
Available online at www.sciencedirect.com

Journal of Nutritional Biochemistry 21 (2010) 34–46
Lycopene prevents 7-ketocholesterol-induced oxidative stress, cell cycle
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Abstract

The present study was undertaken to examine whether lycopene is able to counteract 7-ketocholesterol (7-KC)-induced oxidative stress
and apoptosis in human macrophages. Human THP-1 macrophages were exposed to 7-KC (10–25 μM) alone and in combination with
lycopene (0.5–2 μM), and we monitored changes in cell oxidative status [reactive oxygen species (ROS) production, NOX-4, hsp70 and
hsp90 expressions, 8-OHdG formation] and in cell proliferation and apoptosis. After 24 h of treatment, lycopene significantly reduced the
increase in ROS production and in 8-OHdG formation induced by the oxysterol in a dose-dependent manner. Moreover, the carotenoid
strongly prevented the increase of NOX-4, hsp70 and hsp90 expressions as well as the phosphorylation of the redox-sensitive p38, JNK and
ERK1/2 induced by the oxysterol. The attenuation of 7-KC-induced oxidative stress by lycopene coincided with a normalization of cell
growth in human macrophages. Lycopene prevented the arrest in G0/G1 phase of cell cycle induced by the oxysterol and counteracted the
increased expression of p53 and p21. Concomitantly, it inhibited 7-KC-induced apoptosis, by limiting caspase-3 activation and the
modulatory effects of 7-KC on AKT, Bcl-2, Bcl-xL and Bax. Comparing the effects of lycopene, β-carotene and (5Z)-lycopene on ROS
production, cell growth and apoptosis show that lycopene and its isomer were more effective than β-carotene in counteracting the dangerous
effects of 7-KC in human macrophages. Our study suggests that lycopene may act as a potential antiatherogenic agent by preventing 7-KC-
induced oxidative stress and apoptosis in human macrophages.
Crown Copyright © 2010 Published by Elsevier Inc. All rights reserved.
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1. Introduction

Oxysterols constitute an important family of molecules
resulting from the autooxidation of cholesterol in air,
enzymatic transformation of cholesterol in various cell
species [1] or low-density lipoprotein (LDL) cholesterol
peroxidation [2]. Oxysterols accumulate in the subendothe-
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lial level of the arterial wall during the atheromatous process
[3,4] and are believed to mediate the development of
atherosclerosis [5]. At the present time, a large number of
studies have suggested that oxysterols are involved in the
initiation and progression of atherosclerosis [6], according to
their wide range of biological activities. Indeed, oxysterols
are frequently present at high levels in the atherosclerotic
plaque [7] and they have been reported to induce IL-1β
secretion in vascular endothelial cells and, consequently, the
expression of adhesion molecules necessary for the recruit-
ment of monocytes and T lymphocytes found in athero-
sclerotic plaques [8]. Therefore, potential roles of these
molecules in the initiation of atherogenic process have been
suggested [9]. Moreover, oxysterols have been reported to be
Inc. All rights reserved.
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strongly toxic to a number of tumoral and normal cell
species, including those of the vascular wall [10]. Among the
oxysterols of pathophysiological interest, there is 7-ketocho-
lesterol (7-KC), which is oxidized at position 7. This
compound has been reported to be present in large amounts
in atheromatous plaques from hypercholesterolemic subjects
at different stages of development [11]. Moreover, it has
been shown to act as a potent inducer of apoptosis in vascular
cells, suggesting its critical role in atherosclerosis [12,13].

Some epidemiological studies have shown an inverse
correlation between lycopene consumption (notably through
tomatoes) and incidence of atherosclerosis [14,15]. These
results, together with an understanding of the contribution of
excessive free-radical generation in the onset of the disease,
led to the hypothesis that high intake of tomato-derived
carotenoids, such as lycopene, might play a preventive role
in the development of atherosclerotic disease [16]. Lyco-
pene, the acyclic form of β-carotene, is one of the major
carotenoids in the Western diet. It accounts for about 50% of
carotenoids in human serum [17]. The antioxidant protective
effect of lycopene and tomatoes has been shown in vitro as
well as in vivo [18–22], although negative results have been
also reported [23,24]. Lycopene, because of its high number
of conjugated double bonds, has been reported to exhibit
higher singlet oxygen quenching ability compared to β-
carotene or α-tocopherol [25] and to act as a potent
antioxidant, preventing the oxidative damage of critical
biomolecules including lipids, LDLs, proteins and DNA
[26]. Moreover, recently, the carotenoid has been shown to
modulate redox-sensitive molecular pathways involved in
cell proliferation and apoptosis [27].

In this study, we speculate that lycopene may counteract
oxidative and apoptotic damages triggered by 7-KC,
affecting the growth of vascular cells and, presumably,
preventing the formation and the development of atheroma-
tous plaque. To this purpose, human THP-1 macrophages
were treated with 7-KC alone and in combination with
lycopene, in a range of carotenoid concentrations achievable
in vivo after supplementation (0.5–2 μM). It is well
recognized that macrophages play important roles in the
atherosclerotic process since increased concentrations of
oxysterols in macrophage foam cells, resulting from the
phagocytosis of oxidized LDL (OxLDL), may lead to an
arrest of cell proliferation, to an induction of cell death and,
consequently, to plaque rupture [28,29]. In these cells, the
effects of lycopene on 7-KC-induced oxidative stress, cell
cycle arrest and apoptosis were evaluated.
2. Materials and methods

2.1. Cell culture

THP-1 (American Type Culture Collection, Rockville,
MD, USA) were grown in RPMI Dutch Modified (Sigma,
Milan, Italy) without antibiotics and supplemented with 10%
fetal calf serum, nonessential amino acids, 2 mM glutamine
and 1 mM sodium pyruvate. Cells were maintained in log
phase by seeding twice a week at a density of 3×108 cells/L at
37°C under 5% CO2/air atmosphere. 7-KC and lycopene
(LycoRed Natural Products Industries Ltd., Beer Sheva,
Israel) were delivered to the cells (109 cells/L) using THF4 as
a solvent. The solvent used in lycopene experiments
contained 0.025% butylated hydroxytoluene to avoid the
formation of peroxides. The stock solutions of lycopene were
prepared immediately before each experiment. From the
stock solutions, aliquots of lycopene were rapidly added to
the culture medium to give the final concentrations indicated.
The amount of THF added to the cells was not greater than
0.5% (v/v). Control cultures received an amount of solvent
(THF) equal to that present in 7-KC- and lycopene-treated
ones. No differences were found between cells treated with
THF and untreated cells in terms of cell number, viability and
reactive oxygen species (ROS) production. After the addition
of lycopene, the medium was not further replaced throughout
the experiments. Experiments were routinely carried out on
triplicate cultures. At the times indicated, cells were harvested
and quadruplicate hemocytometer counts were performed.
The trypan blue dye exclusion method was used to evaluate
the percentage of viable cells.

2.2. Measurement of ROS

Cells treated with varying concentrations of lycopene
were harvested to evaluate ROS production using the di
(acetoxymethyl ester) analog (C-2938) of 6-carboxy-2′,7′-
dichlorodihydrofluorescein diacetate (DCF) (Molecular
Probes, Inc., Eugene, OR) as described in Ref. [30]. Before
the addition of the fluorescent probes, 2×106 cells were
washed to eliminate the amount of lycopene that is not cell
associated. Fluorescent units were measured in each well
after 30 min incubation with DCF (10 μM) by use of a
Cytofluor 2300/2350 Fluorescence Measurement System
(Millipore Corp., Bedford, MA). Lycopene did not alter the
basal fluorescence of DCF.

2.3. Assays for 8-OHdG

Cytospin samples were prepared as follows: cells were
diluted in sucrose buffer (0.25 M sucrose, 1.8 mM CaCl2,
25 mM KCl and 50 mM Tris, pH 7.5) at a density of about
3.5×109 cells/L. A total of 50 μl was added to carbowax–
ethanol buffer (carbowax stock: 77 ml of PEG 1000 in 50 ml
of water, 1 ml of stock in 74 ml of 70% ethanol) (Sigma Italia,
Milan, Italy) and mixed. Aliquots of 150 μl were placed into
cytospin funnels and centrifuged at 300 rpm for 5 min on
slides coated with aminopropyltriethoxysilane (Kindler,
Freiburg, Germany). Samples were air dried for 10–30 min,
fixed in 95% cold ethanol (−20°C) for 10 min and stored at
−20°C. Detection of 8-OHdG by immunohistochemistry
coupled with DAB (Vector, Burlingame, CA) was carried out
essentially as described by Yarborough et al. [31]. 1F7
monoclonal antibody for 8-OHdG was kindly provided by
Dr. R.M. Santella, Columbia School of Public Health, New
York. Semiquantitative evaluation of the staining was carried
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out with the use of an optical microscope (ECLIPSE E600,
Nikon, at ×400) connected to an Image-Pro Plus Version 4.1
(Media Cybernetics, USA). Nuclear staining was evaluated in
approximately 100 cells of randomly chosen images by
operators who were blind to the status of cell treatment, as
recommended in Ref. [26]. Negative and positive controls
(untreated and 0.5 mMH2O2-treated cells, respectively) were
included within each batch of slides. Data are reported as
units of optical density. Detection of 8-OHdG by an HPLC-
ECD method [32] validated the results obtained by
immunohistochemical analysis.

2.4. Cell cycle analysis

Cell cycle stage was analyzed by flow cytometry.
Aliquots of 106 cells were harvested by centrifugation,
washed in phosphate-buffered saline (PBS), fixed with ice-
cold 70% ethanol and treated with 1 g/L RNase for 30 min.
Propidium iodide was added to a final concentration of 50 g/
L. Data were collected, stored and analyzed using Multi-
Cycle software (MultiCycle for Windows, Phoenix, Flow
Systems, San Diego, CA).

2.5. Apoptosis detection

The percentage of apoptotic cells was determined by
TUNEL [33]. Briefly, cells were centrifuged, fixed with
acetone and incubated for 5 min with the hybridization buffer
(Boehringer-Mannheim, Germany). Then, 2.5 units of
terminal deoxynucleotidyltransferase (Tdt) and 100 pmol
biotin-dUTP in hybridization buffer were added and
incubated for 1 h at 37°C. Thereafter, the cells were
incubated with streptavidin–biotin–peroxidase complex for
30 min at room temperature. The sites of peroxidase binding
were detected with diaminobenzidine. The percentage of
TUNEL-positive apoptotic cells (labeling index, LI%) was
counted at ×400 magnification. In the absence of Tdt, no
unspecific staining was observed. For each slide, three
randomly selected microscopic fields were observed and at
least 100 cells per field were evaluated.

The activity of caspase-3 was measured by the fluori-
metric assay as described in Ref. [33]. Briefly, cells were
incubated for the indicated times and then harvested. Cells
(2×106) were lysed in 50 mM Tris–HCl buffer, pH 7.5,
containing 0.5 mM EDTA, 0.5% IGEPAL and 150 mM
NaCl. Cell lysates were incubated with 50 μM fluorigenic
substrate, Ac-DEVD-AMC (caspase-3; Alexis Biochem-
icals), in a reaction buffer (10 mM Hepes, pH 7.5, containing
50 mM NaCl and 2.5 mM DTT) for 120 min at 37°C. The
release of AMC was measured with excitation at 380 nm and
emission at 460 nm using a fluorescence spectrophotometer.

2.6. Western blot analysis of NOX-4, hsp70, hsp90, p53,
p21, AKT, Bax, Bcl-xL, Bcl-2, p38 and p-p38, ERK1/2,
pERK1/2, JNK and p-JNK expression

Cells (10×106) were harvested, washed once with ice-
cold PBS and gently lysed for 30 min in ice-cold lysis buffer
(1 mM MgCl2, 350 mM NaCl, 20 mM Hepes, 0.5 mM
EDTA, 0.1 mM EGTA, 1 mM DTT, 1 mM Na4P2O7, 1 mM
PMSF, 1 mM aprotinin, 1.5 mM leupeptin, 1 mM Na3VO4,
20% glycerol and 1% NP40). Cell lysates were centrifuged
for 10 min at 4°C (10,000×g) to obtain the supernatants,
which were used for Western blot analysis. The anti-NOX-4
(clone N-15, Cat. No. sc-21860), anti-p53 (clone DO-1, Cat.
No. SC-126), anti p-21 (clone F-5, Cat. No. SC-6246), anti-
AKT (clone B-1, Cat. No.5298), anti-Bax (clone P-19, Cat.
No. SC-526), anti-Bcl-2 (clone Bcl-2/100/D5), anti-Bcl-xL
S/L (clone L-19, Cat. No. SC-1041), anti-p38 (clone C-20,
Cat. No. SC-535), anti p-p38 (clone D-8, Cat. No. 7973),
anti-ERK1/2 (clone K-23, Cat. No. SC-94), anti p-ERK1/2
(clone E-4, Cat. No. SC-7383), anti-JNK (clone C-17, Cat.
No. SC-474) and anti-p-JNK (clone G-7, Cat. No. SC-6254)
monoclonal antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA), as well as anti-hsp70
(clone K-20, Cat No. SC-1060) and anti-hsp90 (clone C-20,
Cat. No. 8262). The blots were washed and exposed to
horseradish-peroxidase-labeled secondary antibodies (Amer-
sham Pharmacia Biotech, Arlington Heights, IL) for 45 min
at room temperature. The immunocomplexes were visua-
lized by the enhanced chemiluminescence detection system
and quantified by densitometric scanning.

2.7. Extraction and analysis of 7-KC

7-KC was extracted with 1 vol methanol and 3 vol hexane
from 10×106 cells after a 24-h treatment with 25 μM 7-KC.
The compound was analyzed by HPLC, by using a cyano-
bonded column (25 cm×4.6 mm, 5 μm) (Supelco, Bellefonte,
PA) with a 2-cm precolumn (Supelco) and hexane-2-
propanol (95:5, v/v) at a flow rate of 1.0 ml/min. 7-KC
was detected by UV spectrophotometry at 234 nm. The
concentration of the compound in cells was calculated from a
calibration curve generated from peak height of 7-KC in
calibration samples, as described in Ref. [34].

2.8. Isolation of (5Z)-lycopene

(5Z)-Lycopene was isolated by using preparative C30

chromatography and was bought at CaroteNature (Lupsin-
gen, Switzerland). The (5Z)-lycopene was isolated at 16±1°C
using an HPLC pump model L-7100 (Merck, Darmstadt,
Germany), detector model Lambda 1000 (Bischoff, Leon-
berg, Germany) and integrator model Chromatopac C-R6A
(Shimadzu, Duisburg, Germany). For separation, a prepara-
tive C30 (300×10.0 mm, 5 μm) column (YMC Europe,
Schermbeck, Germany), preceded by a C18 ProntoSil 120-5-
C18 H (10×4.0 mm, 5 μm) column (Bischoff), was used. A
mixture of methanol and methyl tert-butyl ether (MTBE)
(6:4, v/v) constituted a mobile phase at a flow rate of 4.0 ml/
min; the detection wavelength was 450 nm. Due to the
limited stability of the isolated isomer, all steps had to be
completed rapidly and under subdued light. The mixture of
lycopene isomers (prepared by iodine isomerization, see Ref.
[35]) was dissolved in methanol/MTBE (6:4, v/v). The
separation was carried out with a mobile phase consisting of
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a mixture of methanol and MTBE (6:4, v/v). The eluate
containing the (5Z)-lycopene was concentrated under
vacuum at room temperature in a rotary evaporator. The
residue of the solvent was dried under a nitrogen flow at
room temperature. The purity of the separated isomer was
checked by means of an analytical C30 HPLC-DAD [35] and
found to range between 95% and 100%.

2.9. Statistical analysis

Three separate cultures per treatment were utilized for
analysis in each experiment. Values were presented as
means±S.E.M. Multifactorial two-way analysis of variance
(ANOVA) was adopted to assess any differences among the
treatments and the times (Figs. 1B, 3B and 7). When
significant values were found (Pb.05), post hoc comparisons
of means were made using Honestly Significant Difference
test. One-way ANOVA was used to determine differences
between different concentrations and treatments in Figs. 1A,
C and E; 2; 3A, C and D; 4B and D; 5B and D–F; and 6B, D
and F and Table 1. When significant values were found
Fig. 1. ROS production (A–C) and NOX-4 expression (D and E) in THP-1 macro
Panel A shows the effects of different concentrations of the oxysterol; Panel B show
7-KC; Panel C shows the effects of 7-KC (25 μM) and lycopene (2 μM), alone and
Panel E shows the densitometric analyses of five different immunoblots of NOX-4
means±S.E.M., n=5. Values not sharing the same letter were significantly different
interaction was significant (Pb.05). Values not sharing the same letter were signif
(Pb.05), post hoc comparisons of means were made using
Fisher's test. Differences were analyzed using Minitab
software (Minitab, Inc., State College, PA).

3. Results

3.1. Cellular incorporation of 7-KC in the absence and in
the presence of lycopene

The content of 7-KC in THP-1 macrophages was found
to be 4.10±0.40 μg/106 cells after a 24-h treatment with 7-
KC (25 μM). The combined addition of lycopene (2 μM)
and 7-KC (25 μM) to the cells did not significantly
modify the incorporation of the oxysterol, which resulted
to 4.07±0.40 μg/106 cells after a 24-h treatment.

3.2. Increased oxidative stress by 7-KC and prevention
by lycopene

3.2.1. ROS production and NOX-4 expression
The incubation of THP-1 with 7-KC induced a significant

increase of intracellular ROS production, as shown by the
phages treated with 7-KC alone and in combination with lycopene for 24 h.
s the effects of different concentrations of lycopene in the presence of 25 μM
in combination; Panel D shows a representative Western blot analysis; and

in cells treated with 7-KC (25 μM) and/or lycopene (2 μM). Values were the
(Pb.05, Fisher's test) (A, C and E). In Panel B, the treatment/concentration
icantly different (Pb.002, Tukey's test).



Fig. 2. Effects of 7-KC (25 μM) and lycopene (2 μM) on the expression of hsp70 (A and B), hsp90 (C and D) and 8-OHdG formation (E) in THP-1 macrophages
treated for 24 h. (A and C) Representative Western blot analyses. (B and D) Densitometric analyses. The values were the means±S.E.M., n=5. In Panel A, values
not sharing the same letter were significantly different (Pb.05, Fisher's test).
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increased fluorescence obtained by DCF with respect to
internal control (i.e., macrophages incubated in the presence
of the vehicle alone). Such an effect was dose dependent and
it is shown after 24 h of incubation (Fig. 1A), but it can be
observed precociously, starting from 3 h of treatment (data
not shown). The addition of lycopene to cells treated with 7-
KC at the concentration of 25 μM prevented intracellular
ROS production after 24 h of treatment in a dose-dependent
manner (Fig. 1B). This prevention was complete following
the addition of lycopene at the concentration of 2 μM (Fig.
1C). On the other hand, cells treated with lycopene alone
(2 μM) only showed a slight but not significant decrease in
DCF fluorescence (Fig. 1C).

We also measured the expression of NOX-4 (Fig. 1D and
E), one of the homologues sharing with NOX-2 putative
NAD(P)H and flavin-binding sites, as well as functional
oxidase activity that produces the superoxide anion and
which is expressed in a large variety of cell types. 7-KC
induced a robust up-regulation (twofold from the basal level)
of NOX-4. This effect was prevented by the concomitant
addition of lycopene (2 μM).

3.2.2. hsp expression and oxidative DNA damage
Due to the pathogenic features of oxysterols, and because

the inducible form of hsp70 and hsp90 can be viewed as
markers of cells responding to toxic stimuli [36], we
evaluated whether 7-KC could increase the expression of
these two proteins and whether lycopene could counteract
such an effect in human macrophages (Fig. 2A–D). THP-1
cells were incubated with 7-KC alone, at the concentration of
25 μM, and in combination with lycopene, at the concentra-
tion of 2 μM, for 24 h. In agreement with the previous
results, the carotenoid completely prevented the increase in
both hsp70 and hsp90 induced by the oxysterol. Such an
effect was dependent on the dose of carotenoid (data
not shown).

In humans, the presence of 8-OHdG has also been
identified in aorta fragments from patients suffering from
severe atherosclerotic lesions and in lymphocytes of patients
with high atherosclerotic risks [37], but factors that induce
oxidative stress and DNA damage have not yet been
identified. Therefore, we asked whether or not 7-KC could
have side effects leading to the formation of 8-OHdG, which
is considered to be a premutagenic DNA lesion [38] and
whether lycopene could be able to prevent such a dangerous
effect (Fig. 2E). The oxidative DNA damage was revealed by
the presence of 8-OHdG. THP-1 cells were incubated with 7-
KC alone, at the concentration of 25 μM, and in combination
with lycopene, at the concentration of 2 μM, for 24 h. As it
can be observed, the formation of 8-OHdG was significantly



Fig. 3. Cell growth (A and B) and apoptosis (C and D) of THP-1 macrophages treated with 7-KC and/or lycopene for 24 h. Panel A shows the effects
of different concentrations of the oxysterol; Panel B shows the effects of different concentrations of lycopene in the presence of 25 μM 7-KC; Panels
C and D show the effects of 7-KC (25 μM) and lycopene (2 μM), alone and in combination, on apoptosis by TUNEL method and caspase-3
activation, respectively. Values were the means±S.E.M., n=5. Values not sharing the same letter were significantly different (Pb.05, Fisher's test) (A, C
and D). In Panel B, the treatment/concentration interaction was significant (Pb.05). Values not sharing the same letter were significantly different
(Pb.001, Tukey's test).

Fig. 4. Effects of 7-KC (25 μM) and lycopene (2 μM) on the expression of p53 (A and B) and p21 (C and D) in THP-1 macrophages treated for 24 h. (A and C)
Representative Western blot analyses. (B and D) Densitometric analyses. The values were the means±S.E.M., n=5. In Panels B and D, values not sharing the
same letter were significantly different (Pb.05, Fisher's test).
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Fig. 5. Effects of 7-KC (25 μM) and lycopene (2 μM) on AKT, Bax, Bcl-2 and Bcl-xL expression, in THP-1 macrophages treated for 24 h. (A and C)
Representative Western blot analysis. (B and D–F) Densitometric analyses. Values were the means±S.E.M., n=5. Values not sharing the same letter were
significantly different (Pb.05, Fisher's test).
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higher in 7-KC-treated cells than in untreated cells.
However, lycopene, at this concentration, was completely
able to counteract the effect of the oxysterol on oxidative
DNA damage.

3.3. Effects of 7-KC on cell growth and modulatory effects
by lycopene

3.3.1. Cell cycle progression and apoptosis
The characterization of the effects of 7-KC on the growth

of THP-1 cells was performed at different concentrations (0–
25 μM) (Fig. 3A) after 24 h of incubation. At this time, cell
number was decreased in a dose-dependent manner in cells
treated with 7-KC, as compared with the control cells (Fig.
3A). When THP-1 cells were simultaneously incubated with
7-KC (25 μM) and lycopene for 24 h in a range of carotenoid
concentrations, which is achievable in vivo after supple-
mentation (0.5–2 μM) (Fig. 3B), we observed that the
carotenoid counteracted cell growth inhibition induced by
7-KC in a dose-dependent manner. The inhibitory effect of
7-KC on cell growth was completely prevented by the
addition of the carotenoid at 2 μM. On the other hand, the
carotenoid alone, in a range of concentrations that goes from
0.5 to 2 μM, was ineffective in modifying the growth of
THP-1 cells (data not shown).

To elucidate the mechanism(s) responsible for the
reduction of cell number by 7-KC and the concomitant
prevention exerted by the carotenoid on this effect, we first
examined possible changes in cell cycle progression. Table 1
shows the distribution of THP-1 cells in the different cell
cycle phases after 24 h of 7-KC (25 μM) and lycopene
(2 μM) treatment, alone and in association, with respect to
vehicle-control-treated cells. In the presence of 7-KC, a
significant increase in the percentage of cells in the G0/G1
phase was observed. Such an effect was accompanied by a
concomitant decrease in the percentage of cells in the S
phase. Interestingly, the carotenoid alone, at least at this
concentration, was unable to modify cell cycle progression
of THP-1 with respect to control cells. However, it
completely prevented the arrest in cell cycle progression
exerted by the oxysterol.



Fig. 6. Effects of 7-KC (25 μM) and lycopene (2 μM) on the expression of phosphorylated JNK (A and B), ERK1/2 (C and D) and p38 (E and F) in THP-1
macrophages treated for 24 h. (A, C and E) Representative Western blot analyses. (B, D and F) Densitometric analyses. The values were the means±S.E.M., n=5.
In Panels B, D and F, values not sharing the same letter were significantly different (Pb.05, Fisher's test).
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We also measured apoptosis induction following treat-
ment with 7-KC and lycopene, alone and in association, in
THP-1 cells. A proapoptotic action of 7-KC (25 μM) was
found in THP-1 cells treated with the oxysterol for 24 h.
Exposure to 7-KC led to a significant increase in apoptosis
induction, as shown by both the percentage of apoptotic
cells measured by TUNEL method (Fig. 3C) and the
activation of caspase-3 (Fig. 3D). On the other hand, the
concomitant addition of lycopene at the concentration of
2 μM to cells treated with the oxysterol under the same
experimental conditions exerted a complete protection on
apoptosis induction.
Table 1
Effects of 7-KC and lycopene (LYC) on cell cycle progression in THP-1
macrophages

Treatment Cell cycle (24 h)

G0/G1 S G2

C 57.9±2.0a 25.0±1.4b 17.1±1.5a

LYC⁎ 58.1±2.3a 24.6±1.2b 17.3±1.0a

7-KC# 68.1±2.5b 13.9±1.3a 18.0±1.9a

LYC⁎+7-KC# 57.7±2.1a 25.2±1.1b 17.1±0.5a

The values were the means±S.E.M. of three experiments. #7-kC=25 μM;
⁎LYC=2 μM. Within the same column, values not sharing the same letter
were significantly different (Pb.05, Fisher's test).
3.3.2. Cell-cycle- and apoptosis-related proteins
In an attempt to explore the effects of 7-KC and lycopene

on cell-cycle-regulating proteins, we measured the expres-
sion of p53 and p21 in THP-1 cells, following a 24-h
exposure to the oxysterol (25 μM) and to the carotenoid
(2 μM), alone and in combination (Fig. 4A–D). Lycopene
alone did not significantly modify the expression of both p53
and p21 with respect to control cells, whereas 7-KC alone
remarkably increased both of them. However, such an effect
was almost completely prevented by the combined addition
of the carotenoid to the cells.

AKT has been well characterized as an antiapoptotic
kinase that transduces cellular survival signals in many cell
types. AKT is believed to play a critical role in the survival of
macrophages. We therefore examined the effect of a 24-h
treatment on the expression of AKT in THP-1 cells (Fig. 5A
and B). The results clearly indicate that AKT was down-
regulated in THP-1 cells in response to treatment with 7-KC
for 24 h. Interestingly, such an effect was completely
reverted by the addition of lycopene at 2 μM. In an effort to
investigate molecular pathways involved in apoptosis
induction by 7-KC and the concomitant protection exerted
by lycopene on this process, we also examined the effects of
these two compounds on the expression of the apoptosis
promoter protein Bax and on the expression of the apoptosis-
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blocking proteins Bcl-2 and Bcl-xL (Fig. 5C–F). Bax
expression was significantly increased, whereas Bcl-2 and
Bcl-xL levels were remarkably decreased by a 24-h
treatment with 7-KC in THP-1 cells. Such effects were
completely counteracted by the concomitant addition
of lycopene.

3.3.3. p38, JNK and ERK1/2
We also examined the expression of the p38, JNK and

ERK1/2 mitogen-activated protein (MAP) kinases (Fig. 6).
These kinases have been reported to be activated by various
stress stimuli, including an overproduction of ROS, and they
have been also implicated in apoptosis induction. 7-KC
(25 μM) induced a remarkable increase in the level of the
phosphorylated forms of p38 (p-p38), JNK (p-JNK) and
ERK1/2 (p-ERK1/2) after 24 h of incubation. Such increases
were all prevented by the addition of lycopene (2 μM).

3.3.4. Comparison of the effects of lycopene, β-carotene and
lycopene (5Z)-isomer on ROS production and cell growth in
THP-1 cells exposed to 7-KC

We also compared the ability of lycopene with those of
(5Z)-lycopene and β-carotene in modulating ROS produc-
tion (Fig. 7A), cell growth (Fig. 7B) and apoptosis (Fig. 7C)
Fig. 7. Effects of lycopene, β-carotene and lycopene (5Z)-isomer on ROS productio
7-KC. 7-KC (25 μM) was added to macrophages in the absence or in the presence of
means±S.E.M., n=4. The treatment/concentration interaction was significant (Pb.05
B: Pb.001, C: Pb.002, Tukey's test).
in THP-1 macrophages. 7-KC (25 μM) was added to
macrophages in the absence or in the presence of different
concentrations of carotenoids (0.5–2 μM) for 24 h.
Lycopene and its isomer were more effective than β-car-
otene, added at the same concentration, in preventing 7-KC-
induced ROS production, cell growth inhibition and
apoptosis induction.
4. Discussion

It is now well accepted that oxysterols, including 7-KC,
play important roles in atherosclerosis [9]. Indeed, 7-KC
has been found to be abnormally elevated in the plasma and
atherosclerotic plaques of hypercholesterolemic patients
[8,39,40] and increased plasma levels of oxysterols were
recently associated with an increased risk of atherosclerosis
in humans [41,42]. Moreover, the ability of some
oxysterols to trigger prooxidative reactions can be con-
sidered an important event in vascular dysfunction and
atherogenesis [43,44].

In the present study, we reported that 7-KC is able to
induce a strong oxidative stress in human macrophages, by
increasing ROS production through NOX-4 up-regulation,
n (A), cell growth (B) and apoptosis (C) in THP-1 macrophages treated with
different concentrations of carotenoids (0.5–2 μM) for 24 h. Values were the
). Values not sharing the same letter were significantly different (A: Pb.003;
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by enhancing the expression of heat shock proteins and
oxidative DNA damage and by altering redox-sensitive
MAP kinases.

The specific effects of 7-KC on ROS production have
been recently reported by us and by other authors [12,45],
and they seem to be mediated by a robust up-regulation of
NADPH oxidase [12]. In fact, we recently observed that the
selective inhibitor of NADPH oxidase diphenyleneiodonium
or the NOX-4 siRNAwas able to completely prevent 7-KC-
dependent ROS increase [12].

De novo synthesis of stress proteins is generally regarded
as a defense response triggered by a number of toxic stimuli
[36,44]. Among stress proteins, hsp70 and hsp90 are highly
inducible and are thought to represent an early response of
stressed cells to adverse conditions [46,47]. In particular,
hsp70 has been detected in areas of atherosclerotic lesions
[48], suggesting that sites of increased hsp expression during
plaque evolution may represent areas of the arterial wall
undergoing cytotoxic stress [49]. It has been reported that
OxLDLs induce the expression of hsp70 in cultured human
endothelial cells [49] and vascular smooth muscle cells [50],
and it has been hypothesized that this event may represent a
cytoprotective response to OxLDL cytotoxicity. Since
oxysterols account for most of OxLDL cytotoxicity
[50,51], it is reasonable to speculate that they are responsible
for the damage to vascular cells. This hypothesis is strongly
supported by our data, showing that 7-KC was responsible
for a remarkable increase in hsp70 and hsp90 expressions in
human macrophages.

Considering the high overproduction of ROS occurring in
the presence of 7-KC, it was also of interest to identify the
effects of these compounds on oxidative DNA damage,
which is a chemical modification frequently identified in
atherosclerotic plaques [52]. On the basis of the present
study, 7-KC was able to induce oxidative DNA damage, as
revealed by the formation of 8-OHdG in human macro-
phages. These results are in agreement with previous
observations that oxysterols, and in particular 7-β-hydro-
xycholesterol and 7-KC, are mutagenic to Chinese hamster
lung fibroblasts [53] since they induce the formation of 8-
OHdG, which is considered to be a premutagenic DNA
lesion [38]. In the present work, the detection of 8-OHdG
thus constitutes a link between the overproduction of ROS
and the mutagenicity triggered by 7-KC. In addition, the
detection of 8-OHdG opens new fields of investigation
between oxidative DNA damage and apoptosis [37].

Many apoptosis-inducing factors have been also shown to
elicit oxidative stress; hence, it may be that oxidative stress is
deeply involved in the apoptotic process. Increased con-
centrations of 7-KC in THP-1 cells have been linked to cell
death and plaque rupture occurring in the atherosclerotic
process. The proapoptotic effects of 7-KC observed in our
experimental conditions have already been demonstrated by
us and other laboratories [12,13,54,55]. The death of
apoptotic macrophage foam cells induced by 7-KC has
been shown to modulate the cellularity of the plaque and is
believed to play important roles in plaque growth [56]. The
results presented in this study are consistent with the
hypothesis that an important regulatory event in the
induction of apoptosis by the oxysterol is the decreased
expression of AKT [12]. It has been recently suggested that
the degradation of AKT plays a key role in apoptotic signal
transduction pathways [57]. However, it should be con-
sidered that 7-KC has been reported to activate apoptosis in
fibroblasts through a signal transduction pathway that
requires phosphorylation of STAT-1 at Ser-727 [58]. This
is noteworthy because some signal transduction pathways to
STAT-1 serine phosphorylation precede through AKT [59].
However, some reports that have implicated other kinases in
STAT-1 serine phosphorylation, including protein kinase C
and p38 MAP kinase, have appeared [60,61]. According to
this hypothesis, in our study, 7-KC was able to induce a
significant increase in phosphorylated MAP kinases. The
responses of the various Bcl-2 family members studied in
this work seem to be strictly related to the loss of AKT.
Sensitization to apoptotic induction by down-regulation of
Bcl-xL and Bcl-2 should lead to activation of Bax.

We also observed that 7-KC can induce arrest in cell cycle
progression in the G0/G1 phase, through a mechanism
probably involving DNA oxidative damage. A consensus
that p53 responds to the types of stress signals that cause
DNA damage has emerged. Activation of p53 by this signal
inhibits cell growth, by arresting proliferation through
increased expression of p21 and/or inducing apoptosis
through Bax increase. In our work, a clear relationship
appeared to exist between the expression of p53 and that of
p21. Cells exposed to 7-KC significantly increased their p53
and p21 content and such effects were maintained for the
entire incubation period.

In this study, we demonstrated for the first time that
lycopene, at concentrations that can be achievable in vivo in
human plasma, may counteract the oxidative processes
triggered by 7-KC in human macrophages. In fact, the
carotenoid was able to inhibit 7-KC-induced ROS produc-
tion, directly by its antioxidant properties or indirectly by its
ability in inhibiting the expression of NADPH oxidase.
Moreover, it decreased the levels of hsp70 and hsp90 and the
oxidative DNA damage induced by the oxysterol. These
results are in agreement with several studies showing that
lycopene is an effective antioxidant and free-radical
scavenger. The carotenoid has been shown to act as a potent
antioxidant, preventing the oxidative damage of critical
biomolecules including lipids, LDLs, proteins and DNA
[26,62,63]. In in vitro systems, lycopene was found to
inactivate several kinds of free radicals, including hydrogen
peroxide, nitrogen dioxide [64,65] thiyl (RSz) and sulphonyl
(RSO2z) radicals [66]. Moreover, lycopene was shown to be
the most effective antioxidant in protecting 2,2′-azobis(2,4-
dimethylvaleronitrile)-induced lipid peroxidation of the
liposomal membrane [67]. In addition, the carotenoid was
able to inhibit the oxidation of LDL in vitro [68], and it was
also shown to significantly reduce the levels of OxLDL in
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subjects consuming tomato sauce, tomato juice and lycopene
oleoresin capsules as sources of lycopene [14]. Moreover,
tomato products or purified lycopene supplementation have
been previously shown to decrease oxidative damage in
cellular DNA in healthy volunteers [62,69–74]. Finally,
several studies showed that consumption of tomato and
tomato juice leads to decreased lymphocyte DNA damage
[62,74]. Although these findings demonstrated that lycopene
may prevent oxidative damage in several experimental
models, its efficacy presumably depends on the concentra-
tion and the experimental model. In fact, It has been
suggested that the ability of carotenoids to protect cells
against oxidative damage may be rapidly lost under certain
circumstances and that these molecules may exhibit
prooxidant effects [75,76]. Accordingly with this, recently,
an increased level of oxidative DNA damage product in
LNCaP human prostate cancer cell treated with lycopene (5
μM) was described [77]. Moreover, Yeh et al. [78] showed
that lycopene enhances UVA-induced oxidative stress in
C3H cells, suggesting that under UVA irradiation, the
carotenoid may produce oxidative products that are respon-
sible for the prooxidant effects.

Our data show that a redox mechanism seems implicated
in the preventive effects of the carotenoid on the arrest of
cell cycle progression and on apoptosis induction provoked
by 7-KC. In fact, 7-KC increased ROS production and,
consequently, intracellular oxidative DNA damage through
changes in NOX-4 expression. Such events were respon-
sible for an increase in p53 expression, which, in turn,
enhanced the levels of p21, responsible for an arrest of cell
cycle progression, and Bax, responsible for apoptosis
induction. In our model, lycopene prevented the increase
in ROS production and, consequently, the oxidative DNA
damage induced by 7-KC, normalizing the levels of NOX-
4, p53, p21 and Bax and the growth in human
macrophages, strongly suggesting that the changes in
protein levels were accompanied by changes in cell
homeostasis and functions. In fact, the carotenoid prevented
the decrease in AKT expression by limiting the production
of 7-KC-induced ROS, as suggested by Rusinol et al. [57].
According to this, H2O2- and 15-deoxyprostaglandin J2-
induced apoptosis are accompanied by degradation of AKT
and both are examples of apoptosis with ROS as second
messengers. Moreover, lycopene normalized to the control
the expression of Bcl-2, Bcl-xL and Bax induced by the
oxysterol. The modulatory effects of the carotenoid on the
levels of the Bcl-2 family proteins seem to be particularly
interesting in light of the data supporting a role for Bcl-2 in
an antioxidant pathway, whereby this protein prevents
programmed cell death by decreasing formation of ROS
and lipid peroxidation products [79]. In addition, lycopene
prevented the increased expression of p53, responsible for
the consequent increased levels of both p21 and Bax,
presumably through a reduction of oxidative DNA damage.
Finally, the carotenoid limited 7-KC-induced phosphoryla-
tion of the p38, JNK and ERK1/2 MAP kinases, which are
known to be modulated by different oxidative stimuli,
including oxidative stress.

It is noteworthy that the carotenoid alone was ineffective
in modifying intracellular ROS production, cell cycle
progression and apoptosis in human macrophages. This
finding is not surprising in view of several reports suggesting
that lycopene may act as a powerful growth-inhibitory agent
in tumor but not in normal cells [80].

We also compared the ability of lycopene with those of its
(5Z)-lycopene isomer and β-carotene in inhibiting ROS
production, cell growth and apoptosis in THP-1 macro-
phages. Interestingly, lycopene and its (5Z)-lycopene isomer
were more effective than β-carotene in preventing cell
damage induced by 7-KC. Such results are not surprising in
view of previous observations showing that lycopene,
because of its high number of conjugated double bonds,
has been shown to exhibit higher antioxidant activity
compared to β-carotene [25]. On the other hand, no
remarkable differences were found in our model between
(all-E)-lycopene and (5Z)-lycopene, although a greater
antioxidant capacity of (5Z)-lycopene isomers has been
reported in more simple models than in cells.

In conclusion, the data reported here support a potential
role for lycopene in preventing the 7-KC-induced
oxidative stress and apoptosis in human macrophages.
This finding may have important implications in the
prevention of atherosclerosis. It should be pointed out that
although the amount of 7-KC found in plasma from
healthy subjects (0.022–2.0 μM) [81,82] or in cooked beef
or pork meat (0.09–4.32 μM) [83] was much lower than
the amount of 7-KC used in this study, in the
atherosclerotic plaque of hypercholesterolemic patients,
the amount of oxysterols, including 7-KC, is about 40-fold
higher. In such tissues, lycopene could strongly prevent
the detrimental effects of the oxysterols by reducing such
oxidative stress and apoptosis.
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