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Abstract. Lysophosphatidic acid (LPA), which is one of the 
intermediate products of membrane phospholipid metabolism, 
is a bioactive phospholipid that possesses diverse activities. In 
the present study, the effects of LPA on neointimal formation 
following vascular injury were investigated. A carotid artery 
balloon injury model was employed in the present study, and 
following vascular injury, rats received an intraperitoneal 
injection of 1 mg/kg LPA. Subsequently, histopathological 
alterations were assessed by hematoxylin and eosin staining, the 
expression levels of proliferating cell nuclear antigen (PCNA) 
were detected by immunohistochemistry, apoptosis was 
assessed via a terminal deoxynucleotidyl transferase‑mediated 
dUTP nick end labeling assay, and the expression levels of 
apoptosis‑associated and autophagy‑associated proteins were 
detected by western blotting. In addition, inflammatory and 
oxidative stress‑associated factors were assessed by reverse 
transcription‑quantitative polymerase chain reaction or corre-
sponding kits. The results of the present study demonstrated 
that LPA enhanced vascular injury‑induced neointimal hyper-
plasia. LPA further elevated the expression levels of PCNA 

in the injured carotid artery tissues. LPA exhibited no effect 
on apoptosis in carotid artery tissues, whereas it modulated 
autophagy in the injured carotid artery tissues. Furthermore, 
LPA enhanced vascular injury‑induced inflammation and 
oxidative stress. The present study demonstrated that LPA 
may enhance neointimal hyperplasia following vascular 
injury by modulating proliferation, autophagy, inflammation 
and oxidative stress, but not apoptosis. Furthermore LPA may 
contribute to the pathology of atherosclerosis and may be 
considered a promising therapeutic target for the treatment of 
atherosclerosis.

Introduction

Atherosclerosis is a complex arterial disease characterized 
by lipid accumulation, inflammation and matrix remodeling 
in the arterial walls. Low‑density lipoprotein retention and 
endothelial cell activation initiate the formation of athero-
sclerotic lesions in the arterial intima (1). In the early stages 
of lesion formation, monocytes are recruited to the vascular 
walls and subsequently engulf lipids; after which, monocytes 
are transformed to foam cells (2). Neointimal formation is an 
early step in the development of atherosclerotic plaques (3). 
During atherosclerosis, vascular smooth muscle cells prolif-
erate and migrate to the intima, contributing to the thickening 
of vascular intima associated with the pathogenesis of athero-
sclerosis  (4,5). In the advanced stage of lesion formation, 
the accumulation of lipids, extracellular matrix and vascular 
smooth muscle cells form fibroatheroma in the intima (2). The 
narrowing of vessels influences oxygen supply, thus resulting 
in the ischemia of tissues, including the myocardium and brain. 
Atherosclerosis is one of the major causes of heart attacks and 
strokes, and is responsible for >50% of all cases of mortality in 
developed countries (6).

Lysophosphatidic acid (LPA) is one of the intermediate 
products of membrane phospholipid metabolism and is a bioac-
tive phospholipid present in almost all tissues (7). LPA has 
been reported to possess various activities that affect survival, 
development, morphological alterations and inflammation, 
via G‑protein‑coupled receptors (7,8). LPA is also involved in 
numerous diseases, including neurological disorders, cardio-
vascular diseases, fibrosis, tumors and inflammation (8,9). 
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Furthermore, LPA is associated with various vessel wall cell 
activities, and contributes to vasculogenesis, angiogenesis and 
vascular remodeling (7,10‑12). Indirect evidence that blockade 
of LPA receptors reduces neointimal hyperplasia has demon-
strated that LPA may be involved in neointimal formation 
following vascular injury and LPA receptor blockade relieves 
atherosclerotic development (13,14); however, the effects of 
LPA on neointimal formation remain unclear.

In the present study, the effects of LPA on neointimal 
formation following vascular injury were investigated. The 
findings indicated that LPA may contribute to the pathology 
of atherosclerosis, and may be considered a promising thera-
peutic target for the treatment of atherosclerosis.

Materials and methods

Animal experimental protocol. Healthy Sprague Dawley 
rats (n=36; male; age, 8 weeks; weight, 240‑260 g) were 
obtained from Liaoning Changsheng Biotechnology Co., Ltd. 
(Benxi, China) and were housed in a standard environment 
with controlled temperature (21‑23˚C), humidity (45‑55%), 
lighting (12 h light/dark cycle) and free access to food and 
water. Rats in the vascular injury group and vascular injury + 
LPA group (n=12 for each group) underwent carotid artery 
balloon injury. Briefly, rats were anesthetized and fastened in 
a supine position. A midline incision was performed on the 
skin of the anterior neck. The left common carotid, internal 
and external carotid arteries were exposed via an anterior 
incision of the neck. A 2.0 F balloon catheter was introduced 
via the external carotid artery and advanced towards the 
proximal end until it reached the common carotid artery. 
The balloon was inflated with 2‑fold atmospheric pressure 
to obstruct the bloodstream for 30 sec. The common carotid 
artery was injured by passing the inflated balloon back and 
forth slowly three times. Subsequently, the catheter was 
removed and the external carotid arteries and incision were 
closed. Following the surgical procedure, rats received peni-
cillin (2x105 units; intramuscular injection; Harbin Motian 
Agricultural Technology Veterinary Drug Co., Ltd., Harbin, 
China) to prevent infection. Rats in the sham group received 
similar operations, but no balloon‑induced injury. Following 
balloon‑induced injury, rats in the vascular injury + LPA 
group received LPA (1  mg/kg, intraperitoneal injection; 
Aladdin Industrial Corporation, Shanghai, China) every 
2 days for 35 days (18 injections in total). Rats in the sham 
(n=12) and vascular injury groups received an equal amount 
of normal saline (intraperitoneal injection). After 35 days, 
the carotid artery tissues were harvested for subsequent 
experiments. The present study followed the Guide for the 
Care and Use of Laboratory Animals (15) and was approved 
by the Ethics Committee of The People's Hospital of China 
Medical University (Liaoning, China).

Hematoxylin and eosin (HE) staining. The carotid artery 
tissues were fixed in 4% paraformaldehyde for 24 h at room 
temperature, dehydrated in graded ethanol, cleared with 
xylene, then embedded in paraffin and cut into 5‑µm sections. 
The sections were deparaffinized in xylene and rehydrated in 
graded ethanol series. Subsequently, the sections were stained 
with hematoxylin for 5 min and eosin for 3 min at room 

temperature. Images of carotid artery tissues in each group 
were obtained using light microscopy with the cellSens Entry 
1.9 imaging system (Olympus Corporation, Tokyo, Japan). 
According to the HE staining images, the intima, tunica media 
and lumen areas were calculated.

Immunohistochemistry. Following deparaffinization and 
rehydration, the paraffin‑embedded sections were maintained 
in citrate buffer at 100˚C for 10 min for antigen retrieval. 
Following rinsing with PBS, the sections were incubated 
with 3% hydrogen peroxide at room temperature for 15 min 
to inactivate the endogenous peroxidases. Subsequently, the 
sections were rinsed with PBS and incubated with normal 
goat serum (Beijing Solarbio Science & Technology, Co., 
Ltd., Beijing, China) at room temperature for 15  min to 
block nonspecific binding sites. The sections were then 
incubated with a primary antibody against proliferating cell 
nuclear antigen (PCNA; 1:50; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA; cat. no. sc‑25280) overnight at 4˚C. 
Following rinsing with PBS, the sections were incubated 
with corresponding biotin‑labeled secondary antibody 
(1:200; Beyotime Institute of Biotechnology, Haimen, China; 
cat. nos. A0286 and A0216) for 30 min at 37˚C. The sections 
were then rinsed with PBS and incubated with horseradish 
peroxidase (HRP)‑labeled avidin (Beyotime Institute of 
Biotechnology) at 37˚C for 30 min. After further rinsing, the 
sections were visualized with a 3,3'‑diaminobenzidine (DAB) 
kit (Beijing Solarbio Science & Technology, Co., Ltd.) and 
counterstained with hematoxylin (Beijing Solarbio Science & 
Technology, Co., Ltd.) at room temperature for 3 min. Images 
of each group were obtained using a light microscope with 
cellSens Entry 1.9 imaging system (Olympus Corporation). 
The percentage of PCNA‑positive cells in neointima was 
recorded.

Terminal deoxynucleotidyl transferase‑mediated dUTP 
nick end labeling (TUNEL) assay. The paraffin‑embedded 
sections were deparaffinized, rehydrated and subjected to 
a TUNEL assay using an In situ Cell Death Detection kit 
(Roche Diagnostics GmbH, Mannheim, Germany) according 
to the manufacturer's protocols. Briefly, the sections were 
permeabilized with 0.1% Triton X‑100 for 8 min and blocked 
with 3% hydrogen peroxide for 10 min. Subsequently, the 
sections were incubated with a mixture of enzyme solution 
and label solution (1:9) from the kit, at 37˚C for 60 min in the 
dark. Following rinsing with PBS, the sections were incubated 
with Converter‑POD at 37˚C for 30 min. The sections were 
visualized with a DAB kit and counterstained with hema-
toxylin as aforementioned. Images were obtained using a light 
microscope with cellSens Entry 1.9 imaging system at x400 
magnification. The percentage of TUNEL‑positive cells in 
neointima was recorded.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was extracted from carotid 
artery tissues using a RNApure High‑purity Total RNA 
Rapid Extraction kit (BioTeke Corporation, Beijing, China) 
and reverse transcribed to cDNA. The reaction system 
included 1 µl oligo(dT)15, 1 µl random primer, 2 µl dNTPs, 
10.5 µl ddH2O, 4 µl 5x Buffer, 0.5 µl RNasin and 1 µl moloney 
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murine leukemia virus reverse transcriptase (BioTeke 
Corporation). The thermocycling conditions were: 25˚C 
for 10 min, followed by 42˚C for 50 min. Subsequently, the 
mRNA expression levels of tumor necrosis factor (TNF)‑α, 
interleukin (IL)‑10 and IL‑1β were measured via qPCR with 
cDNA as templates. The primer sequences were as follows: 
TNF‑α, forward 5'‑TGG​CGT​GTT​CAT​CCG​TTC​T‑3', reverse 
5'‑CCA​CTA​CTT​CAG​CGT​CTC​GT‑3'; IL‑10, forward 5'‑CCA​
GTC​AGC​CAG​ACC​CAC​AT‑3', reverse 5'‑GCA​TCA​CTT​
CTA​CCA​GGT​AAA​AC‑3'; IL‑1β, forward 5'‑GGG​ATG​ATG​
ACG​ACC​TGC‑3', reverse 5'‑ACT​TGT​TGG​CTT​ATG​TTC​
TG‑3'; and β‑actin, forward 5'‑GGA​GAT​TAC​TGC​CCT​GGC​
TCC​TAG​C‑3' and reverse 5'‑GGC​CGG​ACT​CAT​CGT​ACT​
CCT​GCT​T‑3'. RT‑qPCR was performed on an Exicycler™ 
96 real‑time PCR instrument (Bioneer Corporation, Daejeon, 
Korea). The thermocycling conditions were as follows: Initial 
denaturation at 94˚C for 10 min; followed by 40 cycles of 
94˚C for 10 sec, 60˚C for 20 sec and 72˚C for 30 sec; and final 
extension at 72˚C for 150 sec. The relative mRNA expression 
levels were normalized to β‑actin and calculated using the 
2‑ΔΔCq method (16).

Western blot analysis. Proteins from the samples in each 
group were extracted using radioimmunoprecipitation 
assay lysis buffer (Beyotime Institute of Biotechnology) 
with 1% phenylmethanesulfonyl f luoride (Beyotime 
Institute of Biotechnology). Following determination of 
the protein concentration via a bichinconinic acid (BCA) 
protein assay kit (Beyotime Institute of Biotechnology), the 
proteins (30 µg/lane) were separated by 13% SDS‑PAGE. 
Following electrophoresis, the proteins were transferred 
onto polyvinylidene fluoride membranes (Merck KGaA, 
Darmstadt, Germany). The membranes were blocked with 
5% skim milk for 1 h at room temperature and incubated 
with primary antibodies against B‑cell lymphoma‑2 (Bcl‑2; 
1:400, Wuhan Boster Biological Technology, Ltd., Wuhan, 
China; cat. no. BA0412), Bcl‑2‑associated X protein (Bax; 
1:500, Sangon Biotech Co., Ltd., Shanghai, China; cat. 
no. D120073), caspase‑3 (1:1,000, Abcam, Cambridge, UK; 
cat. no. ab2302), microtubule‑associated protein 1A/1B light 
chain 3 (LC3 II/I; 1:500, Cell Signaling Technology, Inc., 
Danvers, MA, USA; cat. no. 2775), p62 (1:500, Cell Signaling 
Technology, Inc.; cat. no. 5114) or β‑actin (1:1,000, Santa 
Cruz Biotechnology, Inc.; cat. no. sc‑47778) overnight at 4˚C. 
Subsequently, the membranes were rinsed with Tris‑buffered 
saline with 0.15% Tween‑20 (TBST) and incubated with 
HRP‑labeled secondary antibodies (1:5,000; Beyotime 
Institute of Biotechnology; cat. nos. A0208 and A0216) at 
37˚C for 45 min. The membranes were rinsed with TBST 
and visualized with a BeyoECL Plus enhanced chemilu-
minescence reagent (Beyotime Institute of Biotechnology). 
The optical densities of targeted bands were analyzed using 
Gel‑Pro‑Analyzer software 4 (Media Cybernetics, Rockville, 
MD, USA).

Measurement of malondialdehyde (MDA), superoxide 
dismutase (SOD) and myeloperoxidase (MPO) levels. The 
carotid artery tissues were homogenized in PBS, and under-
went repeated freezing and thawing three times in liquid 
nitrogen. Following centrifugation at 10,005 x g at 4˚C for 

10  min, the supernatants were collected and the protein 
concentrations were measured using a BCA protein assay kit. 
Subsequently, the levels of MDA and SOD were measured 
using an MDA determination kit (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China; cat. no. A003‑1) or 
a SOD determination kit (WST‑1 method) (Nanjing Jiancheng 
Bioengineering Institute; cat. no.  A001‑3), according to 
the manufacturer's protocols. The carotid artery tissues 
were homogenized in normal saline, and the MPO levels 
were measured using an MPO determination kit (Nanjing 
Jiancheng Bioengineering Institute; cat. no. A044), according 
to the manufacturer's protocols.

Statistical analysis. The results are presented as the 
means  ±  standard deviation. Differences between groups 
were calculated using one‑way analysis of variance followed 
by Bonferroni's correction in GraphPad Prism 5.0 (Graphpad 
Software, Inc., La Jolla, CA, USA). Experiments were repeated 
three times. P<0.05 was considered to indicate a statistically 
significant difference.

Results

LPA enhances vascular injury‑induced neointimal thickening. 
Following vascular injury, neointimal formation of carotid 
artery tissues was assessed by HE staining. As presented in 
Fig. 1, the carotid artery tissues in the sham group revealed 
a common vascular structure with almost nonvisible intima; 
however, following vascular injury, neointima was visible, with 
a thickened intima. This thickening of the intima in the injured 
arteries appeared to be enhanced upon LPA treatment (Fig. 1A). 
Lumen, intimal and tunica media areas were also analyzed. 
Compared with the sham group, lumen area was significantly 
decreased in the vascular injury group (0.781±0.096 mm2 vs. 
0.588±0.095 mm2; Fig. 1B). The lumen area further decreased 
following treatment with LPA (Fig. 1B). Conversely, compared 
with the sham group, intimal area was significantly increased 
by 0.279±0.037 mm2 in the vascular injury group, and further 
increased in the vascular injury + LPA group (Fig. 1C). In 
addition, no significant alterations in tunica media area were 
observed across the three groups (Fig. 1D). The intima/tunica 
media ratio was increased by 0.394±0.069 in the vascular 
injury group, and further increased in the vascular injury + 
LPA group (Fig. 1E). These results demonstrated that intimal 
thickening caused by vascular injury may be enhanced by 
treatment with LPA.

LPA modulates proliferation and autophagy, but not apop‑
tosis in neointima. To further evaluate neointimal hyperplasia, 
the expression levels of PCNA in the carotid artery tissues 
were detected by immunohistochemistry. The carotid artery 
tissues in the vascular injury group exhibited significantly 
increased PCNA expression levels compared with in the sham 
group. In addition, the carotid artery tissues in the vascular 
injury + LPA group demonstrated significantly higher PCNA 
levels compared with in the vascular injury group (Fig. 2). 
These results indicated that LPA enhanced proliferation of 
neointima.

Apoptosis is very important in the formation of 
neointima  (17); therefore, in the present study, the extent 
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Figure 1. LPA enhances vascular injury‑induced neointima formation. (A) Carotid artery tissues were collected and subjected to hematoxylin and eosin 
staining. Typical images are presented (magnification, x400). (B) Lumen, (C) intimal and (D) tunica media areas, and (E) ratio of intima/tunica media in 
each group were calculated. Data are presented as the means ± standard deviation (n=6 animals/group). **P<0.01 compared with the sham group; #P<0.05 and 
###P<0.001 compared with the vascular injury group. LPA, lysophosphatidic acid; ns, not significant.

Figure 2. LPA enhances vascular injury‑induced elevated PCNA expression. PCNA levels in the carotid artery tissues in each group were detected by immuno-
histochemistry. Magnification, x400. The percentage of PCNA‑positive cells in neointima was recorded. Data are presented as the means ± standard deviation. 
Typical images are presented (n=6/group). ***P<0.001 compared with the sham group; #P<0.05 compared with the vascular injury group. LPA, lysophosphatidic 
acid; PCNA, proliferating cell nuclear antigen.



MOLECULAR MEDICINE REPORTS  18:  87-96,  2018 91

of apoptosis in carotid artery tissues was investigated. The 
results of the TUNEL assay demonstrated that there was no 
significant difference in apoptotic levels among the various 
groups (Fig. 3). In addition, the protein expression levels of 
caspase‑3, Bax and Bcl‑2 were detected to evaluate apop-
tosis in each group. The results revealed that there was no 
significant difference in the expression levels of caspase‑3 
among the groups (Fig. 4A). In the vascular injury group, 
the expression levels of Bax were significantly increased 
compared with the sham group (Fig. 4B). In addition, the 
expression levels of Bcl‑2 were significantly increased in 
the vascular injury group compared with the sham group 
(Fig. 4C). However, the Bax/Bcl‑2 ratio exhibited no signifi-
cant difference between the vascular injury and sham groups 
(Fig. 4D). Furthermore, the expression levels of Bax and 
Bcl‑2 revealed no significant difference between the vascular 
injury and vascular injury + LPA groups (Fig. 4B‑D). These 
results were consistent with the results of TUNEL assay, and 
demonstrated that LPA had no effect on apoptosis in vascular 
injury‑induced neointima.

The levels of autophagy were elevated in response to 
vascular injury, as determined by the expression levels of LC3 
II/I and p62 via western blotting. The results demonstrated 
that, in the vascular injury group, the expression levels of 
LC3 II/I and p62 were significantly increased and decreased, 
respectively, compared with in the sham group, thus indicating 
activation of autophagy. However, upon treatment with LPA, 
the expression levels of LC3 II/I were significantly decreased 
and those of p62 were significantly increased compared with 
the vascular injury group (Fig. 5). These results demonstrated 
that activation of autophagy induced by vascular injury may be 
inhibited by LPA.

LPA affects inflammation and oxidative stress induced by 
vascular injury. In the present study, the expression levels of 
TNF‑α, IL‑1β and IL‑10 were measured, in order to evaluate 
inflammatory status. In the vascular injury group, the expres-
sion levels of TNF‑α, IL‑1β and IL‑10 were significantly 
increased compared with the sham group (Fig. 6). In the 
vascular injury + LPA group, the expression levels of TNF‑α 
and IL‑1β were significantly enhanced upon treatment with 
LPA compared with the vascular injury group (Fig. 6A and 
B); however, the expression levels of IL‑10 in the vascular 
injury + LPA group exhibited a slight, but not significant 
decrease following treatment with LPA (Fig.  6C). These 
results suggested that LPA may affect vascular injury‑induced 
inflammation.

Since oxidative stress also contributes to formation of 
neointima, the levels of MDA, MPO and SOD were measured 
using corresponding kits. The results indicated that, compared 
with the sham group, the MDA and MPO levels in the vascular 
injury group were significantly increased (Fig. 7A and B); 
conversely, the expression levels of SOD were significantly 
decreased in the vascular injury group (Fig. 7C). In addition, in 
the vascular injury + LPA group, the increased MDA and MPO 
levels caused by vascular injury were significantly enhanced by 
LPA treatment, whereas SOD levels were decreased; however, 
this was not significant (Fig. 7). These results indicated that 
LPA may enhance vascular injury‑induced oxidative stress.

Discussion

LPA serves an important role in the cardiocerebral vascular 
system. In the present study, the effects of LPA on neointimal 
formation following vascular injury were investigated. The 

Figure 3. LPA exerts no effect on apoptosis in neointima. Apoptosis of carotid artery tissues was detected by TUNEL assay. Magnification, x400. The percentage 
of TUNEL‑positive cells in neointima was recorded. Data are presented as the means ± standard deviation. Typical images are presented (n=6 animals/group). 
LPA, lysophosphatidic acid; ns, not significant; TUNEL, terminal deoxynucleotidyl transferase‑mediated dUTP nick end labeling.
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Figure 4. LPA exerts no effect on apoptosis in neointima. Protein expression levels of (A) cleaved caspase‑3, (B) Bax and (C) Bcl‑2 were detected by western 
blotting. β‑actin was used as an internal reference. (D) Bax/Bcl‑2 ratio. Data are presented as the means ± standard deviation (n=6 animals/group). ***P<0.001 
compared with the sham group. Bax, Bcl‑2‑associated X; Bcl‑2, B‑cell lymphoma‑2; LPA, lysophosphatidic acid; ns, not significant.

Figure 5. LPA modulates autophagy within injured carotid arteries. (A) Expression levels of LC3 II/I in each group were detected by western blotting. 
β‑actin served as an internal reference. (B) Western blotting was performed to detect the expression levels of p62 in each group. Data are presented as the 
means ± standard deviation (n=6 animals/group). ***P<0.001 compared with the sham group; #P<0.05 and ##P<0.01 compared with the vascular injury group. 
LC3 II/I, microtubule‑associated protein 1A/1B light chain 3; LPA, lysophosphatidic acid.
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results of the present study revealed that LPA enhanced 
neointimal hyperplasia in the injured carotid arteries by 
modulating proliferation, autophagy, inflammation and 
oxidative stress. Conversely, LPA exerted no significant 
effects on apoptosis in injured carotid arteries. These results 
suggested that LPA may contribute to the pathogenesis of 
atherosclerosis.

The expression levels of LPA are elevated in atheroscle-
rotic lesions (18,19), and LPA can induce rapid activation of 
platelets, stimulate angiogenesis and regulate the expression 
of vascular endothelial growth factor  (19‑21). The present 
study revealed that LPA enhanced vascular injury‑induced 
neointimal hyperplasia via the modulation of proliferation, 
autophagy, inflammation and oxidative stress. In concordance 
with the present study, Zhang et al (3) suggested that LPA 
may induce neointimal formation in a rat carotid artery model 
by activating peroxisome proliferator‑activated‑receptor γ. 
Subramanian  et  al  (13) also reported that treatment with 
Ki16425, which blocks LPA receptors (LPA1 and LPA3), 
inhibits neointimal formation. These findings indicated that 
LPA may contribute to the pathological process of athero-
sclerosis. In addition, Kritikou et al (14) suggested that the 

inhibition of LPA receptors may reduce the size of athero-
sclerotic plaques. Since LPA serves such a critical role in 
atherosclerosis, it may be considered a promising therapeutic 
target for atherosclerosis.

LPA can induce DNA replication and mitosis  (22,23); 
excessive cell proliferation in arterial walls contributes to 
the growth of plaques (5). Vascular smooth muscle cells are 
the dominant type of cells that contribute to atherosclerotic 
lesions. The proliferation and migration of vascular smooth 
muscle cells contribute to the pathogenesis of atheroscle-
rosis (24). LPA has previously been reported to serve as a 
mitogenic growth factor of vascular smooth muscle cells, 
thus promoting their proliferation and affecting their 
migration  (22,25,26). LPA also induces the proliferation 
and migration of vascular endothelial cells, and activates 
endothelial cells to produce adhesion molecules and secrete 
inflammatory cytokines, which also contribute to the patho-
genesis of atherosclerosis (27‑29). Furthermore, LPA affects 
the migration of fibroblasts and monocytes (30), which are 
important for neointimal formation and the pathogenesis of 
atherosclerosis (31). In the present study, the injured carotid 
artery tissues exhibited higher PCNA expression levels 

Figure 7. LPA affects oxidative stress in injured carotid arteries. The levels of (A) MDA, (B) MPO and (C) SOD in the carotid artery tissues of each group 
were measured with corresponding kits. Data are presented as the means ± standard deviation (n=6 animals/group). **P<0.01 and ***P<0.001 compared with 
the sham group; #P<0.05 and ##P<0.01 compared with the vascular injury group. LPA, lysophosphatidic acid; MDA, malondialdehyde; MPO, myeloperoxidase; 
ns, not significant; SOD, superoxide dismutase.

Figure 6. LPA affects inflammation within injured carotid arteries. The expression levels of (A) TNF‑α, (B) IL‑1β and (C) IL‑10 in the carotid artery tissues 
of each group were detected by reverse transcription‑quantitative polymerase chain reaction. The relative mRNA expression levels were calculated using the 
2‑ΔΔCq method. Data are presented as the means ± standard deviation (n=6 animals/group). *P<0.05 and **P<0.01 compared with the sham group; #P<0.05 and 
### P<0.001 compared with the vascular injury group. IL, interleukin; LPA, lysophosphatidic acid; ns, not significant; TNF, tumor necrosis factor.
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following LPA treatment, indicating enhanced prolifera-
tion. Therefore, LPA may contribute to the pathogenesis of 
atherosclerosis.

LPA serves an indefinite role in cell apoptosis. LPA has 
been reported to exert no effect on the apoptosis of colon 
cancer cells, but may increase their proliferation  (32). 
Conversely, LPA has been indicated to induce apoptosis, but 
protect against cisplatin‑induced apoptosis in cervical cancer 
cells  (33,34). The effects of LPA have been reported to 
promote epithelial cell apoptosis following lung injury, and 
promote the resistance of lung fibroblasts to apoptosis (35). 
In the present study, LPA enhanced neointimal hyperplasia 
caused by vascular injury, but exerted no effect on the apop-
tosis of vascular cells, as evidenced by TUNEL assay and 
unaltered caspase‑3 levels and Bax/Bcl‑2 ratios. LPA also 
protects macrophages from apoptosis, promoting atheroscle-
rotic lesion formation (36).

Autophagy, which is activated by stress, nutrient depriva-
tion and toxic agents, is a conserved process that degrades 
long‑lived proteins, damaged organelles and macromolecular 
aggregates for recycling (37). Autophagy serves an important 
role in cholesterol metabolism and contributes to the patho-
logical processes of atherosclerosis (38); however, the role of 
autophagy in atherosclerosis is complex, with both detrimental 
and protective effects (39). Ye et al (40) reported that, in injured 
carotid arteries, activation of autophagy influx appears in the 
neointima; consistently, in the present study, autophagy was 
activated in injured carotid arteries. Notably, the activation of 
autophagy in injured arteries was eliminated upon treatment 
with LPA in the present study. Grootaert et al (41) demonstrated 
that defective autophagy may promote post‑injury neointimal 
formation. Therefore, LPA‑induced suppression of autophagy 
may contribute to enhanced neointimal hyperplasia.

Atherosclerosis is associated with chronic inflamma-
tion. In the present study, LPA was reported to enhance the 
elevated expression levels of inflammatory cytokines, TNF‑α 
and IL‑1β, in injured carotid arteries. These results revealed 
that LPA may enhance vascular injury‑induced inflammation. 
Consistent with the findings of the present study, previous 
studies demonstrated that LPA may induce the expression of 
IL‑1β in macrophages, thus contributing to the development 
of atherosclerosis (42,43). It has also been reported that LPA 
promotes the synthesis and release of TNF‑α by T lympho-
cytes (44). IL‑10 is a well‑known anti‑inflammatory cytokine, 
which serves a protective role against atherosclerosis (45‑47). 
Notably, the expression levels of IL‑10 are increased in 
advanced or unstable atherosclerotic plaques (48,49). In the 
present study, the expression levels of IL‑10 in injured carotid 
arteries were elevated post‑vascular injury; however, LPA 
exerted no effect on the elevated expression levels of IL‑10. 
The recruitment of immune cells also contributes to the 
pathology of atherosclerosis. LPA has been revealed to stimu-
late the accumulation of macrophages, promote the migration 
and adhesion of monocytes to endothelium, and contribute to 
the aggravation of atherosclerotic plaques (50‑52).

Atherosclerosis is also associated with oxidative 
stress‑induced conditions (39). In early atherosclerotic lesions, 
oxidative stress is activated, thus resulting in oxidative modi-
fication of low‑density lipoprotein, which is a pathogenic 
factor for atherosclerosis (53). The present study revealed that 

oxidative stress induced by vascular injury was enhanced upon 
treatment with LPA, thus indicating that enhanced oxidative 
stress may be associated with the neointimal‑promoting 
effects of LPA. According to the literature, oxidative stress is 
also involved in the endothelial cytotoxicity of LPA (54).

In conclusion, the present study demonstrated that LPA 
may enhance neointimal hyperplasia by modulating prolif-
eration, autophagy, inflammation and oxidative stress, but not 
apoptosis, within injured carotid arteries. The findings of the 
present study indicated that LPA may contribute to the patho-
genesis of atherosclerosis and may be considered a promising 
target for the treatment of atherosclerosis.
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