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AGRICULTURAL AND
FOOD CHEMISTRY

Grape Seed Proanthocyanidins Prevent Plasma Postprandial
Oxidative Stress in Humans
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Postprandial hyperlipemia is a well-defined risk factor for atherosclerosis. A reasonable contributing
mechanism could involve the postprandial increase of plasma lipid hydroperoxides (LPO) affecting
the oxidant/antioxidant balance and increasing the susceptibility of LDL to oxidation. Wine has been
shown to prevent both these events. The present study was designed to investigate the effect of
supplementing a meal with grape seed proanthocyanidins (the main phenolic antioxidant of red wine)
on plasma postprandial oxidative stress. In two different sessions, 8 healthy volunteers consumed
the same test meal rich in oxidized and oxidizable lipids without (control) or with 300 mg of a
proanthocyanidin-rich grape seeds extract (GSE). Lipid hydroperoxide concentration, antioxidant
status, and LDL resistance to oxidative modification were measured in postprandial plasma. The
content of LPO in chylomicrons was 1.5-fold higher after the control meal than after the GSE-
supplemented meal. Plasma LPO increased only after consumption of the control meal. The plasma
antioxidant capacity increased in the postprandial phase only following the GSE supplemented meal.
LDL isolated 3 h after the control meal tended to be more susceptible to oxidative modification (but
the difference did not reach statistical significance). An opposite trend was observed following the
GSE supplemented meal. In conclusion, the supplementation of a meal with GSE minimizes the
postprandial oxidative stress by decreasing the oxidants and increasing the antioxidant levels in
plasma, and, as a consequence, enhancing the resistance to oxidative modification of LDL.

KEYWORDS: Grape seed proanthocyanidins; postprandial oxidative stress; lipid hydroperoxides; LDL
oxidation; human

INTRODUCTION more carefully controlled, a prevention of atherogenesis in

Proanthocyanidins (PAs) are a common component of foods cholesterol-fed “’?‘bb”s was found to b(_a independent from_ the
cholesterol lowering effect. A decrease in plasma levels of lipid

and beverages of plant origift)( PAs, among the most abundant . . S .
phenolic compounds in grape seeds, are present in SubstamtiaFydroperomdes and_an increase of antioxidant capacity was
amounts in red wine when fermentation takes place in the 'ound under these circumstancas)
presence of skin and seeds. Thus, PAs could account, at least The bioavailability of PAs is still not completely resolved
in part, for the protective effect of red wine with respect to (1) since unequivocal evidence for absorption is missing.
atherogenesis and cardiovascular disease. However, studies with intestinal cell monolayer indicate that

PAs have attracted increasing attention in the fields of radiolabeled procyanidins dimer and trimer can traverse from
nutrition and preventive medicine due to their potential health the apical to basal side of the cultures and thus may be absorbed
effects. In vitrg PAs have strong antioxidant activity and (13). Furthermore, it has been shown that the colonic microflora
scavenge reactive oxygen and nitrogen spe@eg), modulate degrades PAs to low-molecular-weight aromatic compounds,
immune function and platelet activatiob{8), and produce which are bioavailable. Accordingly, it has been shown that
vasorelaxation by inducing NO release from endotheli@n (  compounds derived from grape seed extracts rapidly appear in
In vivo, PAs inhibit the progression of atherosclerodig) (@nd rat plasma after single oral administratiobd). However, a
prevent the increase of LDL cholesterol in high-cholesterol- different mechanism not involving bioavailability could account
fed rats (1). In another study, where cholesterol levels were for the protection against cholesterol-induced atherogenesis in
rabbits (0).

* To whom correspondence should be addressed. Fa:@9 06 5031 We postulate that PAs taken with food prevent the postpran-
592, E-mall. scaccini@inran.it dial oxidative stress in plasma and thus the rise of oxidatively

T National Research Institute for Food and Nutrition. = S ‘
* University of Padova. modified, atherogenic lipoproteind5).

10.1021/jf0203460 CCC: $22.00 © 2002 American Chemical Society
Published on Web 11/20/2002



Grape Seed Proanthocyanidins J. Agric. Food Chem., Vol. 50, No. 26, 2002 7721

This hypothesis is supported by three sets of evidence:  Taple 1. Plasma Concentration of Metabolic Parameters (Mean + SE
(1) Postprandial hyperlipemia is a well-defined risk factor  of 8 Subjects)
Postprandial levels of triacylglycerols and triacylglycerol-rich
lipoproteins correlate with the risk for coronary hearth disease
better than the concentrations of triacylglycerols in the post baseline  1h 3h  baseline  1h 3h
absorptive statel—20). Postprandial levels of chylomicron tot. cholesterol, mg/dL 159+8 164+92 164+10 164+ 12 169120 167 +12
remnants are related to the rate of progression of coronary triacylglycerol, mg/dL 84 +15 113+15% 120+ 18 71+£9 99+13* 122421
lesions in patients with premature coronary artery dise2®e (
Postprandial hyperlipemia induces alterations in metabolism and *P < 0.05 and °P < 0.005 from baseline by paired t-test.
composition of all major lipoprotein@@—24), and LDL isolated
during postprandial lipemia is more susceptible to oxidation in 18, 32, and 50%, respectively. Saturated, monounsaturated, and

control grape seed extract

vitro than LDL isolated from subjects in fasting conditid2b( polyunsaturated fatty acids represented 19, 33, and 48% of total fat,
26). Finally, postprandial LDL induces a greater cholesterol respectively §4). _
accumulation into cultured macrophages than fasting LZ8). ( Plasma Treatment and AnalysesBlood was collected in EDTA

(2 mg/mL) before and at 1- and 3-h intervals after the test meal. Plasma
total antioxidant capacity and ascorbic acid were analyzed immediately
after blood centrifugation. Plasma samples for metabolic and antioxidant
analyses (total cholesterol, triacylglycerols, SH groups, and uric acid)

(2) The plasma leel of lipid hydroperoxides increases in the
postprandial phaseHigh levels of lipid oxidation products in
the diet produce an increase in the levels of lipid oxidation

products in human chylomicron27) and plasma ¥6) and were stored at-80 °C until the analysis was performed.
accelerate the development of atherosclerosis in anir@éis ( Plasma total cholesterol, triacylglycerols, and urate were measured
30). by commercial kits purchased from SIGMA Chemical Co (St. Louis,

(3) Wine antioxidants preent the postprandial rise of lipid  MO). SH groups were measured according to Ellma88). (Ascorbic
hydroperoxides in plasm&he postprandial increase of plasma acid was measured by EC-HPLC, according to Kutnigg);( dehy-
lipid hydroperoxides is reduced when the meal is consumed droascorbic acid was indirectly estimated by converting it to ascorbic
with red wine (6), and red wine prevents the increased acid after reduction with dI-homocystginS?Q. o-Tocopherol was
susceptibility to oxidative modification of postprandial LDL ~Measured by reversed phase HPLC with fluorescence detection after
(26). A possible mechanism is envisaged from the chemistry extraction from plasmasf). Reduced and oxidized glutathione were
of lipid hydroperoxides during gastric digestion. Lipid hydro- measured by high-performance liquid chromatography with fluorometric

. . ) . detection after derivatization witb-phthaldialdehyde39). The total
peroxides present in food are decomposed in the stomach Nantioxidant capacity of plasma (TRAP) was measured as described

the presence of myoglobin or other sources of transition metals, previously by Ghiselli et al.40). TRAP measures the amount of peroxyl
and this leads to multiplication of their concentration through radicals that are trappeg i L of plasma and is expressed in millimoles.
radical chain reactions. In the presence of suitable phenolic The concentration of lipid hydroperoxides was measured by kinetic
antioxidants, not only is peroxidation prevented but also the analysis of photon emission as described previously. (

original hydroperoxides disappear since they are decomposed Chylomicron-VLDL Fraction and LDL Preparation. Chylomi-

in a peroxidatic reaction where polyphenols act as hydrogen cron-VLDL fraction {d < 1.0063) and LDL ¢ = 1.019-1.063 g/mL)
donors 81). This effect is particularly evident when the source Were |solat§d from plasma (at'tlm_e 3and at tlmes Oand 3,_respect|vely)
of antioxidants is wine, which contains PAs that are active at by sequential ultracentrifugation in salt solutions, according to Havel
acidic pH by means of a hydrogen-transfer reaction mechanismt & €#2). using a Beckman T-100 benchtop ultracentrifuge (T-100.3
(32). rotor). Protein was measured by the method of Lowry et4d), (using

hi - | furth he h hesis th bovine serum albumin as a standard.
In this nutritional study, we further tested the hypothesis that Cholesterol, triacylglycerols, and lipid hydroperoxides levels were

postprandial oxidative stress can be inhibited by PAs taken With meagured in chylomicron-VLDL fractions, while cholesterol, triacyl-

food. The PAs were used in the form of a grape seed extract gjycerols, andx-tocopherol concentrations were measured in LDL, as
(GSE) that is rich in PAs but mimics the effect of wine without described above. For oxidation experiments, freshly isolated LDL was

the complication of other wine components. dialyzed in the dark for 18 h at 4C against two changes of 0.01 M
phosphate buffered saline (PBS), 0.15 M NacCl, pH 7.4 (2 L each).
MATERIALS AND METHODS LDL Resistance to Oxidative Modification. Dialyzed LDL (200

ug of protein/mL) was oxidized in PBS at 3T for 4 h in thepresence

Subjects and Test Meal.Eight healthy men (2540 years old) of 5 uM CuCl,.. Oxidation was stopped by addition of 3 mM EDTA
selected from the laboratory staff were studied after informed consent gnq 10QuM BHT and refrigeration. LDL electrophoresis was performed
was obtained. The subjects were asked to keep their diet as constant ag; pH 8.6 in 0.05 M barbital buffer on 0.5% agarose gels. The gels
possible during the study period, and none of them was taking any were stained with Sudan B black. Electrophoretic mobility of LDL was
drugs or vitamin supplement. The Institutional ethics committee expressed relative to the mobility (REM) of a native LDL standard.
approved the study protocol. Tryptophan residues were determined by the measurement of intrinsic

The eight subjects ate the same test meal in two different sessionsf|ygrescence in cetyltrimethylammonium bromidit)
(2 weeks apart) after a 16-h fasting interval. The test meal consisted of  giatistical Analysis.Data are presented as mean and standard errors
“Milanese” meat (beef, egg, and breadcrumbs, fried in corn oil) and ¢4 the eight subjects. Comparisons between control and PAs-

fried potatoes. This meal was eaten either alone or with 300 mg of a supplemented meals were performed using the paired Stdesit
mixture of polyphenols from grape seed extract that is rich in

proanthocyanidins. The extract was in the form of capsules that are
commercially available under the trade name Leucoselect, and four RESULTS

capsules were taken just before and during the meal. Leucoselect ; ; ;

o by ndena S, Wlano ) contans appromately 15 1%, "% POSEIE Prase folown e ake of e o,

(+)-catechin and -{)-epicatechin, 80%-)-epicatechin 39-gallate, ’ P P . y
s glycerols was observed éble 1). The concentration of plasma

dimers, trimers, tetramers, and their gallates, and 5% pentamers, . .
hexamers, heptamers, and their gallag8).( cholesterol rose on average by approximately 3% over baseline

The energy content of the meal was 40% of the estimated daily aﬂer_ 3 h, while the increase of triacylglyC_erQI was more
energy need, calculated as %.basal metabolic rate. The percentages considerable (3640%). These changes are within the normal
of total energy intake derived from protein, fat, and carbohydrate were range for normal subjects.
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| antioxidant capacity following the intake of the GSE-supple-
mented meal.

These data describe a postprandial oxidative stress following
the test meal, associated with a rise of lipid hydroperoxides while
the total plasma antioxidant capacity remains functionally
unchanged. Supplementation of the meal with GSE blunts this
oxidative stress by preventing the rise of lipid hydroperoxides
and increasing the plasma antioxidant capacity.

The outcome of this effect on the balance between plasma
oxidant/antioxidant status was evaluated on the basis of the
oxidative stability of LDL, an accepted index for the occurrence
i i s of oxidative modifications to particle structure and composition.
AG AM AP FF Gp No statistically significant differences were observed in LDL

subjects levels of cholesterol, triacylglycerols, andtocopherol follow-
Figure 1. Lipid hydroperoxides in chylomicrons. Data represent the LPO ing the test meal and the GSE-supplemented niEaible 4).
concentration (pmol of ROOH/mg of cholesterol) in chylomicrons of 5 The oxidative resistance of postprandial LDL was tested using
subjects 3 h after the meals: gray bar, control meal; black bar, GSE- copper-catalyzed oxidation, by measuring the loss of tryptophan
supplemented meal. residues in apoB-100, and by the increase of the electrophoretic
motility (Table 5). Although the observed differences did not

In agreement with previous reports indicating that minimal reach statistical significance, the results suggest that LDL
amounts of lipid hydroperoxides may be absorbed after a meal,isolated after the control meal tended to be more susceptible to
lipid hydroperoxides were detected in chylomicroRy(ire 1) oxidative modification than baseline LDL, in agreement with
although at variable concentrations among different subjects. previous reports, while the opposite trend was observed in the
The intake by the same subjects of the GSE-supplemented meatase of the GSE-supplemented meal.
reduced the specific lipid hydroperoxide content in chylomicrons
while the rise in cholesterol and triglycerides was not affected. pjscussion

The postprandial rise of lipid hydroperoxides was also ) . . . ) )
apparent in plasmaF{gure 2). Remarkably, the increase was This study provides evidence that a single high-fat fried meal
fully prevented when test meal was supplemented with GSE. induces a transient unbalance between lipid hydroperoxide level
Indeed, GSE supplementation produced a small but significant2nd antioxidant status in plasma, and that this change can be

decrease of plasma lipid hydroperoxides at tth postprandial prevented when the meal is supplemented with a PAs-rich grape
interval. seed extract (GSE).

: -~ s : ; ; Different studies have shown that in ra#b{-47), rabbits
Besides providing lipid hydroperoxides, food intake is . - L .
expected to alter the plasma oxidant/antioxidant status by (48), and humans1, 27, 49) dietary oxidized lipids or their

affecting the concentration of different antioxidants. This aspect degradation prOle_Ct§O_55) car_1 reach plasma lipoproteins. ]

antioxidants and the total antioxidant capacity as TRA&b(es increase of lipid peroxides in plasma, following the intake of a
2 and3). high polyunsaturated fat test meal. Consistently, lipid hydro-

peroxides in chylomicrons were higher following the control

eal than the GSE-supplemented meal, the specific content of
ipid hydroperoxides/mg of cholesterol in chylomicrons being
higher in all subjects. Moreover, following the GSE-supple-
mented meal, the average plasma peroxide concentration was
comparable to fasting levels.

The most likely mechanism of the protective effect of GSE
is related to the decomposition of hydroperoxides during gastric
. e digestion. Lipid hydroperoxides present in food are decomposed
Eﬁ’ﬂgﬁeenieoit%ﬁkegr"e no modification was observed fol- in the presence of catglysf[s such as the myoglobin qf meat,

) i} producing further peroxidation of lipids and thus increasing the
_ Urate concentrations mcre_ased after both meals. A decreasgnance of absorption. As a prototypical hemoprotein, myoglobin
in total GSH was detectable in the postprandial plasma of both catalyzes the decomposition of hydroperoxides to peroxyl
groups. Nevertheless, an effect of GSE on redox status of jygicals and other reactive producdd), In meals without meat,
glutathione was evident as the percentage of the reduced formjt js possible that other heme proteins may also catalyze similar
tended to increase after the GSE meal, while it decreasedyeactions, albeit with differing efficacy. In the presence of a
significantly after the control meal. suitable hydrogen donor, the decomposition of lipid hydroper-

In agreement with the minor changes in the plasma levels of oxides can take place without peroxidative chain propagation
different antioxidants, the results for the TRAP analysis indicate since peroxidation-driving radicals are quenché&d). This
that the antioxidant capacity of postprandial plasma significantly mechanism is reasonably more efficient for PAs among other
increased only when the food was supplemented with GSE. catechol bearing polyphenols due to the hydrogen transfer
Moreover, while experimental TRAP values for the test meal mechanism of the redox transition that is not inhibited by acidic
fit the values calculated from the concentration of major plasma pH (32). Remarkably, during the peroxidatic cycle the interac-
antioxidants, the measured TRAP values exceed the theoretication between the heme compound and a suitable hydrogen donor
values following the GSE supplemented méaffle 3). Thus, not only prevents peroxidation but also eliminates the hydro-
some other antioxidants appear to be contributing to the plasmaperoxides present in the food.
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a-Tocopherol and ascorbic acid levels slightly increase after
both test meals, although a statistical significance was reache
only in the GSE group. It is noteworthy that the reduced form
of ascorbic acid (expressed as % of total ascorbic acid) tended
to decrease only after the control meal, although the difference
from baseline did not reach statistical significanee<0.063).

A statistically significant increase in the concentration of
titratable SH groups in plasma was obsergeh after the GSE-
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Figure 2. Effect of GSE on plasma postprandial lipid hydroperoxides, showing the time course of the concentration of plasma LPO (pmol/mL) after
administration of the two test meals. Data represent mean + se of the 8 subjects for each test meal.

Table 2. Plasma Concentration of Indicators of Antioxidant Status (Mean + SD of 8 Subjects)

control grape seed extract

baseline 1h 3h baseline 1h 3h
o-tocopherol, ng/mL 96+14 99+14 99+15 91+12 94+13 94+13
SH group, uM 465 + 20 454 + 26 467 + 28 437+11 438 +11 462 + 112
uric acid, mg/dL 58+0.2 6.4+0.20 6.6 +0.3° 6.0£0.3 6.4+0.3 6.6 £0.62
glutathione tot., xM 6.3+0.3 5.7+0.42 55+0.42 6.1+0.6 55+04 57+04
glutathione red, % tot. 26+2 21+18 23+22 21+2 24+1 25+3
ascorhic acid tot., uM 67.0+7.7 69.6+84 711+95 72.0+95 75.6 +10.0° 73.0£9.2
ascorbic acid red, % tot. 95+2 93+3 90+1 96+ 15 95+24 95+ 2¢

ap < (.05 and °P < 0.005 from baseline by paired t-test. ¢ P < 0.05 from control at 3 h by paired t-test.

Table 3. Comparison between “TRAP Measured” and “TRAP Calculated™

control grape seed extract
baseline 1h 3h baseline 1h 3h
TRAP measd, mM 1.22+0.04 1.26 +0.05 1.26 +0.05 1.19+0.07 1.30 +0.08" 1.31 +0.06¢¢
TRAP calcd, mM 122 £0.04 1.26 +£0.04 1.28 £0.04 119 £0.07 1.23+0.07 1.26 + 0.06¢

3 TRAP calculated was obtained adding to the basal (measured) TRAP, the value resulting from the changes in the concentration of each TRAP component, multiplied
by its specific stoichiometric factor (40). ®P < 0.05 and P < 0.005 from baseline by paired t-test. ¢ P < 0.01 “TRAP measured” from “TRAP calculated” by paired t-test.

Table 4. Concentration of Metabolic Parameters in LDL (Mean + SD Table 5. Time Course of in Vitro LDL Oxidation by 5 M Cu(ll) (Mean
of 8 Subjects) + SE of 8 Subjects)
control grape seed extract control grape seed extract
baseline 3h baseline 3h time (h) baseline 0 h postprandial 3h baseline 0 h postprandial 3 h
cholesterol, mg/mg of protein 14+01 14+01 1507 15%07 tryptophan 0 100 100 100 100
triacylglycerol, mg/mg of protein  0.32£0.06 0.33+0.07 0.33+0.08 0.28+0.07 residues, %
o-tocopherol, ug/mg of protein  5.4+04 56+06 57+07 5507 2 60+6 57+5 65+8 64£5
4 39+6 32+2 39+9 415
REM?2 0 1 1 1 1
4 31+03 38+0.2 35+05 31+03

As an alternative or additive mechanism, it is possible that
some polyphenols present in GSE or produced during metabo- 2 Relative electrophoretic mobility.
lism prevent the postprandial increase in lipid hydroperoxides
by activating serum paraoxonase, a HDL-enzyme decomposing The postprandial plasma antioxidant status depends on factors
lipoprotein peroxidess6—58). Such a mechanism would require ~ Such as the intake and consumption of compounds that are either
bioavailability of some PAs metabolites; our study seems to 0Xidants or antioxidants and the sparing effect of some
indirectly confirm that PAs (likely the low-weight polymer) or ~ @ntioxidants on other antioxidants that have higher redox
their microbial metabolites are absorbed. In fact, we observe potentlals. Thermodynamic constraints and kinetics of reactions
an increase in plasma antioxidant capacity, which could not be involved prevent an accurate prediction of the outcome of these

; o . . multiple pathways in the network of oxidant/antioxidant reac-
explained by postprandial increase in the endogenous antioxi-,. h .
dants tions taking place before and after absorption. Nevertheless, the

present data indicate that a postprandial oxidative stress is

Finally, PAs or their metabolites could indirectly reduce imposed in plasma through the concurrent increase in lipid
dietary lipid hydroperoxides in gut or in liver inducing detoxi- hydroperoxides with only minor changes in the antioxidant
fying enzyme. status. When the meal is supplemented with GSE, the plasma
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level of lipid hydroperoxides is prevented and net plasma
antioxidant capacity increases. This is apparently accounted for
by increased ascorbate, thiols, and urate along with a yet
undefined antioxidant (probably a PAs metabolite). The presence
of the latter is suggested by a discrepancy between the
theoretical and experimental values of TRAP.

The presence of lipid hydroperoxides in plasma lipoproteins
and the plasma antioxidant status appears also to affect the
oxidative stability of LDL. In a recent study we demonstrated
that red wine prevented the postprandial increase in LDL
oxidative susceptibility Z6). The effect was similar, although
less straightforward, in this study when the meal was supple-
mented with GSE enriched with PA, instead of wine. The
possible role of ethanol in enhancing the effect of polyphenols
therefore emerges as an appealing hypothesis

It has been recently reported that during the postprandial
phase the percentage of atherogenic EDincreases. In this
mildly modified LDL the content of lipid hydroperoxides and
lysophospholipids are higher than in the remainder of the
unmodified LDL. Moreover, the apo B of LDt is unfolded
(59).

The present findings regarding the postprandial increase in
LDL oxidizability fits well with the increase in LDE since
several groups have shown that LBLlis more susceptible to
oxidation and that the presence of LBlenhances the oxidative
susceptibility of normal LDL.

The protection afforded by GSE is evident in light of the
prevention of a postprandial plasma rise of lipid hydroperoxides
both in the pre- and postabsorptive phase, in turn due to
decomposition of lipid peroxides and inhibition of lipid per-
oxidation in the stomach, providing further direct/indirect
antioxidant protection in plasma.

ABBREVIATIONS USED

BHT, butylated hydroxytoluene; EDTA, ethylenediaminetet-
raacetic acid; GSE, grape seed extract; GSH, glutathione; LDL,
low-density lipoprotein; LPO, lipid hydroperoxide; PA, proan-
thocyanidin; REM, relative electrophoretic mobility; TRAP, total
radical trapping antioxidant parameter.
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