin E in LDL from being consumed during
oxidation [49].

Flavonoid structure and antioxidant activity
The main dietary sources and structure of ¯avonoids was
recently reviewed by Lairon and Amiot [50]. The
capacity of several groups of ¯avonoids and polyphenols
to inhibit copper ion-induced LDL oxidation is pre-
sented in Fig. 1a.

Different groups of ¯avonoids exhibit an inhibitory
activity against LDL oxidation at different ranges of
concentration. Among the different groups of ¯avonoids,
the ¯avonols, ¯avanols and iso¯avans are most potent
protectors of LDL against copper ion-induced oxidation.
However, although possessing similar hydroxyl group
arrangements, the ¯avonol quercetin is a more potent
antioxidant in comparison with the ¯avanol catechin,
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because of the 2-3 double bond and the 4-oxo structure
in the quercetin ring C. Similarly, the antioxidative
effect of glabridin on LDL oxidation resides mainly in
the 2'-hydroxyl group of the iso¯avan ring B [51]. The
hydrophobic moiety of the iso¯avan is also essential to
obtain the inhibitory effect of glabridin on LDL
oxidation.

Furthermore, within each group of ¯avonoids, there are
differences in the antioxidant capacity of the individual
¯avonoids, which stems from their structure. For
example, in the ¯avanone group, hesperetin and its

glycoside hesperidin are more potent antioxidants than
are naringenin and its glycoside naringin. In the phenolic
acids group, rosmarinic acid is a more potent antioxidant
against LDL oxidation than is carnosic acid. Quercetin,
rutin, luteolin and kaempferol also inhibited copper ion-
induced LDL oxidation [52]. Quercetin, rutin and
luteolin were more effective inhibitors than kaempferol,
probably because they were shown to chelate copper
ions, in addition to their capacity to scavenge free
radicals. Other ¯avonoids, which inhibited LDL oxida-
tion via metal ion chelation, include hydroxycinnamic
acid, caffeic acid, ferulic acids and p-coumaric acids [53].
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Figure 1. Inhibition of copper ion-induced LDL oxidation

(a) Purified flavonoids. LDL (100 mg
protein/ml) was incubated at 378C for
2 h with 5 mmol/l CuSO4 in the absence
(control) or presence of 10 mmol/l of
flavonoids [flavone (luteolin, chrysin,
apigenin), flavonol (kaempferol, myricetin,
quercetin), flavanone (naringenin,
naringin, hesperetin, hesperidin), isoflavone
(daidzein, genistein), and flavanol (catechin)],
or with 75 mmol/l of phenolic acids (carnosic
acid, rosmarinic acid), or 3 mmol/l of the
isoflavan glabridin, or 0.3 mmol/l of the
phenolics gingerol and shogaol. The extent
of LDL oxidation was measured using the
thiobarbituric acid reactive substances
(TBARS) assay. (b) Flavonoid-rich
nutrients. LDL (100 mg protein/ml) was
incubated at 378C for 2 h with 5 mmol/l
CuSO4 in absence (control) or presence
of 1 ml/l red wine, 20 mg/l citrus extract,
50 mg/l soy extract, 30 ml/l pomegranate
juice, 3 mg/l licorice extract, or 1 mg/l
ginger extract. The control value (LDL
incubated with no flavonoids) was 39 + 6
nmol malondialdehyde equivalents/mg
LDL protein. LDL oxidation is expressed
as a percentage of the control value.



Natural antioxidants exist in nature in combination, and
combinations of different antioxidants can act additively
and even synergistically against LDL oxidation [54].
Although an individual polyphenol antioxidant inhibits
lipid peroxidation via free radical scavenging or via metal
ion chelation in a manner that depends on its character-
istics, a mixture of several antioxidants in a natural extract
can act in concert, thus increasing the ef®cacy of
protection against oxidation. In this regard it was
demonstrated that the ef®ciency of red wine resveratrol
for protecting polyunsaturated fatty acids was low in
oxidation induced by AAPH (a free radical initiator) and
was high in copper ion-induced oxidation. Red wine
extract, which contained monomeric and oligomeric
forms of ¯avonoids and phenolic acids, protected LDL
to a greater extent by both mechanisms [55].

Red wine, licorice extract, ginger extract and pomegra-
nate juice remarkably inhibited LDL lipid peroxidation
(by 80±90%), whereas citrus extract and soy extract
demonstrated only up to 70% and 55% inhibition,
respectively (Fig. 1b).

Several antioxidants were recently shown to preserve
human serum paraoxonase activity, because they de-
crease the content of lipid peroxides, which are potent
oxidants that inactivate paraoxonase [56]. Licorice root
glabridin, when present during LDL oxidation together
with human serum paraoxonase, preserved the activity of
paraoxonase, including its ability to hydrolyze oxidated
LDL cholesteryl linoleate hydroperoxides [56].

Catechin, quercetin and red wine consumption also
preserved serum paraoxonase activity and prevented its
inactivation in apolipoprotein E-de®cient mice [45]. The
most potent natural antioxidant in this respect however is
pomegranate juice; consumption of pomegranate juice by
humans not only preserved, but even increased serum
paraoxonase activity by 18% [29..].

Effect of flavonoids on macrophage-
mediated oxidation of LDL
The capacity of macrophages to oxidize LDL depends
on the oxidative status of the cells, which is determined
by the balance between cellular pro-oxidants and cellular
antioxidants [7,8,57,58]. Flavonoids can affect LDL
oxidation by arterial cells, including macrophages, by
inhibition of cellular oxygenases or activation of cellular
antioxidants.

Consumption of pomegranate juice resulted in the
inhibition of cellular lipid peroxidation and the formation
of `oxidized macrophages' [29 ..]. Consumption of
nutrients that are rich in ¯avonoids (such as pomegranate
juice or ginger extract) or of puri®ed ¯avonoids (such as
glabridin, catechin or quercetin) by apolipoprotein E-

de®cient mice resulted in a reduced capacity of the
harvested macrophages to oxidize LDL [58].

Red wine was shown to inhibit macrophage-mediated
oxidation of LDL in vitro, when added to the incubation
medium [59]. Upon incubation of macrophages with the
iso¯avan glabridin, with the ¯avanol catechin, or with the
¯avonol quercetin, all of these ¯avonoids accumulated in
the cells in a time-dependent and dose-dependent
manner, and this phenomenon was accompanied by a
substantial reduction in the capacity of the ¯avonoid-
enriched cells to oxidize LDL [57]. Cell fractionation
revealed that approximately 60% of the accumulated
glabridin was localized in the macrophage plasma
membrane [60..]. These results were con®rmed in vivo.
Peritoneal macrophages harvested from apolipoprotein
E-de®cient mice that consumed 20 mg/day per mouse of
glabridin contained 1.6 mg glabridin/mg cell protein, and
LDL oxidation by these glabridin-enriched cells was
reduced by 88% [60 ..].

The mechanisms by which ¯avonoids inhibit cell-
mediated oxidation of LDL include inhibition of cellular
oxygenases, and hence the production of reactive oxygen
and nitrogen species. Pretreatment of macrophages with
tea-derived ¯avonoids such as thea¯avin reduced cell-
mediated oxidation of LDL and decreased superoxide
anion production by macrophages [61].

Resveratrol, a polyphenol that is present in red wine was
shown to inhibit superoxide radicals and hydrogen
peroxide production and to decrease the release of
arachidonic acid from stimulated macrophages [62].
Glabridin that accumulated in macrophages inhibited
cell-mediated oxidation of LDL via inhibition of super-
oxide anion release because of the inhibition of the
macrophage NADPH oxidase machinery [60..]. Glabri-
din inhibited the activation of NADPH oxidase,
secondary to its inhibitory effect on the translocation of
the cytosolic component P-47 to the plasma membrane,
and this effect was related to inhibition of the macro-
phage protein kinase C [60 ..]. Other cellular oxygenases
were also shown to be inhibited by ¯avonoids.

Quercetin glycoside and its aglycone were both shown to
inhibit lipoxygenase-induced LDL oxidation more
ef®ciently than ascorbic acid or vitamin E [63]. Similarly,
catechin, epicatechin, epigallocatechin, epicatechin gal-
late and epigallocatechin gallate inhibited free radical
production by inhibiting the liver enzyme xanthine
oxidase [64].

Effect of flavonoid consumption on the
development of atherosclerosis
The effect of ¯avonoid consumption on the develop-
ment of atherosclerotic lesions was studied in animal
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models. Apolipoprotein E-de®cient mice are used as an
animal model for the investigation of antiatherosclerotic
effects of antioxidants. These mice are hypercholester-
olaemic, and under conditions of increased oxidative
stress they develop atherosclerotic lesions at 3±4 months

of age [65]. These mice therefore offer the possibility of
studying the effect of ¯avonoid consumption not only on
induced oxidation (by copper ion or by free radical
generators), but also on the basal oxidative state in the
plasma and lipoproteins, because those are already
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Table 1. Antioxidative and antiatherosclerotic effects of flavonoids

Inhibitory effect (% of control)

LDL oxidative LDL oxidation LDL aggregation Atherosclerotic
Nutrient/flavonoid state (copper ion-induced) (vortexing) lesion area Ref.

Red wine: 49 43 50 48 [40,45]
Catechin 39 39 33 39 [45]
Quercetin 48 54 48 46 [45]

Licorice 54 68 29 35 [43]
Glabridin 51 37 25 30 [43,60]

Pomegranate juice 30 60 43 44 [29..]
Ginger (gingerol) 62 50 33 44 [27]

Control values are the following: LDL oxidative state, 3.0 + 1.1 nmol thiobarbituric acid reactive substances (TBARS)/mg LDL protein; LDL oxidation
(copper ion-induced), 30 + 7 nmol TBARS/mg LDL protein; LDL aggregation, 0.45 + 0.04 Optical Density at 680 nm; atherosclerosis lesion area,
17 000 + 1500 mm2.
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Figure 2. Anti-atherogenic effects of dietary polyphenolic flavonoids

Dietary consumption of nutrients rich in flavonoids inhibit LDL oxidation, foam cell formation and the development of aortic atherosclerotic lesions.
Major flavonoid-rich nutrients are shown, along with the chemical structure of their flavonoids. CE, cholesteryl ester; Ox-LDL, oxidized LDL; UC,
unesterified cholesterol.



minimally oxidized in apolipoprotein E-de®cient mice.
On the contrary, human plasma lipids in most cases are
not oxidized, and thus oxidation studies in humans
involve analyses of susceptibility to oxidation, rather
than the oxidative status.

Reduced susceptibility of LDL to oxidation, decreased
basal LDL oxidative state and decreased development
of atherosclerotic lesions in apolipoprotein E-de®cient
mice was demonstrated after supplementation of red
wine or its ¯avonoids quercetin and catechin [45],
licorice or its derived iso¯avan glabridin [43], ginger
extract [27] and pomegranate juice [29..] (Table 1).
Ingestion of proanthocyanidin-rich extract from grape
seeds reduced severe atherosclerosis in the aorta of
cholesterol-fed rabbits [48].

Red wine consumption by the Watanabe heritable
hyperlipidemic rabbits (another animal model of athero-
sclerosis) failed to prevent the progression of athero-
sclerotic lesions, despite reduction in the susceptibility

of LDL to oxidation [66]. Figure 2 shows several
nutrients and their derived ¯avonoids which were shown
to possess antioxidative and antiatherosclerotic proper-
ties.

Conclusion
Dietary consumption of certain ¯avonoid-rich nutrients
such as red wine, tea, pomegranate juice, licorice and
ginger extract has been shown to inhibit LDL oxidation
(and in some cases also LDL aggregation and retention)
and to attenuate the progression of atherosclerosis in
laboratory animals. Figure 3 summarizes our current
view on the antioxidative effects of ¯avonoids against
atherogenic modi®cations of LDL.

Flavonoids can protect LDL from oxidation via a direct
interaction with the lipoprotein and, through their
accumulation in arterial macrophages, they can reduce
cell-mediated oxidation of LDL. Dietary supplementa-
tion of ¯avonoid-rich nutrients to atherosclerosis-prone
animals has been shown to protect LDL against
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Flavonoids can associate directly with LDL, resulting in the inhibition of LDL oxidation. Flavonoids can also associate with arterial cells such as
macrophages, resulting in the inhibition of cellular oxygenases such as nicotinamide adenine dinucleotide phosphate, reduced form oxidase (NADPH-
Ox) system, or in the activation of cellular antioxidants such as the glutathione (GSH) system. Reduction in the formation and release of macrophage-
reactive oxygen species/nitrogen species (ROS/RNS) by flavonoids, inhibit the formation of `oxidized macrophages', and hence reduce cell-mediated
oxidation of LDL. Together, these effects lead to a reduced formation of macrophage-foam cells, and thus attenuate the development of
atherosclerosis.



atherogenic modi®cation, along with a signi®cant inhibi-
tion of cholesterol and oxysterol accumulation in
macrophages, and reduction in foam cell formation and
the development of complicated atherosclerotic lesions.
However, data on the antiatherosclerotic properties of
dietary ¯avonoids in humans are still not available,
though a bene®cial effect of pomegranate juice con-
sumption on carotid lesion size was recently found in our
laboratory. Clinical and nutritional studies in humans
should be also directed towards the use of combinations
of different ¯avonoids, as well as combinations of
¯avonoids together with other nutritional antioxidants,
such as vitamin E and carotenoids.
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