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Excessive peroxidation of biomembranes is thought to contrib-
U}e to the initiation and progression of numerous degenerative
diseases. The present study examined the inhibitory effects of
& cocoa extract, individual cocoa flavanols (-)-epicatechin and
(+)-catechln, and procyanidin oligomers (dimer to decamer)
Isolated from cocoa on rat erythrocyte hemolysis. In vitro, the
flavanols and the procyanidin oligomers exhibited dose-depen-
dent protection against 2,2-azo-bis (2-amidinopropane) dihy-
drochloride (AAPH)-induced erythrocyte hemolysis between
Concentrations of 2.5 and 40 pM. Dimer, trimer, and tetramer
Showed the strongest inhibitory effects at 10 pM, 59.4%, 66.2%,
70.9%; 20 uM, 84.1%, 87.6%, 81.0%; and 40 pM, 90.2%, 88.9%,
8.6%, respectively. in a subsequent experiment, male Sprague-
DaWley rats (~200 g; n = 5-6) were given a 100-mg intragastric
dose of a cocoa extract. Blood was collected over a 4-hr time
Period. Epicatechin and catechin, and the dimers (-)-
©plcatechin-(4p>8)-epicatechin (Dimer B2) and (-)-epicatechin-
(4B>6)-epicatechin (Dimer B5) were detected In the plasma with
Concentrations of 6.4 pM, and 217.6, 248.2, and 55.4 nM, respec-
Ively. Plasma antioxidant capacity (as measured by the total
antioxidant potential [TRAP] assay) was elevated (P < 0.05) be-
tween 30 and 240 min following the cocoa extract feeding.
E"ythrocytes obtained from the cocoa extract-fed animals
Showed an enhanced resistance to hemolysis (P < 0.05). This
enhanced resistance was also observed when erythrocytes
Tom animals fed the cocoa extract were mixed with plasma
Obtained from animals given water only. Conversely, plasma
Obtained from rats given the cocoa extract improved the resis-
tance of erythrocytes obtained from rats given water only.
hese results show cocoa flavanols and procyanidins can pro-

Vide membrane protective effects.
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thought to contribute to the initiation and progression

of numerous degenerative diseases, including certain
cancers and cardiovascular disease (1-6). Erythrocytes are
vulnerable to lipid peroxidation due to their high content of
polyunsaturated lipids, their rich oxygen supply, and the
presence of transition metals (7, 8). Reactive oxygen species
(ROS) generated in the aqueous or lipid phase can attack
erythrocyte membranes and can induce the oxidation of lip-
ids and proteins, triggering disruptions in the membrane and
hemolysis (5-9). Numerous investigations have used eryth-
rocytes as model systems for studying biomembrane oxida-
tive damage (5, 7, 9, 10). In many of these studies, free
radical initiators such as 2,2’-azo-bis (2-amidinopropane)
dihydrochloride (AAPH) have been used to generate free
radicals in the aqueous phase that can attack the erythrocyte
membrane and propagate lipid peroxidation, leading to he-
molysis (5, 9, 10). The erythrocyte has several membrane
systems to protect itself against oxidation damage and he-
molysis; these systems include superoxide dismutase, glu-
tathione peroxidase, and catalase. In addition, water-soluble
chain-breaking antioxidants such as ascorbic and uric acids
can scavenge oxygen radicals residing in the aqueous phase,
whereas lipid-soluble scavengers such as a-tocopherol can
scavenge radicals within the lipid region of erythrocyte
membranes (9). Although the erythrocyte oxidative defense
system is robust, deficiencies in the above systems, a large
oxidant insult, or certain disorders such as B-thalassaemia,
sickle cell anemia, and glucose-6-phosphate dehydrogenase
deficiency can increase the susceptibility of the erythrocyte
to peroxidation (7).

Plant-derived polyphenols are significant constituents
of the human diet. Diets rich in flavonoids (a class of poly-
phenols) have been associated with a reduced risk for car-
diovascular disease (2, 11-16). Using in vitro systems, nu-

E xcessive oxidative damage to cellular membranes is
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merous investigators have reported that isolated flavonoids
can have antioxidant and anticarcinogenic activities (11,
17-19), and other investigators have reported that the con-
sumption of flavonoid-rich foods and beverages can be as-
sociated with increases in plasma antioxidant capacity, re-
duced platelet aggregation, and improved endothelial func-
tion (20-24). Recently, there has been increasing interest in
cocoa and chocolate as rich sources of flavonoids. The ma-
jor flavonoids present in cocoa are the flavan-3-ol mono-
mers, epicatechin and catechin, and procyanidin oligomers
(dimer through decamer) built upon these monomeric units
(Fig. 1) (25, 26). It has been reported that flavanols and
procyanidin oligomers isolated from cocoa and chocolate
have a number of antioxidative properties and can protect
against the oxidation of human low-density lipoprotein (18,
27-29). Other researchers have reported that cocoa flava-
nols and the procyanidins can provide protection against
peroxynitrite-dependent oxidation of dihydrorhodamine 123
and nitration of tyrosine, in vitro (30).

Given previous reports that there can be marked in-
creases in plasma antioxidant capacity following the acute
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Figure 1. Examples of the monomers and procyanidins isolated
from cocoa.

consumption of flavanol-rich foods (23, 31), we hypoth-
esized that the ingestion of cocoa flavanols and procyanidin
oligomers would reduce the risk of free radical-induced oxi-
dative damage to the erythrocyte. The present study was
designed to examine the concentration of cocoa flavanols
and procyanidin oligomers in plasma obtained from healthy
rats shortly after they were given a cocoa extract meal, and
to characterize the effects of these flavonoids on erythrocyte
hemolysis.

Materials and Methods

Materials. The cocoa extract, as well as monomers
and procyanidin oligomers purified from cocoa, were pro-
vided by Mars Incorporated (Cocoapro; Hackettstown, NJ)
(26). The composition of the cocoa extract was: 11.6%
monomers, 8% dimers, 6.8% trimers, 6.5% tetramers, 5.6%
pentamers, 5.3% hexamers, 2.7% heptamers, 1.9% octa-
mers, 1.8% nonamers, 0.9% decamers, ~6.7% theobromine,
~1.4% caffeine, ~20%-30% sugar, and ~8%-10% anthocyan-
idins. The azo compound AAPH (a free radical initiator)
was obtained from Polysciences Inc. (Warrington, PA). All
other reagents were obtained from Sigma Chemical Com-
pany (St. Louis, MO).

Animals., Male Sprague-Dawley rats (150-200 g)
were used for this study. The rats were housed under normal
laboratory conditions (21° + 2°C, 12:12-hr light:dark cycle)
with free access to a commercial rat diet for 1 week. The
animal protocol used was in accordance with the Guide for
the Care and Use of Laboratory Animals, and was approved
by the University of California’s (Davis) Animal Use and
Care Committee.

In Vitro Study of the Anti-Hemolysis Activity of
Cocoa Flavanols and Procyanidin Oligomers. Rats
were anaesthetised with CO, and were exsanguinated.
Blood (5-7 ml/rat) obtained from the abdominal aorta was
collected into heparinized tubes. Erythrocytes were sepa-
rated from plasma and the buffy coat, and were washed
three times with 5 vol of phosphate-buffered saline (PBS),
pH 7.4 (Invitrogen, Carlsbad, CA). During the last wash, the
erythrocytes were centrifuged at 3000g for 10 min to obtain
a packed cell preparation (8). The packed erythrocytes were
then suspended in 4 vol of PBS solution.

The peroxidation of erythrocyte membranes can be
studied using a variety of agents, including hydrogen per-
oxide, dialuric acid, xanthine oxidase, and organic hy-
droperoxides (9, 32). Azo compounds (AAPH) generate
free radicals by their unimolecular thermal decomposition
in the aqueous region. The radicals produced quickly react
with oxygen to produce peroxyl radicals that can attack the
erythrocyte membrane. The rate of generation of free radi-
cals can be easily controlled and measured by adjusting the
concentration of the initiator. The hemolysis induced by an
azo compound can provide a model for studying oxidative
membrane damage when the free oxygen radical is present
on the outside of the membrane (9, 32). In the present study,
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(1) epicatechin (4p>8)epicatechi

the method described by Miki et al. (8) was used to deter-
I?ine erythrocyte hemolysis mediated by AAPH. The addi-
F10rl of AAPH to the suspension of washed erythrocytes
Induces the oxidation of membrane lipids and proteins, re-
Sulting in hemolysis. Two milliliters of the erythrocyte sus-
Pension was mixed with 2 ml of PBS solution containing
Varying amounts of cocoa monomers and procyanidin oligo-
mers (2.5-40 uM). Two milliliters of 200 mM AAPH in
PBS was then added to the mixture. The reaction mixture
Was shaken gently while being incubated at 37°C for 3 hr.
After incubation, the reaction mixture was diluted with 8 vol
of PBS and was centrifuged at 3000g for 5 min. The absor-
bance (4) of the supernatant fraction at 540 nm was re-
Corded in a DU 640 spectrophotometer (Beckman Instru-
ments, Fullerton, CA). The percentage of inhibition was
Calculated by the following equation:

% Inhibition = [Asapn — Aotigomer)/AaapH H

_ Where Agyigomer is the absorbance of the sample con-
taining either the cocoa monomer or procyanidin oligomers,
and A, ,py is the absorbance of the sample containing nei-
ther the cocoa monomer nor cocoa oligomers. L-ascorbic
acid was used as a positive control. Five to six replicates
Were performed for each monomer and procyanidin, and the
Whole experiment was repeated at least three times on dif-
ferent days.

In Vivo Study of Anti-Hemolysis Activity of Co-
Coa Flavanols and Oligomers. Rais (n = 5-6) were
81ven, by gastric intubation, 5 ml of distilled water with or
Without 100 mg of the cocoa extract. The rats were anaes-
thetised with CO, and were exsanguinated 0, 30, 60, 120,

80, or 240 min after dosing. Blood from the aorta was
Collected into heparinized tubes. Erythrocytes from each rat
Were separated from the plasma by centrifugation at 3000g
for 5 min at 4°C. The plasma was removed from the eryth-
Tocytes. After removing the buffy coat, the remaining eryth-

Figure 2. Chemical structures of (1)
epicatechin (4B>8) epicatechin
(Dimer B2) and (2) epicatechin
(48>6) epicatechin (Dimer B5).

(2) epicatechin (4B>6)epicatechin

rocytes were resuspended in the plasma. The reconstituted
blood (erythrocytes plus plasma) was subjected to the he-
molysis assay by adding 2 ml of AAPH solution and 2 mi of
PBS followed by incubation at 37°C for 3 hr. As described
above, 8 vol of PBS solution was added to the incubation
mixture and this mixture was centrifuged at 3000g for 5
min. The absorbance of the supernatant fraction at 540 nm
was measured and the percentage of inhibition induced by
feeding the cocoa extract was calculated by Equation 2:

% Inhibition = [Acr. = Acocoa-l/Acti )

Where Acocoac 18 the absorbance of the reconstituted
blood obtained from rats receiving intragastrically a solu-
tion containing 100 mg of the cocoa extract in 5 ml of
distilled water, and Ay is the absorbance of the reconsti-
tuted blood obtained from rats receiving S ml of distilled
water intragastrically.

High-Performance Liquid Chromatography
(HPLC) Analysis of Monomers and Oligomers in
Plasma. Plasma samples were extracted as described by
Richelle et al. (33) and Rein et al. (31). The resulting so-
lution was filtered with a 0.22-um Ultrafree-MC low-
binding Durapore centrifugal filter (Millipore, Bedford,
MA). Fifty microliters of the filtered solution was analyzed
for catechin, epicatechin, and procyanidin dimer by reversed-
phase HPLC with coulometric multiple-array detection.

Chromatography was carried out as described by Holt
et al. (33) using a 1100 HPLC system equipped with Chem-
station software and a quaternary pump (Hewlett-Packard,
Wilmington, DE), and a CoulArray 5600 coulometric elec-
trochemical array detector (ESA, Chelmsford, MA). Sepa-
ration was achieved using a reverse-phase Alltima C18 col-
umn (5 wm, 150 x 4.6 mm; Alitech, Deerfield, IL) with a
C18 5-pm guard column. The mobile phase was mixed with
the following two solvents: solvent A, 40% methanol and
60% 50 mM sodium acetate (EM Sciences, Darmstadt, Ger-
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many) in water, pH 5.0; and solvent B, 7% methanol and
93% 100 mM sodium acetate in water, pH 5.2. A gradient
elution was employed at a flow rate of 1 ml/min with the
initial concentration of A set at 20%, which was held for 2
min. This was followed by a linear increase to 40% A for 10
min, immediately followed with another linear increase to
85% A for 13 min. The system was held at 85% of A for 17
min when at that time a linear increase to 100% A was
achieved for 20 min. The system was then linearly de-
creased to 40% A for 23 min followed by another linear
decrease to 20% A for 25 min.

Coulometric electrochemical array detection was car-
ried out using the following cell settings: —50, +65, +150,
+200, +250, +300, +700, and +800 mV. The resulting chro-
matographs were analyzed using CoulArray for Windows
software (ESA). Epicatechin and catechin peak identifica-
tion at +150 mV was based on co-elution with authentic
standards and was quantified using external standards. Pro-
cyanidin dimer peak identification at +700 mV was based
on co-elution with authentic standards and was quantified
using external standards extracted from cocoa (Cocoapro;
Mars Incorporated) (25).

Confirmation of Monomers and Dimers Using
LC-Mass Spectrometry (MS). Monomers and dimers
(Figs. 1 and 2) were confirmed in the plasma using HPLC-
MS. HPLC-MS analyses were performed on an Agilent
1100 Series HPLC (Agilent, Palo Alto, CA) equipped with
an auto-injector, quaternary HPLC pump, column heater,
and diode array detector, and interfaced to an Agilent Series
1100 MS trap. Reverse-phase separations of the plasma ex-
tracts were performed on a Phenomenex (Torrance, CA)
5-pm Kingsorb C18 column (250 x 4.6 mm). UV detection
was recorded at N = 280 nm. The binary mobile phase
consisted of A, 0.5% acetic acid in water; and B, 0.5%
acetic acid in acetonitrile. Separations were effected by a
series of linear gradients of B into A at a flow rate of 0.8
ml/min as follows: elution starting with 5% B in A, 0to 5
min; 5% to 50% B in A, 5 to 40 min; 50% to 95% B in A,
40 to 45 min; 45 to 50 min isocratic,

Methanol was added via a tee in the eluant stream of the
HPLC just prior to mass spectrometer and was delivered
with an Agilent 1100 series HPLC pump at 0.2 ml/min.
Conditions for analysis in the negative ion mode include a
capillary voltage of 3 kV, the skim 1 at ~34 V, the capillary
exit offset at —~60 V, the drying gas temperature at 350°C,
and the drying gas flow at 9.0 liters/min. Spectra were
scanned over a mass range of m/z 100 to 1000.

Determination of Plasma Antioxidant Capa-
city. Plasma antioxidant capacity was determined as pre-
viously described (23, 35) with some modification. Plasma
samples were diluted 1:10 with 1 mM PBS, pH 7.4 and they
were added to a solution containing 20 mM AAPH and 16.6
pM 5-amino-2, 3-dihydro-1, 4-pthalazinedione (luminol).
The chemiluminescence was recorded for 20 min using a-
HTS 7000 Series Bio Assay Reader (Perkin Elmer, Buck-
inghamshire, UK). The plasma antioxidant capacity value
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was calculated as the lag time before an increase in the
chemiluminescence was observed. This lag time is propor-

tional to the cumulative amount of antioxidants present in

the samples (35). A reference lag time was obtained by
using a known amount of 6-hydroxy-2, 5, 7, 8-tetrame-
thoxychroman-2-carboxylic acid (Trolox; Aldrich Chemical
Co., Milwaukee, WI). Plasma antioxidant capacity is ex-
pressed as Trolox equivalents.

Statistics. Results are expressed as means + SEM.
Data for hemolysis inhibition were subjected to analysis of
variance (ANOVA), and the means were compared between
treatments by paired ¢ test. Statistical significance was as-
sessed at the 5% level. Analyses were performed using rou-
tines available in Staview for Windows (version 5.0.1.;
SPSS Institute Inc., Cary, NC).

Results

The Effect of Cocoa Flavanols and Procyanidin
Oligomers on In Vitro Erythrocyte Hemolysis. The
influence of the cocoa extract on in vitro erythrocyte hemo-
lysis was examined by incubating rat erythrocytes in the
presence of 200 mM AAPH as an initiator of oxidation. The
cocoa extract provided a strong inhibitory effect against
erythrocyte hemolysis. On a weight basis, the inhibitory
effects of the cocoa extract were almost twice that of ascor-
bic acid (Fig. 3).

All 10 fractions tested (monomers through decamers)
inhibited in vitro AAPH-induced red blood cell hemolysis
in a dose-dependent manner (concentrations ranged from
2.5 to 40 uM), but the antioxidative activity of the indi-
vidual fractions differed significantly (Table I). The dimer,
trimer, and tetramer fractions demonstrated the strongest

-8~ Ascorbic Add
60 | —A— Defatted Acetone Cocoa Extract

Inhibition (%)

YSIS

Henol

0 L] v L) ¥
0 2 4 6 8

Concentration (mg/mL)

Figure 3. Inhibitory.effects of cocoa extract on AAPH-induced he-
molysis of rat erythrocytes in vitro. Data are expressed as mean %
SEM of n = 6 samples.
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Table I. Inhibitory Effect (%) of Individual Cocoa Procyanidins on AAPH-Induced Hemolysis of Rat
Erythrocytes in Vitro?

——

—

2.5 uM

5uM

10 uM

20 yM

40 uM

Monomer
Dimer
Trimer
Tetramer
Pentamer
Hexamer
Heptamer
Octamer
Nonamer
Decamer

4.87 + 0.64°
11.88 + 1.61°
22.59 + 2.567
25,75 + 1.219
30.50 + 2.84°
35.99 + 2.66°
35.78 + 1.96°
30.15 + 2.74°
29.14 + 2.60°
27.07 + 1.70°

8.93 + 2.30°

12.61 + 1.02°
31.86 + 3.66°
40.90 = 3.01¢
46.35 + 3.23¢
49.78 + 3.60¢
44.20 + 2.80¢
36.59 x+ 4.99¢
33.64 + 3.34°
28.80 + 3.56°
31.26 £ 2.12°

8.49 + 2.50°

25.20 + 1.25°
59.43 + 2.25°
66.22 + 2.54°
70.94 + 0.29¢
55.81 + 3.87°¢
46.33 + 4.87°
40.49 + 3.327
44.74 + 2,327
42.32 + 2.327
42.65 + 1.897
15.32 + 0.80°

55.56 + 2.55°
84.11 + 1.35°
87.58 + 1.65°
80.98 + 0.11¢
62.21 £ 1.87°
60.94 + 2.54°
54.64 + 1.53°
55.38 + 1.56°
50.27 + 2.63°
48.50 + 3.21°
13.05 + 2.76°

80.80 + 3.51%
90.24 + 0.99°
88.88 + 1.74°
78.56 + 1.56°
70.10 + 2.65°
66.45 + 2.95°
70.07 + 2.10°
75.21 £ 3.21°
72.07 £ 0.60°
72.92 £ 3.75°
31.71 £ 2.657

Ascorbic acid

“Data are expressed as mean = SEM of n = 5-6.

%% |n the same column with different superscripts differ significantly at P < 0.05.

Protective activity toward erythrocyte hemolysis. The
Mmonomers and pentamer to decamer fractions had similar
Protective effects. All of the fractions provided a protective
effect that exceeded that of ascorbic acid on a weight basis
(Table 1).

Identification and Confirmation of Monomers
and Dimers in Plasma. Plasma obtained from rats fed
the cocoa extract (~0.5g/kg body weight) contained mea-
Surable concentrations of both monomers and dimers. Using
LC-CoulArray, the peaks eluting at 16 and 22 min (Fig. 4)
Wwere identified as catechin (CT) and epicatechin (EC), re-
Spectively, based on retention time compared with authentic
Compounds. These identifications were confirmed using
LC-MS (Fig. 5, peaks 1 and 3) based on molecular weight
(IM-HJ" 289) and retention time with authentic standards.
Besides the two monomer peaks, two additional peaks were
detected in the LC-CoulArray chromatograph (Fig. 4, peaks
at 19 and 24 min). Using LC-MS, these peaks were identi-
fied as dimers based on molecular weight ((M-H} 577) and
Tetention time compared with purified standards (Fig. 5,
Peaks 2 and 4). We later characterized the dimers as epi-
Catechin-(4B>8)-epicatechin (Dimer B2), and (-)-
epicatechin-(4B>6)-epicatechin (Dimer B5) (36). The con-
Centrations of epicatechin and catechin and both dimers in-
Creased in the plasma 30 min after dosing with the cocoa
€Xxtract, with maximal concentrations reached between 60
and 120 min (Fig. 6). The average peak plasma concentra-
tons of epicatechin and catechin were 6.4 wM and 217.6
NM, respectively, whereas the two dimers, B2 and BS,
Teached average peak concentrations of 248.2 and 55.4 nM,
Tespectively.

The Effect of Cocoa Extract on In Vivo Eryth-
focyte Hemolysis. Plasma antioxidant capacity as mea-
Sured by the total antioxidant potential (TRAP) assay sig-
bificantly increased following administration of the cocoa
CXtract (Fig. 7a). Within 3 hr after the consumption of cocoa
CXtract, plasma antioxidant capacity increased more than
2-fold and remained unchanged for 4 hr, Consistent with the
above, oral administration of the cocoa extract reduced the
Cxtent of AAPH-induced hemolysis (Fig. 7b). .

Dimer B2

e

unknown

4 Dimer B5S

\ 4 P4

do 30 100 150 200 250 300
Time (min)

Figure 4. Typical HPLC chromatograms of plasma extracts from
rats given either 100 mg of cocoa extract in 5 mL. of distilled water
(top), or 5 mL of distilled water alone as a control (bottom). The data
shown represents results at 1 hr post-feeding.

Given the results in Figure7b, a second set of animals
was studied. For this work, erythrocytes from rats fed the
cocoa extract were incubated either in plasma from rats
given water only, or in plasma from rats given the cocoa
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Figure 5. Typical LC-MS chro-
matograms for rat plasma obtained
1 hr after the oral administration of a
cocoa extract (0.5 g/kg body weight,
with enzyme treatment using
B-glucuronidase). The molecular
ion [M-H] peaks obtained at m/z289
(1 and 3) and at m/z 577 (2 and 4)
were identified as 1, (+)-catechin; 2,
Dimer B2; 3, (-)-epicatechin; and 4,
Dimer BS5, respectively.

Time (min)

extract. Finally, erythrocytes from the rats given water were
incubated in plasma from rats given the cocoa extract. As is
depicted in Figure 7, cells obtained from rats that were fed
the cocoa extract showed the greatest resistance to hemoly-
sis when they were incubated in plasma obtained from rats
also given the cocoa extract (Fig. 7b). However, protection
was observed when erythrocytes from rats fed the cocoa
extract were incubated in plasma from rats given water (Fig.
7c), as well as when erythrocytes from rats given water only
were incubated in plasma from rats fed the cocoa extract
(Fig. 7d).

Discussion

Cocoa and chocolate are rich sources of natural poly-
phenol antioxidants (37, 38). Prominent among these are the
monomeric flavanols, epicatechin and catechin, and the pro-
cyanidin oligomers made from these monomeric units. In a
recent Dutch survey, tea was reported to be the most im-
portant source of-catechins in the diet (55% of total intake),
whereas chocolate contributed approximately 20% of the
total intake (38). However, this study took into account only
the monomers (flavanols). The inclusion of the oligomers
(dimers through decamers) into their calcutitions would
have markedly increased the calculated contribution of
chocolate to dietary flavonoid intake (39).

The excessive peroxidation of biomembranes is ac-
cepted as one of the processes by which tissues can be
damaged during ischemia/reperfusion, inflammation and
aging (1-9). The peroxidation of erythrocyte membranes
and hemolysis induced by various agents such as hydrogen
peroxide, dialuric acid, xanthine oxidase, organic hydroper-
oxides, and AAPH (9, 32) has been extensively studied as a
model for membrane-peroxidative damage. In the present
study, we investigated the antioxidative activity of a cocoa
extract. A strong dose-dependent protection was demon-
strated toward the hemolysis of red blood cells in vitro
(Fig. 3). The inhibitory effect of the cocoa extract was stron-
ger than ascorbic acid, which has been shown to act as
an antioxidant against human low-density lipoprotein
oxidation (40). '

When the individual cocoa monomer and oligomer
fractions were tested, all of the fractions were highly effec-
tive in inhibiting AAPH-induced hemolysis. Interestingly,
the antioxidative activities of the oligomers, dimer to
decamer, were higher than that of those of the monomers
(Table I). This is in agreement with recent studies that have
shown differential effects of the procyanidin oligomers. For
example, procyanidin oligomers (dimers and trimers) iso-
lated from apple juice were found to exhibit higher growth-
promoting activities for hair epithelial cells than monomeric
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Figure 6. Changes in plasma concentrations of (a) (-)-epicatechin
(A'A) and (b) (+)-catechin ( ¢ - ¢) and the procyanidin dimers, dimer
2 (®-@) and dimer B5 (A-A) in rats given an oral dose of 100 mg

?aftcocoa extract. Data are expressed as means + SEM of n= 5-6
S,

Cpicatechin (41). Similarly, Arteel and Sies (30) reported
tbat cocoa dimers, trimers, and tetramers were more effec-
live against peroxynitrite-dependent oxidation than the
la.rger oligomers. Lotito et al. (18) also reported that the
dimers and trimers were stronger antioxidants than the
lﬂ.l‘ger oligomers in a liposome model. The reasons for these
filfferential effects deserve further study; they most likely
Include chemical properties such as differences in partition
Coefficients, differences in the three-dimensional structure
of the oligomers, and in their ability to chelate ions and
Stabilize free radicals. It is important to note that the first
two factors would influence the ability of the compounds to
!nterface with biological membranes. In this regard,
Suchiya (42) has reported that tea catechin and epicatechin
ave markedly different effects on liposome membranes.

Potential mechanism(s) by which cocoa flavanols and
Procyanidins may protect erythrocytes from hemolysis in-
Clude the following: (i) The flavanols and procyanidins may
function as primary antioxidants by directly reducing the
formation of free radicals mediated by AAPH; (ii) they may
SPare, maintain, or regenerate a-tocopherol and other anti-

oxidants by donating a hydrogen to the a-tocopherol radi-
cals (43); and (iii) they may function as chelators and bind
redox active metals, including Fe**and Cu®*, involved in
the initiation of free radicals.

A better understanding of the protective role of dietary
antioxidants in vive requires quantitative data on their ab-
sorption (44). Until recently, only limited information has
been available concerning the absorption of cocoa flavanols
and its oligomers. To our knowledge, the current paper rep-
resents the first report of the presence of the two procyani-
din dimers, Dimer B2 and Dimer B3, in plasma following
the feeding of cocoa in a rodent model. When the rats were
given 100 mg of the cocoa extract (~0.5g/kg body weight)
intragastrically, Dimer B2 and Dimer BS reached maximum
concentrations 1 to 2 hr post-administration. In the present
study, a single procyanidin intake of 51 mg from 100 mg of
cocoa extract resulted in plasma concentrations of epicat-
echin, catechin, Dimer B2, and Dimer B35 of 6.4 uM, and
217.6, 248.2, and 55.4 nM, respectively. It is interesting to
note that the ratio of epicatechin to catechin (EC:CT) in
plasma is significantly different from the profile of the two
monomers in the cocoa extract, which is approximately 2:1
(36). Baba et al. (44) has also reported an EC:CT in cocoa
of about 2. However, in marked contrast to the EC:CT in
cocoa, the EC:CT in plasma was close to 30 (Fig. 6). It is
also interesting to note that although the ratio of Dimer B2
to Dimer BS is approximately 2 in the cocoa extract (36),
the measured ratio of the two dimers in rat plasma exceeded
4 (Fig. 6b). The reasons for these marked differences in the
ratios deserve further study, but may be due to preferential
absorption, in vivo isomerization, or the partial decomposi-
tion of the higher molecular weight procyanidins into mono-
mers and dimers (34, 46). Given that the different isomers
can have different biological effects, this is an area that
merits further investigation.

The present study shows that the ingestion of a cocoa
extract elicited a rise in plasma antioxidant capacity (Fig.
7a). This is consistent with reports that acute consumption
of flavonoid-rich cocoa and chocolate can result in in-
creased plasma antioxidant activity in healthy human adults
(23). These observations are also consistent with Lotito’s
(47) report that addition of catechin to human plasma
can prevent the accumulation of 2-thiobarbituric acid-
reactive substances, and can delay the depletion of a-to-
copherol and B-carotene oxidized by AAPH or 2,2’-azobis
(2,4-valeronitrile).

A recent editorial by Nestel (48) brought into question
the robustness of using total antioxidant capacity in biologi-
cal fluids as a biomarker. That the increase in plasma anti-
oxidant capacity observed following cocoa feeding is func-
tionally significant is suggested by our erythrocyte hemo-
lysis data. When we mixed erythrocytes from rats given
water with plasma collected at different time points from
rats fed the cocoa extract, the degree of hemolysis inhibition
was related to the concentration of monomers and dimers in
the plasma (Fig. 7d). In contrast, when plasma obtained

ANTIOXIDATIVE ACTIVITY OF COCOA FLAVANOLS AND PROCYANIDIN OLIGOMERS 327



Antioxidant Capacity (sec)
*
Hemolysis Inhibition (%)

Figure 7. (a) The antioxidant capacity (as measured by
the TRAP assay) of plasma obtained from rats 0, 30, 60,
120, 180, and 240 minutes after they were given an
intragastric dose of 100 mg of cocoa extract in 5 mL of
distilled water. The inhibition of AAPH-induced hemoly-
sis of (b) red blood cells from rats given the cocoa extract
and plasma from rats given the cocoa extract (c) red

”~~ ~~
a =]

(=}
£ =
: z
-] 4
2 2
B :
o] e}

0 30 60 120 180 240 0 30 60

from rats given water alone was mixed with erythrocytes
obtained from rats given the cocoa extract, the protective
effects of the cocoa feeding on the erythrocytes continued to
increase at 180 and 240 min, whereas the plasma monomers
and dimers started to decrease in concentration after 120
min (Figs. 7c and 6). The above data suggest that some
polyphenols are binding to the erythrocytes during this
time period. This hypothesis may also explain the observa-
tion that the protection in plasma mixed with erythrocytes,
both from the blood of different time points, peaked at
120 min and remained almost unchanged over the 4-hr test
period (Fig. 7b). Further work involving the characteriza-
tion of the membrane binding and membrane action of cat-
echin, epicatechin, and the procyanidin oligomers is clearly
warranted.

In conclusion, the cocoa extract and the individual co-
coa flavanols and procyanidin oligomers demonstrated a
dose-dependent antioxidant activity against in vitro eryth-
rocyte hemolysis. Epicatechin, catechin, Dimer B2, and
Dimer BS were detected in plasma within 30 min following
the feeding of a cocoa extract. Concordant with this rise, we
observed an increase in plasma antioxidant capacity, and a
concurrent decrease in erythrocyte hemolysis. Thus, the fla-
vanols catechin and epicatechin, and the procyanidin oligo-
mers (at least the dimers) from flavanol-rich foods (e.g.,
cocoa and chocolate) can be absorbed. The absorption of
these compounds is associated with an increase in plasma
antioxidant capacity and a reduction in the susceptibility of
erythrocyte membranes to oxidation. The results support the
concept that the consumption of flavonoid-rich foods can be
associated with-improvements in oxidant defense mecha-
nisms. We suggest that the above contributes to the reported
positive vascular health benefits of flavonoid-rich foods.

We thank Dr. W, Zhang, Tony Y. Momma, H. R. Schrader, and J. F.
Commisso for their technical support.

328

120 180

blood cells from rats given the cocoa extract mixed with
the plasma from control (water only) rats (d) red blood
cells from control rats mixed with the plasma from rats
given the cocoa extract. Data are expressed as mean &
SEM of n = 5-6 rats. Mean values with an asterisk are
significantly different from baseline values: *P < 0.05.
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