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Interactive effects of polyphenols,
tocopherol and ascorbic acid on the
Cu?*-mediated oxidative modification
of human low density lipoproteins

quercetin, caffeic acid, epicatechin,
hesperetin and phloretin as well as
o-tocopherol and ascorbic acid
through their ability to interact
with copper ions. Methods Isolated
human LDL were incubated with
single antioxidants or a combina-
tion of two and the kinetics of lipid
peroxidation were assessed by
measurement of conjugated diene
formation (lag phase) via monitor-
ing the absorbance at 234 nm after
addition of copper ions. In addi-
tion, the degree of oxidation of the
LDL protein moiety was followed
by tryptophan fluorescence and
carbonyl content measurements.
Results o-Tocopherol and ascorbic
acid showed a lower antioxidant
activity in all test systems as com-
pared to polyphenols at equimolar
concentrations. Quercetin was the
most effective compound in all
three systems (p <0.001 for lag
phase and carbonyl content deter-
mination). A significant (p <0.001)
prolongation of the lag phase was
found when combinations of
ascorbic acid/quercetin, ascorbic
acid/epicatechin, epicatechin/caf-

feic acid, and quercetin/epicatechin
were tested as compared to the
sum of the individual effects.
Concerning the effects on LDL
protein oxidation, the results from
carbonyl content and the trypto-
phan fluorescence measurements
showed that the combination of
quercetin and caffeic acid revealed
the strongest inhibitory effect

(p <0.001 carbonyl content;
p<0.002 tryptohan fluorescence)
on protein oxidation which was
higher than the effect of the single
compounds. Conclusions The re-
sults of the present study indicate
that a combination of different
antioxidants can be superior to the
action of single antioxidants in
protecting LDL lipid and protein
moiety against oxidation. However,
the substances may act by different
antioxidative mechanisms, which
are not necessarily complementary.

Introduction

Free radicals can be defined as any atom or molecule
that contains one or more unpaired electrons. Free rad-
ical formation occurs in the human body, and the rates
of free radical generation are probably increased in dis-

eases like cancer, atherosclerosis and cataract [1, 2].
When a free radical reacts with a non-radical, a free rad-
ical chain reaction is initiated [3]. Oxidation of LDL is a
lipid peroxidation chain reaction driven by free radicals
and starts when reactive radicals abstract hydrogen
from polyunsaturated fatty acids. One of the most com-
monly used in vitro models is the copper-mediated per-



oxidation of LDL [4, 5]. In the healthy human body,
metal ions appear largely sequestered in forms unable to
catalyze free radical reactions [6, 7]. However injury to
tissues may release copper and copper ions have been
determined in atherosclerotic lesions [8, 9]. Antioxi-
dants can prevent copper-induced LDL oxidation by
peroxyl radical scavenging and metal ion chelation. In
general, antioxidants are defined as substances that,
when present at low concentrations compared to those
of an oxidizable substrate, delay or inhibit oxidation of
that substrate [10].

Only limited knowledge is available about any inter-
actions between flavonoids and hydroxycinnamates in
inhibiting LDL oxidation. Information on antioxidant
interactions of different plant polyphenols would pro-
vide a better understanding of the antioxidant effects of
phytochemicals in complex mixtures such as fruits.
Many foods and beverages contain high levels of pheno-
lic compounds; therefore, these compounds should not
be considered in isolation from each other. This study
aimed at establishing the dynamic interactions among
quercetin, caffeic acid and structurally related com-
pounds (see Fig. 3) as well as a-tocopherol and ascorbic
acid and examining the structure-antioxidant activity
relationship through their abilities to interact with cop-
per ions.

Material and methods
LDL preparation

Blood samples were drawn from five healthy, non-smok-
ing volunteers with plasma cholesterol levels within the
normal range. The plasma was obtained by centrifuging
(4000 rpm, 15 min) the blood samples. LDL
(d=1.019-1.063) was isolated by density gradient ultra-
centrifugation of the plasma according to the method of
Havel etal. [11] and stored under nitrogen at 4 °C until
use.
LDL were dialyzed in the dark for 16 h at 4°C against
PBS (pH 7.4). The protein concentration of each sample
was determined using the Lowry assay [12]. For the
measurements of conjugated dienes and tryptophan flu-
orescence, LDL were diluted to 0.1 mg protein/ml and
for the measurement of the carbonyl content to 0.3 mg
protein/ml.

LDL were incubated with different compounds either
alone or in different combinations for 30 min at 37 °C.In
every experiment a control (LDL incubated with the
same amount of methanol instead of antioxidant solu-
tion) was used. The oxidation reaction was started by
addition of copper ions (16.6 uM) and the oxidative
modifications of LDL were evaluated through the mea-
surement of conjugated diene formation, tryptophan
residue destruction and carbonyl formation.
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Formation of conjugated dienes

For the measurement of conjugated diene formation,
LDL was incubated with o-tocopherol (5 pM), ascorbic
acid (3 pM), quercetin (1 pM), caffeic acid (1 uM), epi-
catechin (1 pM), hesperetin (1 uM) or phloretin (1 uM)
either alone or in different combinations. The kinetic of
lipid peroxidation (assessed by conjugated diene forma-
tion) was determined spectrophotometrically by con-
tinuously monitoring the absorbance at 234 nm [14]. Re-
sults from the conjugated diene measurements are
expressed in terms of the lag phase. The lag phase is used
to measure the resistance of LDL to oxidation and was
determined by drawing a tangent to the propagation
phase of the curve and extrapolating this line through
the horizontal axis. The interval between copper addi-
tion and the intersection point on this axis was defined
as lag phase. Results are expressed in % increase of the
lag-phase compared to control LDL, i.e. LDL from the
same person but without addition of antioxidants.

Carbonyl formation

For the measurements of the LDL carbonyl content, LDL
was incubated with o-tocopherol (5 pM), ascorbic acid
(3 uM), quercetin (1uM) or caffeic acid (1 pM) either
alone or in different combinations. Apo B carbonyls
were measured spectrophotometrically with the use of
the carbonyl-specific reagent DNPH as previously de-
scribed [15]. A total of 0.2ml DNPH in 2 M HCI was
added to native or oxidized LDL (300 protein/ml). After
incubation at room temperature for 1 h, 0.6 ml denatu-
rating buffer (0.15 M sodium phosphate buffer contain-
ing 3% SDS) was added and mixed. Then ethanol and
heptane (1.8 ml of each) were added, mixed for 1 minute,
and centrifuged, and the precipitated protein was iso-
lated from the interface. The protein was washed three
times with 1.5 ml ethylacetate/ethanol (1/1,v/v) and dis-
solved in 1ml denaturating buffer. Each sample was
measured spectrophotometrically (360 nm) against de-
naturating buffer. The carbonyl content was calculated
from the absorbance (360 nm) using an absorption co-
efficient € of 22.000 M-'cm™! [15-17].

Measurement of LDL-tryptophan fluorescence

For the determination of LDL tryptophan fluorescence
intensity, LDL from two volunteers was incubated with
o-tocopherol (2.5 uM), ascorbic acid (1.5 M), quercetin
(0.5 uM) or caffeic acid (0.5 pM) either alone or in dif-
ferent combinations. The concentrations used in these
experiments were lower than the concentrations for the
conjugated dienes and carbonyl measurements. With
higher concentrations a measurement would not have
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been possible due to timely and organizational reasons.
All fluorescence measurements were performed with a
fluorescence spectrophotometer F-4500 (Hitachi, Tokyo,
Japan). Before and at various time points after addition
of copper ions the decrease of the LDL-tryptophan fluo-
rescence in the presence of Cu?* ions was measured at an
emission wavelength of 331 nm, with excitation set at
282nm [18,19]. The tryptophan fluorescence was mea-
sured at intervals of 10 min. The results are displayed in
fluorescence intensity (% of the highest measured
value).

Statistical analysis

The results are given in terms of mean and standard de-
viation. A statistical analysis of the results was per-
formed by using SPSS 11.0 for Windows. A one-way
ANOVA was used to compare the means followed by
Duncan multiple comparison test.

Results
Formation of conjugated dienes

The formation of conjugated dienes in the lipid part of
the LDL gives information about the susceptibility of the
LDL samples towards oxidation. A prolonged lag phase
means an increased resistance of the LDL towards oxi-
dation. To evaluate the influence of the selected antioxi-
dants on LDL oxidation, these compounds were studied
systematically alone or in combinations of two com-
pounds. Results are expressed in % above 100 % control
LDL.

The results showed that o-tocopherol (5 pM) and
ascorbic acid (3 uM) had lower antioxidant activities
than the polyphenols tested (Table1). LDL incubated
with o-tocopherol showed a prolongation of the lag
phase by 74£24.2% (Mean * SD, n=5) and ascorbic
acid by 47 + 14.1 %, in comparison to control LDL (LDL
without antioxidants). Compared to the other antioxi-
dants tested, quercetin (1 uM) was the most effective
compound, prolonging the lag phase of LDL during
copper-mediated oxidation by 108£15.5% (p <0.001).
Caffeic acid (1 uM) (80+24%) and epicatechin (1pM)
(74+20.9%) showed a strong inhibition of the lag
phase. Hesperetin (1 pM) and phloretin (1 uM) were the
weakest of the polyphenols prolonging the lag phase by
38+14.2 and 31 + 14.7 %, respectively.

The incubation of LDL with a-tocopherol and ascor-
bic acid or with a-tocopherol and phloretin resulted in
lower antioxidant activity than the individual effects
(Table 1). Incubation of LDL with combinations of a-to-
copherol and a polyphenol resulted in lower antioxidant
activities than expected by summing up the activities of

Table 1 Prolongation of the lag-phase of LDL (% above controls) after incubation
with 5 uM o-tocopherol, 3 pM ascorbic acid and different polyphenols (1 pM) in
comparison to control LDL (without additional antioxidants) (Mean + SD, n =5)
and the expected effect (sum of the individual effects)

Antioxidants Mean + SD Expected effect
(sum of individual effects)
o-Tocopherol 73.5+24.2
Ascorbic acid 46.6+14.1
Quercetin? 107.6+15.5
Epicatechin 73.7£20.9
Hesperetin 38.1£14.2
Caffeic acid 80.1+24.0
Phloretin 31.3+14.7

59.5+16.1 120
137.0+40.2 181
126.1+358 147

92.0+93 112
103.5+34.5 154

584+113 105
163.7+45.1 154
171.9+826 120

a-Tocopherol and ascorbic acid
o-Tocopherol and quercetin®
a-Tocopherol and epicatechin
a-Tocopherol and hesperetin
o-Tocopherol and caffeic acid® ¢
a-Tocopherol and phloretin
Ascorbic acid and quercetin® ¢
Ascorbic acid and epicatechin® <

Ascorbic acid and hesperetin 91.5£59.2 85
Ascorbic acid and caffeic acid® 153.6+380 127
Ascorbic acid and phloretin 68.9+20.0 78

242.6+1223 181
156.6+23.1 146
2440+1113 188
163.6+£61.5 139
1176+33.0 112
223.2+£518 154
1133+£235 105
1265+263 118

62.1+26.7 69
1396254 111

Quercetin and epicatechin®
Quercetin and hesperetin
Quercetin and caffeic acid®
Quercetin and phloretin
Epicatechin and hesperetin
Epicatechin and caffeic acid®
Epicatechin and phloretin
Hesperetin and caffeic acid
Hesperetin and phloretin
Caffeic acid and phloretin¢

3 Mean (of the individual compound) significantly different from other individual
compounds, p < 0.001, Dunkan test

b Mean (of the combination) significantly different from the individual effects,
p < 0.001, Dunkan test

¢ Mean (of the combination) significantly different from the sum of the individual
effects, p < 0.001, Dunkan test

the individual substances. The combination of ascorbic
acid with a polyphenol showed a stronger protection
against LDL oxidation than the corresponding polyphe-
nol/a-tocopherol mixture (Table 1), although ascorbic
acid had a lower individual antioxidant activity than o-
tocopherol. Incubation of LDL with ascorbic acid in
combination with a polyphenol showed additive antiox-
idant effects. Only when LDL was incubated with ascor-
bic acid and phloretin, the antioxidant activity was
lower than the sum of the individual effects.

The combinations epicatechin/hesperetin, epicate-
chin/phloretin, caffeic acid/hesperetin or hesperetin/
phloretin showed an additive protection against LDL
lipid oxidation. Synergistic interactions were found
when combinations of caffeic acid/phloretin, caffeic



acid/epicatechin (p <0.001, significantly different from
the individual effects), quercetin/phloretin, quercetin/
caffeic acid (p<0.001), quercetin/epicatechin
(p<0.001), ascorbic acid/caffeic acid (p<0.001) and
ascorbic acid/epicatechin (p<0.001) were tested
(Table 1). These effects were higher than the sum of the
individual effects, i.e., the theoretically expected activ-

ity.

Carbonyl formation and measurement
of LDL-tryptophan fluorescence

For the measurement of the LDL carbonyl content and
the tryptophan fluorescence intensity, LDL was only in-
cubated with o-tocopherol, ascorbic acid, quercetin or
caffeic acid either alone or in different combinations.
Quercetin had the strongest antioxidant effect in these
experiments followed by caffeic acid (carbonyl content:
at 3h, p <0.001) (Table2, Fig. 1). When combinations of
two antioxidants were tested, the combination of
quercetin and caffeic acid showed the strongest effect
(carbonyl content at 4 h, p <0.001) (tryptophan fluores-
cence: after 420 min the mean was different from all
other compounds and combinations with p<0.002) on
the inhibition of the LDL oxidation (Table2, Fig.2).
When ascorbic acid was paired with quercetin or caffeic
acid, a higher antioxidant capacity was obtained as com-
pared to combinations of o-tocopherol with quercetin
or caffeic acid, although ascorbic acid alone showed
lower antioxidative activity than o-tocopherol.

Discussion

In nature, antioxidants exist in combination and these
antioxidants may act additively or even synergistically
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—&— Control
—&— «-Tocopherol [~
—&— Ascorbic acid
—¥— Quercetin

—O— Caffeic acid

Fluorescence intensity
(% of the highest value)
]

time (min]

Fig.1 Tryptophan fluorescence of LDL (Mean, % of the highest measured value,
n = 2) after incubation with 2.5 pM at-tocopherol, 1.5 pM ascorbic acid, 0.5 uM
quercetinand 0.5 pM caffeic acid at specific time points during copper-induced ox-
idation

against oxidation. To investigate the influence of diffe-
rent combinations of antioxidants on the copper-medi-
ated LDL oxidation, the individual effect of the different
antioxidants had to be tested first. The results showed
that o-tocopherol and ascorbic acid had a lower efficacy
in inhibiting copper-mediated LDL oxidation compared
to the tested polyphenols in relation to their concentra-
tions. This is in agreement with Cao etal. [20] and Wang
etal. [21]. They suggested that polyphenols have a
higher antioxidant activity than the ‘common’ antioxi-
dants. They assumed that more than 80 % of the total an-
tioxidant activity of fruits is derived from ingredients
other than vitamin E, C and B-carotene.

Since the phenolics occur ubiquitously in the plants,
they are consumed in human nutrition in various
amounts and reach the plasma as a function of diet.

Table2 Carbonyl content (nmol carbonly/mg pro-

tein) of LDL (Mean + SD, n = 5) after incubation with Mean + 5D

5uM o-tocopherol, 3 yM ascorbic acid, 1puM 0h 1h 2h 3h 4h

quercetinand 1 pM caffeic acid at specific time points

during copper-induced oxidation Control 13403 77128  19.8+4.1 27.0+4.6 329+47
o-Tocopherol 12+06  32+12  129+67°  21.6+78 28.8+8.6
Ascorbic acid 15403 54124 16.3+£6.22 240+7.7 326+95
Quercetin 15+04 4.0+0.6 6.6+1.7 12.6+5.32 21.0+6.92
Caffeic acid 14+£03  3.7+£10 57+0.9 17.7£58°  29.6+9.5
o-Tocopherol and ascorbic acid 1.5£0.3 3.7+0.9 9.5+44 19.5+£7.9 29.4+10.7°
oi-Tocopherol and quercetin 1.6£0.2 37+1.0 53+1.0 8.0+1.9 14.2+6.2
o-Tocopherol and caffeic acid 15403  3.7%1.1 50+1.3 107+£2.8>  22.2+6.5°
Ascorbic acid and quercetin 1.6+0.6 35+1.1 48+14 6.2+1.8 10.1+6.5>
Ascorbic acid and caffeic acid 1.5+04  3.8+09 5.4+1.2 8.0+28>  185+4.8"
Quercetin und caffeic acid 14+£04  42%09 6.0+23 7.7+3.1 10.0+4.2°

@ Mean (of the individual compound) significantly different from other individual compounds, p < 0.001, Dunkan

test

b Mean (of the combination) significantly different from the sum of the individual effects, p < 0.001, Dunkan test
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—&— C ontrol

—O— o-Tocopherol and ascorbic acid
—O— o-Tocopherol and quercetin
100 —A— o-Tocopherol and caffeic add
—@— Ascorbic acid and quercetin
—&— Ascorbic acidand caffeic acid
—— Quer cetin and caffeic acid

Ruorescence intensity
(% of the highest value)

time (min}

Fig.2 Tryptophan fluorescence of LDL (Mean, % of the highest measured value,
n =2) incubated with different combinations of 2.5 yM o-tocopherol, 1.5 pM
ascorbic acid, 0.5 pM quercetin and 0.5 pM caffeic acid at specific time points dur-
ing copper-induced oxidation

Manach etal. [22] measured quercetin plasma concen-
trations at baseline ranging from 28 to 142nM and a
marked increase was observed 3 h after a quercetin
reach meal with a mean plasma concentration of 373
nM. Radtke etal. [23] measured mean plasma concen-
trations of 23 nmol/l quercetin and 22 nmol/l hesperetin
after a mean intake (7-d period) of quercetin and hes-
peretin of 17.9 and 17.4 mg/d, respectively. After inges-
tion of orange juice or grapefruit juice a mean plasma
hesperetin concentration of 2.2umol/L was reported
[24]. Rein etal. [25] found epicatechin plasma concen-
trations ranging from 22 to 257 nmol/l after consump-
tion of chocolate and Lee etal. [26] determined maxi-
mum plasma concentrations of epicaetchin after
ingestion of green tea of 124.03ng/ml. Concerning
phloretin, Paganga etal. [27] was unable to detect it in
plasma but 21 % of the ingested dose was found in the
urine.

As compared to the concentrations used in the pre-
sent study, polyphenol concentrations were higher than
the concentration determined in plasma, and for ascor-
bic acid and tocopherol the concentrations used for the
experiments were below usual plasma concentrations.

The most efficient antioxidant in the present study
was quercetin followed by epicatechin and caffeic acid.
To explain the observed variability in inhibition of LDL
oxidation between the different compounds, differences
in their structural features can be considered. The group
of the phenolic antioxidants embraces a wide range of
plant substances that possess an aromatic ring with one
or more hydroxyl substituents (Fig.3). The antioxidant
activity of the polyphenols is defined principally by the
presence of the orthodihydroxy substituents giving
maximum radical stabilization or allowing metal chela-

o oH
HO
(]
" OH

1] OH

Caffeic acid Epicatechin
OH
OMe OH

HO 0 HO ; OH

\

0oH 0 OH /]
Hesperetin Phloretin

Fig.3 Basic flavonoid structure and chemical structure of selected polyphenols

tion, and an unsaturated 2.3-double bond in combina-
tion with a 4-oxo function (responsible for electron de-
localization from the B-ring) [7, 28] (Fig. 3). The pheno-
lic compound caffeic acid also retains these features
[29], the ortho-dihydroxy structure and a lateral double
bond in conjunction with a carbonyl group and the phe-
nol. Compared to the antioxidants quercetin, epicate-
chin and caffeic acid with an ortho-dihydroxy struture,
hesperetin and phloretin had a low antioxidant activity
in the present study.

Epicatechin belongs to the group of flavan-3-ols (cat-
echins) which have a saturated heterocyclic ring. The
missing conjugation of A- and B-rings as compared to
the flavonols (Fig. 3) results in a lower antioxidant activ-
ity. The 4-oxo group is only effective in combination
with a 2.3-double bond. However, due to the catechol
structure epicatechin had a high activity in the present
study compared to phloretin and hesperetin.

Flavanols with only one hydroxyl group in the B-ring
like hesperetin possess lower antioxidant activity be-
cause the location of the hydroxyl group in the B-ring at
the 3’-position results in minor electron-donating po-
tential [30]. If the catechol structure is missing the rest
of the flavonoid becomes more important and methyla-
tion on the 4’-position can activate the 3’-OH as in hes-
peretin [31]. The hydroxyl groups of the A-ring con-
tribute only little to the antioxidant activity of a
substance if the catechol structure is missing. Due to the
missing 2.3-double bond in the heterocyclic ring in hes-



peretin no electron delocalization between A- and B-
ring can occur [32].

In the present study phloretin showed a low antioxi-
dant activity during copper-induced LDL oxidation due
to the missing catechol structure, which contributes to
the complexation of copper ions [33]. The 5-hydroxyl
group in combination with the 4-oxo group is a binding
site for trace metals, but the 2.3-double bond is missing.
The double bond in the C-ring allows delocalization be-
tween the A and B rings stabilizing the aryloxyl radical
after hydrogen donation [34]. Therefore, electron delo-
calization between A and B rings in phloretin during
radical formation is not possible.

The interaction of flavonoids with ascorbic acid has
already been shown by different authors, analogous to
the synergism between ascorbic acid and o-tocopherol
[7,35,36].

The ability of flavonoids to act as a defense agent by
donating an electron to an oxidant critically depends on
the reduction potentials of their radicals [37]. Those
flavonoids with a lower redox potential than the ascor-
bate radical/ascorbate couple should be able to regene-
rate ascorbate [36].A synergistic interaction of quercetin
and ascorbic acid by the enhancement of the antiprolif-
erative effect has been shown, possibly due to the ability
of ascorbic acid to protect the polyphenol from oxidative
degradation [38]. This synergistic effect between pheno-
lic acids and ascorbic acid can be explained by recycling
of the phenoxyl radical by ascorbic acid and thereby
yielding a very stable ascorbyl radical [39,40].

Flavonoids with a catechol structure in the Bring have
a higher oxidation potential in comparison to ascorbic
acid [35]. Both quercetin and caffeic acid contain this
structural feature. In view of the reduction potentials of
the redox couples involved, a regeneration of the caffeic
acid radical by ascorbic acid seems to be possible [29, 35,
41].Thedifferencesin antioxidantactivities towards LDL
oxidation could be ascribed to the differences in the
structural features and to other factors, including diffe-
rences in the solubility and partitioning behavior be-
tween the aqueous and lipid phases in the LDL system.

In the present study, incubation of LDL with o-toco-
pherol and ascorbic acid resulted in a decrease of the lag
phase compared to the individual effect of a-tocopherol.
This effect was also found when a combination of o-to-
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copherol and phloretin was tested. On the contrary, the
incubation of LDL with o-tocopherol and quercetin, caf-
feic acid, epicatechin or hesperetin showed additive an-
tioxidant effects. Combinations of ascorbic acid with a
polyphenol or a phenolic acid, with the exception of
phloretin, resulted in antioxidant effects that were
higher than the sum of the individual effects. These ef-
fects were higher than those of the corresponding com-
binations with o.-tocopherol, although the individual ef-
fect of o-tocopherol was higher compared to ascorbic
acid. These results assume a synergism between ascor-
bic acid and polyphenols against LDL oxidation.

o-Tocopherol is known to act as chain-breaking an-
tioxidant scavenging lipid peroxyl radicals by donating
hydrogen to alipid peroxyl radical that otherwise would
propagate the radical chain reaction of lipid peroxida-
tion [29, 42] and is most likely located in the outer
monolayer of LDL with the chromanol ring oriented to
the aqueous phase [43]. This physical arrangement al-
lows the reaction of the antioxidant-derived radical with
water soluble antioxidants like ascorbic acid [29]. The
hydrophilic properties of polyphenols and flavonoids
facilitate their localization at the interface of the lipid bi-
layers in membranes and thereby inhibit the initial at-
tack by aqueous radicals [44] and enable the repair of
lipophilic free radicals [29]. The arising polypenol radi-
cal can be recovered by aqueous phase electron donors,
such as ascorbic acid [7, 29, 34].

The antioxidative efficacy of combinations of diffe-
rent antioxidants seems to be based on their structure
dependent physical and chemical properties and the re-
lated arrangement in the LDL model. The substances
possess different antioxidative mechanisms, which are
not always complementary. All together, the results of
the present study indicate that a combination of diffe-
rent antioxidants may be superior to the action of a sin-
gle antioxidant in protecting LDL against oxidation. The
in vitro effects of the antioxidant combinations do of
course not reproduce the situation in vivo, but can help
to get a better understanding of the interactions of dif-
ferent antioxidants in vivo.
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