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Abstract

Background/Aims: Increased ingestion of tomato, contain-
ing lycopene, has been associated with a decreased risk for
atherosclerosis, although the exact molecular mechanism is
still unknown. Here we review the available evidence for a
direct regulation of tomato lycopene on cholesterol metab-
olism using results from experimental and human studies.
Results: In human macrophages lycopene dose dependent-
ly reduced intracellular total cholesterol. Such an effect was
associated with a decrease in cholesterol synthesis through
a reduction of 3-hydroxy-3-methylglutaryl coenzyme A
reductase activity and expression, a modulation of low-
density lipoprotein (LDL) receptor and acyl-coenzyme
A:cholesterol acyltransferase activity. An increase in choles-
terol efflux through an enhancement of ABCA1 and caveo-
lin-1 expression was also observed. In animal models of ath-
erosclerosis, lycopene and tomato products decreased
plasma total cholesterol, LDL cholesterol and increased
high-density lipoprotein cholesterol. In agreement with the
experimental results, most human intervention trials ana-
lyzed show that dietary supplementation with lycopene

and/or tomato products reduced plasma LDL cholesterol de-
pendently on the dose and the time of administration. Con-
clusions: Although lycopene and tomato products seem to
possess direct hypocholesterolemic properties, more exper-
imental studies are needed to better understand the mech-
anismsinvolved. Thereis also a need for more well-designed
human dietary intervention studies to better clarify the role
of lycopene as a hypocholesterolemic agent.

Copyright © 2012 S. Karger AG, Basel

Introduction

Maintenance of cholesterol homeostasis is vital for
healthy status and is achieved through a regulatory net-
work consisting of genes involved in cholesterol synthe-
sis, absorption, metabolism and elimination. Imbalance
of cholesterol level leads to hypercholesterolemia, a pre-
dominant risk factor for atherosclerosis and associated
coronary and cerebrovascular diseases [1-4]. The Amer-
ican Heart Association’s recommendations are (no high-
er than) 200 mg/dl for total cholesterol levels while clas-
sifying ‘high cholesterol’ as at least 240 mg/dl. ‘Optimal’
high-density lipoprotein (HDL) and low-density lipopro-
tein (LDL) cholesterol levels are at least 60 mg/dl and no
higher than 100 mg/dl, respectively.
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Cholesterol is derived from the uptake of plasma LDL
via receptor-mediated endocytosis [5] as well as from the
novo cellular synthesis [6]. Over accumulation of choles-
terol in cells is avoided by maintaining a balance between
these external and internal cholesterol sources. This bal-
ance is achieved through three separate processes. The
tirst one involves the suppression of cholesterol synthesis
within the cell by inhibition of the activity of the enzyme
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase, which promotes the reductive deacylation of
HMG-CoA to mevalonate [6]. The second one involves
cholesterol activation of the enzyme acyl-coenzyme
A:cholesterol acyltransferase (ACAT), favoring esterifi-
cation and storage of excess cholesterol. The third one
involves cholesterol suppression of the synthesis of LDL
receptors, thus protecting the cells from excessive accu-
mulation of cholesterol [5].

Control of cholesterol levels through therapeutic drugs
have significantly reduced the risk of developing athero-
sclerosis and associated cardiovascular diseases [7-10].
Notably, statins, a class of cholesterol-lowering drugs in-
hibiting cholesterol synthesis, have been most widely pre-
scribed for treating hypercholesterolemia and reducing
cardiovascular diseases [8-10]. However, adverse effects
associated with therapeutic drugs, such as myopathy, liv-
er damages and potential drug-drug interaction, have
been reported [11-15]. Therefore, the development of ad-
ditional therapies for controlling cholesterol levels is war-
ranted to reduce cardiovascular diseases. The potential
for tomato and/or tomato products to prevent atheroscle-
rosis is currently under investigation and a lot of empha-
sis has been placed on elucidating the role of lycopene,
the most abundant carotenoid in ripe tomato, and its
mechanism(s) of action.

Lycopene is a natural pigment synthesized by plants
and microorganisms but not by animals, mainly present
in tomato, processed tomato products and other fruits,
such as watermelon, papaya, guava and pink grapefruit.
It is responsible for the red color of many fruits and veg-
etables such as the tomato. It is a carotenoid, anacyclic
isomer of B-carotene and has no vitamin A activity [16,
17]. It is a highly unsaturated, straight-chain hydrocar-
bon containing eleven conjugated and two nonconjugat-
ed double bonds (fig. 1). Because of the presence of double
bonds in the structure of lycopene, it can exist in both the
cis- and trans-isomeric forms. In nature, lycopene is pres-
ent primarily in all trans-isomeric forms [18]. However, it
can undergo mono or poly isomerization by light, ther-
mal energy and chemical reactions to its cis-isomeric
forms. It can also undergo oxidative, thermal and photo-
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Fig. 1. Chemical structure of lycopene.

degradation [19]. Studies have shown lycopene to be sta-
ble under the conditions of thermal processing and stor-
age [20]. It is the most predominant carotenoid in human
plasma. Tomatoes and tomato-based foods account for
more than 85% of all the dietary sources of lycopene. Ly-
copene content in tomato ranges from 8.8 to 42 pg/g wet
weight. Lycopene absorption from dietary sources is in-
fluenced by several factors including the break-up of the
food matrix containing lycopene, cooking temperatures
and the presence of lipids and other lipid-soluble com-
pounds including other carotenoids [21]. Absorption of
lycopene is similar to that of lipids and is absorbed across
the gastrointestinal tract. Lycopene and other carot-
enoids are transported from the intestinal mucosa to the
general circulation via the lymphatic system. In the blood,
lycopene is transported mainly by LDL. In general, 10-
30% of the dietary lycopene is absorbed by humans. Liver,
seminal vesicles and prostate tissue are the primary sites
of lycopene accumulation in vivo [22].

The potential antiatherogenic role of lycopene has
been ascribed mainly to its antioxidant capacity, which is
related to the prevention of LDL oxidation [23]. Recently,
a new mechanism involving a regulation of cholesterol
metabolism by carotenoids has been evoked [24]. This
seems to be sustained by the observation that lycopene
shares similar initial synthetic pathways with cholesterol,
which is synthesized in animal but not in plant cells.
Moreover, increasing evidence from clinical trials show
that lycopene supplementation is effective in reducing
LDL cholesterol. Such an effect is comparable to that of
low doses of statins in patients with slightly elevated cho-
lesterol levels.

This review focuses on the role of tomato lycopene and
tomato products in controlling hypercholesterolemia. In
particular, recent data on the regulation of molecular
pathways involved in cholesterol metabolism exerted by
lycopene and tomato products in isolated cells as well as
in animal models will be discussed. Moreover, the evi-
dence for modulatory effects of lycopene and tomato on
plasma levels of cholesterol, as evidenced from interven-

Ann Nutr Metab 2012;61:126-134 127



tion trials, is summarized. A clear understanding of the
molecular mechanisms of action of lycopene is crucial in
the valuation of this molecule as a potential hypocholes-
terolemic agent.

In vitro Studies

The reduction of intracellular cholesterol by lycopene
and tomato derivatives has been associated with a de-
crease in cholesterol synthesis through an inhibition of
HMG-CoA reductase activity and expression, a modula-
tion of LDL receptor and ACAT activity (fig. 2). The stud-
ies evidencing such mechanisms are described below.

Inhibition of Cholesterol Synthesis

The committed step in the biosynthesis of cholesterol
and isoprenoids is catalyzed by HMG-CoA reductase,
which promotes the deacylation of HMG-CoA to meval-
onate [25, 26]. This pathway produces numerous bioac-
tive signaling molecules, including farnesyl pyrophos-
phate and geranylgeranyl pyrophosphate, which regulate
transcriptional and post-transcriptional events that af-
fect various biological processes, including changes in
proteins involved in the cholesterol metabolism, such as
ABCAL and caveolin-1 [25]. The activity of HMG-CoA
reductase in animal cells has been shown to be sensitive
to negative regulation by both sterols and nonsterol prod-
ucts of the mevalonate pathway [6, 27]. Increasing evi-
dence suggests that lycopene may inhibit cholesterol syn-
thesis in human macrophages by inhibiting HMG-CoA
reductase activity [28] and expression [29]. In the J-774
A.1 macrophage cell line, the cellular cholesterol synthe-
sis from [*H]-acetate, but not from [*C] mevalonate was
suppressed by 63% and by 73% following cell incubation
with B-carotene or lycopene (10 M), respectively. The
increased potency of lycopene over (3-carotene to inhibit
cholesterol synthesis seems to be related to the enhanced
uptake of lycopene over 3-carotene by macrophages. It
has been suggested that lycopene may inhibit cholesterol
synthesis at the post-transcriptional level, whereas cho-
lesterol regulates HMG-CoA reductase gene transcrip-
tion and statins are competitive inhibitors of this enzyme
[28]. In a recent paper, we demonstrated that lycopene
may reduce intracellular levels of cholesterol in human
THP-1 macrophages [29]. This effect was accompanied
by a decrease in the expression of HMG-CoA reductase
and by an enhancement of cholesterol efflux. The last
event occurred through a cascade involving RhoA inac-
tivation and peroxisome proliferator-activated receptor
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Fig. 2. Possible mechanisms implicated in the reduction of intra-
cellular cholesterol by lycopene and tomato derivatives: decrease
in cholesterol synthesis through inhibition of HMG-CoA reduc-
tase activity and expression, modulation of LDL receptor and in-
hibition of ACAT activity.

gamma (PPARy) and liver X receptor a (LXRa) activa-
tion (fig. 3). In fact, key targets of PPARy and LXRa ac-
tivation are the ATP-binding cassette ABC proteins, in-
cluding ABCA1, and the caveolin family proteins, includ-
ing cav-1. ABCAI controls the rate-limiting step in
cellular cholesterol and phospholipid efflux to apoAl
[30]. On the other hand, cav-1 expression is associated
with an enhancement of cholesterol efflux [31-33] since
it increases cholesterol association with lipid rafts. We
demonstrated that lycopene, at concentrations within the
range which activated PPARy and LXRa receptors, dose
dependently induced the expression of both ABCA1 and
cav-1 in THP-1 macrophages. The increase in ABCAI by
lycopene is interesting since ABCALI is also suggested to
be a carotenoid transporter [34]. Moreover, PPARy li-
gands are reported to induce an up-regulation of both
ABCAL1 and cav-1 [35-37]. It has recently been shown that
B-cryptoxanthin induces ABCA1 and ABCGl mRNAs
and ABCAL protein in macrophages by a mechanism in-
volving retinoic acid receptors.

Modulation of LDL Receptor Activity
The inhibition of HMG-CoA reductase activity in
mammalian cells by excess cholesterol is associated with
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reduced LDL receptor activity secondary to sterol-in-
duced inhibition of the LDL receptor gene transcription
[38]. On the other hand, it has been demonstrated that in
carotenoids-enriched cells the LDL receptor synthesis is
not inhibited [28]. The results of Fuhrman et al. [28] dem-
onstrated an increased LDL uptake by macrophages
which were enriched with either lycopene or 3-carotene,
in contrast to the reduced uptake of LDL by cholesterol-
enriched macrophages. Inhibitors of cholesterol biosyn-
thesis are known to reduce serum cholesterol concentra-
tions by enhancing the removal of serum LDL, secondary
to the activation of the LDL receptors [39]. Thus, inhibi-
tion of HMG-CoA reductase by carotenoids, similarly to
some statins, probably triggers a coordinate increased ex-
pression of the genes which code for the LDL receptor.
Such an increase was also demonstrated for other plant-
derived isoprenoids, such as tocotrienols [40-42].

Modulation of ACAT

Compounds contained in ripe tomato, such as escule-
oside A and esculeogenin A [43, 44], have been shown to
exhibit similar inhibitory effects on cholesterol ester ac-
cumulation in human monocyte-derived macrophages
(HMDM) and on atherogenesis in apoE-deficient mice
[44]. Moreover, recent evidence suggests that retinoids
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[45, 46] are able to modulate ACAT activity. However, at
the moment, few data are available on a direct modula-
tion of ACAT by lycopene. Lycopene was found to de-
crease the synthesis of cholesterol esters in HMDM incu-
bated without LDL or with oxidized LDL [47]. These re-
sults are broadly similar to those obtained in HMDM
using comparable concentrations of FeAOX-6, a synthet-
ic compound that combines the antioxidant structural
features of vitamin E and lycopene. The reduction in cho-
lesterol ester synthesis by FeAOX-6 was extremely marked
in the presence of oxidized LDL [48]. The results of the in
vitro studies are summarized in table 1.

Animal Studies

Hu et al. [49] evaluated the antiatherogenic effect of
lycopene in rabbits fed a high-fat diet. Lycopene was sup-
plemented intragastrically at a dose of 4-12 mg/kg for 4
and 8 weeks. The carotenoid markedly reduced the for-
mation of atherosclerotic plaques in the aorta from rab-
bits in their study. Such an effect was accompanied by a
decrease in the levels of total cholesterol, total triacylglyc-
erol, LDL cholesterol, malondialdehyde, oxidized LDL
and interleukin-1, and by an increase of total antioxidant
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Table 1. Modulatory effects of lycopene, lycopene derivatives and
tomato products on cholesterol pathways in cell culture studies

Ref.
No.

Treatment Effects

Lycopene (2.5-10 uM) ¢ HMG-CoA reductase activity 28
1 LDL receptor activity

I HMG-CoA reductase expression 29
RhoA inactivation

T PPARY expression

T LXRa expression

1 ABCAL1 expression

1 Caveolin-1 expression

Lycopene (0.5-2 M)

Esculeoside A
Esculeogenin A
Lycopene (10-100 M)
Lycopene (10 M)
FeAOX-6 (20 uM)

L ACAT activity 44
1 Synthesis of cholesterol ester 47
1 Synthesis of cholesterol esters 48

capacity and nitric oxide. Interestingly, these effects were
more remarkable than those obtained by fluvastatin ad-
ministration (10 mg/kg).

In the same animal model, supplementation with
three doses of lycopene in the chow for 12 weeks dose
dependently decreased diet-induced serum total choles-
terol and LDL cholesterol levels and increased HDL cho-
lesterol [50]. In contrast, supplementation with a lyco-
pene-enriched tomato extract (15 mg/kg body weight/
day lycopene) in the diet for 16 weeks had no effect on
plasma cholesterol levels in Watanabe Heritable Hyper-
lipidemic rabbits [51]. The reason for the lack of effects
of lycopene in these rabbits may originate in defective
LDL receptors [52]. Since lycopene is transported in the
blood mainly in LDL particles, a functional LDL recep-
tor may be essential to obtain cardiovascular beneficial
effects of lycopene.

Recently, Lorenz et al. [53] studied the effects of lyco-
pene on diet-induced increase in serum lipid levels and
the initiation of atherosclerosis in New Zealand White
(NZW) rabbits. Lycopene (in the form of lycopene bead-
lets), at the dose of 5 mg/kg body weight/day, was admin-
istered for a period of 4 weeks. Compared to the high
cholesterol and the placebo group, the animal group
treated with lycopene beadlets was associated with a sig-
nificant reduction by about 50% in total cholesterol and
LDL cholesterol serum levels. The number of cholesteryl
esters in the aorta was also significantly decreased by ly-
copene.
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Mulkalwar et al. [54] tested the hypolipidemic and an-
tioxidant effect of pure lycopene powder in hyperlipid-
emic NZW rabbits. The carotenoid was administered at
the dose of 10 mg/kg body weight/day for 6 weeks. There
was a significant decrease in the level of serum total cho-
lesterol and LDL cholesterol and an increase in serum
HDL cholesterol following the addition of lycopene to a
high-fat diet.

Basuny et al. [55] investigated the effects of concen-
trated tomato lycopene (100, 200, 400 and 800 ppm),
grade lycopene (200 ppm) and butylated hydroxytoluene
(200 ppm) on serum lipid contents (total lipids, total cho-
lesterol, HDL cholesterol and LDL cholesterol), oxidative
biomarkers (glutathione peroxidase and malondialde-
hyde), liver (aspartate aminotransferase, alanine amino-
transferase and alkaline phosphatase activities) and kid-
ney (uric acid, urea and creatinine) function parameters.
The compounds were administered to rats fed a hyper-
cholestrolemic diet for 10 weeks by stomach tube. The
groups of rats fed with a high-fat diet and given tomato
orally in different concentrations induced significant de-
creases in serum total cholesterol. A similar decrease was
observed following supplementation of grade lycopene,
indicating that lycopene can lower the concentration of
serum total cholesterol. Tomato lycopene also prevented
the increase in total and LDL serum cholesterol in high-
cholesterol-fed rats. A similar effect was also reported by
Kuhad et al. [56] in diabetic mice fed with lycopene at dif-
ferent doses (1, 2 and 4 mg/kg body weight) for 4-8 weeks.
Moreover, rats fed a high-fat diet with tomato lycopene
recorded the highest concentration of HDL [56].

The therapeutic effect of lycopene-rich tomato juice
against evoked cardiac disorders in rats fed on fried po-
tato in oxidized frying cotton seed oil (20% w/w) for 4
weeks was studied using lycopene at a daily dose of 1 mg/
kg body weight [57]. The obtained results revealed that
feeding on fried potato in deep oxidized frying oil induced
a notable increase in lipid profiles and LDL cholesterol as-
sociated with a marked elevation in specific heart en-
zymes, LDL, CK, ALT and AST activities. These biochem-
ical alterations ameliorated when lycopene was adminis-
tered to rats fed fried potato in oxidized frying oil.
Lycopene-rich tomato juice induced a significant decrease
in total lipids, total cholesterol, triglycerides and phospho-
lipids as well as LDL cholesterol and a marked elevation in
HDL cholesterol. These effects may be due to the ability of
lycopene in protecting LDL from oxidation, to its role in
inhibiting HMG-CoA reductase activity and to up-regu-
late LDL receptor activity in macrophages [58, 59] as well
as to its powerful efficacy in neutralizing free radicals.
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Table 2. Modulatory effects of lycopene and tomato products on cholesterol metabolism in animal studies

Treatment Animal model Effects Ref.
No.

Lycopene rabbits | serum total cholesterol 49
(4-12 mg/kg for 4 and 8 weeks) { serum total triacylglycerol

{ serum LDL-cholesterol

| serum malondialdehyde

{ox-LDL

VIL-1

1 total antioxidant capacity

1 nitric oxide

| atherosclerotic plaques
Lycopene rabbits { serum total cholesterol 50
(42.6-127.8 ppm) | serum LDL-cholesterol

1 serum HDL cholesterol
Lycopene WWHL rabbits no changes in serum total cholesterol 51
(12 mg/kg for 16 weeks)
Lycopene NZW rabbits | serum total cholesterol 53
(5 mg/kg for 4 weeks) | serum LDL-cholesterol

| serum cholesteryl esters
Lycopene NZW rabbits | serum total cholesterol 54
(10 mg/kg for 6 weeks) | serum LDL-cholesterol

T serum HDL cholesterol
Tomato lycopene rats | serum total cholesterol 55

(100-800 ppm for 10 weeks)
or

Pure lycopene

(200 ppm for 10 weeks)

! serum LDL-cholesterol

Lycopene diabetic mice | serum total cholesterol 56
(1-4 mg/kg for 4-8 weeks) | serum LDL-cholesterol

T serum HDL cholesterol
Tomato juice rats | total lipids 57

(containing 1 mg/kg
lycopene for 4 weeks)

| serum total cholesterol
| serum LDL-cholesterol
1 serum HDL cholesterol

AIDM

ApoE*3Leiden transgenic mice

| plasma LDL-cholesterol 60
| plasma VLDL-cholesterol
| atherosclerotic plaques

Lycopene and vitamin E
(dl-a-tocopheryl-acetate)

Japanese quails

! serum cholesterol 61
{ yolk cholesterol

WWHL = Watanabe heritable hyperlipidemic.

A recent study showed that a mixture containing lyco-
pene, fish oil, resveratrol, catechin, d-a-tocopherol and
vitamin C (AIDM) reduces lipid and inflammatory risk
factors of CVD in male human C-reactive protein trans-
genic mice [60]. Moreover, in a long-term treatment,
AIDM strongly attenuates the development of atheroscle-
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rosis in female ApoE*3Leiden transgenic mice. In such a
model, plasma cholesterol in very LDL and LDL was
strongly reduced. Moreover, supplementation of Japanese
quails with dietary lycopene (100 mg/kg lycopene) and
vitamin E (250 mg dl-a-tocopheryl-acetate/kg diet), sep-
arately or as a combination, reduced serum and yolk cho-
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lesterol concentrations and improved antioxidant status
[61]. The magnitude of the responses was greatest with
the combination of lycopene and vitamin E, rather than
with each supplement separately. The results of the ani-
mal studies are summarized in table 2.

Human Studies

In agreement with the experimental observations, di-
etary supplementation of lycopene (60 mg/day) to 6 men
for a 3-month period resulted in a significant 14% reduc-
tion in their plasma LDL cholesterol concentrations [28].
Supplementation with tomato extract capsules (4 mg ly-
copene) daily for 6 months decreased total cholesterol
and LDL cholesterol levels in postmenopausal women
[62]. Moreover, a reduction in LDL cholesterol to 17% by
tomato juice has been reported [63]. In addition, a recent
meta-analysis study [64] has found that lycopene may
help keep cholesterol as well as blood pressure within
healthy ranges. In the study, researchers identified 12
studies lasting at least 2 weeks in duration which involved
supplementing with lycopene to help with high choles-
terol levels and high blood pressure. The review found
that at least 25 mg per day of lycopene (obtained through
both diet and supplementation) elicited beneficial health
effects, helping lower total cholesterol levels by an average
of 7.55 mg/dl (p = 0.02). A 2003 study showed an average
18.5 mg/dl decrease (9% decrease, 202-183.5 mg/dl) with
up to 35 mg per day [65].

Inarandomized, crossover dietary intervention study,
19 healthy human subjects consumed lycopene from tra-
ditional tomato products and nutritional supplements for
1 week. The levels of lycopene consumption ranged from
20 to 150 mg per day. Lycopene was observed to be ab-
sorbed readily from all dietary sources, resulting in sig-
nificant increase in serum lycopene levels and lower lev-
els of lipid, protein and DNA oxidation [66]. In the same
study, although there were no changes in serum total cho-
lesterol and LDL and HDL cholesterols, serum lipid per-
oxidation and LDL cholesterol oxidation were signifi-
cantly decreased as the serum lycopene levels increased
[67].

Conversely, no effects on blood lipid levels were ob-
tained after supplementation with a tomato extract con-
taining 15 mg lycopene daily for 8 weeks in mild hyper-
tensive patients [68]. Moreover, the inclusion of water-
melon or tomato juice, containing 20 mg lycopene, did
not affect plasma lipid concentrations or the antioxidant
status of healthy subjects. However, plasma cholesterol
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levels impacted on the results of MDA and FRAP anti-
oxidant tests [69].

In the study of Bose et al. [70], no hypocholesterolemic
effect was observed in CHD subjects supplemented with
200 g of ripe tomatoes (cooked) every day for a period of
60 days. This may be because tomato may not be so effec-
tive in inhibiting HMG-CoA reductase in a hyperlipid-
emic environment, which persists in CHD patients.

Conclusions and Future Directions

From the data presented lycopene and tomato products
seem to possess direct hypocholesterolemic properties,
however further studies are required to gain a better un-
derstanding of the role of lycopene in regulating choles-
terol metabolism. Although the epidemiological studies
conducted so far provide convincing evidence for the role
of lycopene in protecting against heart disease, there is a
need for more clinical studies to better establish the rela-
tionship between lycopene intake and cholesterol levels.
Future research should focus on interactions of lycopene
with other carotenoids. It is quite likely that lycopene acts
with other tomato carotenoids to exert its biological activ-
ity. Numerous other potentially beneficial compounds are
present in tomatoes and, possibly, complex interactions
among multiple components may contribute to the hypo-
cholesterolemic properties of tomatoes. An improved un-
derstanding of lycopene metabolism and the biological
significance/functions of its different isomers and metab-
olites is also critical to elucidate mechanisms whereby this
compound may exert hypocholesterolemic effects. There
is also a need for more human dietary intervention stud-
ies. They should take into consideration subject selection,
specific markers of analysis, metabolism and isomeriza-
tion of lycopene, interaction with other antioxidants, dose
and time of treatment.
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