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Plant-derived polyphenols may exert beneficial effects on atherosclerosis and cardiovascular diseases,
in part, because of their antioxidant properties. In this study we compared the effects of unbound
(free) and lipoprotein-associated red wine components on in vitro antioxidant protection of human
low-density lipoprotein (LDL). Preincubation of LDL (1 mg protein/mL) with 0-2.5% (v/v) red wine
for 3 h at 37 °C followed by gel filtration to remove unbound red wine components resulted in a
dose-dependent, up to 4-fold increase in LDL-associated antioxidant capacity (measured as Trolox
equivalents). Similar results were obtained with high-density lipoprotein (HDL) and bovine serum
albumin (BSA). Furthermore, LDL was subjected to oxidation by copper and aqueous peroxyl radicals
(2,2′-azobis[2-amidinopropane] dihydrochloride, AAPH). Under both types of oxidative stress, LDL-
associated and free red wine components significantly decreased oxidation of the lipoprotein’s protein
moiety (assessed by tryptophan fluorescence) and lipid moiety (assessed by thiobarbituric acid-
reactive substances and conjugated dienes). Similar protective effects of red wine components were
observed against HDL oxidation. In contrast, red wine exerted a pro-oxidant effect on copper-induced
oxidation of BSA tryptophan residues, while protecting them from AAPH-induced oxidation.
Ascorbate strongly enhanced the protective effect of red wine against copper-induced LDL oxidation,
and had an additive effect against AAPH-induced oxidation. Our data indicate that red wine
components bind to LDL and HDL and protect these lipoproteins from metal ion-dependent and
-independent protein and lipid oxidation.

Keywords: Albumin; copper; high-density lipoprotein; low-density lipoprotein; oxidation; peroxyl
radicals; red wine

INTRODUCTION

Increased consumption of plant-derived polyphenols
has been associated with a reduced risk of cardiovascu-
lar diseases, cancer, and other chronic diseases (1-3).
Red wine is a significant natural source of polyphenols
in Mediterranean-type diets, contributing as much as
one gram of polyphenols per day from moderate wine
consumption (4). Red wine polyphenols as a natural
mixture and individual red wine polyphenols, such as
quercetin and resveratrol, exert a range of biological
activities in different experimental systems (5-7).

Several in vitro studies have shown that red wine
components can prevent free radical-induced oxidation
of low-density lipoprotein (LDL), an important step in
the development of atherosclerotic lesions (8-10). Di-
etary supplementation of experimental animals and
humans with red wine increases the total plasma
antioxidant status and the resistance of plasma-derived
LDL to ex vivo oxidation (11-13). These results indicate
that red wine components are absorbed into the blood
stream and interact with plasma lipoproteins.

Despite the large number of studies investigating the
antioxidant effects of plant-derived polyphenols on LDL
oxidation, the underlying mechanism(s) remain incom-
pletely understood. Polyphenols may act as free radical
scavengers in the aqueous phase or metal ion chelators,
thereby preventing the formation of free radicals (8, 10).

Alternatively, polyphenols may be able to protect LDL
from oxidative damage by modification of the lipoprotein
particle. Although different polyphenols have been
demonstrated to associate with proteins and liposomes
through hydrophobic interactions and hydrogen bonding
(14, 15), the data are limited and inconsistent. Red wine
polyphenols and resveratrol also can associate with
LDL in vitro (16). However, it is unclear whether poly-
phenols bind to the protein or lipid moiety of LDL, and
whether their association can provide site-specific pro-
tection of LDL components from oxidation induced by
free radicals.

To address these questions, we investigated the
effects of both LDL-associated and unbound (free) red
wine components on LDL oxidation by transition metal
ion-dependent and -independent mechanisms. We found
that both preincubation and co-incubation of LDL with
red wine decreases oxidative modification of the lipid
and protein moiety of LDL. These effects were observed
in both the copper- and peroxyl radical-dependent
models of oxidative stress. The effects of red wine were
not specific to LDL, but were also observed for high-
density lipoprotein (HDL).

MATERIALS AND METHODS

Materials. The red wine used in this study was a California
Cabernet-Sauvignon (Turning Leaf, 1996, 12% alcohol). After
a bottle was opened, the wine was divided into 1-mL aliquots
and stored under nitrogen at 4 °C for up to two weeks. The
total phenol content was 1.87 g/L as determined by the method
of Singleton et al. (17), using quercetin as a standard. 2,2′-
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Azobis(2-amidinopropane) dihydrochloride (AAPH) was from
Wako Chemical Company (Richmond, VA). (()-6-Hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) was
supplied by Fluka (Milwaukee, WI). All other chemicals were
from Sigma (St. Louis, MO). Deionized water and buffers were
stored over 2 g/L of the chelating resin Chelex 100 (Bio-Rad,
Richmond, CA) to remove metal contaminants. Phosphate-
buffered saline (PBS) was made up of 10 mM phosphate and
0.15 M NaCl and had a pH of 7.4.

Lipoprotein Preparation. LDL and HDL were prepared
from blood plasma of healthy human volunteers by two-step
ultracentrifugation as described previously (18). Lipoproteins
and lipoprotein-deficient plasma (LDP, bottom fraction after
first ultracentrifugation step) were transferred to PBS con-
taining 0.1 mM diethylenetriaminepentaacetic acid (DTPA) by
two sequential filtration steps using PD-10 columns (Phar-
macia Biotech, Uppsala, Sweden). The samples were stored
at 4 °C under nitrogen for up to one week. Protein content
was assayed by the Lowry Micro Method kit (Sigma P5656).
Prior to experiments, DTPA was removed from the LDL and
HDL samples by passing them through Bio-Rad EconoPack
P6 desalting columns (Bio-Rad Laboratories, Hercules, CA)
equilibrated with PBS.

Antioxidant Capacity. The antioxidant capacity of lipo-
proteins and red wine was assayed with a luminometer
Photochem system (F. A. T. GmbH, Berlin, Germany) as
described by Popov and Lewin (19). Briefly, the experimental
mixture consisted of 0.1 M carbonate buffer, pH 10.5, 0.05 mM
EDTA, and 0.03 mM luminol. UV irradiation of luminol results
in the generation of free radicals, predominantly superoxide
anions, which in turn induce luminol chemiluminescence.
Light emission was detected, and its intensity was recorded
for 60 s at one-second intervals. Addition of antioxidants
causes a concentration-dependent decrease in the slope and
maximum intensity of the kinetic light emission curve, which
was described by the area-under-the-curve (“integral”) param-
eter using Poplab 2.0 software (F. A. T. GmbH). The antioxi-
dant capacity of duplicate experimental samples was calibrated
against a Trolox standard (20-100 nM) and expressed as
Trolox-equivalent antioxidant capacity (TEAC). The red wine
used in this study had a TEAC of 4.2 mM.

To evaluate the effects of red wine components on the
lipoprotein-associated antioxidant capacity of LDL, HDL, LDP,
and bovine serum albumin (BSA, fraction V, Sigma), triplicate
samples were incubated in PBS for 3 h at 37 °C at a
concentration of 1 mg protein/mL (for LDL and HDL) or 2 mg
protein/mL (for LDP and BSA) with the indicated dilutions
(v/v) of red wine. The highest corresponding concentration of
ethanol was added to control samples. Incubations were
terminated by passing 50 µL of the sample through Bio-Rad
Micro Bio-Spin P-6 columns equilibrated with PBS, in ac-
cordance with the manufacturer’s instructions. The desalted
samples were then assayed for antioxidant capacity as de-
scribed above. Addition of ethanol to control samples at
concentrations corresponding to those in samples containing
wine, followed by incubation for 3 h at 37 °C, did not alter the
lipoprotein-associated antioxidant capacity, as compared to
ethanol-free lipoprotein samples kept at 4 °C. The experimen-
tal results were corrected for “contamination” with red wine
antioxidants not associated with the lipoproteins, as deter-
mined by passing an appropriately diluted wine sample, in
the absence of lipoproteins, through a Micro Bio-Spin P-6
column, followed by determination of the eluate’s TEAC value
(detection limit, 20 nM Trolox activity). In all experiments,
“contamination” with unbound red wine antioxidants was less
than 1% of the initial wine concentration.

Oxidation of Lipoproteins with Copper and AAPH. To
evaluate the effects of red wine on the resistance of lipoproteins
to oxidative stress, triplicate samples of LDL or HDL were
incubated for 3 h at 37 °C at a concentration of 1 mg protein/
mL with the indicated dilutions of wine (v/v). At the end of
the incubation period, a 500-µL aliquot was applied to a Bio-
Rad EconoPack P6 desalting column preequilibrated with PBS,
and eluted with 4 mL of PBS. The first 2 mL eluting from the
column was discarded; the subsequent 2 mL of eluate was

collected and diluted with about 2.5 mL of PBS to a final
protein concentration of 0.1 mg/mL. This procedure resulted
in negligible contamination with unbound (free) red wine
components, and protein recovery was 90-95%. The resulting
samples henceforth will be referred to as “pre-incubated.”
Another 500-µL aliquot not treated by gel filtration was diluted
with 4.5 mL of PBS and henceforth will be referred to as “co-
incubated.” BSA samples at a concentration of 2 mg/mL were
incubated with red wine and then left untreated or desalted
with Bio-Rad Micro Bio-Spin P-6 columns as described for
lipoproteins.

The oxidation of preincubated or co-incubated lipoprotein
samples was initiated by addition of the indicated concentra-
tions of CuSO4 or AAPH dissolved in water. Absorbance at
234 nm was measured at the indicated time points to assess
conjugated diene formation (in CuSO4-containing lipoprotein
samples only). Formation of conjugated dienes was not as-
sessed in samples containing AAPH, because its strong ab-
sorbance at 234 nm interferes with the assay. Aliquots were
withdrawn from the incubations at the indicated times to
measure tryptophan fluorescence (280 nm excitation/331 nm
emission) (20) and thiobarbituric acid-reactive substances
(TBARS, lipoproteins only) (21).

Results for BSA oxidation are expressed as means ( SD
from three independent experiments. Because of significant
variations in the response to oxidation of lipoprotein samples
isolated from different donors, the results for LDL and HDL
oxidation (triplicate incubations) represent one of at least three
experiments using different lipoprotein preparations. Despite
individual variations in absolute changes, all tested lipoprotein
preparations showed the same relative responses to treatment
with red wine.

Statistical Analysis. A significant difference between the
samples treated with red wine and controls was accepted at
the p < 0.05 level, using the two-tailed t-test (Microsoft Excel)
or ANOVA (StatView, SAS Institute Inc., Cary, NC).

RESULTS

Red Wine Increases the Lipoprotein-Associated
Antioxidant Capacity. To determine whether anti-
oxidant components of red wine bind to plasma lipo-
proteins, the antioxidant capacities of LDL, HDL, LDP,
and BSA were measured following incubation with
increasing concentrations of red wine (0-2.5%, v/v) and
subsequent removal of unbound wine components by gel
filtration. Such treatment resulted in a dose-dependent
increase in TEAC of LDL, HDL (Figure 1A), LDP, and
BSA (Figure 1B). These data indicate that red wine
components bind to lipoproteins, and thus enhance their
total antioxidant capacity. The antioxidant effect of red
wine on lipoproteins appeared nonsaturable up to a
concentration of 2.5% (Figures 1A and B). Higher red
wine concentrations could not be tested because they
caused LDL to precipitate out of solution.

Red Wine Protects LDL from Copper- and Per-
oxyl Radical-Induced Oxidation. Red wine co-
incubated with LDL inhibited copper-induced oxidation
in a dose-dependent manner (Figures 2A and C). Both
conjugated diene formation (Figure 2A) and loss of
tryptophan fluorescence (Figure 2C), markers of lipid
and protein oxidation, respectively, were significantly
(p < 0.01, ANOVA) delayed in the presence of 0.2% red
wine (i.e., 1:500 dilution). Higher concentrations of red
wine, i.e., 0.4% (data not shown) and 0.8% (Figures 2A
and C), further enhanced protection from LDL oxida-
tion, whereas 0.1% red wine had little effect (data not
shown). Similar results were obtained when unbound
red wine components were removed from LDL by gel
filtration prior to incubation with copper (Figures 2B
and D). These data are in agreement with those in
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Figure 1A, and indicate that a substantial portion of
the antioxidants in red wine bind to LDL and protect it
from metal ion-dependent oxidation. Comparison of the
antioxidant efficacy of LDL-associated (preincubated)
and total (co-incubated) red wine components revealed
that the concentration required for 50% protection (IC50)

of LDL tryptophan residues was about 2.4% and 1.0%
red wine, respectively (Figure 2E).

LDL-associated red wine antioxidants also effectively
protected the lipoprotein from oxidation by aqueous
peroxyl radicals generated by AAPH (Figure 3). Prein-
cubation of LDL with 1% red wine resulted in the

Figure 1. Red wine increases the lipoprotein-associated antioxidant capacity. (A) LDL (b) or HDL (∇) (1 mg protein/mL), and
(B) lipoprotein-deficient plasma (b) or bovine serum albumin (∇) (2 mg protein/mL) were incubated with the indicated concentrations
of red wine for 3 h at 37 °C. Lipoprotein-associated antioxidant capacity was measured after desalting over a Micro Bio-Spin P-6
column as described in Materials and Methods.

Figure 2. Red wine protects LDL from copper-induced oxidation. (A-D) LDL (1 mg protein/mL) was incubated with 0.08%
ethanol (b) or 0.2% (∇) or 0.8% (9) red wine for 3 h at 37 °C, desalted by gel filtration (preincubation: B, D) or left untreated
(co-incubation: A, C), and then diluted to 0.1 mg/mL with PBS. (E) LDL (1 mg/mL) was incubated with the indicated concentrations
of red wine for 3 h at 37 °C, desalted (b) or left untreated (∇), and then diluted to 0.05 mg/mL with PBS. Oxidation was initiated
by addition of CuSO4 (3 µM final concentration and incubation at 37 °C). Conjugated dienes (A, B) and tryptophan fluorescence
(C, D, E) were measured at the indicated times (A-D) or at 3 h (E) and are expressed as % control (no copper addition) or %
protection (for E).
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protection of both its protein and lipid moiety, as
assessed by tryptophan oxidation (Figure 3A) and
TBARS formation (Figure 3B), respectively. LDL-bound
red wine components were somewhat less effective at
preventing AAPH-induced tryptophan oxidation than
total (bound and free) red wine components (IC50 ) 1.2%
and 0.8% red wine, respectively, Figure 3C).

Red Wine Protects HDL from Copper- and Per-
oxyl Radical-Induced Oxidation. To investigate the
specificity of the interaction of red wine antioxidants
with LDL, experiments similar to those described above
were performed replacing LDL with HDL (Figures 4 and
5) or with albumin (Figure 6). Red wine co-incubated
or preincubated with HDL significantly decreased cop-
per-induced oxidation of both the protein and lipid
moiety of HDL, respectively, as assessed either by the
decline in tryptophan fluorescence (Figure 4A) or the
formation of TBARS (Figure 4B) and conjugated dienes
(Figure 4C). Similar protective effects of free and HDL-
associated red wine components were observed against
AAPH-induced oxidation (Figures 5A and B). As with
LDL, preincubation of HDL with red wine was less
effective at protecting the lipoprotein against loss of
tryptophan residues than co-incubation, in the presence
of both copper (IC50 ) 0.3% and 0.2% red wine, respec-
tively, Figure 4D) and AAPH (IC50 ) 1.9% and 0.6% red
wine, respectively, Figure 5C). Thus, the protective
effects of red wine against HDL oxidation were similar
to those observed with LDL.

Effect of Red Wine on BSA Oxidation by Copper
and Peroxyl Radicals. To estimate the relative con-
tribution of the interaction of red wine antioxidants
with the lipid and protein moiety of lipoproteins to
their antioxidant protection, experiments were per-
formed using BSA (Figure 6). Incubation of BSA with

copper did not cause significant oxidation of BSA
tryptophan residues (Figure 6A). However, red wine
co-incubated or preincubated with BSA caused a sig-
nificant dose-dependent decrease in tryptophan fluo-
rescence. This pro-oxidant effect of red wine was satu-
rated at 4% concentration, resulting in 20-30% loss of
tryptophan fluorescence. The difference between the
samples co-incubated and preincubated with red wine
was not statistically significant (Figure 6A), suggesting
that the BSA-associated, not free, red wine components
are responsible for the observed pro-oxidant effect
(Figure 6A).

In contrast, co-incubation with red wine dose-depen-
dently inhibited BSA tryptophan oxidation by AAPH
(Figure 6B). The protective effect of the red wine
reached its maximum (80-90% of control) at a concen-
tration of 1%. Preincubation with red wine also resulted
in effective protection of the tryptophan residues of BSA
from AAPH-induced oxidation, reaching saturation
(60-70% of control) at 2% red wine. These data indicate
that only about two-thirds of BSA tryptophan residues
are protected by protein-bound red wine components.
The effects of red wine on AAPH-induced tryptophan
oxidation in BSA were similar to those observed for LDL
and HDL (compare Figure 6B with Figures 3C and 5C).

Effect of Ascorbate on Red-Wine-Dependent
Protection from LDL Oxidation. To assess whether
ascorbate, an important plasma antioxidant (22), can
enhance the protective effects of red wine against LDL
oxidation, LDL was preincubated with a concentration
of ascorbate (54 µM) possessing the same antioxidant
capacity as 1% red wine (based on TEAC values).
Preincubation of LDL with ascorbate alone did not
inhibit copper-induced oxidation of the protein and lipid
moiety of LDL (no addition vs ascorbate: 23 ( 0 vs 19

Figure 3. Red wine protects LDL from AAPH-induced oxidation. (A, B) LDL (1 mg protein/mL) was incubated with 0.08% ethanol
or 1% red wine for 3 h at 37 °C, desalted by gel filtration (pre-incubation), and then diluted to 0.125 mg/mL with PBS. Alternatively,
LDL (0.125 mg protein/mL) was incubated with 0.03% red wine for 3 h at 37 °C (co-incubation). (C) LDL (1 mg/mL) was incubated
with the indicated concentrations of red wine for 3 h at 37 °C, desalted (b) or left untreated (∇), and then diluted to 0.125 mg/mL
of PBS. Oxidation was initiated by addition of AAPH (10 mM final concentration). Tryptophan fluorescence (A, C) and TBARS
(B) were measured after incubation for 1 h at 37 °C. Tryptophan fluorescence is expressed as % control (no AAPH addition) or %
protection (for C).
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( 1% for tryptophan oxidation, 290 ( 3 vs 251 ( 18%
for conjugated dienes, and 573 ( 3 vs 655 ( 70% for
TBARS). Likewise, the presence of ascorbate during
preincubation of LDL with red wine did not enhance

the red wine-dependent protection of LDL from oxida-
tion (red wine vs ascorbate plus red wine: 57 ( 6 vs 64
( 10% for tryptophan oxidation, 102 ( 1 vs 113 ( 4%
for conjugated dienes, and 117 ( 10 vs 167 ( 44% for

Figure 4. Red wine protects HDL from copper-induced oxidation. (A-C) HDL (1 mg protein/mL) was incubated with 0.08%
ethanol (b) or 1% red wine (9) for 3 h at 37 °C, and desalted by gel filtration (preincubation). Alternatively, HDL (mg/mL) was
incubated with 0.1% red wine for 3 h at 37 °C (co-incubation, ∇). (D) HDL (1 mg/mL) was incubated with the indicated concentrations
of red wine for 3 h at 37 °C, and desalted (b) or left untreated (∇). All samples were diluted to 0.25 mg/mL with PBS. Oxidation
was initiated by addition of CuSO4 (3 µM final concentration) and incubation at 37 °C. Tryptophan fluorescence (A, D), TBARS
(B), and conjugated dienes (C) were measured at the indicated times (A-C) or at 3 h (D) and are expressed as % control (no
copper addition) or % protection (for D).

Figure 5. Red wine protects HDL from AAPH-induced oxidation. (A, B) HDL (1 mg protein/mL) was incubated with 0.08%
ethanol (b) or 1% red wine (9) for 3 h at 37 °C, and desalted by gel filtration (preincubation). Alternatively, HDL (1 mg/mL) was
incubated with 0.1% red wine for 3 h at 37 °C (co-incubation, ∇). (C) HDL (1 mg/mL) was incubated with the indicated concentrations
of red wine for 3 h at 37 °C, and desalted (b) or left untreated (∇). All samples were diluted to 0.25 mg/mL with PBS. Oxidation
was initiated by addition of AAPH (10 mM final concentration) and incubation at 37 °C. Tryptophan fluorescence (A, C) and
TBARS (B) were measured at the indicated times (A, B) or at 1 h (C), and are expressed as % control (no AAPH addition) or %
protection (for C).
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TBARS). These data confirm that ascorbate does not
associate with LDL particles.

In contrast, addition of ascorbate to LDL preincubated
or co-incubated with red wine strongly inhibited copper-
induced protein (Figure 7A) and lipid oxidation (Figures
7B and C). The concentrations of red wine and ascorbate
used in these experiments were chosen to provide little
protection when used separately. However, their com-
bination gave strong antioxidant protection, which was
significantly greater than an additive effect under the
experimental conditions used. In contrast, ascorbate and
red wine showed a strictly additive effect against AAPH-
induced oxidation of LDL (data not shown).

DISCUSSION

Although many different purified polyphenols have
been shown to protect LDL in vitro against various
types of oxidative stress, the underlying mechanism(s)
are incompletely understood. It has been speculated that

the protective effects occur at different levels. Thus,
polyphenols can directly scavenge water-soluble free
radicals forming less reactive products (23). In addition,
at least some polyphenols can chelate transition metal
ions, such as iron and copper, decreasing their partici-
pation in free radical generation by Fenton-type reac-
tions (24). Although different polyphenols have been
shown to bind to or associate with proteins and lipo-
somes (14, 15), this property has not been studied in
detail with respect to free radical-induced oxidation of
LDL.

In this study we investigated how association of red
wine antioxidants with LDL particles might affect their
resistance to oxidative modification. Red wine was
chosen because it represents a natural mixture of
polyphenols with apparent biological activity (4-7). In
our study, only one type of red wine was used (Cabernet-
Sauvignon), but the results most likely can be general-
ized to many other types of red wine, as their polyphenol

Figure 6. Effect of red wine on BSA oxidation by copper and AAPH. BSA (2 mg/mL) was incubated with the indicated
concentrations of red wine for 3 h at 37 °C, and desalted by gel filtration (preincubation, b) or left untreated (co-incubation, ∇).
(A) The samples were diluted to 0.5 mg/mL with PBS and incubated with 50 µM CuSO4 for 2 h at 37 °C. (B) The samples were
diluted to 1.5 mg/mL with PBS and incubated with 30 mM AAPH for 1 h at 37 °C. Tryptophan fluorescence was measured at the
end of the incubation, and is expressed as % control (no copper or AAPH addition).

Figure 7. Ascorbate potentiates red wine-dependent protection of LDL from copper-induced oxidation. LDL (1 mg protein/mL)
was incubated with 0.08% ethanol (control) or 1% red wine for 3 h at 37 °C, desalted by gel filtration (pre-incubation) or left
untreated (co-incubation), and then diluted to 0.125 mg/mL with PBS. The samples were incubated for 4 h at 37 °C (black bars)
or with 10 µM CuSO4 in the absence (light gray bars) or presence of 5 µM ascorbate (dark gray bars). Tryptophan fluorescence
(A), conjugated dienes (B), and TBARS (C) were measured at the end of the incubation.
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compositions and contents are comparable. The associa-
tion of red wine components with LDL and other plasma
lipoproteins was determined indirectly by the change
in lipoprotein-associated antioxidant activity, using a
sensitive method based on the inhibition of photoin-
duced chemiluminescence of luminol (19). The results
showed that LDL and HDL had similar initial levels of
antioxidant capacity (about 2 nmol TEAC units per mg
protein), which was about twice that of lipoprotein-
deficient plasma. This difference may be attributable
to lipoprotein-associated antioxidants, especially R-to-
copherol. LDL and other plasma lipoproteins preincu-
bated with increasing concentrations of red wine exhib-
ited increased antioxidant capacity. These data indicate
that red wine polyphenols bind to lipoproteins, and that
their antioxidant activity is retained following binding.
Our experiments did not identify the nature of the
bound red wine components, nor did they determine
whether the composition of the red wine components
bound to different lipoproteins was the same. Analysis
of the binding properties of different purified compo-
nents of red wine is an area of future investigation.

The association of red wine components with LDL was
further confirmed by the increased resistance of LDL
protein and lipid to in vitro oxidation by copper and
AAPH. Thus, LDL-associated red wine polyphenols may
chelate metal ions and scavenge aqueous peroxyl radi-
cals. It is not known whether the same red wine
components are responsible for the antioxidant protec-
tion from copper- and AAPH-induced oxidation. Co-
incubation, as opposed to preincubation, with red wine
resulted in substantially increased antioxidant protec-
tion of LDL, indicating that some polyphenols bind to
LDL, while others remain in solution. The amount of
antioxidant capacity that remained associated with the
lipoprotein after desalting accounted for less than five
percent of its initial value in wine.

The antioxidant effects of red wine were not restricted
to LDL, as substitution with HDL gave similar results.
To estimate the relative importance of the lipid and
protein moieties of lipoproteins in binding red wine
components and conferring antioxidant protection, we
used serum albumin as a model protein. Although BSA-
associated red wine components protected against AAPH-
induced oxidation, they promoted copper-induced oxi-
dation, i.e., exerted a pro-oxidant effect. These data
suggest different mechanisms for the interaction of red
wine components with proteins compared to that with
lipoproteins. There are several possible explanations for
this discrepancy. The composition of the red wine
components that bind to BSA may be different from the
composition of LDL- and HDL-associated components
because of the absence of lipids in albumin. In addition,
BSA-associated red wine components may chelate cop-
per in a redox-active manner, increasing its local
concentration and thereby catalyzing site-specific pro-
duction of free radicals by Fenton chemistry on the
surface of the protein. Furthermore, the protective
effects of LDL- and HDL-associated red wine compo-
nents against copper-induced oxidation may occur
through breaking the lipid peroxidation chain reaction
and/or by sparing or regenerating lipoprotein-associated
R-tocopherol (see below), which is absent from albumin.

Ascorbate and plant-derived polyphenols have been
demonstrated previously to interact in different biologi-
cal systems with either antagonistic or synergistic
effects (25-27). In our experimental model, addition of

ascorbate to LDL samples during preincubation with
red wine did not affect subsequent oxidation of the
lipoprotein with copper or AAPH. These data show that,
in contrast to red wine components, ascorbate does not
associate with LDL. However, the combined presence
of ascorbate and red wine during LDL oxidation by
copper, or addition of ascorbate to LDL samples con-
taining preassociated red wine components, resulted in
enhanced, most likely synergistic, protection against
LDL lipid and protein oxidation. These findings suggest
that red wine polyphenols and ascorbate inhibit LDL
oxidation by different, mutually enhancing mechanisms,
e.g., copper chelation and regeneration of LDL-associ-
ated R-tocopherol, respectively, or regeneration of LDL-
associated polyphenols by ascorbate. It could also be
that red wine components enhance the antioxidant
interaction between ascorbate and lipoprotein-associ-
ated R-tocopherol. In contrast, no synergistic interaction
between ascorbate and red wine polyphenols was ob-
served with respect to peroxyl radical-induced LDL
oxidation, indicating different mechanisms of LDL
oxidation by copper and AAPH. It is likely that ascor-
bate directly scavenges aqueous peroxyl radicals, thereby
inhibiting AAPH-induced LDL oxidation (28), whereas
the protection by ascorbate against copper-induced
oxidation may occur primarily through regeneration of
R-tocopherol (29).

The relatively low bioavailability of plant-derived
polyphenols has been discussed (30). In our experi-
ments, significant protection from oxidation was ob-
served following preincubation of lipoproteins with 0.2%
red wine (Figures 2-5). Assuming a dose of 300 mL
(10.6 oz.) of red wine in an adult person and only 1%
bioavailability of the wine’s polyphenols, the corre-
sponding plasma concentration would be about 0.1%,
which is comparable to that which was used in our
study. Furthermore, direct association of polyphenols
with lipoproteins may increase their local concentration
on the surface of the lipoprotein particles and increase
their antioxidant efficacy. Lipoprotein-associated polyphe-
nols may provide continued protection against oxidative
damage once the lipoproteins have crossed the endo-
thelium and reside in the subendothelial space of the
arterial wall. In agreement with this notion, several
studies have demonstrated increased resistance of
plasma-derived LDL to ex vivo oxidation following
dietary supplementation with red wine in animal mod-
els and human volunteers (11-13). These data also
confirm that red wine polyphenols can bind to LDL in
vivo, because unbound compounds would be separated
during the LDL isolation procedure. Furthermore,
relatively low amounts of LDL-associated polyphenols
can produce significant effects on LDL oxidation when
combined with plasma antioxidants, as demonstrated
in the present study for ascorbate.

In conclusion, red wine components bind to human
lipoproteins and protect them from metal ion-dependent
and -independent protein and lipid oxidation. These
data may explain, in part, the beneficial effects of red
wine consumption on cardiovascular disease risk.

ABBREVIATIONS USED

AAPH, 2,2′-azobis(2-amidinopropane) dihydrochlo-
ride; BSA, bovine serum albumin; DTPA, diethylenetri-
aminepentaacetic acid; HDL, high-density lipoprotein;
LDL, low-density lipoprotein; LDP, lipoprotein-deficient
plasma; PBS, phosphate-buffered saline; TBARS, thiobar-
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bituric acid-reactive substances; TEAC, Trolox equiva-
lent of antioxidant capacity.
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