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Abstract

Recent data suggest an inverse epidemiological association between intake of flavanol-rich cocoa products and cardiac
mortality. Potential beneficial effect of cocoa may be attributed to flavanol-mediated improvement of endothelial function, as
well as to enhancement of bioavailability and bioactivity of nitric oxide i vivo. (— )-Epicatechin is one bioactive flavanol found
in cocoa. This review deals with protective actions of (— )-epicatechin on two key processes in atherogenesis, oxidation of LDL.
and damage to endothelial cell by oxidized LDL (oxLLDL), with emphasis on data from this laboratory. (—)-Epicatechin not
only abrogates or attenuates LDL oxidation but also counteracts deleterious actions of oxLLDL on vascular endothelial cells.
These protective actions are only partially shared by other vasoprotective agents such as vitamins C and E or aspirin. Thus,
(—)-epicatechin appears to be a pleiotropic protectant for both LDL and endothelial cells.

Keywords: Endothelial cells, flavonoids, myeloperoxidase, NO synthase, oxLDL

Abbreviations: ASA, acetylsalicylic acid; BrdU, 5-bromo-2'-deoxyuridine; HUVEC, human umbilical vein endothelial cells;
LDH, lactate dehydrogenase; LDL, low-density lipoprotein; oxLDL, oxidatively modified low-density lipoprotein; MPO,
myeloperoxidase; MTT, 3-[4,5-dimethylthiazol-2-yl]2,5-diphenyltetrazolium bromide; REM, relative electrophoretic mobility;
ROS, reactive oxygen species

Introduction of the brachial artery or other vasodilatory actions
with both healthy individuals [6,7] and patients at
risk for cardiac diseases [5] as well as with smokers
[9]. These actions: (i) were simulated by adminis-

tration of pure (—)-epicatechin [10]; (i) coincided

Epidemiological studies have accrued evidence for an
inverse correlation between daily intake of polyphe-
nols and incidence of coronary heart disease mortality
as well as other chronic vascular diseases [1—-4 and

refs. therein]. This correlation is an association and
does not prove cause-effect relationship. High intake
of polyphenols may also reflect a more general
lifestyle favorable for cardiovascular health. For cocoa
flavanols, however, there is recent accumulating
evidence for an improvement of endothelial function
or alleviation of endothelial dysfunction in vivo [5—
10]. Intake of high-flavanol cocoa drink or chocolate
resulted in improved flow-mediated dilation (FMD)

with the peak of plasma (—)-epicatechin metabolites
[7,9,10]; (iii)) were suppressed by simultaneous
administration of NO synthase inhibitors such as L-
NMMA or L-NAME [6,9]; and (iv) were paralleled
by elevated plasma levels of nitroso-compounds
(RNO) [5,9], known to originate mainly from
oxidative protein nitrosation [11] and to contribute
to the systemic vasodilatory effects of nitric oxide
[12]. High-polyphenol chocolate but not polyphenol-
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free chocolate also caused pronounced lowering of
blood pressure [13], even though this action appears
to be of secondary epidemiological importance for
cardiac mortality [4]. Together, these studies suggest
that consumption of the cocoa flavanol (—)-epi-
catechin may protect the vascular endothelium via
improvement of bioavailability and bioactivity of
nitric oxide. The mechanism of this action, however,
is still far from clear.

Previous assumptions, that dietary polyphenols
would simply act primarily as antioxidants by virtue
of their radical-scavenging properties, could not
convincingly be substantiated so far. Today this
paradigm has changed to the view that the beneficial
effects of polyphenols are multifaceted and encom-
pass antioxidant activities in both direct and
extended sense as well as non-antioxidant activities.
If antioxidative capacity would be solely decisive for
the health benefit of polyphenols, other dietary
antioxidants such as vitamins E and C should exert
comparable actions. Another challenge to the
concept that the flavanols in cocoa exert their
vascular effects through their function as anti-
oxidants is made by the fact that upon consumption,
epicatechin from cocoa undergoes significant
biotransformation including glucuronidation,
methylation, and/or sulfation [14,15]. These meta-
bolites, which make up the majority of (—)-
epicatechin in plasma [9,10], have reduced hydrogen
donating capacity, thus limiting the capacity of these
metabolites to function as effective antioxidants
m vivo.

Another vasoprotective agent is acetylsalicylic acid
(ASA, aspirin; [16]). Some similarities between the
actions of cocoa polyphenols and those of aspirin such
as anti-platelet activity [17-21] prompted some
authors to the view that these two types of intervention
may substitute for each other, in other terms,
polyphenol-rich dark chocolate might be an alterna-
tive to aspirin [19]. This opinion, however, was
recently contested [21].

Endothelial dysfunction and atherogenesis are, to a
sizeable part, initiated by interaction of endothelial
cells with oxidized LDL (oxLLDL) through a variety
of mechanisms [22]. Therefore, both generation of
oxLDL and its detrimental actions on vascular
endothelial cells are potential sites of actions of
vasoprotective agents.

In a recent review, we have treated the enzymatic
properties of myeloperoxidase (MPO) with emphasis
on its reactions with nitrite, flavonoids and LDL and
their putative biological role in atherogenesis [23].
Main focus of present review is recent work from this
laboratory on the cytotoxic action of oxLDL,
generated by the MPO/H,O,/nitrite reaction system,
on vascular endothelial cells and its possible role in
endothelial dysfunction as well as protective actions of
various vasoprotective agents.
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Myeloperoxidase-mediated modifications
of LDL

Oxidation of LDL can be brought about by several
enzymatic and non-enzymatic reactions, among
others by the MPO/H,Oy/nitrite system [24-26].
We have demonstrated that (—)-epicatechin and other
flavonoids protect LDL against oxidation by either
MPO/H,0,/nitrite reaction system or Cu®" catalysis
[23,27,28]. Moreover, (—)-epicatechin protects
endothelial cells against both cytotoxicity of oxILDL
and oxLDL-mediated proteasomal degradation of
endothelial NO synthase protein [29].

Treatment with MPO and nitrite (50 pM) in the
presence of an H,0,-generating system causes lipid
peroxidation of LDL as evident from increase in
absorbance at 234 nm indicating conjugated diene
formation. As shown in Figure 1, (—)-epicatechin at a
concentration as low as 2 pM strongly suppressed this
reaction, mainly by extending the lag phase. Trolox, the
water-soluble vitamin E analogue, was equally active,
whereas comparable concentrations of ascorbate
exhibited only a weak effect, and ASA (100 puM) was
completely inactive. Since the free radical scavengers
probucol and vitamin E inhibit this system only
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Figure 1. Effect of various antioxidants on MPO/H,O,/nitrite-
mediated lipid peroxidation of LDL. Human LDL (0.1 puM) was
prepared according to Kleinveld et al. [30] and exposed to the
MPO/H,O,/nitrite reaction system (50 .M nitrite, 0.56 mM
glucose, 1.19 nkat/ml glucose oxidase, 42.5nM MPO and 0.1 mM
diethylenetriamine-pentaacetic acid in 0.1 M phosphate buffer, pH
7.4 for 80 min at 37°C in the presence of the compounds indicated:
(a) control; (b) 100 .M ASA; (c) 4 ..M ascorbate; (d) 4 M Trolox;
(e) 2 M (—)-epicatechin. (A) Time-course of conjugated diene
formation. (B) UV difference spectra of lipid extracts from LDL
after treatment wversus control spectrum of untreated LDL.
Representative examples of experiments at least in triplicate are
shown.
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partially at comparatively high concentrations (50 puM)
[24], (—)-epicatechin proved to be one of the most
efficient inhibitors of MPO/H,O,/nitrite-mediated
lipid peroxidation, which may be plausibly explained
with extraordinarily effective scavenging of NO,
radicals generated by this system [31] (Section 5).
The nature of the lag phase of the MPO/H,O,/nitrite-
induced lipid peroxidation and its prolongation by
(—)-epicatechin has not been addressed so far in
mechanistic terms. It is tempting to speculate that the
NO, radical destroys vitamin E, a major antioxidant in
LDL, and (—)-epicatechin is protective by virtue of
scavenging this detrimental radical.

MPO also modifies apoB-100, the apoprotein
moiety of LDL. Protein tyrosine nitration, however,
requires higher concentrations of nitrite (=100 pM)
than lipid peroxidation (5-50 puM) [28,32], which is
supposedly a consequence of different intermediates
in the catalytic cycle of peroxidases at low and high
nitrite [33]. Here again, (—)-epicatechin protects
more efficiently against tyrosine nitration of LDL than
other antioxidants, and ASA is ineffective (Figure 2).
Other modifications of apoB-100 by MPO such as
oxidation of lysine residues are known to require the
presence of chloride [32]. Lysine modification is
reflected by increase in relative electrophoretic
mobility (REM). As shown in Figure 3, the MPO
reaction system containing chloride and nitrite caused
a time-dependent increase in REM, which was dose-
dependently abrogated by micromolar concentrations
of (—)-epicatechin.

Taken together, (—)-epicatechin proves to be a
potent universal protectant against MPO-mediated
proatherogenic modifications of the lipid and
protein moieties of LDL n vitro. This quality may
be one way by which (—)-epicatechin or its
metabolites could limit oxidative modification of
LDL # vivo.
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Figure 2. Effect of various antioxidants on MPO/H,O,/nitrite-
mediated protein tyrosine nitration of LDL. Human LDL was
treated with the MPO/H,O,/nitrite reaction system for 80 min as in
Figure 1 with the exception that 1000 wM nitrite was present.
Afterwards the samples were subjected to dot blot immunostaining.
Dot blots were blocked in 1% fetal calf serum in 20 mM Tris/HCI
(pH 7.5) containing 150 mM NaCl and 0.1% Tween 20 over night.
The membranes were then probed with mouse monoclonal antibody
against 3-nitrotyrosine (1:1000) at 4°C for 2 h. Following washing
and incubation with a horseradish peroxidase-coupled anti-mouse
immunoglobulin G antibody (1:2000) at 4°C for 2 h, the blots were
washed again and developed using enhanced chemiluminescent
detection kit. Dot blots were taken from an analysis representative
for three independent experiments with qualitatively similar
outcome. (1) Untreated LDL; (2) MPO/nitrite-treated LDL;
(3) MPO/nitrite +4pM Trolox; (4) MPO/nitrite +4pM
ascorbate; (5) MPO/nitrite +100 uM ASA; and (6) MPO/nitrite
+2 wM (—)-epicatechin. Similar data were reported elsewhere [27].

Endothelial cell toxicity of myeloperoxidase-
oxidized LDL

After having found that (—)-epicatechin is protective
against formation of oxLLDL, we examined whether (—)-
epicatechin also protects against the cytotoxic actions of
oxLLDL towards endothelial cells. MPO-oxLLDL, as
generated under the conditions of the experiments in
Figure 1, causes severe damage to human umbilical vein
endothelial cells (HUVEC) as judged by both dimin-
ished reduction of 3-[4,5-dimethylthiazol-2-yl]
2,5-diphenyltetrazolium bromide (MTT) and elevated
release of lactate dehydrogenase (LDH) (Figure 4).
Since these parameters mirror mainly the mitochondrial
energy conservation and the integrity of the plasma

(—)-Epicatechin protects against MPO-mediated oxidative modification of the apoprotein moiety of LDL as judged by REM.

Human LDL was treated with the MPO reaction system (Figure 1) in the presence of phosphate-buffered saline and 50 uM nitrite for the
times indicated and subjected to electrophoresis on preformed 0.5% agarose gels as described [34]. (A) Dependence on reaction time:
(1) untreated control; (2) 30 min; (3) 60 min; 4) 80 min; (B) dose-dependent suppression by (—)-epicatechin (EC): (1) untreated control;
(2) MPO +6 pM EC; (3) MPO +4 pM EC; (4) MPO +2 pM EC; (5) MPO +1.5 uM EC; and (6) MPO control; reaction time: 80 min.

Representative example from two similar series of experiments.
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Figure 4. (—)-Epicatechin and Trolox, but not antioxidant
vitamins protect HUVEC against MPO/nitrite-oxLDL-mediated
cytotoxicity. Human LDL was treated with the MPO/H,O,/nitrite
reaction system for 80 min as indicated in Figure 1, and the reaction
was stopped by addition of catalase to inhibit MPO activity.
HUVEC were treated with MPO/nitrite-ox.LDL (150 pgml ") for
24h in the absence or presence of the compounds indicated. EC,
(—)-epicatechin. After treatment, cell viability was assessed in
parallel samples by the MTT reduction [35] and LDH release
assays. The values are means *SD from four independent
experiments, each measured in triplicate. *Denotes significant
cytotoxicity versus untreated control (p < 0.05).

membrane, respectively, the oxLDIL-mediated
damage to cells seems to involve multiple cellular
events. (—)-Epicatechin or Trolox (20 wM) abrogated
these changes, whereas comparable concentrations of
a-tocopherol and ascorbate—single or combined—did
not protect. In the experiments of Figures 4-6, a-
tocopherol was added as solution in vegetable oil;
therefore poor delivery to the cells cannot be excluded as
reason for lacking protection. Also, ASA at 100 wM did
not protect under these conditions (not shown). Similar
data were obtained with bovine aortic endothelial
cells [29].

Quite similar observations were made for cell
proliferation as assessed by the 5-bromo-2/-deoxy-
uridine (BrdU) assay (Figure 5). MPO/H,O,/nitrite-
oxLDL inhibited cell proliferation, which was
prevented by either (—)-epicatechin or Trolox, but
not by vitamins E and C. Again, neither ASA nor its
metabolite salicylate did protect (data not shown).

The strong inhibition of cell proliferation suggested
damage to DNA, which was actually substantiated.
Electrophoresis in 2% agarose gel after ethidium
bromide staining revealed dose-dependent fragmenta-
tion of cellular DNA by oxLLDL,, which was completely
prevented by (—)-epicatechin (20 uM) (Figure 6).

The multiple deleterious effects of LDL treated with
the MPO/H,Oy/nitrite reaction system on vascular
endothelial cells suggest a common basic mechanism.
Preliminary data argue in favor of generation of
reactive oxygen species (ROS) via oxLLDL-signaling,
possibly involving activation of NADPH oxidase
(Section 5). Treatment of endothelial cells with
MPO/H,0O,/nitrite—oxLLDL gave rise to generation of
ROS as evidenced from oxidation of the fluorescent
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Figure 5. (—)-Epicatechin and Trolox, but not antioxidant
vitamins protect HUVEC against MPO/nitrite-oxLDL-mediated
inhibition of cell proliferation. 10* cells/well were plated in 96-well
plates, cultured to confluence, and treated with MPO/nitrite-
oxLLDL (150 pugmlfl) for 24h. After treatment, the cells were
incubated for 12h with 10 pM BrdU diluted in growth medium.
Then, cultures were fixed and incubated with peroxidase-labeled
monoclonal anti-BrdU antibody. Following 3h incubation,
tetramethylbenzidine was added as substrate for peroxidase; after
a 30 min interval time required for color development, absorbance
was read at 450nm. The values are means = SD from four
independent experiments, each measured in triplicate. **Denotes
significant cytotoxicity versus untreated control (p < 0.01).

dye precursors dihydrorhodamine 123 or 2/,7'-
dichlorodihydrofluorescein diacetate [36], which was
mitigated by (— )-epicatechin more effectively than by
ascorbate, whereas ASA was ineffective (data not
shown). Strong inhibition of dihydrorhodamine
123-oxidation by (—)-epicatechin has also been
reported for HL-60 cells treated with the peroxy-
nitrite-generating compound 3-morpholino-sydnon-
imine [37]. This fact suggests that protection against
oxidative stress does not depend on the agent
inducing it.

In line with these observations, MPO/H,O,/nitrite-
oxLLDL strongly lowered the cellular glutathione level
in HUVEQC, and (—)-epicatechin prevented this effect
(Figure 7). Collectively, we conclude that MPO-
oxLLDL causes severe oxidative stress in endothelial
cells, which is causally abrogated by (—)-epicatechin.

Myeloperoxidase, modification of LDL, and
endothelial dysfunction

MPO belongs to a variety of prooxidant enzymes that
are supposedly involved in proatherogenic and
proinflammatory processes in the subendothelial
space of arterial vessel walls leading to endothelial
dysfunction and atherosclerotic lesions. A number of
experimental observations strongly argue in favor of
involvement of MPO in these pathogenic processes
(Table I). Moreover, MPO has been shown to evoke
lipid peroxidation i vivo at sites of inflammation [39].
Nevertheless its biological role appears to be more
complex than expected at first sight, since antiathero-
genic actions were also described. Although an
involvement of MPO in nitration of extracellular
proteins was demonstrated iz vivo [31], MPO
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Figure 6. DNA fragmentation in HUVEC caused by MPO/H,O,/nitrite-oxI.LDL and protection by (—)-epicatechin. Confluent HUVEC
previously cultured for 24h in conventional medium were further incubated for 24h with or without (—)-epicatechin (20 uM) where
indicated and varying concentrations of oxL.LDL (150 pgml ™! unless stated otherwise). Intranucleosomal DNA fragmentation was assessed by
electrophoresis in 2% agarose gel and examined under ultraviolet light upon staining with ethidium bromide. (A) Dependence on oxLLDL
concentration. (B) Effect of (— )-epicatechin; 150 wgml ™! oxL.DL or untreated LDL, respectively. The column diagrams show densitometric
estimations of the relative intensities of the DNA fragments visible on the electropherograms.

deficiencies in humans and mice give curiously rise to
higher levels of 3-nitrotyrosine [40]. This paradox may
be explained with a missing decomposition of
3-nitrotyrosine, formed by other pathways such as
peroxynitrite, by MPO-derived hypochlorite [41].
MPO is capable of reacting with a large array of
substrates and co-substrates including hydrogen
peroxide, organic hydroperoxides, chloride and other
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Figure 7. Lowering of glutathione level in HUVEC by

MPO/H,O/nitrite-oxLDL. and prevention by (—)-epicatechin.
Confluent cells were pretreated with (—)-epicatechin or solvent in
six-well plates for 24 h. Thereafter the culture medium was changed
to serum-free medium containing oxILDL or untreated LDL
(100 pgml™), respectively. The cells were cultured for another
24 h, and the intracellular GSH levels were determined according to
Adams et al. [38]. Values are means =SD (n = 4).

halides or pseudohalides, nitric oxide and nitrite as
well as phenolics. This large substrate heterogeneity
may account for a complex network of MPO-
mediated reactions, which include both adverse and
beneficial routes and compete or cross talk with each
other. Therefore, any pharmacological or dietary
intervention into MPO-mediated metabolism must
consider this fact.

Although the contribution of MPO in proathero-
genic modifications of LDL # vivo is unknown, the
treatment of LDL with the MPO/H,O,/nitrite reaction
system as well as the interaction of MPO/H,O,/nitrite-
oxLLDL. with endothelial cells are an appropriate
cohort of i vitro tandem models for atherogenesis
and endothelial dysfunction. Considering the facts
listed in Table I they promise to mirror i vivo
oxidation of LDL more closely than, e.g. copper-
catalyzed oxidation. Moreover, the reactions of
MPO with nitric oxide and nitrite underline a
close interconnection of this enzyme with the WO
metabolism that is crucial for function and integrity of
the vascular endothelium.

We adduce evidence that (— )-epicatechin is capable
of protecting human LDL against various MPO-
mediated modifications (Figures 1-3). Its high
protective efficacy, which surpasses that of ascorbate,
may be due to the following: (i) this and other
flavonoids have been shown to be MPO substrates,
possibly via reacting with MPO-compounds I and II
[27]; (ii) a high scavenging capacity for NO, radicals
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Table I. Indications for a role of MPO in atherogenesis and endothelial dysfunction.

Observation

Authors

MPO is present and enzymatically active in atherosclerotic lesions,
but not in uninvolved intima

Reaction products of MPO (3-chloro-tyrosine, 3-nitro-tyrosine, 0,0 -dityrosine

from tyrosyl radicals are found in atherosclerotic lesions
MPO binds to LDL as well as to endothelial cells
MPO renders LDL atherogenic in vitro

Plasma levels of MPO are elevated in subjects at risk for cardiac events

MPO acts as NO sink by virtue of intrinsic NO oxidase activity

Daugherty et al. [42]
Leeuwenburgh et al. [43,44]

Carr et al. [45]; Zouaoui Boudjeltia et al. [46]
Podrez et al. [47]

Brennan et al. [48]

Abu-Soud and Hazen [49]

formed by the MPO/nitrite reaction system; and
(iii) a favorable nm-octanol/water distribution coeffi-
cient that permits sufficient solubility in both
hydrophilic and, more importantly, lipophilic environ-
ments [50]. On the contrary, ascorbate, which also
possesses high affinity to NO, radicals, may have
limited accessibility to NO, dissolved in the lipid core
of LDL where lipid peroxidation takes place. Besides
scavenging of NO,, thus inhibiting lipid peroxidation,
(—)-epicatechin at micromolar concentrations also
protects against MPO- or peroxynitrite-mediated
tyrosine nitration [28,37]. Notably, (—)-epicatechin
is seemingly only a poor MPO inhibitor per se, since an
ICs as high as 77 pM with HL-60 cells was reported
[37]; rather it may act as favorable modulator for the
divergent array of MPO-catalyzed primary and
secondary reactions.

Cocoa flavanols as protectants against oxidative
stress in endothelial cells

(—)-Epicatechin occurs in cocoa both as monomer
and to a large part as oligomers, the procyanidins.
While procyanidins are poorly absorbed in non-
cleaved form, monomeric flavanols [mainly (—)-
epicatechin and (4)-catechin)] are satisfactorily
absorbed as judged by the occurrence of respective
metabolites in plasma upon intake of flavanol-rich
cocoa [10]. Whether some depolymerization of
procyanidins contributes to (—)-epicatechin for-
mation, as reported for perfusion experiments with
isolated small intestine [51], is currently disputed
[52]. Together it follows that outside the gastrointes-
tinal tract, (—)-epicatechin and related monomeric
flavanols or their metabolites rather than procyanidins
are the substantial bioactive compounds from cocoa.
Although procyanidin dimers were found in human
plasma after consumption of a flavanol-rich cocoa
[53], the reported concentration range was two orders
of magnitude lower than that of (—)-epicatechin
metabolites; therefore, it appears not very likely that
the dimers contribute a vascular benefit. Phenolic
acids arising from microbial metabolism of procyani-
dins in the colon may only contribute secondarily if
any to the reported in vivo effects of high-flavanol

cocoa, since their formation occurs later than the
biological activity on endothelial function.

As mentioned in Section 1, cocoa flavanols improve
endothelial function of human arteries iz vivo. This
beneficial action may involve several mechanisms
including elevation of bioavailability and bioactivity of
nitric oxide, a major endothelium-derived mediator.
Here we demonstrate that (—)-epicatechin abrogates
MPO/H,0O,/nitrite-mediated damage to endothelial
cells as evidenced from counteraction of lowering of
cell viability, diminished cell proliferation and frag-
mentation of DNA (Figures 4—6). Common cause for
these detrimental actions of MPO/H,O,/nitrite-
oxLLDL is most probably oxidative stress. It is
reasonable to assume that oxILDL elevates superoxide
production in endothelial cells. Among various
possible sources for superoxide in endothelial cells
(NADPH oxidase, xanthine oxidase, uncoupled
endothelial NO synthase, mitochondrial electron
transfer system), activation of NADPH oxidase may
be the most probable site of action for both oxLLDL
[22] and (—)-epicatechin. Inhibition of leukocyte
NADPH oxidase by flavonoids has been reported
[54,55]. Further work is necessary to substantiate
a possible inhibition of endothelial NADPH oxidase
by (—)-epicatechin or its metabolites.

Suppression by (—)-epicatechin of superoxide
formation in endothelial could be reason for the
elevation of bioavailability of nitric oxide in wvivo.
The steady-state level of NO in cells is determined by
the rates of formation and breakdown. Withdrawal
of superoxide and, in turn, suppressed peroxynitrite
formation may slow down the breakdown of NO, thus
increasing its steady-state level, even though the
rate of WO generation would be unchanged. Such a
principle has also been proposed for the enhancement
of NO bioavailability by cerivastatin [56]. In recent
work, we have shown that MPO/H,O,/nitrite-oxLDL
also induces a proteasomal breakdown of endothelial
‘NO synthase protein in endothelial cells, which is
prevented by long-term pretreatment of the cells with
(—)-epicatechin but not with Trolox [29]. Although
the latter action, which may be classified as non-
antioxidant activity of (—)-epicatechin, cannot
contribute to the short-term iz vivo effects of cocoa
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flavanols, it may constitute a further NO-preserving
pharmacological quality in addition to counteraction
of endothelial oxidative stress.

Protection by oxLLDL-mediated oxidative stress in
endothelial cells required higher concentrations of
(—)-epicatechin than suppression of LDL oxidation.
One possible reason is an endothelial cell-mediated
slow conversion to another bioactive metabolite; the
more so as long-term incubations of endothelial cells
were necessary in these experiments. In case
metabolites are involved, they appear to be immedi-
ately formed in the arterial endothelium, since
(—)-epicatechin has been reported to directly relax
isolated rat mesenteric artery rings [57].

Are cocoa flavanols substitute or alternative
to aspirin?

Epidemiological studies and i vivo investigations in
humans have identified cocoa flavanols as protectants
against vascular diseases. This fact provokes compar-
ing cocoa flavanols with other vasoprotective agents.
It has been reported that ingestion of dark chocolate
by thirty healthy volunteers significantly inhibited
collagen-induced platelet aggregation ex vivo [19],
supporting earlier findings [17]. These authors
interpreted their findings as an “aspirin-like action”
and suggested, “eating a bar of dark chocolate may
provide as much protection as taking an aspirin” [19].
From another study with a combination of flavanol-
rich cocoa beverage and aspirin on platelet function, it
was concluded that the effect of cocoa is qualitatively
similar to aspirin although weaker [18]. Indeed,
inhibition of platelet aggregation by other agents, most
effectively by aspirin, is associated with significant
reduction in the risk of myocardial infarction and
stroke [16].

While such statements suggest that aspirin and cocoa
flavanols exert their effects on platelet function through
the same mechanism, it is in fact likely that the mode of
action of cocoa flavanols is distinct from that of aspirin.
Aspirin blocks the synthesis of pro-aggregatory
thromboxane A, (TXA,) from arachidonic acid
through inhibiting cyclooxygenase COX-1 i wvirro
(ICs59 ~ 10 pM) as well as i vivo. By contrast,
flavanols such as (4 )-catechin inhibit platelet throm-
boxane formation in vitro only at very high concen-
trations (ICs5o =200 = 120 M [58]), which exceed
flavanol plasma levels by two orders of magnitude.
Inhibition of collagen-stimulated platelet aggregation
in ovitro requires similarly high concentrations of
(4)-catechin [59]. Although corresponding data are
not available for either (—)-epicatechin or its plasma
metabolites, no evidence has been adduced that
flavanols are in fact cyclooxygenase inhibitors.

Nevertheless, anti-platelet activity of cocoa flava-
nols i vivo as evidenced from ex vivo investigations is
well substantiated [20,21]. Its mode of action,

however, remains to be yet defined. Again, a close
relation to the NO-preserving property seems to be
self-evident. Nitric oxide possesses own anti-platelet
activity [60,61]. Modulation of NO metabolism in
platelets may be mediated via the NO/cGMP
signaling pathway leading to strong inhibition of
platelet activity [62]. NO-promoting action of
flavonoids has also been demonstrated in animal
models [63]. The following mechanisms of the anti-
platelet activity of cocoa flavanols are conceivable:
(1) increase in NO production in platelets with
concomitant decrease in superoxide production [60];
and (ii) protection of the vascular endothelium against
oxidative stress-mediated damage, thereby counter-
acting the adhesion of platelets to damaged
endothelium.

Recent reports revealed that besides inhibition of
thromboxane synthesis, non-cyclooxygenase actions
related to nitric oxide metabolism might also
contribute to the vasoprotective action spectrum of
aspirin. Aspirin was shown to improve NO formation
in platelets [64], to protect endothelial cells from
hydrogen peroxide-mediated toxicity through the
NO-cGMP pathway [65] and to induce nitric oxide
release from vascular endothelium presumably via
modification of endothelial NO synthase protein [66].
Thus, the action spectrum of cocoa flavanols and of
aspirin proved to be similar, albeit not identical.
Nevertheless, while a simple substitution for each
other is likely not sufficiently justified on the basis of
available data, the data do support the view that cocoa
flavanols can both acutely and chronically modulate
platelet reactivity and thus may provide a comple-
mentary approach to aspirin in the prevention
of damaging clot formation. Moreover, we found
a number of protective actions of (—)-epicatechin,
which do aspirin not share.

The obvious advantage of flavanol-rich food or
cocoa tablets over aspirin would be the absence of
gastrointestinal and hemorrhagic complications
occasionally produced by aspirin [16]. Moreover,
flavanols might be indicated therapeutically in non-
responders to aspirin; aspirin resistance occurs in
6—24% of patients with stable coronary artery disease,
possibly because of an inability to inhibit COX-1 in
platelets [67].

Conclusions and outlook

We demonstrated that the major cocoa flavanol
(—)-epicatechin protects against MPO-mediated
modifications of LDL as well as against oxidative
stress-related damage to endothelial cells induced by
oxLLDL.. The protection was detectable at several
levels making (—)-epicatechin to a pleiotropic
protectant for the vascular endothelium. The spec-
trum of protective actions observed was not shared by
aspirin and only partially by antioxidative vitamins or
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the

synthetic antioxidant Trolox. Therefore substi-

tution of various vasoprotective agents for each other
may be justified at present only to a limited extent.
Further studies are needed to explore their mutual

interactions.

Favorable modulation of nitric oxide

metabolism in endothelial cells and possibly also in
platelets is obviously a more important target for (—)-
epicatechin or their metabolites than unspecific
scavenging of free radicals.
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