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ABSTRACT

Several lines of evidence suggest that oxidatively modified low-density lipoprotein (LDL) is atherogenic, and that
atherosclerosis can be attenuated by natural antioxidants, which inhibit LDL oxidation. This study was conducted
to determine the effect of tomato lycopene alone, or in combination with other natural antioxidants, on LDL oxi-
dation. LDL (100 ug of protein/ml) was incubated with increasing concentrations of lycopene or of tomato oleo-
resin (lipid extract of tomatoes containing 6% lycopene, 0.1% B-carotene, 1% vitamin E, and polyphenols), after
which it was oxidized by the addition of 5 umol/liter of CuSO,4. Tomato oleoresin exhibited superior capacity to
inhibit LDL oxidation in comparison to pure lycopene, by up to five-fold [97% vs. 22% inhibition of thiobarbi-
turic acid reactive substances (TBARS) formation, and 93% vs. 27% inhibition of lipid peroxides formation, re-
spectively]. Because tomato oleoresin also contains, in addition to lycopene, vitamin E, flavonoids, and phenolics,
a possible cooperative interaction between lycopene and such natural antioxidants was studied. A combination
of lycopene (5 pmol/liter) with vitamin E (a-tocopherol) in the concentration range of 1-10 pumol/liter resulted in
an inhibition of copper ion-induced LDL oxidation that was significantly greater than the expected additive in-
dividual inhibitions. The synergistic antioxidative effect of lycopene with vitamin E was not shared by y-to-
cotrienol. The polyphenols glabridin (derived from licorice), rosmarinic acid or carnosic acid (derived from rose-
mary), as well as garlic (which contains a mixture of natural antioxidants) inhibited LDL oxidation in a
dose-dependent manner. When lycopene (5 pmol/liter) was added to LDL in combination with glabridin, ros-
marinic acid, carnosic acid, or garlic, synergistic antioxidative effects were obtained against LDL oxidation induced
either by copper ions or by the radical generator AAPH. Similar interactive effects seen with lycopene were also
observed with B-carotene, but, however, to a lesser extent of synergism. Because natural antioxidants exist in na-
ture in combination, the in vivo relevance of lycopene in combination with other natural antioxidants was stud-
ied. Four healthy subjects were administered a fatty meal containing 30 mg of lycopene in the form of tomato ole-
oresin. The lycopene concentration in postprandial plasma was elevated by 70% in comparison to plasma obtained
before meal consumption. Postprandial LDL isolated 5 hr after meal consumption exhibited a significant (p <
0.01) reduced susceptibility to oxidation by 21%. We conclude that lycopene acts synergistically, as an effective
antioxidant against LDL oxidation, with several natural antioxidants such as vitamin E, the flavonoid glabridin,
the phenolics rosmarinic acid and carnosic acid, and garlic. These observations suggest a superior antiatherogenic
characteristic to a combination of different natural antioxidants over that of an individual one. Antiox. Redox Sig-
nal. 2, 491-506.
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INTRODUCTION

XIDATIVE MODIFICATION of low-density

lipoprotein (LDL) is thought to play a key
role during early atherogenesis (Witztum and
Steinberg, 1991; Aviram, 1993a,b). LDL, which
has undergone lipid peroxidation, either by
metal ions or by cells of the arterial wall, was
shown to be taken up by macrophages at en-
hanced rate via the scavenger receptors
(Parthasarathy et al., 1986), leading to foam cell
formation, the hallmark of the early athero-
sclerotic lesion (Brown and Goldstein, 1983).
Thus, prevention of LDL oxidation by antioxi-
dants may arrest the progression of athero-
sclerosis (Aviram, 1996; Aviram and Fuhrman,
1998a,b). Recently, an effort has been made to
identify natural dietary antioxidants, which
can offer protection against LDL oxidation.

Carotenoids, tocopherols, flavonoids, and
phenolics are associated with beneficial health
effects, which are attributed to the consump-
tion of fruits and vegetables (Ziegler, 1991; Her-
tog et al., 1993; Halliwell, 1994; Mayne, 1996;
Muldoon and Kritchevsky, 1996; Clinton, 1998;
Nagourney, 1998), and are related at least in
part, to their antioxidant activity.

a-Tocopherol has been proposed to be the
most important lipid-soluble radical-scaveng-
ing antioxidant in membranes and in plasma
(Burton et al., 1983). An increased intake of vi-
tamin E has been shown to correlate negatively
with the risk of heart disease in some (Rimm et
al., 1993; Stampfer et al., 1993), although not all
(The Alpha-Tocopherol Beta-Carotene Cancer
Prevention Study Group, 1994) epidemiologi-
cal studies. Tocotrienols have an unsaturated
isoprenoid side-chain rather than the saturated
side-chain found in tocopherols. Tocotrienols
were shown to exhibit antioxidative effects in
patients with hyperlipidemia and carotid
stenosis (Tomeo et al., 1995). It was also demon-
strated that dietary tocotrienols become incor-
porated into circulating lipoproteins, where
they react with peroxyl radicals as efficiently
as their corresponding tocopherol isomers
(Suarna et al., 1993).

Phenolics compose the major class of plant-
derived antioxidants, and, among them, the
flavonoids constitute probably the most im-
portant group. We and others have shown that
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dietary supplementation with nutrients rich in
flavonoids such as olive oil (Aviram and Eias,
1993; Visioli et al., 1998), which contains hy-
droxytyrosol and oleuropein, red wine
(Fuhrman et al., 1995; Aviram et al., 1997; Hayek
et al., 1997), which contains catechin and
quercetin, or the extract of the root of Gly-
cyrrhiza glabra (licorice), a plant originating
from Asia (Fuhrman et al., 1997a; Belinky et al.,
1998), which contains glabridin, resulted in an
ex vivo reduced susceptibility of LDL to oxida-
tion along with a reduction in the development
of atherosclerotic lesions (Fuhrman et al.,
1997a).

The commonly used spice and flavoring
agent rosemary, derived from the leaves of the
plant Rosmarinus officinalis L, also possesses an-
tioxidant properties (Wu et al., 1982; Offord et
al., 1995). Its most active antioxidant con-
stituents include the phenolics rosmarinic acid
and carnosic acid, which account for 90% of the
antioxidant activity (Aruoma et al., 1992).
Carnosic acid was shown to inhibit superoxide
anion production in the xanthine/xanthine ox-
idase system, thus being effective in protecting
biological systems against oxidative stress
(Haraguchi et al., 1995). Carnosic acid was also
shown to act as a powerful inhibitor of lipid
peroxidation in microsomal and liposomal sys-
tems, and to scavenge peroxyl radicals and hy-
drogen peroxide (Haraguchi et al., 1995).

Garlic is perhaps the most widely quoted
herb with medicinal potentials known in the lit-
erature, and its therapeutic actions has been
widely reported (Lawson, 1983; Nagourney,
1998). Experimental and clinical data have
demonstrated antiatherosclerotic effects of gar-
lic (Orekhov et al., 1995; Orekhov and Grun-
wald, 1997), which have been attributed to its
hypocholesterolemic (Larner, 1995; Simons et
al., 1995), or antioxidative properties (Phelps
and Harris, 1993; Orekhov et al., 1996). The an-
tioxidative capacity of garlic can be attributed
to its major biologically active component al-
licin, (Rabinkov et al., 1998), as well as to its
flavonoids (Carotenuto et al., 1996).

Carotenoids are natural pigments synthe-
sized by plants, and dietary carotenoid con-
sumption was shown in epidemiological stud-
ies to be associated with reduced cardiovascular
mortality (Verlangieri et al., 1985; Kohlmeier
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and Hasting, 1995). B-Carotene and lycopene
are the major carotenoids in human plasma, and
their antiatherogenic activity may be related to
their hypocholesterolemic (Fuhrman et al,
1997b) or antioxidant (Burton, 1989) activity.
Lycopene, the open-chain analog of B-carotene,
is an acyclic carotenoid that contains 11 conju-
gated double bonds arranged linearly in the all-
trans form, and is the major carotenoid in toma-
toes. It has been suggested that lycopene
consumption may be antiatherogenic sec-
ondary to its antioxidant properties (Stahl and
Sies, 1996; Gerster, 1997; Sies and Stahl, 1998).
However, natural antioxidants exist in nature
in combination, and a combination of different
antioxidants may act additively and even syn-
ergistically. Administration of licorice extract or
of its isolated flavonoid glabridin, at equivalent
glabridin concentrations, to the atherosclerotic,
apolipoprotein E-deficient (E?) mice resulted in
a significant reduction in the susceptibility of
their LDL to oxidation. However, the effect ob-
tained after administration of pure glabridin
was four-fold lower than that of whole licorice
extract, suggesting a possible cooperative inter-
action between glabridin and other antioxidants
present in licorice extract in the inhibition of
LDL oxidation (Fuhrman et al., 1997a).
Recently, we have demonstrated that protec-
tion of LDL against oxidative modification by
tomato lycopene or by B-carotene was potenti-
ated when these carotenoids were present in
combination with vitamin E (Fuhrman et al.,
1997b). Similarly, a mixture of carotenoids with
vitamin E analyzed for their antioxidant activ-
ity in multilamellar liposomes were more effec-
tive than the single compounds (Stahl et al.,
1998). This synergistic effect was most pro-
nounced when lycopene or lutein was present
in combination with vitamin E (Stahl et al., 1998).
Furthermore, we have recently shown that di-
etary supplementation for a period of 6 weeks
to EY mice of tomato oleoresin, which contains
6% lycopene, 0.1% B-carotene, 1% vitamin E,
and also flavonoids and phenolics, was more ef-
fective in protecting their LDL from oxidation
than dietary supplementation of lycopene or
B-carotene alone (Fuhrman et al., 1997a).
B-Carotene and vitamin E can act synergisti-
cally in a membrane system of rat liver micro-
somes (Palozza and Krinsky, 1992), and -
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carotene was shown to enhance vitamin E an-
tioxidant efficiency (Bohm et al., 1997). There is
no data available to date on the cooperative in-
teractions of lycopene with various natural an-
tioxidants, in the protection of LDL against ox-
idation. Because natural antioxidants exist in
nature in combination, the present study was
carried out to compare the effect of lycopene
alone or in association with various anti-
oxidants such as vitamin E, vy-tocotrienol,
glabridin, rosmarininc acid, carnosic acid, or
garlic, on copper ion or free radicals-induced
LDL oxidation.

MATERIALS AND METHODS

Materials

Lycopene (cystalline), 99% pure B-carotene,
and tomato oleoresin were supplied by Ly-
coRed Natural Products Industries Ltd. (Beer
Sheva, Israel). The tomato oleoresin consists of
crystalline 6% lycopene in the lipid phase of the
tomato, which contains 1% vitamin E, 0.1% 8-
carotene and less than 0.05% of polyphenols
(Beecher, 1998). Vitamin E (a-tocopherol) and
tetrahydrofuran (THF) free of BHT high-per-
formance liquid chromatography (HPLC)
grade were purchased from Sigma Chemicals
(St. Louis, MO). y-Tocotrienol was supplied by
Eastman Chemical Company, and it consisted
of a mixture of naturally occurring tocotrienols.
Carnosic acid was obtained as a rosemary ex-
tract dispersed in vegetable oil and contains 5%
carnosic acid. Rosmarinic acid was purchased
from Indofine, Chemical Company Inc., (NY).
Glabridin was a generous gift from Dr. Jacob
Vaya (see Belinky et al., 1998). Garlic powder
was purchased from Pure-Gar and it contains
10,000 mg/kg of the active ingredient allicin.
2',2'-Azobis 2-amidino propane hydrochloride
(AAPH) was purchased from Wako Pure
Chemical Industries (Osaka, Japan).

Compounds preparation

Stock solutions of lycopene, tomato oleo-
resin, and B-carotene were prepared in THF at
a concentration of 20 mmol/liter lycopene or
B-carotene, respectively. Stock solution of vit-
amin E and tocotrienols were prepared in THF
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at a concentration of 10 mmol/liter. Carnosic
acid and glabridin were prepared in THF at a
concentration of 10 mmol/liter. Rosmarinic
acid, which is a water-soluble compound, was
prepared in water at a concentration of 10
mmol/liter. Garlic powder (1 gram) was ex-
tracted in 9 ml of water, evaporated to dryness,
and resolved in 10 ml of water to get a stock
solution of 100 mg/ml.

Subjects

Four normolipidemic subjects aged 3045,
nonsmokers, and under no medication or vita-
mins supplements, were included in the in vivo
study. The study procedure was approved by
the Helsinki Committee of Rambam Medical
Center, Israel Ministry of Health (No. 911).

The subjects consumed a fatty meal of 1,200
calories (18% protein, 45% fat, 37% carbohy-
drates) including 30 mg of lycopene that was
administered as tomato oleoresin. Blood sam-
ples were collected before meal consumption
in the fasting state, and in the postprandial
state, 3 and 5 hr after meal consumption.

Lycopene determination in plasma

Carotenoids were extracted from 0.5 ml of
plasma in hexane: isopropanol (3:2, vol/vol),
and the upper hexane phase was evaporated to
dryness under a gentle stream of nitrogen. The
residue was reconstituted in 0.1 ml of HPLC in-
jection solvent (60% acetonitrile, 10% methanol,
15% methylene chloride, 15% hexane) vortexed
and centrifuged for 2 min at 1,200 X g at room
temperature to force particulate matter to the
bottom of the vial. A total of 70 ul was injected
onto the HPLC system. The HPLC system con-
sisted of Varian 9012 solvent delivery system
and Varian 9050 variable wavelength UV-Vis-
ible detector, using RP C-18 column (15 cm X
4.6 mm, 5-um particle size). The mobile phase
was methanol: acetonitril: hexane: dimethyl
chloride (475:475:25:25, vol/vol/vol/vol). All
procedures were performed under dim light to
inhibit lycopene oxidation.

Human LDL isolation

LDL was isolated from plasma by discontin-
uous density gradient ultracentrifugation (Avi-
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ram, 1983). The LDLs were dialyzed against
saline with Na, EDTA (1 mmol/liter). Prior to
oxidation, LDL was diluted in phosphate-
buffered saline (PBS) to 100 ug of protein/ml
and dialyzed against PBS at 4°C to remove the
EDTA. LDL protein concentration was deter-
mined with the Folin phenol reagent assay
(Lowry et al., 1951).

LDL oxidation

Oxidation of LDL was carried out in a shak-
ing water bath at 37°C under air in plastic
tubes 1 cm in diameter. LDL (100 ug of pro-
tein/ml) was preincubated with the antioxi-
dants, as specified in each experiment, for 30
min at 37°C, after which it was further incu-
bated for 3 hr at 37°C with freshly prepared
CuSOy4 (5 mmol/liter), or with freshly pre-
pared AAPH (5 mmol/liter). LDL oxidation
was terminated by refrigeration at 4°C, and
the oxidation rate was immediately deter-
mined by measuring the amount of thiobarbi-
turic acid reactive substances (TBARS) (Buege
and Aust, 1978).

LDL oxidation was also analyzed by the lipid
peroxides assay (El-Saadani et al., 1989). This
assay is based on the oxidative activity of lipid
peroxides that convert iodide to iodine and is
measured spectrophotometrically at 365 nm.
The antioxidants alone (without LDL), which
were run as controls in both assays, did not in-
terfere with the analytical methods.

Calculation of synergism between antioxidants

The synergistic effects of a combination of ly-
copene with other antioxidants on copper ions-
induced LDL oxidation were calculated as the
ratio between the obtained inhibition (Ir) and
the calculated expected inhibition (Ig). The ex-
pected inhibition was calculated as follows:

(A + B) — (A X B/100)
= Expected inhibition (I)

where A is inhibition by antioxidant alone (%
of control LDL oxidation with no added an-
tioxidants, nor lycopene) and B is inhibition by
lycopene alone (% of control). Synergism is
proven if the ratio Iz/Ig is greater than 1.
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Statistics

Student’s t-test was performed for the statis-
tical analyses of the in vivo study. Results are
given as mean *SD for the in vitro studies and
as mean =SEM for the in vivo studies. The com-
puter software program STATEASE (version
1.00; Data Plus Systems Inc., New York) was
used for computation.

RESULTS

LDL (100 ug of protein/ml) incubated with
increasing concentrations of pure lycopene or
tomato oleoresin, at comparable lycopene con-
centrations, was oxidized by the addition of 5
pmol/liter of CuSO4. Addition of increasing
concentrations of lycopene inhibited copper
ion-induced LDL oxidation moderately in a
dose-dependent manner (Fig. 1). A maximal
22% and 27% inhibition in TBARS (Fig. 1A) and
in lipid peroxides (Fig. 1B) formation, respec-
tively, was obtained on using 50 umol/liter of
lycopene. However, addition of tomato oleo-
resin to the lipoprotein inhibited LDL oxida-
tion to a much greater extent (about 90% inhi-
bition), with an ICsq (the concentration needed
to inhibit LDL oxidation by 50%) of 8.0
pmol/liter and 8.4 umol/liter of lycopene
equivalents required for the inhibition of
TBARS (Fig. 1A) and lipid peroxides (Fig. 1B)
formation, respectively. These results suggest
that the antioxidant efficiency of lycopene
when present together with other antioxidants,
such as in tomato oleoresin, is substantially su-
perior to that of lycopene alone. We next ana-
lyzed possible cooperative interactions of ly-
copene with other natural antioxidants such as
vitamin E, y-tocotrienol, the licorice-derived
flavonoid glabridin, the phenolics carnosic acid
and rosmarinic acid, and also with garlic. The
chemical structure of the above compounds is
shown in Fig. 2. Vitamin E alone inhibited cop-
per ion-induced LDL oxidation in a dose de-
pendent manner, reaching a 94% and 91% in-
hibition in TBARS (Fig. 3A) and lipid peroxides
(Fig. 3C) formation, respectively, when using
10 wmol/liter of vitamin E.

Addition of lycopene (5 umol/liter) alone in-
hibited LDL oxidation, measured as TBARS or
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FIG. 1. Effect of crystalline lycopene and of tomato
oleoresin on copper ion-induced LDL oxidation: con-
centration study. LDL (100 ng of protein/ml) was prein-
cubated for 30 min at 37°C with increasing concentrations
of crystalline pure lycopene, or tomato oleoresin (at
equivalent lycopene concentrations), followed by a fur-
ther incubation for 2 hr at 37°C in the presence of 5
umol/liter of CuSO,. LDL oxidation was measured as
TBARS (A) or lipid peroxides (B) formation. Results are
given as mean * SD (n = 3).

as lipid peroxides formation, by only 5% or 9%,
respectively. However, when the lycopene was
added together with increasing concentrations
of vitamin E, ranging from 1 to 10 umol/liter,
the inhibition of LDL oxidation exceeded the
expected additive contribution of the individ-
ual antioxidants, by 10%, 25%, and 45% for the
TBARS formation (Figs. 3B), and by 8%, 23%,
and 53% for the lipid peroxides formation (Fig.
3D), at1, 2.5, and 5 umol/liter of vitamin E, re-
spectively, suggesting a synergistic effect be-
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pounds used.

tween vitamin E and lycopene. However, at
higher concentration (10 umol/liter) of vitamin
E alone, a 92% inhibition of LDL oxidation was
obtained, and this remarkable effect was not
further extended by lycopene addition. The cal-
culated degree of synergism between 5
pmol/liter of lycopene and vitamin E in the in-
hibition of LDL oxidation, measured as TBARS
(Fig. 3B) or as lipid peroxides (Fig. 3D) forma-
tion, was vitamin E dose-dependent between 1
and 5 umol/liter of vitamin E, and it reached
its maximum value of 2.0 for TBARS and a
value of 2.4 for lipid peroxides, at 5 umol/liter
of vitamin E.

Because vitamin E shares similar chemical
structure with tocotrienol, except that to-
cotrienol contains an unsaturated isoprenoid
side-chain rather than the saturated side-chain
present in tocopherols, we questioned whether
lycopene also potentiates the antioxidative ef-
fect of tocotrienol.

vy-Tocotrienol alone inhibited LDL oxidation
in a dose-dependent manner (a 18%, 37%, 44%,
and a maximal 50% inhibition by 1, 2, 5, and 10
pmol/liter of tocotrienols, respectively). Be-
cause 5 umol/liter of tocotrienols inhibited

FUHRMAN ET AL.

LDL oxidation to a similar extent exhibited by
5 umol/liter of vitamin E (Fig. 4A), we have
used this concentration in the combination
study. In contrast to the synergism observed
between vitamin E and lycopene, the combi-
nation of lycopene with tocotrienol showed no
synergistic effect (Fig. 4A). Furthermore, the
obtained inhibition in LDL oxidation by to-
cotrienol in combination with lycopene was far
below the expected additive inhibition (Fig.
4A). This antagonistic effect of tocotrienol in
combination with lycopene was evidenced by
the calculated degree of synergism (Fig. 4B),
which is only 0.3 (a value of 1.0 represents an
additive effect of both antioxidants).

As active antioxidant ingredients in tomato
oleoresin include polyphenols and phenolics
(Beecher, 1998), we further questioned the ca-
pacity of lycopene to potentiate the antioxida-
tive effect against LDL oxidation of several nat-
ural polyphenolic flavonoids and phenolics
with different chemical structure. These in-
cluded licorice-derived glabridin, which is an
isoflavan, and rosemary-derived rosmarinic
acid and carnosic acid, which are phenolics.
Figure 5 demonstrates that copper ion-induced
LDL oxidation measured as TBARS formation
was inhibited by glabridin, or by rosmarinic
acid, or by carnosic acid, in a dose-dependent
manner, with an ICsq of 1.8, 87, and 105
pmol/liter, respectively. A maximal inhibition
of 94%, 93%, and 99% was achieved by the ad-
dition of 6.75 umol/liter of glabridin or 225
pmol/liter of rosmarinic acid or carnosic acid
(Fig. 5). The minimal concentration of each an-
tioxidant, which exhibited potency to inhibit
LDL oxidation, was chosen from the data pre-
sented in Fig. 5, and has been used in the com-
bination study. Lycopene alone inhibited LDL
oxidation by 9%. The inhibition of LDL oxida-
tion by glabridin (1 umol/liter), rosmarinic acid
(25 wmol/liter), or carnosic acid (25 umol/liter),
in combination with 5 umol/liter of lycopene,
exceeded the calculated additive effects by 32%,
32%, and 15%, respectively (Fig. 6A). The cal-
culated degree of synergism in the inhibition of
LDL oxidation between lycopene and the above
phenolics reached values of 1.95, 2.40, and 1.77
for the combination of lycopene with glabridin,
rosmarinic acid, and carnosic acid, respectively
(Fig. 6B).
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FIG. 3. (A and O) Effect of lycopene in combination with vitamin E on LDL oxidation induced by copper ions.

(B and D) Calculated degree of synergism between lycopene and vitamin E as a function of vitamin E concentra-
tion. LDL (100 pg of protein/ml) was preincubated for 30 min at 37°C with increasing concentrations of vitamin E
alone (circles), or with a combination of the indicated concentrations of vitamin E with lycopene (5 umol/liter), fol-
lowed by a further incubation for 2 hr at 37°C in the presence of 5 umol/liter of CuSO,. The expected additive and
the obtained values for inhibition of LDL oxidation are presented as squares and triangles, respectively. LDL oxida-
tion was measured as TBARS (A,B) or as lipid peroxides (C,D) formation. Data are expressed as percentage of inhi-
bition obtained in the presence of antioxidants out of oxidation rate of control LDL that was incubated with no added

antioxidants. Results are given as mean = SD (n = 3).

Because the exact mechanism responsible for
LDL oxidation in vivo is not known yet, we
have also examined the capacity of lycopene to
potentiate the antioxidative effect of the above
natural antioxidants against LDL oxidation in-
duced by the radical generator AAPH. Table 1
demonstrates that lycopene (5 pmol/liter)
alone inhibited AAPH-induced LDL oxidation
by 9%, whereas the inhibition of LDL oxidation
by lycopene together with vitamin E (5 umol/
liter), glabridin (1 wmol/liter), carnosic acid (25
umol/liter), rosmarinic acid (25 umol/liter), or

with garlic (250 ug/ml), exceeded the expected
additive inhibition by 79%, 72%, 20%, 17%, and
33%, respectively (Fig. 7A). However, the com-
bination of lycopene with tocotrienol (5
pmol/liter) showed no synergistic effect (Table
1). These results clearly show that lycopene po-
tentiate the antioxidative effect of several
polyphenols against either copper ion or
AAPH-induced LDL oxidation, and the extent
of synergism depends on the compounds
chemical structure.

Similar interactive effects seen with lycopene
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FIG. 4. (A) Effect of lycopene in combination with vi-

tamin E or with tocotrienols on LDL oxidation induced
by copper ions. (B) Calculated degree of synergism be-
tween lycopene and vitamin E or tocotrienol. LDL (100
ug of protein/ml) was preincubated for 30 min at 37°C
with 5 umol/liter of vitamin E, or with 5 umol/liter of
tocotrienol, alone (open bars), or in combination with ly-
copene (5 umol/liter) (hatched bars). Then, the LDL was
further incubated for 2 hr at 37°C with 5 umol/liter of
CuSOy. The expected additive and the obtained values for
the inhibition of LDL oxidation are presented as left di-
agonals bars and right diagonal bars, respectively. LDL
oxidation was measured as TBARS formation. Data are
expressed as percentage of inhibition obtained in pres-
ence of antioxidants out of oxidation rate of control LDL
incubated with no added antioxidants. Results are given
as mean * SD (n = 3).

were also observed with B-carotene. B-
Carotene (5 umol/liter) alone inhibited copper
ion-induced LDL oxidation by 4.5%, whereas
the inhibition of LDL oxidation by B-carotene
together with vitamin E (5 umol/liter),
glabridin (1 umol/liter), carnosic acid (25
umol/ liter), rosmarinic acid (25 umol/liter), or
with garlic (250 ug/1), exceeded the expected
additive inhibition by 6%, 9%, 15%, 15%, and
4%, respectively (Fig. 7A). However, similarly
to lycopene, the combination of B-carotene
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with tocotrienol (5 wmol/liter) also showed no
synergistic effect (Fig. 7). The calculated degree
of synergism in the inhibition of LDL oxidation
by B-carotene in combination with vitamin E,
glabridin, carnosic acid, rosmarinic acid, or
with garlic, reached values of 1.24, 1.16, 1.46,
1.27, and 1.11, respectively (Fig. 7B).

Next, we questioned whether lycopene can
potentiate the antioxidative effect of a mixture
of natural antioxidants, such as garlic, because
garlic was demonstrated to possess antiathero-
genic and antioxidant effects (Phelps and Har-
ris, 1993; Orekhov et al., 1995). Thus, we have
tested the capability of garlic in combination
with lycopene to protect LDL against copper
ion-induced lipid peroxidation. LDL oxidation
was inhibited by garlic alone in a dose-depen-
dent manner, with an IC5p of 190 ug/ml and
120 wg/ml for the inhibition of TBARS (Fig. 8A)
or lipid peroxides (Fig. 8C) formation, respec-
tively. Lycopene alone (5 umol/liter) inhibited
LDL oxidation measured as TBARS or as lipid
peroxides formation, by 7% and 9%, respec-
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FIG. 5. Effect of glabridin, rosmarinic acid, and
carnosic acid on copper ion-induced LDL oxidation: con-
centration study. LDL (100 ug of protein/ml) was prein-
cubated for 30 min at 37°C with increasing concentrations
of glabridin, rosmarinic acid, or carnosic acid, followed
by a further incubation for 2 hr at 37°C in the presence of
5 pmol/liter of CuSO,. LDL oxidation was measured as
TBARS formation. Results are expressed as mean = SD
(n=23).


http://www.liebertonline.com/action/showImage?doi=10.1089/15230860050192279&iName=master.img-003.png&w=231&h=312
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860050192279&iName=master.img-004.png&w=230&h=228

LYCOPENE AND LDL OXIDATION

499

1 Antioxidant alone

A. Antioxidant + Lycopene
(Expected Inhibition)

Antioxidant + Lycopene
(Obtained Inhibition)

—

o

o
I

-~
[$)}
{

o
o
|

N
[4)}
1

LDL Oxidation (% Inhibition)

0070

%

2

7
Syt
+ Lycopene
Glabridin

7N\
[e—_—
+ Lycopene
Carnosic

A
—
+ Lycopene
Rosmarinic.
acid

acid

ANTIOXIDANTS

N
I

Degree of Synergism

Rosmarinic
acid

Glabridin Carnosic

acid

FIG. 6.

(A) Effect of lycopene in combination with glabridin, rosmarinic acid, or carnosic acid on LDL oxidation

induced by copper ions. (B) Calculated degree of synergism between lycopene and glabridin, rosmarinic acid, or
carnosic acid. LDL (100 g of protein/ml) was preincubated for 30 min at 37°C with glabridin (1 umol/liter), or with
rosmarinic acid (25 umol/liter) or with carnosic acid (25 umol/liter) alone (open bars), or in combination with ly-
copene (5 umol/liter) (hatched bars). Then, LDL was further incubated for 2 hr at 37°C with 5 umol/liter of CuSO,.
The expected additive and the obtained values for inhibition of LDL oxidation are represented as left diagonal hatched
bars and right diagonal hatched bars, respectively. LDL oxidation was measured as TBARS formation. Data are ex-
pressed as percentage of inhibition obtained in the presence of antioxidants out of oxidation rate of control LDL in-
cubated with no added antioxidants. Lycopene alone inhibited LDL oxidation by 9%. Results are given as mean =

SD (n = 3).

tively. Addition of increasing concentrations of
garlic (ranging from 100 ug/ml to 500 ug/ml),
together with a constant lycopene concentra-
tion (5 wmol/liter), inhibited LDL oxidation, as
measured by the TBARS (Fig. 8A) or lipid per-
oxide (Fig. 8C) assays, in a synergistic manner.
Figure 8, B and D, shows that on using garlic
concentration of 250 ug/ml a degree of syner-
gism of 2.18 and 2.3 was obtained for the
TBARS and lipid peroxides assays, respectively
(Fig. 8B,D). However, at garlic concentrations
as high as 500 ug/ml only the expected addi-
tive effect of both antioxidants was obtained.

The in vivo relevance of the effect of lycopene
in combination with other natural antioxidants
on the susceptibility of LDL to oxidation was
then studied. We administered a fatty meal
containing 30 mg of lycopene in the form of

tomato oleoresin to 4 healthy volunteers. Con-
sumption of a fatty meal containing 30 mg of
lycopene in tomato oleoresin (that contains 6%
lycopene, 1% vitamin E, 0.1% B-carotene, and
also phenolics) by the volunteers resulted in a
significant gradual increase in plasma lycopene
concentrations (Fig. 9A) by 16% and by 70% af-
ter 3 and 5 hr of the meal consumption, re-
spectively. LDL that was isolated from these
subjects before meal consumption and in the
postprandial state 3 and 5 hr after the meal, was
exposed to copper ion-induced lipid peroxida-
tion. LDL, which was isolated 3 hr after inges-
tion of the fatty meal containing tomato oleo-
resin, demonstrated a nonsignificant increment
in copper ion-induced formation of TBARS
(Fig. 9B), whereas LDL, which was isolated 5
hr after meal consumption, exhibited a signifi-
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ErreCT OF LYCOPENE IN COMBINATION WITH VITAMIN E, TOCOTRIENOL, GLABRIDIN,

RosmarmNiCc Acp, CARNOSIC AcD, OR GARLIC oN LDL OxibaTioN INDUCED BY AAPH

AAPH-induced LDL oxidation

Antioxidant + lycopene

Antioxidant
alone Percent
expected Percent
Percent additive obtained Degree of
of inhibition inhibition inhibition synergism
Lycopene 9.0+ 0.5
(5 pmol/liter)
Vitamin E 10.0 = 0.6 19.0 = 0.8 340 = 1.1 1.78 = 0.15
(5 pmol/liter)
Tocotrienol 8.0 =05 17.0 = 1.1 11.3 = 0.9 0.66 = 0.06
(5 pmol/liter)
Glabridin 14.6 = 0.7 236 =09 407 £ 1.5 1.72 = 0.07
(1 wmol/liter)
Carnosic acid 22.6 = 0.9 31.6 = 1.6 38.0 = 1.2 1.20 = 0.06
(25 pumol/liter)
Rosmarinic acid 408 = 1.8 498 £ 1.5 584 = 2.1 1.17 = 0.05
(25 pumol/liter)
Garlic 19.5 = 0.9 285+ 1.3 378 2.2 1.32 = 0.8

(250 mg/ml)

LDL (100 of ug protein/ml) was preincubated for 30 min at 37°C with: vitamin E (5 umol/liter), tocotrienol
(5 umol/liter), glabridin (1 umol/liter), carnosic acid (25 wmol/liter), rosmarinic acid (25 umol/liter), or garlic
(250 pwmol/liter), alone, or in combination with lycopene (5 wmol/liter). Then, LDL was further incubated for 2 h at
37°C with 5 mmol/liter of AAPH. LDL oxidation was measured as TBARS formation. Data are expressed as
percentage of inhibition obtained in the presence of antioxidants out of oxidation rate of control LDL incubated with
no added antioxidants. Vitamin E refers to tocopherol. Results are given as mean = SD (n = 3).

cant (p < 0.01) reduced susceptibility to oxida-
tion by 21%, in comparison to values obtained
before meal consumption (Fig. 9B). These re-
sults suggest that lycopene acts as an antioxi-
dant in vivo when administered together with
natural antioxidants, such as vitamin E,
flavonoids, and phenolics.

DISCUSSION

This study presents the first evidence that ly-
copene acts synergistically with several natural
antioxidants as an effective antioxidant against
LDL oxidation. This effect was demonstrated
in two different model systems of oxidation:
one induced by copper ions and the other in-
duced by free radicals. Among the antioxidants
studied, lycopene acted synergistically with vi-
tamin E, with the isoflavan glabridin and with
the phenolics rosmarinic and carnosic acid, but
not with tocotrienols. Furthermore, lycopene
potentiated the antioxidant activity of garlic,
which is by itself a natural product containing

a mixture of antioxidants. The ability of ly-
copene in combination with these diverse an-
tioxidants to protect against lipoprotein oxida-
tion was tested in a system using isolated LDL
exposed to copper ions, as well as to free rad-
icals.

Oxidation of LDL is now commonly impli-
cated as an initiator of atherosclerosis, and thus
antioxidants that can protect LDL against oxi-
dation are potential antiatherogenic com-
pounds. This experimental system makes the
assumption that direct protection of LDL from
oxidation is the mode by which antioxidants
might be, at least in part, conferring the pro-
tection against atherosclerosis, as noted in sev-
eral epidemiological studies. Antioxidants can
also alter cellular oxidative state, hence affect-
ing the ability of the cells to initiate LDL oxi-
dation.

The concentration of lycopene used in these
in vitro experiments was 5 umol/liter, which is
relatively high concentration, in comparison to
plasma lycopene levels, or to those measured
after dietary supplementation of 30 mg of ly-
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FIG. 7. (A) Effect of B-carotene in combination with

vitamin E, tocotrienol, glabridin, rosmarinic acid,
carnosic acid, or garlic on LDL oxidation induced by
copper ions. (B) Calculated degree of synergism between
B-carotene and vitamin E, tocotrienol, glabridin, ros-
marinic acid, carnosic acid, or garlic. LDL (100 ug pro-
tein/ml) was preincubated for 30 min at 37°C with: vita-
min E (5 umol/liter), tocotrienol (5 umol/liter), glabridin
(1 wmol/liter), carnosic acid (25 umol/liter), rosmarinic
acid (25 wmol/liter), or garlic (250 wmol/liter), alone
(open bars) or in combination with B-carotene (5
umol/liter) (hatched bars). Then, LDL was further incu-
bated for 2 hr at 37°C with 5 umol/liter of CuSO,. The
expected additive and the obtained values for inhibition
of LDL oxidation are represented as left diagonal hatched
bars and right diagonal hatched bars, respectively. LDL
oxidation was measured as TBARS formation. Data are
expressed as percentage of inhibition obtained in the pres-
ence of antioxidants out of oxidation rate of control LDL
incubated with no added antioxidants. B-Carotene alone
inhibited LDL oxidation by 4.5%. Results are given as
mean * SD (n = 3).

copene. However, we have previously shown
(Lavy et al., 1993) that only about 5% of the
added carotenoid remains associated with the
LDL. Thus, it may be estimated that the LDL
in the in vitro studies was enriched with ap-
proximately 250 nmol lycopene/liter, which is
in the range of the values obtained in the sub-
jects” plasma, following dietary supplementa-
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tion of tomato oleoresin. Similar levels of
plasma B-carotene were achieved following di-
etary supplementation of 50-100 mg of B-
carotene/day for a period of 30 days in healthy
subjects (Gaziano et al., 1995).

Recently, we have reported that enrichment
of LDL with lycopene can increase its resistance
to metal ion-induced oxidation, similarly to the
effect of B-carotene in some but not all LDLs
that were studied (Fuhrman et al., 1997¢). How-
ever, when lycopene was supplemented as
tomato oleoresin, which besides lycopene con-
tains several other micronutrient antioxidants,
the inhibition of LDL oxidation was signifi-
cantly greater in comparison to the inhibitory
effect of lycopene alone. Because tomatoes
were shown to contain, in addition to lycopene,
vitamin E, flavonoids, and phenolics (Beecher,
1998), we have analyzed possible cooperation
between lycopene and diverse antioxidants
with different chemical structure. The data ob-
tained in this study show that lycopene acts
synergistically in combination with vitamin E
(a-tocopherol) but not with tocotrienol. The
beneficial effects of combined natural antioxi-
dants may be related to different physico-
chemical properties of the different antioxi-
dants. Lycopene is an acyclic carotenoid with
11 linearly arranged conjugated double bonds,
which accounts for its hydrophobicity. On the
other hand, vitamin E is the most abundant
lipophilic antioxidant in vivo. It is a chain-
breaking antioxidant that protects lipids by
scavenging peroxyl radicals without reacting in
further chain-propagating steps. The reactivity
of vitamin E with peroxyl radicals is associated
with the redox properties of the chromone ring
(Fig. 2), and accounts for its antioxidant activ-
ity.

The location of the antioxidants within the
LDL is an additional determinant factor for the
interaction between them. Vitamin E is known
to be located at or near the membrane surface
(Gomez-Fernandez et al., 1989), and it has been
shown that the efficiency of radical scavenging
by vitamin E decreases as the radical goes
deeper into the interior (Takahashi et al., 1989).
Lycopene, which lacks hydrophilic sub-
stituents, is extremely hydrophobic, is located
within the hydrophobic core of LDL, and, thus,
the free radical-scavenging ability of lycopene
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FIG. 8. (A and C) Effect of lycopene in combination with garlic on LDL oxidation induced by copper ions.
(B and D) Calculated degree of synergism between lycopene and garlic as a function of garlic concentration. LDL
(100 pg of protein/ml) was preincubated for 30 min at 37°C with increasing concentrations of garlic alone (circles),
or with the indicated concentrations of garlic in combination with lycopene (5 umol/liter). Then, LDL was further
incubated for 2 hr at 37°C with 5 umol/liter of CuSOy. The expected additive and the obtained values for inhibition
of LDL oxidation are presented as squares and triangles, respectively. LDL oxidation was measured as TBARS (A,B)
or as lipid peroxides (C,D) formation. Data are expressed as percentage of inhibition obtained in the presence of an-
tioxidants out of oxidation rate of control LDL incubated with no added antioxidants. Lycopene alone inhibited TBARS
or lipid peroxide formation in LDL by 7% and 9%, respectively. Values are given as mean = SD (n = 3).

is limited to the interior of the lipoprotein. Ly-
copene, in combination with vitamin E, may
exert a synergistic effect by acting at different
portions of the LDL particle, i.e., vitamin E at
the surface and lycopene in the interior. An-
tioxidants, which act by different mechanisms,
may inhibit LDL oxidation additively or even
synergistically. Chemically, lycopene is less re-
active toward free radicals than is vitamin E.
Vitamin E is a scavenger of the peroxyl radical
by hydrogen atom donation, whereas lycopene
can prevent lipid peroxidation via singlet oxy-

gen quenching (DiMascio et al., 1989), or via
scavenging of peroxyl radicals (Miller et al.,
1996). However, lycopene scavenges free radi-
cals by an addition to the double bond to give
a conjugated polyene carbon-centered radical,
which is resonance stabilized. The lycopene-
peroxyl radical formed by an interaction with
oxygen molecule is not stable, and is capable
of inducing oxidation. Synergism between vit-
amin E and lycopene thus may be explained by
the scavenging of the lycopene-derived peroxyl
radicals by vitamin E.
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FIG. 9. Effect of tomato oleoresin consumption on the
ex vivo susceptibility of LDL to oxidation. (A) Lycopene
concentrations in plasma derived from healthy volunteers
before or after 3 or 5 hr of a fatty meal consumption, which
contained 30 mg of lycopene in tomato oleoresin. (B) Plasma
LDL derived before or after 3 or 5 hr of meal consumption
was incubated for 2 hr at 37°C with 5 umol/liter of CuSO,.
LDL oxidation was measured as TBARS formation. Results
are expressed as mean = SD (n = 3). #p < 0.01.

Similar synergistic effect was demonstrated
between B-carotene and vitamin E by Palozza
and Krinksy (1992). However, these authors
suggest that vitamin E protects B-carotene from
oxidation, whereas Bohm et al. (1997) provide
evidence for the opposite effect.

In contrast to the synergism between lycopene
and vitamin E, the combination of lycopene with
tocotrienols did not synergistically inhibit LDL
oxidation. On the contrary, addition of lycopene
to LDL incubated with tocotrienol antagonized
the inhibitory effect exerted by tocotrienol alone.
Tocotrienols are a form of vitamin E having an
unsaturated side-chain, rather than the saturated
side-chain of vitamin E. Tocotrienol may be lo-
calized in a different compartment within the
lipoprotein, in comparison to vitamin E, and this
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location may result in a pro-oxidative effect of
lycopene toward tocotrienols.

Our results demonstrate that lycopene also
potentiates the antioxidative effect of several
polyphenols, and the extent of synergism de-
pends on the compound chemical structure. The
polyphenol antioxidants constitute a large class
of compounds, containing a number of phenolic
hydroxyl groups attached to ring structures, con-
ferring their antioxidant activity (Rice-Evans et
al., 1996; Van Acker et al., 1996). Polyphenols are
multifunctional and can act as reducing agents,
as hydrogen-donating antioxidants, and as sin-
glet oxygen quenchers. In some cases, polyphe-
nols exhibit also metal ion chelation properties.

In our present study, we have examined in-
teractions between lycopene and three chemi-
cally different polyphenols. Glabridin is an
isoflavan with hydrophobic characteristics that
direct its position in LDL toward the lipid com-
partment where lycopene is also localized. The
phenolics carnosic acid and rosmarinic acid are
less hydrophobic in comparison to glabridin,
and thus their location in LDL may be more to-
ward the LDL surface. Our data demonstrated
a most remarkable synergistic effect between
lycopene and glabridin, as well as with ros-
marinic acid and carnosic acid. However, the
differences in antioxidant capacities could be
the result of the different positioning in the
LDL, as well as different antioxidant activities
of these polyphenols, as determined by the
number of hydroxyl groups in the molecule.
Lycopene acts synergistically not only with iso-
lated antioxidants, but also with a mixture of
different antioxidants, such as those found in
garlic. Garlic contains flavonoids and phenolics
in addition to allicin, which is its major active
component (Carotenuto et al., 1996).

The interactive effects seen with lycopene
were also observed with B-carotene, but to a
lesser degree of synergism, probably due to the
structural differences between lycopene and -
carotene.

Taken together, our results clearly indicate
that a combination of different antioxidants is
superior to the action of an individual antioxi-
dant in protecting LDL against oxidation. In-
deed, a combination of lycopene with other
natural antioxidants present in tomato oleo-
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resin possesses a remarkable antioxidant activ-
ity. Dietary administration of tomato oleoresin,
where lycopene is present together with di-
verse natural antioxidants, including vitamin
E, flavonoids, and phenolics, resulted in re-
duced susceptibility to oxidation of LDL that
was isolated at the postprandial state. In ac-
cordance with these results, we have previ-
ously demonstrated that dietary administra-
tion of lycopene as tomato oleoresin to the
atherosclerotic apolipoprotein E knockout mice
results in a superior inhibition of their LDL ox-
idation, in comparison to dietary administra-
tion of lycopene alone (Fuhrman et al., 1997c).
These effects can be attributed to absorption of
lycopene, as demonstrated by a 70% elevation
in lycopene levels in plasma derived after con-
sumption of a fatty meal containing 30 mg of
lycopene in tomato oleoresin. Similar results
were recently reported (Crawford et al., 1998),
showing that one portion of both raw or
processed tomatoes, corresponding to 0.56
pmol lycopene/kg body weight, was able to in-
crease the plasma lycopene concentration sig-
nificantly. Furthermore, it was demonstrated
that plasma lycopene concentration increased
significantly after ingestion of tomato juice,
tomato oleoresin, and lycopene beadlets. Com-
bined supplemented dietary antioxidants (vit-
amin E, B-carotene, and vitamin C) also inhib-
ited both LDL oxidation and atherogenesis in
animals with elevated LDL (Crawford et al.,
1998). However, in other studies, similar anti-
oxidant combinations administered to healthy
human volunteers were not found to be supe-
rior to a high dose of vitamin E alone in in-
hibiting LDL oxidation (Jialal and Grundy,
1993; Reaven et al., 1993).

In conclusion, the present study is the first one
to report that lycopene can potentiate the activ-
ity of several other natural antioxidants against
LDL oxidation. Because LDL oxidation is
thought to play a key role in early atherogene-
sis, the use of lycopene in combination with vi-
tamin E or several polyphenols may be proven
beneficial for attenuation of atherosclerosis.
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