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A citrus extract containing flavonoids and ascorbic acid was used as a supplement to investigate its
effect on lipids in hypercholesterolemic hamsters. Ascorbic acid or the flavonoids were without
effect except that ascorbate did significantly raise HDL. After 1 month of feeding, the citrus extract
plus ascorbic acid synergistically caused a significant reduction of 77%, 66%, and 40% in plasma
total cholesterol, LDL + VLDL, and triglycerides, respectively, in comparison to the control group.
The extract was also a synergistic inhibitor of in vitro cupric ion LDL + VLDL oxidation compared
with ascorbic acid or the flavonoids alone. In a second 10-week hamster study, citrus extract plus
ascorbate also significantly lowered plasma lipids, lipid peroxides, and ex vivo LDL + VLDL
oxidizability vs a control group. Citrus extract plus ascorbate strongly inhibited atherosclerosis,
and there was a significant correlation between several indices of oxidative susceptibility and
atherosclerosis.
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INTRODUCTION

The importance of hypercholesterolemia, or, more
specifically, an elevated low-density lipoprotein (LDL)
cholesterol concentration, as a major risk factor for the
development of ischemic heart disease is widely ac-
cepted. There are several classes of synthetic drugs that
are effective hypocholesterolemic agents. The cost and
potential side effects of these drugs have led many
people to search for natural substances to lower cho-
lesterol.
Within the last several years, the oxidative theory of

atherogenesis (Steinberg et al., 1989) has provided
another avenue of therapy using antioxidants. In brief,
it states that lower density lipoproteins (low-density
lipoprotein, LDL, and very low-density lipoprotein,
VLDL) oxidized in vivo lead to foam cell production and,
ultimately, atherosclerosis. If this hypothesis is correct,
then antioxidants should protect lipoproteins against
oxidative modification and reduce the biological conse-
quences. Antioxidant phenols such as probucol and
tocopherol (vitamin E) have been found to be effective
in animal models of atherosclerosis. These compounds
incorporate into LDL and decrease ex vivo LDL oxidiz-
ability in animals and humans (Jackson et al., 1993).
Vitamin E has been recently shown to inhibit athero-
sclerosis in the vitamin E-deficient moderately hyper-
cholesterolemic hamster without affecting cholesterol.
Indeed the aortic lesion size was inversely correlated
with plasma tocopherol content (Parker et al., 1995).
Vitamin C, ascorbic acid, is a well-known antioxidant.

In plasma it is the major chain-breaking antioxidant
against free radicals and protects LDL from oxidation
in vitro although it does not bind to LDL (Retsky et al.,

1993) and has no effect on atherosclerosis in the vitamin
E-deficient hypercholesterolemic hamster (R. Parker,
personal communication). Plasma ascorbate concentra-
tions, however, have been inversely correlated with
human coronary disease mortality (Gey, 1987).
Flavonoids are a class of some 4000 phenolic com-

pounds that occur ubiquitously in plant foods (0.5-1.5%)
and are thus important constituents of the human diet
(Harborne, 1988). In general, leaves, flowers, and fruit
contain flavonoid glycosides, woody tissues contain
aglycones, and seeds may contain either. We have
shown these compounds to be powerful antioxidants
against cupric ion-induced in vitro LDL + VLDL oxida-
tion (Vinson et al., 1995a) and also to bind to these low-
density lipoproteins (Vinson et al., 1995c). A recent
Dutch and seven countries epidemiology study has
shown increased dietary flavonoid intake to significantly
reduce deaths from heart disease (Hertog et al., 1993a,
1995). Recent evidence has shown that these com-
pounds are absorbed in humans from foods (Hollman
et al., 1995) and quercetin, a ubiquitous flavonoid, was
absorbed in rats (Manach et al., 1995).
There is ample evidence that consumption of fruits

and vegetables is protective against heart disease (Ames
et al., 1993). Citrus fruits in contrast to many other
foods provide both vitamin C and flavonoids. The
present study is designed to examine both the antioxi-
dant and lipid-lowering efficacy of a natural ascorbate-
and flavonoid-containing citrus extract with both normal
hamsters and a hamster model of heart disease.

MATERIALS AND METHODS

Materials. Citrus extract CEC is a light brown powder
containing a 30% alcohol-water extract of whole dry ripe
citrus fruit, bitter orange Citrus aurantium. The milled fruit
is extracted 4 times with solvent with 24 h agitation. The
solvent is then removed by low vacuum-drying at 60 °C. The
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final composition after incorporation of ascorbic acid is 25.7%
ascorbic acid, 9.9% citrus flavonoids, 31.2% protein, 3.2% ash,
and the remainder carbohydrates (Re-Natured Vitamin C in
Citrus Fruit Media, Grow Co., Hackensack, NJ). There are
four principal flavonoid glycosides in CE+AA which were
identified after acid hydrolysis and HPLC (Hertog et al., 1992)
as glycosides of quercetin, hesperetin, narigenin, and myrice-
tin.
Citrus extract (CE) is quantitatively identical to CE+AA

except that ascorbic acid is absent and the protein content is
53.2%. The total flavonoid phenol concentration in CE and
CE+AA is 579 and 565 µmol/g, respectively, as measured by
the Folin-Ciocalteu reagent (Sigma Chemical Co., St. Louis,
MO) using catechin as a standard. AA in CE+AA was
removed by ascorbic acid oxidase (Sigma Chemical Co.) prior
to Folin analysis.
Animals and Diets. Male, weanling, Syrian Golden ham-

sters were received from Charles River Breeding Laboratories
(Wilmington, MA) and given commercial (nonpurified) rodent
chow (Ralston Purina, St. Louis, MO) for 4 weeks. They were
then separated into groups, each with comparable average
weights. The animals were housed in plastic cages, 3 or 4
animals/cage with a bedding of wood chips, in a temperature-
controlled room (20 °C) and a 12-h light/dark cycle. They were
allowed free access to food and water. Animals were main-
tained following the guidelines of the University of Scranton
Institutional Animal Care and Use Committee.
Study I. The normal control group was given the com-

mercial chow for the duration of the study, 4 weeks. Experi-
mental groups were given a high cholesterol diet (Foxall et
al., 1992). To 1 kg of powdered chow was added 600 mL of
water and ascorbic acid (C), CE, or CE+AA, followed by 0.2%
cholesterol and 10% coconut oil melted together. The slurry
was mixed well, frozen, and cut in the form of a “bar”. The
diets with the initial and final weights of the animals are
shown in Table 1.
After 4 weeks of feeding and following 12 h of food depriva-

tion, the animals were anesthetized with halothane (Aldrich
Chemical Co., Milwaukee, WI), and a cardiac puncture was
performed. The blood was put in an EDTA microtainer and
the plasma isolated and stored at -90 °C until assay. Total
cholesterol and triglycerides were measured with a Sigma
enzyme assay. The HDL was measured similarly after
precipitation of LDL + VLDL by a Sigma phosphotungstate
reagent which has been validated against ultracentrifugation
for hyperlipemic hamsters (Foxall et al., 1992). Lipoproteins
LDL + VLDL were calculated by difference.
Study II. The normal group in this study was also given

rodent chow. Control group was given the same high choles-
terol diet as in study I except that the diet was given for 10
weeks to induce atherosclerosis (Nicolosi, 1991). The CE+AA
group was given the same diet as in study I. The 12 h food-
deprived animals were anesthetized with pentobarbital and
perfused with 10% formaldehyde in phosphate-buffered saline
and the aorta isolated and prepared for histology as described
(Nicolosi, 1991).
Cholesterol and triglycerides were determined as in study

I. LDL + VLDL and HDL fractions were separated and
isolated by affinity columns (LDL-Direct Cholesterol, Isolab,
Inc., Houston, TX) using 200 µL of plasma (Bentzen et al.,
1982). The HDL fraction was eluted into 1.25 mL of alpha
eluting agent and LDL + VLDL into 2.5 mL of beta eluting
agent. The lipoprotein fractions were collected in an ice bath
and degassed with nitrogen before storage at -90 °C. Lipo-

proteins HDL and LDL + VLDL were assayed for cholesterol
as described above and LDL + VLDL for protein using brilliant
blue reagent (Sigma Chemical Co.) with human albumin as
the standard. Recovery of hamster cholesterol as lipoproteins
from the columns was 89.4 ( 5.9% (SD) using four samples of
plasma containing from 1.64-12.8 mM cholesterol.
Atherosclerosis. Dissection and assay were by the method

of Nicolosi (1991). A 4-5 mm section of the aorta at 1 mm
distance from the heart was removed, cut longtitudionally,
defatted, fixed, and stained with oil Red O. The sample was
observed under 16 × 40 magnification, and the number, size,
and distribution of foam cells were determined. The area
covered by foam cells (fatty streak lesion) was measured in
duplicate using a computerized digitizer pad (SigmaScan,
Jandel Scientific, San Rafael, CA) after amplification with a
micro projector. Oil red O was extracted from the aorta with
a constant volume of 2:1 chloroform/methanol and the absor-
bance measured at 516 nm.
Lipid Peroxidation and Conjugated Dienes. Plasma

and LDL + VLDL thiobarbituric acid reactive substances
(TBARS) were measured after extraction in butanol by fluo-
rescence at 515 nm/553 nm following a published sample
preparation and derivatization method (Lepage et al., 1991).
Tetraethoxypropane (Sigma Chemical Co.) was used as the
internal standard. Conjugated diene absorbance (CD) was
measured at 234 nm and converted into concentration (extinc-
tion coefficient 29 500).
Oxidative Susceptibility. All LDL + VLDL oxidations

were done at 37 °C in a total volume of 600 µL. The LDL +
VLDL was diluted with PBS to a protein concentration of 70
µg/mL and oxidation initiated with the addition of 10 µL of 1
mM cupric ion (final concentration 16.7 µM). Oxidation was
stopped by the addition of 50 µL of 0.5% BHT, and proteins
were precipitated with sulfuric acid and sodium tungstate prior
to TBARS assay by fluorometry.
Ex vivo oxidations after supplementation were used to

measure the oxidative susceptibility of LDL + VLDL isolated
from study II. Initial CD and TBARS (CDi and TBARSi) were
assayed. The lipoproteins were then oxidized with cupric ion
as described above for 6 h, when the TBARS and CD were
constant and maximal as seen from pooled samples from each
group. The samples were then analyzed for final CD and
TBARS (CDf and TBARSf). The change in CD and TBARS
(∆CD and ∆TBARS) was calculated.
In vitro oxidations were done in duplicate using a pool of

high cholesterol control hamster LDL + VLDL from study II
to which freshly prepared inhibitors (C, CE, and CE+AA) were
added. Aliquots were periodically taken for conjugated diene
analysis for 24 h.
Statistical Methods. Results were expressed as means

( SD. The significance of differences between groups was
assessed by a Student’s t test after ANOVA testing of all the
groups showed a significant difference existed. Differences
were considered statistically significant at p < 0.05. Correla-
tions were made using Pearson’s correlation coefficient.

RESULTS

Study I. In this short-term study, there were no
significant differences in initial and final weights among
any of the groups in the study (Table 1). There were
no significant food consumption differences between the
experimental groups fed high cholesterol (results not

Table 1. Diet Description and Body Weight for 4 Weeks Hamster Supplementation (Study 1)a

group description of diet initial weight (g) final weight (g)

normal rodent chow 139 ( 4 171 ( 15
control nonpurified diet + 0.2% cholesterol and 10% coconut oil 128 ( 5 169 ( 17
C control plus 1% ascorbic acid (57 mmol/kg diet) 134 ( 9 170 ( 15
CE control plus 3% citrus extract (1.74 mM phenols/kg diet) 134 ( 15 166 ( 23
CE+AA control plus 4% citrus extract and vitamin C (57 mmol/kg

diet ascorbic acid and 1.70 mM phenols/kg diet)
128 ( 16 165 ( 17

a Values are means ( SD for 10 animals in each group.
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shown). All the experimental groups consumed signifi-
cantly less food than the normal group (p < 0.05). The
plasma lipid results following the supplementations are
shown in Table 2. Control group had over a 3-fold
elevation of cholesterol compared to the normal group.
LDL + VLDL cholesterol was increased 6-fold and
triglycerides over 3-fold. Vitamin C did not significantly
affect cholesterol, LDL + VLDL, or triglycerides com-
pared to the control group. However, HDL was signifi-
cantly greater vs the control group, and the atherogenic
index (cholesterol/HDL) was significantly lowered. The
lipids in the CE group were not significantly different
from the control group. CE+AA produced a significant
improvement in all the lipid parameters including the
atherogenic index.
Study II Lipids. At the end of the 10 week supple-

mentation, the normal group gained significantly less
weight than the cholesterol-fed control and CE+AA
groups, 50 ( 13, 69 ( 15, and 68 ( 16 g, respectively (p
< 0.05). The weight gains of the control and CE+AA
groups were not significantly different. As shown in
Table 3 the control group had a significant 8-fold
elevation in cholesterol and a 6-fold increase in triglyc-
erides compared to the normal group. The CE+AA
lowered cholesterol 55% and triglycerides 52%, and the
atherosclerotic index was improved 61% (p < 0.000l).
Study II Lipid Peroxidation and Oxidative Sus-

ceptibility. Lipid oxidation products were measured
in plasma as TBARS and in LDL + VLDL before
oxidation as TBARSi and CDi. Oxidative susceptibility
was measured in LDL + VLDL as CDf, ∆CD, TBARSf,
and ∆TBARS. The results are shown in Table 4. The

control group had the highest lipid peroxidation in both
plasma and LDL + VLDL before and after oxidation and
was significantly higher than the normal group except
for TBARSi. CE+AA was significantly lower than the
control group for all lipid peroxidation and oxidative
susceptibility measurements (p < 0.01). The oxidative
susceptibility of CEC, as measured by the change in
TBARS of LDL + VLDL (∆TBARS), was not signifi-
cantly different from the normal group.
Atherosclerosis. Measurements of the extent of

atherosclerosis are given in Table 5. In all cases, the
CE+AA group had significantly less severe atheroscle-
rosis than the control group (p < 0.001). The fatty
streak lesion area was reduced 63% with CE+AA
supplementation, and the density of foam cells was
decreased 52% with CEC. Correlations of atheroscle-
rosis and oxidative analyses are shown in Table 6.
In Vitro Oxidation. Oxidations of LDL + VLDL

from a pool of control high cholesterol animals were

Table 2. Study I: Plasma Lipids and Lipoproteins of Hamsters Fed Normal and High Cholesterol Diets for 4 Weeksa

fasting plasma lipids

group cholesterol (mM) LDL + VLDL (mM) HDL (mM) cholesterol/HDL triglycerides (mM)

normal 2.61 ( 0.44a 1.20 ( 0.34a 1.39 ( 0.34a 1.92 ( 0.37a 12.0 ( 0.50a
control 10.3 ( 3.54b 7.55 ( 3.98b 2.84 ( 1.25b 4.45 ( 3.03b 41.6 ( 23.6b
C 11.3 ( 3.64b 6.65 ( 2.74b 4.66 ( 1.21c 2.42 ( 0.50c 37.6 ( 20.4bc
CE 11.9 ( 4.68b 8.22 ( 4.83b 3.72 ( 1.42bc 3.86 ( 2.60bc 40.8 ( 18.2bc
CE+AA 5.84 ( 1.34c 2.56 ( 1.12c 3.31 ( 0.85bc 1.85 ( 0.58a 25.1 ( 11.7c

a Values are means ( SD for 10 animals per group. Values in a column not having superscripts in common are significantly different,
p < 0.05. C ) vitamin C, CE ) citrus extract, CE+AA ) Citrus Extract Plus C.

Table 3. Study 2: Plasma Lipids of Hamsters after 10 Weeks of Supplementation to Animals Fed a Normal Diet or a
Cholesterol and Saturated Fat Dieta

group cholesterol (mM) LDL + VLDL (mM) HDL (mM) triglycerides (mM) cholesterol/HDL

normal (n ) 6) 1.61 ( 0.06a 0.33 ( 0.077a 0.89 ( 0.09a 8.60 ( 0.85a 1.79 ( 0.13a
control (n ) 13) 15.1 ( 1.17b 8.54 ( 2.39b 1.48 ( 0.20b 55.9 ( 42.1b 10.5 ( 3.1b
CE+AA (n ) 8) 6.88 ( 1.06c 3.44 ( 1.42c 1.68 ( 0.35b 27.1 ( 6.0b 4.07 ( 1.20c

a Values are means ( SD. Values in a column not having superscripts in common are significantly different, p < 0.001. CE+AA )
citrus extract plus C.

Table 4. Plasma and LDL + VLDL Lipid Oxidation Measurements of Hamsters after 10 Weeks of Supplementation to
Animals Fed a Normal Diet or a Cholesterol and Saturated Fat Dieta

group

lipid oxidation measurement normal control CE+AA

plasma TBARS (µM) 2.70 ( 0.26a 7.07 ( 0.46b 5.08 ( 0.26c
LDL + VLDL CDi (nmol/mg of protein) 286 ( 5a 406 ( 7b 335 ( 18c
LDL + VLDL CDf (nmol/mg) 365 ( 14a 698 ( 19b 497 ( 30c
LDL + VLDL ∆CD (nmol/mg) 79.0 ( 9.1a 292 ( 15b 161 ( 13c
LDL + VLDL TBARSi (nmol/mg) 6.86 ( 3.57a 14.9 ( 7.86a 4.14 ( 2.14b
LDL + VLDL TBARSf (nmol/mg) 292 ( 28.1a 532 ( 27.0b 333 ( 14.3a
LDL + VLDL ∆TBARS (nmol/mg) 282 ( 63.8a 515 ( 87.0b 329 ( 35.3a

a Values are means ( SD. Values in a row not having superscripts in common are significantly different, p < 0.05. CE+AA ) citrus
extract plus C, CDi ) initial conjugated dienes, CDf ) final conjugated dienes after oxidation, ∆CD ) CDf - CDi, TBARSi ) initial
thiobarbituric acid reactive substances, TBARSf ) final thiobarbituric acid reactive substances after oxidation, ∆TBARS ) TBARSf -
TBARSi.

Table 5. Atherosclerosis Measurements of Hamsters
after 10 Weeks of Supplementation to Animals Fed a
Normal Diet or a Cholesterol and Saturated Fat Dieta

group

measurement normal control CE+AA

area of foam cells (mm2) 0 2.53 ( 1.04b 0.93 ( 0.29c
foam cell density (cells/mm2) 0 55.64 ( 14.96b 26.93 ( 6.41c
% of aorta with foam cells 0 14.22 ( 3.664b 5.54 ( 1.65c
intimal oil red 0 (ng/mm2) 59 ( 7a 99 ( 25b 73 ( 7c

a Values are means ( SD. Values in columns not having
superscripts in common are significantly different, p < 0.001.
CE+AA ) citrus extract plus C.
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done in the presence of the components of CE+AA (C
and CE) and followed by conjugated diene formation in
order to observe the kinetics of the reaction (Figure 1).
The concentration of ascorbic acid was the same in the
C and CE+AA incubations. Flavonoid phenol concen-
trations were also equalized in CE and CE+AA. The
lag time (time when the oxidation rate changed abruptly)
and the maximum rate and extent of oxidation (maxi-
mum change of absorbance) were measured. The lag
times of control, C, CE, and CE+AA were 23, 222, 650,
and 1063 min, respectively. The maximum rates were
2.01 × 10-3, 9.93 × 10-4, 1.93 × 10-3, and 4.76 × 10-4

absorbance unit/min, respectively. The extent of oxida-
tion was 0.570, 0.467, 0.499, and 0.087 absorbance unit,
respectively. The combinations of these two components
in CE+AA were synergistic inhibitors of LDL + VLDL
oxidation as seen in lag time, rate, and extent of
oxidation.

DISCUSSION

The hyperlipemic hamster model has been used to
examine the effects of drugs (Nicolosi, 1991) and diet
(Kahlon et al., 1992) on lipids and the development of
atherosclerosis. The hamster is an excellent model as
it has an omnivorous diet, its hepatic cholesterol syn-
thesis is like that in humans, and it has a significant
proportion of LDL in the plasma and develops athero-
mas in a human-like progression (Gaviraghi et al.,
1997). We tested CE+AA because it had several
components known to beneficially affect lipids in ani-
mals, namely, ascorbic acid and flavonoids. The effect
of vitamin C on cholesterol has recently been reviewed
(Hemila, 1992) and has been shown to be salutary for

animals fed an atherogenic diet. The hypolipemic and
antiaggregating effects of flavonoids have also been
reviewed (Stavric and Matula, 1992). CE+AA has a
high concentration of flavonoids (9.9%) and has been
shown to increase the absorption of ascorbate in guinea
pigs following long-term supplementation (Vinson and
Bose, 1983). CE+AA and ascorbate, when given to
normal subjects and smokers, significantly decreased
plasma TBARS (Vinson and Hsu, 1992; Vinson et al.,
1992).
Study I Lipids. After 1 month, the HDL content

changed from 54% of total cholesterol in the normal
group to 28% of cholesterol in the cholesterol-fed control
group, a trend seen by Surette et al. (1992). As there
were no significant differences in weight gain or food
consumption among the high cholesterol groups, the
differences in plasma lipids cannot be due to differences
in food consumption.
In the present study, ascorbate did not lower choles-

terol but did significantly increase HDL. This latter
result agrees with a guinea pig study in which HDL
levels were raised with vitamins supplemented with the
atherogenic diet (Sharma et al., 1988). In our hamster
study, ascorbate significantly improved the atherogenic
index but did not normalize it.
CE containing flavonoids, but no ascorbate, did not

significantly change any lipid in study I. Yugarani and
co-workers (1992) also did not find any effect of the
isolated flavonoid quercetin, a compound present in CE
as the glycoside, on cholesterol in the cholesterol-fed rat.
In the present study, CE+AA, containing both fla-
vonoids and ascorbate, had the strongest beneficial
effect on the hamster lipids. CE+AA was the only
supplement to lower triglycerides compared to the
control. It was the only supplement to significantly
decrease cholesterol and LDL + VLDL and improved
the atherogenic index so that it was not significantly
different from the group fed normal hamster chow
without cholesterol. There appears to be an in vivo
synergism of the flavonoids and ascorbate in the CE+AA
with respect to cholesterol, LDL + VLDL, triglycerides,
and the atherogenic index. A longer study was then
initiated with CE+AA to determine its effect on lipids,
lipid oxidation, and atherosclerosis.
Study II Lipids and Atherosclerosis. As in study

I, CE+AA had a highly beneficial effect on cholesterol,
LDL + VLDL, and the atherogenic index. The choles-
terol in the CE+AA group in study II after 10 weeks
was not significantly different from the CE+AA group
in study I after 4 weeks, 6.88 and 5.84 mmol/L,
respectively. This result shows that the CE+AA sta-
bilized cholesterol during long-term feeding. The per-
cent lowering of cholesterol and triglycerides by supple-
mentation with CE+AA (54 and 52%, respectively) was
very comparable to that from the highest dose of the

Table 6. Correlations of Lipid Oxidation and Lipid Oxidizability with Atherosclerosisa

atherosclerosis

oxidation foam cell density foam cell area Oil Red 0 % atherosclerosis

plasma TBARS 0.655 (0.002) 0.525 (0.015) 0.615 (0.001) 0.557 (0.013)
LDL+VLDL CDi 0.520 (0.019) 0.523 (0.022) 0.560 (0.003) 0.675 (0.002)
LDL+VLDL CDf 0.602 (0.004) 0.513 (0.0001) 0.576 (0.002) 0.753 (0.0001)
LDL+VLDL ∆CD 0.608 (0.004) 0.475 (0.024) 0.563 (0.003) 0.747 (0.0001)
LDL+VLDL TBARSi 0.259 (NS) 0.520 (0.019) 0.429 (0.041) 0.499 (0.035)
LDL+VLDL TBARSf 0.531 (0.016) 0.474 (0.030) 0.460 (0.018) 0.787 (0.0001)
LDL+VLDL ∆TBARS 0.550 (0.012) 0.616 (0.001) 0.584 (0.0001) 0.709 (0.0001)

a The first number in a column is the Pearson correlation coefficient (r). The second number is the statistical significance (p value). CDi
) initial conjugated dienes, CDf ) final conjugated dienes after oxidation, ∆CD ) CDf - CDi, TBARSi ) initial thiobarbituric acid reactive
substances, TBARSf ) final thiobarbituric acid reactive substances after oxidation, ∆TBARS ) TBARSf - TBARSi.

Figure 1. Effect of added antioxidants on cupric ion induced
LDL + VLDL oxidation from a pooled hypercholesterolemic
hamster plasma sample. C ) ascorbic acid (2.5 µM), CE )
citrus extract phenols (0.64 µM), CE+AA ) citrus extract
phenols + ascorbic acid (0.64 µM and 2.5 µM, respectively).
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drug doxazosin given to cholesterol-fed hamsters for 10
weeks (Foxall et al., 1992).
The calculated consumption of flavonoids from the

CE+AA was 2.4 mg/day per animal which transforms
into 1120 mg/day for a 70 kg human. This is a
reasonable human dose since the daily intake of fla-
vonoids from a Western diet has been estimated to be
500-1000 mg/day (Kuhnau, 1976).
The mild atherogenic diet induced fatty streak in-

volvement in the aortic arch close to the heart as found
previously (Kowala et al., 1991). The oil red O stained
lipid was found within macrophage-derived foam cells
below the endothelium. CE+AA significantly decreased
all measures of atherosclerosis in this hamster model
including foam cell area, density, percent of fatty streak
involvement, and oil red O lipid staining.
Study II Lipid Peroxides and Oxidative Suscep-

tibility. To examine closely the relationship of the
oxidative theory to hyperlipidemia, several oxidation
and oxidative susceptibility measurements were made.
All measurements, except LDL + VLDL TBARSi, were
significantly elevated in the control cholesterol-fed
animals compared with those from the normal group
given chow alone as seen in Table 4. Other investiga-
tors have shown increased plasma TBARS in cholesterol-
fed rabbits (Kisanuki et al., 1992) and hypercholester-
olemic humans (Yalcin et al., 1989) and increased
oxidative susceptibility of LDL from hypercholester-
olemic humans (Lavy et al., 1991).
As a measure of lipoprotein oxidative susceptibility,

we studied the cupric ion-induced oxidation of LDL +
VLDL. Previous lipoprotein oxidation has been done
with LDL or LDL + VLDL isolated by ultracentrifuga-
tion (Rayssiquier et al., 1993). The heparin-agarose
micro-affinity column used in this study has been found
to quantitatively separate HDL from LDL + VLDL in
both normal and hyperlipemic plasma and has been
found to correlate with separation by ultracentrifugation
(Bentzen et al., 1982). We have found the affinity
column to be an inexpensive, quick, and reproducible
means of both hamster and human liporotein isolation
prior to oxidation (Vinson et al., 1995a,b,c).
CE+AA significantly decreased both the oxidizability

of plasma as measured by TBARS and LDL + VLDL
as measured by CDf or TBARSf. The oxidative suscep-
tibility of LDL + VLDL, as determined by the change
∆CD or ∆TBARS, was also significantly reduced by
CE+AA. This suggests that flavonoids from CE+AA,
after absorption into the bloodstream, bind to the
lipoproteins and decrease the oxidizability of lipopro-
teins both in vivo and ex vivo. A similar result was seen
in a human study after supplementation with red wine,
in which polyphenols were found bound to LDL (Fuhr-
man et al., 1995). We have found that flavonoids bind
to LDL + VLDL following plasma spiking and inhibit
ex vivo LDL + VLDL oxidation (Vinson et al., 1995c).
Heretofore, the lag times or maximum propagation

rates of LDL oxidation have been the measures of
oxidative susceptibility with in vitro or ex vivo studies
(Esterbauer and Jurgens, 1993). These parameters
have been correlated with the extent of human athero-
sclerosis (Regnstrom et al., 1992). In our study, all
oxidation and oxidative susceptibility measurements
correlated with atherosclerosis with coefficients ranging
from 0.429 to 0.709 (p < 0.05 to p < 0.0001). Surpris-
ingly our data also indicated that CDi, normally con-
sidered an in vivo oxidation measurement, is very highly

correlated with oxidative susceptibility parameters such
as CDf, ∆CD, TBARSf, ∆TBARS; correlation coefficients
0.951, 0.905, 0.849, and 0.851, respectively (p < 0.0001).
CDi measures minimally modified lipoproteins (contain-
ing lipid peroxides) present in circulating plasma and
formed during the isolation procedure. Recently Mosing-
er (1995) has also found that the oxidizability of human
LDL with cupric ion was strongly correlated to pre-
formed conjugated dienes, r ) 0.91.
Mechanism. In study I we found that CE+AA but

not CE or C lowered cholesterol and triglycerides in
hypercholesterolemic hamsters. Thus, our studies in-
dicate that there exists a powerful hypolipemic syner-
gism of C and flavonoids in hypercholesterolemic ham-
sters. The mechanism for this beneficial synergism is
not known.
Flavonoids have a unique ability to chelate metal ions

(Afanas’ev et al., 1989) as well as possess antioxidant
properties. However, we have found no spectral shift
for flavonoids or cupric ion when mixing them in the
concentrations used in the in vitro oxidations. From
stoichiometric considerations, the lack of chelation is
reasonable given the 26:1 cupric ion-to-flavonoid ratio
during the in vitro oxidation. Vitamin C is also a well-
known in vitro LDL antioxidant in plasma and LDL
(Retsky et al., 1993). However, it has not been shown
to improve LDL oxidative susceptibility following supple-
mentation to normal human subjects (Belcher et al.,
1993).
The in vitro oxidation model showed that ascorbate

and the flavonoids in CE+AA were powerful synergistic
inhibitors. Synergism between flavonoids and ascorbate
has been known for a long time (Cotereau et al., 1948).
Negre-Salvayre and co-workers (1991) have found syn-
ergistic antioxidant inhibition of the glycosylated fla-
vonoid rutin with vitamin C in other lipid oxidation
models. Recently, lag time synergism of phenolic acids
with ascorbate was observed during the oxidation of
LDL (Viera et al., 1997). We believe that the in vitro
and ex vivo synergism occurs by the following mecha-
nism: after oxidation of the flavonoid, the vitamin C
regenerates the flavonoid phenoxy radical present in the
lipoprotein and forms the nontoxic ascorbyl radical. This
mechanism is analogous to that proposed for probucol
and ascorbate which synergistically inhibit the oxidation
of LDL (Kalyanaraman et al., 1992).

CONCLUSION

The results of our study suggest that CE+AA is an
effective agent for decreasing lipids and for the inhibi-
tion of atherosclerosis in the cholesterol-fed hamster
model. Relevant to the oxidized LDL theory of athero-
genesis is the fact that CE+AA contains two antioxi-
dants, ascorbate and flavonoids, which act synergisti-
cally, not only to improve lipoprotein oxidative
susceptibility but also to improve the lipid profile.
CE+AA may prove to be a therapy that both lowers
cholesterol and prevents the oxidation of LDL and thus
may have a dual action in preventing and treating
human atherosclerosis. Studies are under way in our
laboratory to test this hypothesis.
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