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Lycopene inhibits neointimal hyperplasia through regulating
lipid metabolism and suppressing oxidative stress
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Abstract. The present study aimed to investigate the possible
mechanism(s) through which lycopene inhibits neointimal
hyperplasia in restenosis models. A total of 32 white rabbits
were randomly divided into the following four groups: A sham
group,amodel group,amodel group treated with apocynin and
a model group treated with lycopene. Immunohistochemistry
and transmission electron microscopy (TEM) were used to
detect the carotid structures in these groups. Quantitative
polymerase chain reaction (QPCR) and western blot analysis
were performed to detect the mRNA and protein expression
levels of the proteins involved in cell proliferation and oxida-
tive stress, including anti-proliferating cell nuclear antigen,
extracellular signal-regulated kinase, nicotinamide adenine
dinucleotide phosphate oxidase 1, hydroxymethyl glutaric
acyl coenzyme A reductase, adenosine triphosphate-binding
cassette transporter Al and human neutrophil cytochrome b
light chain. Immunohistochemistry and TEM indicated that
lycopene treatment significantly reduced the intima/media
ratios, the accumulation of lipids and the formation of
foam cells in carotid plaques in rabbit restenosis models.
Furthermore, lycopene regulated the blood lipid levels and
suppressed the oxidative stress in these models. In addition,
gPCR and western blot analyses revealed that lycopene
significantly decreased the expression levels of cell prolifera-
tion-associated proteins, as well as proteins involved in lipid
synthesis and transportation. The results suggest that lyco-
pene may regulate lipid metabolism and suppress oxidative
stress, and thus, represents a promising therapeutic against
neointimal hyperplasia.
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Introduction

Vascular restenosis is a common complication of percuta-
neous transluminal coronary angioplasty (PTCA) and stent
implantation, which severely compromises the efficacy of
treatment. Despite improvements in technology, the incidence
of restenosis remains high due to neointimal hyperplasia,
which results from mechanical dilating injuries and may
be augmented by the presence of the stent (1). Under these
circumstances, the supplementation of pharmacological
treatments limiting neointimal ingrowth may improve the
therapeutic outcomes.

As shown in a previous study, proliferating cell nuclear
antigen (PCNA) and extracellular signal-regulated kinase
(ERK) 1/2 exhibit important roles in neointimal proliferation.
PCNA, which is a nuclear polypeptide synthesized or expressed
only in proliferative cells, can be used as an evaluation index
of cell proliferation (2,3). ERK, a type of mitogen-activated
protein kinase, mainly mediates cell proliferation induced
by growth factors and cytokines (4). Reactive oxygen species
(ROS) produced by nicotinamide adenine dinucleotide
phosphate-oxidase (NADPH oxidase) can promote cell
proliferation in the smooth muscle of blood vessels (5).
Apocynin is a specific inhibitor of NADPH oxidase, which
inhibits neointimal proliferation by inhibiting the expression
of NADPH oxidase (6). Thus, the proper use of drugs which
can promote or inhibit the secretion of the aforementioned
elements may effectively prevent diseases and lycopene is one
of them.

Lycopene, a type of carotenoid, is a natural component
of tomatoes and tomato products. Previous epidemiological
studies have demonstrated an inverse correlation between
the lycopene levels in serum and adipose tissues and the
incidence of cardiovascular diseases (7-9). Furthermore,
lycopene levels in serum and other tissues has been negatively
correlated with the thickness of the intima in carotid and aortic
plaques (10,11), suggesting that lycopene may inhibit arterial
intimal hyperplasia. In the present study, vascular restenosis
models were established through carotid balloon injury and
a high-fat diet. The effects of lycopene on blood lipids, lipid
peroxidation and intimal hyperplasia, as well as the expression
levels of proteins involved in cell proliferation, oxidative stress
and lipid metabolism, were investigated, and the associated
mechanisms were also examined.
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Materials and methods

Animals. The experimental procedures and animal care were
approved by the Experimental Animal Ethics Committee
of Chongqing Medical University (Chongqing, China). A
total of 32 healthy adult male New Zealand white rabbits,
weighing 2.23+0.18 kg, were included in the present study. The
animals were randomly divided into the following four groups
(n=8/group): A sham group, a model group, a model group
treated with apocynin and a model group treated with lycopene.
The sham group was exposed to surgery without artery injury,
while the other three groups were subjected to artery injury. For
drug administration, the sham and model groups were adminis-
tered a placebo (DSM Nutritional Products, Basel, Switzerland)
containing all the ingredients of lycopene or apocynin beadlets
with the exception of the lycopene or apocynin. The animals
in the lycopene group and the apocynin group were fed with
a diet mixed with lycopene (10 mg/kg body weight/day) and
apocynin (10 mg/kg body weight/day), respectively. Lycopene
and apocynin were generously donated by DSM Nutritional
Products (Basel, Switzerland).

Hematoxylin and eosin (H&E) staining. A total of 24 h
following fixation with 4% paraformaldehyde, the arterial
samples were dehydrated, embedded in paraffin and then cut
into 5 ym sections. Standard H&E staining was performed on
these serial sections. Briefly, the slices were stained with H&E
for 3 min until the nuclei were blue. They were then subjected
to visualization under a light microscope (Axio Imager 2; Carl
Zeiss, Oberkochen, Germany). Image Pro Plus 6.0 software
(Media Cybernetics, Rockville, MD, USA) was used for
image analysis. The thicknesses of the intima and media were
measured and the intima/media thickness ratio (IT/MT) was
calculated accordingly.

Transmission electron microscopy (TEM). The samples
for TEM examination were fixed in 2.5% glutaraldehyde in
0.1 M sodium phosphate buffer (pH 7.35) for 2 h at 4°C. The
tissues were successively rinsed in sodium phosphate buffer
(pH 7.35) and 2% osmium tetroxide for 2 h at room tempera-
ture. Following dehydration in gradient acetone series, the
tissues were embedded in Epon-Araldite-DDSA and then cut
into 60 nm sections. The sections on the grids were stained
with lead citrate for 3 min and then observed on a transmission
electron microscope (JEM-2100F; Hitachi, Toyota, Japan).

Blood and vascular sample collection. For sampling, the rabbits
were anesthetized and the blood was collected through heart
puncture. Plasma and serum were obtained for further analysis.
At the end of the study, the left (injured) and right (uninjured)
common carotid arteries were removed. Each carotid was cut
into two sections, one of which was used for immunohistochem-
ical analysis and the other was used for quantitative polymerase
chain reaction (QPCR) and western blot analyses.

Detection of serum lipid levels and lipid peroxidation. Total
cholesterol (TC), triglycerides (TG), low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C), superoxide dismutase (SOD), total anti-oxidant
capacity (T-AOC) and malondialdehyde (MDA) were measured
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Table I. Primer sequences for quantitative polymerase chain reaction.

Primers Sequences
PCNA F: 5-GGCTGAAGATAATGCGGACA-3'
R: 5-CGGTGAGGCGAAAGAGGA-3'
ERK1/2 F: 5'-TATGGGGAAAGTTAGCATTG-3'
R: 5-GTTACTCGGAGGAGGCTT-3'
Nox1 F: 5-TTGTTTCTGGTTGTTTGGTTAG-3'
R: 5-GCTTTGTGCTGTCACCTCATA-3'
p22phox F: 5-TCCTCCTTGCTACCATCCTG-3'
R: 5-TTCGTTGGCGGGTCGTTG-3'
HMG-CoAR F: 5'-GCAGTCAGTGGGAACTATTTCTG-3'
R:5'-GCAGTCAGTGGGAACTATTTCTG-3'
ABCAL1 F: 5'-AATGATTCGGACATAGACC-3'
R: 5-“TTGACGACTTGCGGGAGT-3'
GAPDH F: 5-GACATCAAGAAGGTGGTGAAGC-3'

R: 5'-CAGCATCGAAGGTAGAGGAGTG-3'

PCNA; anti-proliferating cell nuclear antigen; ERK; extracellular signal-reg-
ulated kinase; Nox1, nicotinamide adenine dinucleotide phosphate oxidase 1;
HMG-CoA R, hydroxymethyl glutaric acyl coenzyme A reductase; ABCAL,
adenosine triphosphate-binding cassette transporter Al; p22°"* human neu-
trophil cytochrome b light chain.

by detection kits (TC kit, cat. no. F002-2; TG kit, cat. no.
FO0O01-1; Serum LDL-C kit, cat. no. FO04-2; Serum HDL-C
kit, cat. no. FO03-2; SOD kit, cat. no. AOO1-1; T-AOC Kkit, cat.
no. AO15; MDA Kkit, cat. no. A0O03-1, respectively) purchased
from the Nanjing Jiancheng Bioengineering Institute (Nanjing,
China) according to the manufacturer's instructions. The serum
samples were naturally thawed at room temperature. The activi-
ties and/or contents of SOD, MDA and T-AOC were assessed
by the xanthine oxidase (hydroxylamine) method, a 2-thiobar-
bituric acid (TBA) assay and a colorimetric test, respectively.

gPCR. Total RNA was isolated from the rabbit carotid tissues
using the RNAiso Plus kit (Takara, Dalian, China). A total of
500 ng RNA was used as templates for cDNA generation with
the RNA RT kit (Takara). PCR was performed using a sequence
detection system (CFX96TM Real-Time PCR Detection
System; Bio-Rad, Hercules, CA, USA), using Power SYBR
Green PCR master mix (Takara). 3-actin served as the reference
housekeeping gene. The 224 method was applied to obtain
the relative expression levels of the target genes. The primer
sequences used in the present study are summarized in Table I.

Western blot analysis. The total proteins were extracted and
then separated by SDS-PAGE. The proteins were then trans-
ferred onto nitrocellulose membranes and the membranes were
incubated with anti-PCNA antibody (1:1,000 dilution; LifeSpan
BioSciences, Inc., Seattle, WA, USA), anti-ERK 1/2 antibody
(1:2,000 dilution; LifeSpan BioSciences, Inc.), anti-phos-
phorylated (p)-ERK1/2, antibody (1:2,000 dilution; LifeSpan
BioSciences, Inc.), anti-nicotinamide adenine dinucleotide
phosphate oxidase 1 (Nox1) antibody (1:1,000 dilution; Abcam,
Cambridge, UK), anti-human neutrophil cytochrome b light
chain (p22P") antibody (1:1,000 dilution; Abcam), anti-hydroxy-
methyl glutaric acyl coenzyme A (HMG-CoA) reductase
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Figure 1. Carotid structures in rabbit restenosis models. (A) Carotid structures in restenosis were detected with hematoxylin and eosin staining (magnification,
x200). (B) Statistical analysis of the IT/MT ratios in the restenosis models. #P<0.01, compared with the sham group; “P<0.01, compared with the model group;
&4p<0.01, compared with the apocynin group. IT/MT, intima/media thickness ratio.

Figure 2. Carotid structures detected with transmission electron microscopy (magnification, x7,000). The carotid structures, the formation of the foam cells and
the morphologies of smooth muscle cells were visualized with TEM in (A) the sham group, (B) the model group, (C) the apocynin-treated group and (D) the

lycopene-treated group.

antibody (1:1,000 dilution; Abcam) and anti-ATP-binding
cassette transporter Al (ABCALI) antibody (1:1,000 dilution;
Abcam), respectively, at 4°C overnight. The membranes were
further incubated with horseradish peroxidase-conjugated goat
anti-mouse immunoglobulin G (1:4,000 dilution; ZSGB-BIO,
Beijing, China) at room temperature for another 1 h. Following
washing, the membranes were analyzed using an enhanced
chemiluminescence advanced system (Amersham Biosciences,
Piscataway, NJ, USA). Actin was used as a loading control. The
protein bands on the membrane were analyzed using a biological
image analysis system (Quantity One; Bio-Rad, Richmond, VA,
USA) to assess the protein expression levels.

Statistical analysis. Data are presented as the mean + stan-
dard deviation. SPSS 19.0 software was applied to perform
statistical analysis (IBM, Armonk, NY, USA), with analysis
of variance. Pairwise comparisons (seast significant difference
tests) between the groups were also conducted. P<0.05 was
considered to indicate a statistically significant difference.

Results

Lycopene significantly inhibits neointimal hyperplasia in reste-
nosis models. To assess the effects of lycopene on neointimal

hyperplasia, the changes in the IT/MT thickness ratio and the
foam cell formation were determined by H&E staining and
TEM in the restenosis models following drug administration.
H&E staining demonstrated that the balloon injury and high-fat
diet resulted in marked carotid intimal thickening (Fig. 1A),
which confirmed the establishment of the rabbit restenosis
models. Compared with the sham group, the IT/MT ratio in
the carotid plaques in the model group was markedly elevated
(P<0.01; Fig. 1B). Apocynin treatment significantly reduced the
IT/MT ratios in the carotid plaques in these models, which was
further decreased by lycopene administration (P<0.01; Fig. 1B).

Furthermore, there were a large number of foam cells
within the intima in the model and the apocynin-treated
groups, whereas less foam cells were observed in the lyco-
pene group. This finding was further confirmed by the TEM
results. In the sham group, the smooth muscle cells exhibited
contracting morphologies, with an abundance of intracellular
actin fibers (Fig. 2). By contrast, in the model group, the actin
fibers were markedly diminished within the smooth muscle
cells, which were transformed into secreting cells. These cells
contained a variety of types of cellular matrix and numerous
large lipid droplets, exhibiting the phenotypes of smooth muscle
cell-derived macrophages. However, the changes in the models
were evidently alleviated by lycopene treatment (Fig. 2). The
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Figure 3. Lipid metabolism assessment in the restenosis models. Blood lipid levels in the rabbit restenosis models were measured, including (A) TG, (B) TC,
(C) LDL-C and (D) HDL-C. Data are presented as the mean + standard deviation (n=8). “/P<0.01, compared with the sham group; “P<0.01, compared with
the model group; ¥4P<0.01, compared with the apocynin group. TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C,

high-density lipoprotein cholesterol.
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Figure 4. Oxidative stress detection in the restenosis models. Oxidative stress-associated parameters in the rabbit restenosis models were measured, including
serum (A) SOD, (B) T-AOC and (C) MDA levels. Data are presented as the mean + standard deviation (n=8). ""P<0.01, compared with the sham group; “P<0.01,
compared with the model group. SOD, superoxide dismutase; T-AOC, total anti-oxidant capacity; MDA, malondialdehyde.

above results suggested that lycopene significantly reduced the
IT/MT ratios, the accumulation of lipids and the formation of
foam cells, i.e., reducing neointimal hyperplasia, in the rabbit
restenosis models.

Lycopene regulates blood lipid levels in restenosis models. As
it was found that lycopene reduced the lipid accumulation and
foam cell formation in restenosis models, the effects of lyco-
pene on the lipid metabolism in these models were assessed.
The blood lipid levels were measured and the results indicated
that the levels of TC, TG and LDL-C were markedly increased,
while HDL-C was decreased in the model group as compared
with the sham group (P<0.01; Fig. 3). When treated with
lycopene, the TC, TG and LDL-C levels were significantly
decreased, while the HDL-C levels were significantly elevated
in these models (P<0.01;Fig. 3). However, apocynin did not
induce any significant responses in these indexes in the models

(P>0.05). These results suggested that lycopene regulated the
blood lipid levels, which may be responsible for its therapeutic
effects in the restenosis models.

Lycopene suppresses oxidative stress in restenosis models.
The oxidative status has been closely linked with cell prolif-
erative activities and lipid peroxidation. Therefore, the effects
of lycopene on the oxidative status in the restenosis models
were examined. The results demonstrated that, compared
with the sham group, the levels of SOD and T-AOC signifi-
cantly declined, and the contents of MDA were significantly
elevated in the model group (P<0.01; Fig. 4). Treatment with
lycopene and apocynin upregulated SOD and T-AOC levels,
while downregulating MDA levels (P<0.01; Fig. 4). These
results suggested that lycopene was able to suppress oxidative
stress in restenosis models, which may reduce lipid metabo-
lism and contribute to the reduced neointimal hyperplasia.
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Figure 5. qPCR analysis of the levels of mRNAs involved in cell proliferation, oxidative stress and lipid metabolism in restenosis models. Expression levels of
mRNAs involved in cell proliferation, oxidative stress and lipid metabolism in the restenosis models were detected by gPCR, including (A) PCNA, (B) ERK1/2,
(C) Nox1, (D) p22°r*, (E) HMG-CoA reductase and (F) ABCA1. #P<0.01, compared with the sham group; “P<0.01, compared with the model group; “4P<0.01,
compared with the apocynin group. qPCR, quantitative PCR; PCNA; anti-proliferating cell nuclear antigen; ERK; extracellular signal-regulated kinase;
Nox1, nicotinamide adenine dinucleotide phosphate oxidase 1; HMG-CoA R, hydroxymethyl glutaric acyl coenzyme A reductase; ABCA1,
adenosine triphosphate-binding cassette transporter A1; p22P**, human neutrophil cytochrome b light chain.

Lycopene regulates the expression levels of proteins involved
in cell proliferation and oxidative stress in restenosis models.
To further investigate the mechanism(s) through which lyco-
pene exerts its neointimal hyperplasia-inhibiting effects in
restenosis models, the mRNA and protein expression levels
of certain proteins involved in cell proliferation, oxidative
stress and lipid metabolism were detected in the restenosis
models using qPCR and western blot analysis. PCNA and
p-ERK1/2 participate in the proliferation of cells. The results
revealed that the mRNA expression levels of PCNA were
elevated in the model group compared with the sham group,
as indicated by qPCR (Fig. 5A). However, the PCNA mRNA
levels in the models were significantly decreased by apocynin
(P<0.01; Fig. 5A). Compared with the apocynin group, the
PCNA mRNA expression levels were further reduced by
the treatment of lycopene (P<0.05; Fig. 5A). Consistently,
western blot analysis indicated that the elevated expression
of PCNA in the restenosis models was reduced by lycopene
and apocynin, with lycopene inducing a more potent reduc-
tion effect (Fig. 6A and B). There were no significant changes
observed in the expression of ERK1/2 between these groups,
neither at the mRNA (Fig. 5B) nor the protein (Fig. 6A) level.
However, the expression levels of p-ERK1/2 were increased
in the model group. Apocynin treatment significantly

decreased the expression levels of p-ERK1/2 (P<0.01),
which was further reduced by the administration of lycopene
(P<0.05, compared with the apocynin group; Fig. 6A and C).
These results suggested that lycopene significantly decreased
the expression levels of cell proliferation-associated proteins.

NoxI and p22°"* are associated with the cellular oxidative
status. The results indicated that the expression of Noxl
and p22P'* were markedly increased by restenosis at the
mRNA (Fig. 5C and D) and protein (Fig. 6A, D and E) levels.
Following the drug treatments, the expression levels of Nox1
and p22°" were decreased, confirming the anti-oxidant
effects of lycopene and apocynin (Fig. 5C and D; Fig. 6A,
D and E). HMG-CoA reductase and ABCAI1 are involved
in cholesterol biosynthesis and efflux. The results from
the qPCR and western blot analysis indicated that, in the
model group, the mRNA and protein expression levels of
HMG-CoA reductase and ABCA1 were elevated compared
with the sham group (Fig. 5E and F). HMG-CoA reductase
levels were decreased, while ABCA1 was further increased,
both on the mRNA and protein expression level, following
administration of lycopene (P<0.01). Apocynin, however, did
not affect the expression levels of HMG-CoA reductase and
ABCALI (Fig. 5E and F; Fig. 6A, F and G). Of note, there were
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Figure 6. Western blot analysis of the expression levels of proteins involved in cell proliferation, oxidative stress and lipid metabolism in restenosis models.
(A) Protein expression levels of proteins involved in cell proliferation, oxidative stress and lipid metabolism in restenosis models were detected by western
blot analysis. Quantitative analysis of the expression levels of (B) PCNA, (C) p-ERK1/2, (D) Nox1, (E) p22/**, (F) HMG-CoA reductase and (G) ABCAL.
"P<0.01, compared with the sham group; “P<0.01, compared with the model group; ““P<0.01, compared with the apocynin group. PCNA; anti-proliferating
cell nuclear antigen; ERK; extracellular signal-regulated kinase; Nox1, nicotinamide adenine dinucleotide phosphate oxidase 1; HMG-CoA R,
hydroxymethyl glutaric acyl coenzyme A reductase; ABCA1, adenosine triphosphate-binding cassette transporter A1; p22P™*, human neutro-

phil cytochrome b light chain.

significant differences in the mRNA and protein expres-
sion levels of HMG-CoA reductase and ABCA1 between
the apocynin and the lycopene groups (P<0.05 or P<0.01).
These results suggest that lycopene regulates the processes
of cholesterol biosynthesis and efflux, which may contribute
to the inhibition of foam cell formation.

Discussion

Lycopene has strong antioxidant properties (12) and apocynin
is a specific inhibitor of NADPH oxidase (13-15). These two
compounds have been demonstrated to have numerous benefi-
cial effects in cardiovascular diseases, particularly intimal
hyperplasia. The present study investigated for the first time,
to the best of our knowledge, the possible mechanisms through
which lycopene inhibits neointimal hyperplasia. The results
indicate that the inhibitory effects of lycopene on neointimal
hyperplasia and foam cell formation are notably more potent
than those of apocynin. In the rabbit restenosis models, lyco-
pene exerted antioxidant effects, inhibiting the mRNA and
protein expression of Nox1 and p22°™*, In addition, lycopene
regulated the expression of HMG-CoA reductase and ABCAI,
which are involved in lipid metabolism. These activities may

contribute to the neointimal hyperplasia-inhibiting effects of
lycopene.

PCNA is a polypeptide only synthesized and expressed
in the nuclei of proliferating cells, which may be used as an
indicator for the assessment of cell proliferation (3,16). As
one of the most established mitogen-activated protein kinases,
ERK1/2 have a key role in important cellular signaling path-
ways, mediating growth factor- and/or cytokine-associated
cell proliferation (4). In the present study, the expression levels
of PCNA and p-ERK1/2 were significantly reduced following
lycopene administration in restenosis models, indicating a
decreased cell proliferative activity, consistent with the inhibi-
tion of neointimal hyperplasia.

When the production of ROS exceeds its clearance, ROS
is gradually accumulated inside cells and/or the organisms,
causing oxidative stress. It has been suggested that the
oxidative status affects the occurrence and development
of neointimal proliferation (17-19). In addition, ROS are
important signaling molecules in regulating the vascular
functional status. ROS generated by NADPH oxidase serve
as secondary messengers in the modulation of cell prolifera-
tion, differentiation and apoptosis, rather than providing cell
defense functions (20). NADPH oxidase is a multiple protein
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complex composed of the catalytic subunit gp91°™* (also
known as Nox2, located in the cell membrane), the regula-
tory subunit p22P"* as well as other regulatory subunits in
the cytoplasm. A series of NADPH oxidase catalytic subunits
have been identified in various types of cells, including
Nox1. Nox1, which is also a homologue of gp91°"*, induces
ROS to promote the proliferation of vascular smooth muscle
cells (21-24). The SOD and T-AOC levels reflect the body's
ability to eliminate oxygen free radicals (25). By contrast,
HMG-CoA reductase is the rate-limiting enzyme in choles-
terol synthesis and ABCA1 appears to have a key role in
reverse cholesterol efflux and HDL generation (26-28). The
results of the present study demonstrated that the expres-
sion of Nox1 and p22°™* were significantly elevated, while
the SOD and T-AOC levels were significantly decreased in
the restenosis models. Furthermore, the proteins involved
in lipid metabolism, including HMG-CoA reductase and
ABCALI, were also increased in these models. Lycopene
treatment significantly downregulated the expression of
Nox1, p22Ph** and HNG-CoA reductases. However, the levels
of SOD and T-AOC were upregulated, as well as the expres-
sion of ABCAI, in these models. These results provide
molecular evidence for the lipid metabolism regulatory
effects of lycopene.

In conclusion, both lycopene and apocynin significantly
inhibit neointimal hyperplasia in the restenosis models caused
by balloon injury, with lycopene treatment having a more
potent effect. Lycopene exerts antioxidant functions, regulates
plasma lipid levels and modulates the expression of mRNA
and proteins involved in cell proliferation, oxidative stress and
lipid metabolism, while apocynin generates limited effects in
these restenosis models. The results suggested that lycopene
suppresses oxidative stress and regulates lipid metabolism,
representing a promising future therapeutic strategy against
neointimal hyperplasia.
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