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Increase of Antioxidative Potential of Rat Plasma by Oral

Administration of Proanthocyanidin-Rich Extract from Grape Seeds
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The effect of a single oral administration of proanthocyanidins, oligomeric and polymeric polyhy-
droxyflavan-3-ol units, on the antioxidative potential of blood plasma was studied in rats.
Proanthocyanidin-rich extract from grape seeds was administered by intragastric intubation to fasted
rats at 250 mg/kg of body weight. The plasma obtained from water- or proanthocyanidin-administered
rats was oxidized by incubation with copper sulfate or 2,2'-azobis(2-amidinopropane) dihydrochloride
(AAPH) at 37 °C, and the formation of cholesteryl ester hydroperoxides (CE-OOH) was followed.
The plasma obtained from proanthocyanidin-administered rats was significantly more resistant
against both copper ion-induced and AAPH-induced formation of CE-OOH than that from control
rats. The lag phase in the copper ion-induced oxidation of rat plasma was remarkably increased at
15 min after administration of proanthocyanidins and reached a maximum level at 30 min. When
the plasma from proanthocyanidin-administered rat was hydrolyzed by sulfatase and -glucuronidase
following analysis by high-performance liquid chromatography with electrochemical detection,
metabolites of proanthocyanidins occurred in rat plasma at 15 min after administration, three peaks
of which were identified as gallic acid, (+)-catechin, and (—)-epicatechin. These results suggest that
the intake of proanthocyanidins, the major polyphenols in red wine, increases the resistance of
blood plasma against oxidative stress and may contribute to physiological functions of plant food

including wine through their in vivo antioxidative ability.
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INTRODUCTION

Grape seeds are rich sources of phenolic compounds,
in which the most abundant classes of flavonoids include
the flavan-3-ols. Some of the compounds in the flavan-
3-ol class are sometimes referred to as catechins, which
comprise the monomeric compounds, (+)-catechin, and
(—)-epicatechin, as well as epicatechin 3-O-gallate.
Grape seeds also contain small amounts of gallo-
catechins. However, in most cases the largest propor-
tions of flavan-3-ols are found not in the monomeric
form but in oligomeric and polymeric forms (Waterhouse
and Walzem, 1998). Proanthocyanidins are oligomers
and polymers of polyhydroxyflavan-3-ol units.

Grape seeds contribute to the catechin and proantho-
cyanidin contents of red wine (Kovac et al., 1995).
Recently, much attention has been focused on wine's
polyphenolic fraction, mainly flavonoids, to explain the
mechanism of the “French Paradox”; that is, wine
consumption is correlated with a reduced incidence of
cardiovascular disease (St. Leger et al., 1979; Renaud
and De Lorgeril, 1992). It has been reported that
flavonoids occurring in grape and red wine have potent
antioxidant activity and protect low-density lipoprotein
(LDL) against oxidation in vitro (Frankel et al., 1993,
1995; Lanningham-Foster et al., 1995; Teissedre et al.,
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1996; Viana et al., 1996; Kerry and Abbey, 1997; Meyer
et al., 1997; Ghiselli et al., 1998). Thus, it is attractive
to speculate that the beneficial effects of wine on
coronary artery disease result from antioxidant protec-
tion of LDL by flavonoids in wine. However, information
on the absorption and metabolism of ingested flavonoids
is very limited, and relatively little is known about the
in vivo antioxidant activity of flavonoids, particularly
their oligomeric forms such as proanthocyanidins. In the
present study, we investigated the in vivo antioxidant
effect of proanthocyanidin-rich extract from grape seeds
as a constituent in red wine by measuring plasma
antioxidative ability of rat after a single oral adminis-
tration of the extract. The results strongly suggest that
proanthocyanidins act as antioxidants in blood circula-
tion even after absorption and may contribute to the
physiological functions of plant foods including wine
through their in vivo antioxidative ability.

MATERIALS AND METHODS

Chemicals. Proanthocyanidin-rich extract was prepared
from grape seeds (Vitis vinifera L.), and the contents of
proanthocyanidins and monomeric flavanols were measured
as described previously (Saito et al., 1998). Briefly, grape seeds
were washed with water at 60 °C for 2 h and then extracted
with water at 90 °C for 2 h. The aqueous extract was freeze-
dried to obtain proanthocyanidin-rich extract. The extract was
composed of 73.4% proanthocyanidins, 5.6% monomeric fla-
vanols, 6.4% organic acids, 3.9% ash, 3.7% protein, 3.0%
moisture, and 1.7% carbohydrate. 2,2'-Azobis(2-amidinopro-
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pane) dihydrochloride (AAPH), butylated hydroxytoluene (2,6-
di-tert-butyl-4-methylphenol; BHT), and gallic acid were pur-
chased from Wako Pure Chemical Co. (Osaka, Japan). p-a-
Tocopherol was obtained from Eisai Co. (Tokyo, Japan). (+)-
Catechin, (—)-epicatechin, (—)-epicatechin gallate, (—)-epi-
gallocatechin, and (—)-epigallocatechin gallate were purchased
from Funakoshi Co. (Tokyo, Japan). Procyanidins B2 and B4
were synthesized according to the method of Ricardo da Silva
et al. (1991b), whereas procyanidin B3 was prepared and
purified by Sephadex LH-20 and preparative HPLC as de-
scribed previously (Saito et al., 1998). All other chemicals were
of analytical grade, and solvents were of HPLC grade.

Animals and Oral Administration of Proanthocyani-
dins. Seven-week-old male Wistar rats were obtained from
Charles River Japan Inc. (Yokohama, Japan). All rats were
kept in an air-conditioned room (23 + 1 °C and 55 + 5%
humidity) under a 12-h dark/light cycle. They were given a
polyphenol-free diet (Okushio et al., 1996) and water ad
libitum for a week. All animals were fasted for 16—18 h before
administration. Proanthocyanidins were dissolved in water at
the concentration of 25 mg/mL and administered intragastri-
cally by direct stomach intubation to rats at a dose of 250 mg/
kg of body weight. In a control group, three rats were
administered 2 mL of plain water. Three rats for each group
were anesthetized with pentobarbital at a specific time after
administration, and blood was drawn from the abdominal
aorta into heparinized tubes. Plasma was separated by cen-
trifugation at 1000g for 20 min at 4 °C and was stored at —80
°C until use, but for a period not exceeding 4 days.

Oxidation of Rat Plasma. Plasma (0.6 mL) was mixed
with 1.7 mL of phosphate-buffered saline (PBS, pH 7.4) in a
test tube. The oxidation was initiated by the addition of 100
uL of CuSOy4 (2.4 mM) or AAPH (120 mM) dissolved in water
or PBS, respectively. The final mixture was incubated at 37
°C in a shaking water bath in the dark under air. At specific
time intervals, an aliquot of the suspension (100 uL) was
withdrawn, and 3 mL of methanol containing 2.5 mM BHT,
which prevents oxidation during extraction, was added to the
reaction mixture. The mixture was sonicated in an ultrasoni-
cator (Branson, model B1210J-DTH, Yamato Co., Tokyo,
Japan) for 1 min, and then n-hexane (3 mL) was added to the
mixture followed by centrifugation at 15009 for 3 min. Hexane
layers were collected two times after extraction and evaporated
in a rotary evaporator. The residue was dissolved in a mixture
of acetonitrile and chloroform (3:2, v/v, 100 uL) for HPLC
analyses of cholesteryl ester hydroperoxides (CE-OOH) and
o-tocopherol.

Measurement of CE-OOH. CE-OOH was measured by
HPLC using a TSK gel Octyl-80 Ts column (4.6 x 100 mm;
Tosoh, Tokyo Japan). The mobile phase was composed of
acetonitrile/chloroform (92.5:7.5, v/v) and used at a flow rate
of 1.0 mL/min. CE-OOH were detected by ultraviolet absorp-
tion at 235 nm, and their concentrations were calculated from
the standard curve of the hydroperoxy derivative of cholesteryl
linoleate (Arai et al., 1997).

Measurement of a-Tocopherol. a-Tocopherol was mea-
sured by HPLC using a TSK gel Octyl 80Ts (4.6 x 100 mm,
Tosoh). A mixture of acetonitrile and water (99:1, v/v) was used
as mobile phase at a flow rate of 1.2 mL/min. The elute was
monitored fluorometrically at an excitation wavelength of 298
nm and an emission wavelength of 325 nm using a Shimadzu
RF-10A (Shimadzu Co., Kyoto, Japan). The concentration was
calculated from the standard curve of the authentic compound.

Determination of Plasma Metabolites. The metabolites
were extracted from plasma according to the method of Piskula
and Terao (1998) with a slight modification. A plasma aliquot
(100 uL) was mixed with 100 4L of 0.2 M acetate buffer (pH
5.0) containing sulfatase (25 units) and g-glucronidase (500
units) (sulfatase type H-5, which contains g-glucuronidase,
Sigma Chemical Co., St. Louis, MO) and incubated at 37 °C
in a shaking water bath for 45 min to hydrolyze conjugated
metabolites into free forms. After hydrolysis, an aliquot of
plasma (200 xL) was extracted with 800 uL of acetone/water/
phosphoric acid (70:30:5, v/v/v). The mixture was vortexed for
1 min, sonicated for 30 s, and centrifuged for 5 min at 5000g.

J. Agric. Food Chem., Vol. 47, No. 5, 1999 1893

120 10
RTE = N ]
g7 : 8
2 804 =
[P
‘é 4 -6 é
g 60 -
2 )
tS -1 _4 OI
E 40 i
2 F O
& 20- 2

0 — 0

0 100 200 300 400

Incubation time (min)

Figure 1. Accumulation of CE-OOH (solid line) and consump-
tion of a-tocopherol (dotted line) in CuSO4-induced oxidation
of rat plasma obtained 1 h after oral administration of 2 mL
of water or proanthocyanidins at 250 mg/kg of body weight:
(m) control rat; (®) proanthocyanidin-administered rat. Plasma
was diluted four times with PBS and incubated with CuSO4
(100 uM) at 37 °C in the dark under air. The data represent
several separate experiments.

The supernatant was evaporated in a rotary evaporator, and
the residue was dissolved in 200 uL of acetonitrile/water (4:1,
v/v). The aliquot (20 uL) was injected on an HPLC column
(Senshu Pak Pegasil-B ODS, 6.0 x 250 mm, Senshu Kagaku
Co., Tokyo, Japan) with a solvent flow of 0.8 mL/min. The
solvents used for the separation were solvent A, 0.5% phos-
phoric acid, and solvent B, acetonitrile. The solvent gradient
consisted of increasing the concentration of acetonitrile from
12% at start during 10 min to 33% at 50 min, followed by 33%
for 30 min. The elute was monitored with amperometric
detector (EC8020, Tosoh) with a working potential at +800
mV. The retention times of authentic compounds were 8.8 min
for gallic acid, 18.4 min for (—)-epigallocatechin, 20.1 min for
procyanidin B3, 24.0 min for (+)-catechin, 28.6 min for
procyanidin B4, 30.2 min for procyanidin B2, 36.5 min for (—)-
epicatechin, 39.0 min for epigallocatechin gallate, and 50.5 min
for (—)-epicatechin gallate.

Statistical Analysis. Statistical analysis was tested by
Student’s t test.

RESULTS

Effect of Oral Administration of Proanthocya-
nidins on Copper lon-Mediated Lipid Peroxida-
tion of Rat Plasma. Plasma was obtained from rats
at 1 h after a single oral administration of proantho-
cyanidins or water. Plasma was oxidized by adding 100
uM CuSQg,, and the formation of lipid hydroperoxides
and the loss of a-tocopherol were measured. Figure 1
shows a typical example of the formation of CE-OOH
and the consumption of a-tocopherol in the copper ion-
induced oxidation of rat plasma. The formation of CE-
OOH was started after the end of the clear lag phase.
The lag phase, which is determined as the intercept of
the baseline and propagation phase of the formation
curve of CE-OOH, was significantly longer in the
oxidation of plasma of proanthocyanidin-administered
rats (166.8 + 4.8 min) than that of control rats (100.8
+ 19.0 min). The level of CE-OOH formed during the
oxidation of plasma was also higher in control rat
plasma than in the plasma obtained from proanthocya-
nidin-administered rat. The plasma from proanthocya-
nidin-administered rats was more resistant against
o-tocopherol consumption as compared with that from
water-administered rat.
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Figure 2. Accumulation of CE-OOH in AAPH-induced oxida-
tion of rat plasma obtained 1 h after oral administration of 2
mL of water or proanthocyanidins at 250 mg/kg of body
weight: (M) control rat; (®) proanthocyanidin-administered rat.
Plasma was diluted four times with PBS and incubated with
AAPH (5 mM) at 37 °C in the dark under air. The data
represent several separate experiments.

Effect of Oral Administration of Proanthocya-
nidins on AAPH-Mediated Lipid Peroxidation of
Rat Plasma. When rat plasma was oxidized by incuba-
tion with free radical generator, AAPH (5 mM), the level
of CE-OOH was linearly increased after the lag phase.
The rat plasma obtained from proanthocyanidin-admin-
istered rats was more resistant against CE-OOH forma-
tion compared with control plasma (Figure 2). CE-OOH
reached a maximum after 216 and 288 min of incubation
in control and proanthocyanidin-administered rat plasma,
respectively, and then decreased. In the case of AAPH-
induced oxidation, the consumption of a-tocopherol was
not followed because an unknown peak interfered with
the peak corresponding to o-tocopherol in the HPLC
analysis.

Effect of Oral Administration of Proanthocya-
nidins on the Lag Phase in Copper lon-Mediated
Lipid Peroxidation of Rat Plasma. Plasma obtained
from rats before administration of proanthocyanidins
displayed a lag phase of 96.8 + 21.3 min when subjected
to copper ion-mediated oxidation (Figure 3). Comparison
of plasma obtained from proanthocyanidin-administered
rats showed that the lag phase was significantly in-
creased at 15 min after administration of proanthocya-
nidins. Rat plasma obtained at 480 min after adminis-
tration of proanthocyanidins still gave a higher lag
phase than that of control plasma.

HPLC Analysis of Plasma Metabolites in Proan-
thocyanidin-Administered Rats. When rat plasma
was hydrolyzed by sulfatase and fS-glucuronidase fol-
lowed by HPLC analysis, many peaks were newly found
in the HPLC chromatogram of plasma from proantho-
cyanidin-administered rat as compared with that of
control plasma (Figure 4). Three peaks having retention
times agreeing with those of the authentic standards
were identified as gallic acid (8.83 min), (+)-catechin
(24.03 min), and (—)-epicatechin (36.59 min). The levels
of total metabolites of gallic acid, (+)-catechin, and (—)-
epicatechin in plasma calculated from the standard
curve of the authentic compounds were 9.2, 1.6, and 1.9
uM, respectively.
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Figure 3. Effect of oral administration of proanthocyanidins
on the lag phase of CE-OOH accumulation in CuSO;-induced
oxidation of rat plasma. Plasma was diluted four times with
PBS and incubated with CuSO, (100 uM) at 37 °C in the dark
under air. Bars represent the mean =+ the standard deviation
of three separate experiments. *, P < 0.05; **, P < 0.01.

DISCUSSION

Red wine contains numerous phenolic compounds,
including flavonoids and non-flavonoids. Previous stud-
ies have shown that phenolic compounds in wine exert
an in vitro antioxidative effect in plasma and LDL
(Frankel et al., 1993, 1995; Lanningham-Foster et al.,
1995; Teissedre et al., 1996; Viana et al., 1996; Kerry
and Abbey, 1997; Meyer et al., 1997; Ghiselli et al.,
1998). Oxidative modification of LDL is considered a key
event in the development of atherosclerosis (Steinberg
et al., 1989). Hence, the ability of wine phenolics to
inhibit LDL oxidation has been suggested to be a
possible mechanism explaining the “French Paradox”.
Proanthocyanidins, which are oligomers and polymers
of polyhydroxy flavan-3-ol units such as (+)-catechin
and (—)-epicatechin, and their gallate esters are present
in wine as well as grape seeds (Lunte, 1987). Proan-
thocyanidins have remarkable radical scavenging ac-
tivities (Ariga, 1985; Uchida et al., 1987; Ariga et al.,
1988; Ariga and Hamano, 1990; Ricardo da Silva et al.,
1991a) and inhibitory effect on LDL oxidation in vitro
(Teissedre et al., 1996). However, there is little informa-
tion on the in vivo antioxidant activity of proanthocya-
nidins. Here, we have demonstrated for the first time
that orally administered proanthocyanidins do signifi-
cantly increase the antioxidative defense in rat plasma.

In vivo studies showed that the antioxidative poten-
tial in humans responds to the oral ingestion of red wine
(Kondo et al., 1994; Fuhrman et al., 1995; Whitehead
et al., 1995) and the nonalcoholic fraction of red wine
(Serafini et al., 1998). Thus, some substances that exist
in red wine are absorbed and may be responsible for
the in vivo antioxidant properties of red wine. Piskula
and Terao (1998) reported that when (—)-epicatechin,
which is commonly present in red wine and tea, was
ingested by rats, it was absorbed and present in the
blood circulation as various conjugated metabolites.
Moreover, (—)-epicatechin metabolites possessed an
effective antioxidant activity in blood plasma (Da Silva
et al., 1998a). Our results showed that the antioxidant
ability of rat plasma against both copper ion- and free
radical generator-induced lipid peroxidation was re-
markably increased after oral administration of proan-
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Figure 4. HPLC chromatograms of the extract from rat plasma after oral administration of water (A) or proanthocyanidins (B).
Plasma was obtained 15 min after oral administration of 2 mL of water or proanthocyanidins at 250 mg/kg of body weight following
the treatment with sulfatase and $-glucronidase to hydrolyze the conjugated metabolites.

thocyanidins and that their metabolites appeared in
plasma. These results mean that flavonoids such as (—)-
epicatechin and proanthocyanidins are absorbed and
their plasma metabolites may act as antioxidants when
reactive oxygen radicals are generated in blood circula-
tion. It is therefore likely that these flavonoids are at
least partly responsible for in vivo antioxidant proper-
ties of red wine.

In another paper, we have reported that feeding
proanthocyanidins inhibited the progression of athero-
sclerosis in cholesterol-fed rabbits (Yamakoshi et al.,
1999). We also found that plasma’s ability to suppress
lipid peroxidation was increased after 1 month of
feeding of proanthocyanidins as compared to plasma
collected from control rabbits. Thus, we can reasonably
speculate that the antioxidative ability of proanthocya-
nidin metabolites found in plasma may be related to
their antiatherosclerotic effect in cholesterol-fed rabbits.
In fact, the decrease in the number of oxidized LDL
positive macrophage-derived foam cells in atheroscle-
rotic lesions was found in the aorta of rabbits fed

proanthocyanidins. Tebib et al. (1994, 1997) have re-
ported that long-term dietary grape seed tannins, which
contain proanthocyanidins, prevent an increase in total
and LDL plasma cholesterol in high-cholesterol-fed rats
and negate the loss of antioxidant potential in tissues
of rats fed a high cholesterol—vitamin E-deficient diet.
Recognition of these in vivo health benefits of proan-
thocyanidins has facilitated the use of grape seed extract
containing proanthocyanidins as a dietary supplement.
Plasma metabolites of proanthocyanidins seem to con-
tribute to not only the rise of plasma antioxidative
ability but also their physiological functions.

The time trend of plasma antioxidative potential after
a single oral administration of proanthocyanidins showed
that plasma antioxidative ability was remarkably in-
creased at 15 min after oral administration of proan-
thocyanidins (Figure 3). Plasma metabolites of proan-
thocyanidins also appeared at 15 min after administra-
tion (Figure 4). These results suggest that the absorp-
tion occurs in the gastroduodenal region of fasted rats.
Laparra et al. (1977) followed blood levels of radioactiv-
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ity in mice after a single oral administration of 4C-
labeled procyanidins and reported that their gastrointes-
tinal absorption was rapid with a maximum level at 45
min. The appearance of flavonoid metabolites within 1
h after ingestion was also observed in (—)-epicatechin
and quercetin in rats (Da Silva et al., 1998a,b), in
epigallocatechin gallate in rats (Okushio et al., 1995;
Unno and Takeo, 1995; Nakagawa and Miyazawa, 1997)
and human (Lee et al., 1995), and in wine polyphenols
in human (Serafini et al., 1998).

Following enzymatic treatment of plasma and HPLC
determination, the metabolites appeared in the chro-
matogram of extracts from proanthocyanidin-adminis-
tered rat plasma (Figure 4). The difference in the
chromatogram after and before hydrolysis suggested
that most compounds occur in blood circulation as
glucuronide, sulfate, and glucuronide sulfate conjugates
(data not shown). Most peaks have not been identified
so far except for three peaks, which have been identified
as gallic acid, (+)-catechin, and (—)-epicatechin from
their retention times relative to the authentic standard.
Because the content of monomeric polyphenols is only
5.6% in the grape seed extract used in this study, these
metabolites may have originated mostly from the hy-
drolysis of proanthocyanidins in the digestive track of
rat because gallic acid, (+)-catechin, and (—)-epicatechin
found in plasma are major units in proanthocyanidins.
Laparra et al. (1977) reported that when *C-labeled
dimeric procyanidins were fed to mice, radioactivity was
recovered in the plasma and various tissues. In another
paper (Yamakoshi et al., 1999), we have reported that
when Porter’'s method was applied to detect the oligo-
meric forms in proanthocyanidin-administered rat
plasma, proanthocyanidins were detected at 18.1 + 0.14
ug/mL. Therefore, it is likely that some unknown peaks
appearing in the chromatogram may correspond to
oligomeric forms such as dimer and trimer. Further
investigation is necessary for characterization of the
metabolic fate of proanthocyanidins.

CONCLUSION

Recent research (Serafini et al., 1997, 1998; Piskula
and Terao, 1998; Da Silva et al.,, 1998a,b) and our
findings suggest that flavonoids in plant foods and
products, such as red wine and tea, are absorbed and
may modulate red—ox status. From a nutritional aspect,
metabolites of flavonoids should be taken into account,
because dietary flavonoids are mostly converted to
metabolites by conjugation and methylation, which
might circulate in the blood stream. Therefore, it will
be important to study the biological functions of fla-
vonoids after absorption and metabolism.

ABBREVIATIONS USED

AAPH, 2,2'-azobis(2-amidinopropane) dihydrochlo-
ride; BHT, butylated hydroxytoluene; CE-OOH, choles-
teryl ester hydroperoxides; HPLC, high-performance
liquid chromatography; LDL, low-density lipoprotein;
PBS, phosphate-buffered saline.
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