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A b s t r a c t

Atherosclerosis (AS) is a  chronic inflammatory disease with high morbidity and mortality worldwide and is the 
pathologic basis of cerebral-cardiovascular disease. Cerebral infarction is caused by cerebral ischemia in the deep 
brain stem or cerebral hemisphere, and small vessel atherosclerosis is the pathophysiological basis of lacunar cere-
bral infarction. In this study, we found that inhibition of PARP1 in neuronal cells increased the proliferation rate of 
cells, reduced the concentration of cholesterol in neuronal cells, inhibited the expression and secretion of proinflam-
matory factors and promoted the expression and secretion of proangiogenic factors. In addition, the reverse trans-
port process of cholesterol and autophagy process were activated in neuron cells by detecting the target proteins 
using western blotting analysis, and further experiments found that this process might be mediated by activation of 
the PI3K/AKT/mTOR signalling pathway. Thus, we thought inhibition of PARP1 might be a new therapeutic method 
for cerebral-cardiovascular disease.
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Introduction

Atherosclerosis is an inflammatory disease that 
occurs in the arterial wall and is characterized by 
progressive accumulation of lipids and inflammatory 
cells in the intima of large arteries [2]. Internalization 
of lipids in the intima is the first stage of atheroscle-
rosis, which, combined with endothelial activation 
or dysfunction [26], further secretes chemotactic 
and growth factors, induces the migration, accumu-

lation and proliferation of VSMCs and leukocytes, 
promotes the formation of atherosclerotic plaques, 
and the accumulation of cholesterol is a critical risk 
factor for cerebral artery atherosclerosis, which has 
been considered a  consistent association between 
cholesterol concentration and ischemic stroke [19]. 
Leonurine is an effective constituent extracted from 
Herba Leonuri, which is widely distributed in Africa, 
Asia, Europe and North America and presents an 
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anti-inflammatory, antinociceptive and hypoglycae-
mic function. A previous study found that activation 
of poly (ADP-ribose) polymerase 1 (PARP1) reduces 
the level of NAD+, resulting in a  reduction in cellu-
lar ATP levels and leading to cell death [3]. Inhibition 
of PARP1 using pharmacological methods has been 
found in the treatment of experimental models of 
atherosclerosis [32]. Proatherogenic conditions, in- 
cluding oxidized low-density lipoprotein (oxLDL), 
immunogenic lipopolysaccharides (LPS), hyperglycae-
mia, angiotensin II (Ang-II), H2O2 and peroxynitrite 
[34,48], induce the production of free radicals and 
oxidants in vascular cells via activation of PARP1, 
leading to the development of atherosclerosis. In this 
study, we established a  PARP1 overexpression and 
inhibition cell model in HT-22 and GT1-7 cells and 
found that inhibition of PARP1 in HT-22 and GT1-7 
cells decreased the cellular concentration of choles-
terol and inhibited the inflammatory process and the 
concentration of proangiogenic cytokines. We fur-
ther noticed that inhibition of PARP1 increased the 
expression of AGCA1, ABCG1, Beclin1 and Atg5 with 
a  decrease in the expression of Toll-like receptors, 
activated the cholesterol reverse transport process 
and autophagy process and inhibited the inflamma-
tory response process. In addition, we further found 
that these effects might be mediated by activation 
of the PI3K/AKT/mTOR signalling pathway. Thus, we 
thought that inhibition of PARP1 might be a  thera-
peutic method for cerebral vessel disease.

Material and methods

Material

Leonurine (SML0670) was purchased from Sigma. 
PJ34 (HY-13688A) was purchased from MCE. Choles-
terol was purchased from Sigma (C4951). Lipofect-
amine 3000 Transfection Reagent (L3000150), TRIzol 
Plus RNA Purification Kit (12183555), Maxima First 
Strand cDNA Synthesis Kit (K1671) and PowerUp 
SYBR Green Master Mix (A25742) were purchased 
from Thermo. The Total Cholesterol Content Assay 
Kit (BC1980) and MTT (M8180) were purchased 
from Solarbio. DMEM (670087) and fetal bovine 
serum (FBS) (10099) were purchased from Gibco. 
Anti-phosphoinositide-3-kinase (PI3K, ab74136), 
protein kinase B (AKT, ab179463), p-AKT (ab38449), 
mechanistic target of rapamycin kinase (mTOR, 
ab2732), p-mTOR (ab109268), nuclear factor-κB 
p65 (NF-κB p65, ab16502), p-NF-κB (ab86299), IKK 

(ab178870), Toll-like receptors 2 (TLR2, ab209217), 
TLR4 (ab22048), ATP binding cassette subfamily A 
member 1 (ABCA1, ab18180), ATP binding cassette 
subfamily G member 1 (ABCG1, ab52617), vascu-
lar endothelial growth factor α (VEGF-α, ab52917), 
fibroblast growth factor 2 (FGF2, ab92337), Beclin1 
(ab207612) and autophagy-related 5 (ATG5, 
ab108327) were purchased from Abcam. VEGF-α 
(ab100751), FGF (ab100670), interleukin (IL)-1β 
(ab100704), and IL-10 (ab108870) ELISA kits were 
purchased from Abcam. HEK293T (CRL-1573) cells 
were purchased from American Type Culture Collec-
tion (ATCC).

Ethical review

Not applicable for there are no animal or human 
trials.

Vector construction

To construct the PARP1 overexpression vector, 
the PAPR1 fragment was amplified using PCR with 
the following primers: forward: 5’- AACCTCTAGAAT-
GGCGGAGTCTTCGGATAAG-3’, reverse: 5’- AACCGC-
GGCTTAAGCGTAGTCTGGGACGTCGTATGGGTACCA-
CAGGGAGGTCTTAAAATTG-3’, and cloned into the 
pCDH-CMV-Puro vector. Plasmid transfection was 
performed according to the protocol of Lipofect-
amine 3000 Transfection Reagent. HT-22 and GT1-7 
cells were infected with lentiviral supernatants for  
48 h, and stable cell lines were selected using 2 μg/ml 
puromycin.

Cell culture and grouping

HT-22 (SCC129) and GT1-7 (SCC116) cells were 
purchased from the Cell Bank of the Chinese Acad-
emy of Sciences and cultured at 37°C in a humid-
ified atmosphere supplied with 5% CO2 and cul-
tured in DMEM with 10% FBS. Cells were divided 
into four groups: the normal group (NC), leonurine 
treatment group (CH), leonurine treatment sup-
plied with PARP1 inhibition group (CA) and leonu-
rine treatment supplied with PARP1 overexpression 
group (CI). In all groups, cells were first treated with 
100 μg/ml cholesterol for 12 h [51]. In the leonurine 
treatment groups, cells were first treated with 80 μM 
leonurine for 24 h, and in the PARP1 inhibition 
group, cells were treated with 1 μM PJ34 for 24 h 
[50]. After treatment, cells were collected for further 
experiments.
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MTT assay

Cells were seeded into a  96-well plate at 
a  concentration of 105 and treated as previous-
ly described. After treatment, cells were incubated 
with MTT reagent at a concentration of 5 mg/ml for 
4 h, and then cultured medium was removed (n = 3). 
The optical density at 490 nm was detected using 
a  Multiskan FC microplate reader after incubation 
with DMSO for 10 min.

RNA extraction and reverse 
transcription

RNA extraction was performed according to 
the protocol of the TRIzol Plus RNA Purification Kit. 
Cells were first lysed and homogenized with TRIzol 
reagent followed by incubation at room temperature 
for 5 min. After mixing with chloroform and incuba-
tion for 5 min, samples were centrifuged at 12,000 g 
for 15 min, and the RNA in aqueous phase was 
removed into a new tube. Then, samples were mixed 
with an equant volume of ethanol and bound to the 
membrane in a collection tube using centrifugation. 
After washing with washing buffer, the RNA was 
eluted with elution buffer, and the concentration of 
RNA was determined using a  Qubit 4 Fluorometer 
(Thermo). The reaction mixture of reverse transcrip-
tion was made up as recommended and incubated 
at 25°C for 10 min, 50°C for 15 min and 85°C for  
5 min. Then, cDNA samples were stored at –80°C 
until performing the following experiments.

Quantitative polymerase chain reaction 
(qPCR)

The reaction mixture was made up as recommend-
ed. The experiment was performed using the follow-
ing steps: UDG activation for 2 min at 50°C and dual-
lock DNA polymerase for 2 min at 95°C. These steps 
were repeated for 40 cycles: denaturation for 15 s 
at 95°C, annealing for 15 s at 58°C and extension for  
1 min at 72°C. In addition, the primers used were listed 
as follows: IL-1β, Forward: 5’-GCTGCTTCCAAACCTTT-
GAC-3’, Reverse: 5’-AGCTTCTCCACAGCCACAAT-3’; IL-6, 
Forward: 5’-CCTCTGGCGGAGCTATTGAG-3’, Reverse: 
5’-CGGCAAGTGAGCAGATAGCA-3’; IL-10, Forward: 
5’-GGAGGTGCTGCTTGTGACAG-3’, Reverse: 5’-TTGACT-
GCTGGCGATATGCT-3’; NLRP3, Forward: 5’-GGAGGTGCT-
GCTTGTGACAG-3’, Reverse: 5’-TGCCACCTTCTGACCAGT-
GT-3’; TLR4, Forward: 5’-GCATGGCTTACACCACCTCTC-3’, 

Reverse: 5’-TGTCTCCACAGCCACCAGAT-3’; TLR2, For-
ward: 5’-GCAGTCCCAAAGTCTAAAGTCG-3’, Reverse: 
5’-CTACGGGCAGTGGTGAAAAC-3’. The expression of 
mRNA was measured using the 2-ΔΔCq method [24]. 
GAPDH was used as an internal control (n = 3).

Protein extraction and western blotting 
analysis

Cells were lysed with RIPA buffer supplement-
ed with proteinase inhibitor cocktail, and the con-
centration of proteins was determined using a BCA 
assay. Then, 60 μg protein samples were used to 
perform the western blotting analysis. Samples were 
loaded and separated using 10% SDS-PAGE electro-
phoresis, and then protein samples were transferred 
onto nitrocellulose membranes using the Trans-
Blot Turbo Transfer System. Membranes were first 
incubated with 5% skim milk for 1 h at room tem-
perature and incubated with primary antibodies at 
4°C overnight. The grey values of each band were 
detected using a  chemiluminescent immunoassay 
after incubation with secondary antibody for 1 h 
at room temperature. The grey value of each target 
protein in each group was analysed using Image-Pro 
Plus software (version 6.0). GAPDH was used as an 
internal control. The expression level of each target 
protein was calculated by the grey value and then 
normalized to the grey value of the corresponding 
GAPDH grey value of each group.

Measurement of total cholesterol 
levels in HT-22 and GT1-7 cells

Total cholesterol levels in HT-22 and GT1-7 cells 
were detected using a total cholesterol content assay 
kit. Cells were first counted using a cell counter, and 
the same number of cells (106) was used to perform 
the following experiment. According to the protocol, 
cells were lysed using lysis buffer followed by ultra-
sound for 3 min. After centrifugation at 10,000 g for 
10 min at 4°C, samples and standards were added 
to each well of a 96-well plate and incubated with 
working solution, and the concentration of cellu-
lar total cholesterol was detected at 500 nm using 
a Multiskan FC microplate reader.

Enzyme-linked immunosorbent assay

The enzyme-linked immunosorbent assay (ELISA) 
experiment was performed according to the proto-
col. Briefly, cultured medium and standard samples 
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were loaded into each well and incubated for 2 h at 
room temperature with ante shaking. After washing 
with washing buffer, samples were incubated with 
substrate solution and stop solution, and the optical 
density at 405 nm was detected using a Multiskan 
FC microplate reader.

Statistical analysis

Data were presented as the mean ± SD. P values 
were calculated using ANOVA (n = 3, each experi-
ment was repeated three times independently).  
P < 0.05 was set as a statistic difference. *P < 0.05 
compared with the NC group, #p < 0.05 compared 
with the CH group.

Results

Effect of PARP1 inhibition on the 
proliferation of HT-22 and GT1-7 cells

As shown in Figure 1A, the viability rates of HT-22 
cells in the CH, CI and CA groups were 73.3 ±7.1, 58.2 
±5.8 and 95.6 ±9.3, respectively. The viability rates 
of GT1-7 cells in the CH, CI and CA groups were 68.5 
±6.7, 52.1 ±4.8 and 87.6 ±8.3, respectively. The via-
bility rate in the CH and CI groups was significant-
ly decreased compared with that in the NC group  
(p < 0.05), significantly increased in the CA group 
and significantly decreased in the CI group (p < 0.05) 
compared with that in the CH group in both HT-22 
and GT1-7 cells. We also detected the expression of 
PARP1 in these groups without treatment with cho-
lesterol (Fig. 1B). The expression of PARP1 in the NC, 
CA and CI groups of HT-22 cells was 1.26 ±0.10, 0.59 
±0.05, and 1.89 ±0.15, respectively. The expression 
of PARP1 in the NC, CA and CI groups of GT1-7 cells 
was 0.08 ±0.01, 0.04 ±0.01 and 0.12 ±0.01, respec-
tively. The expression of PARP1 in the CA group was 
significantly decreased and significantly increased in 
the CI group compared with the NC group (p < 0.05), 
indicating that the PARP1 overexpression and inhi-
bition group was successfully established. In Fig-
ure 1C, the concentrations of total cholesterol in 
HT-22 cells in the NC, CH, CI and CA groups were 
0.71 ±0.05, 0.93 ±0.07, 1.20 ±0.10 and 0.76 ±0.05 
μmol/l, respectively. The concentrations of cholester-
ol in the NC, CH, CI and CA groups were 0.53 ±0.03, 
0.85 ±0.06, 1.08 ±0.08 and 0.62 ±0.04, respectively, 
in GT1-7. The concentration of cellular cholesterol 
was significantly increased in the CH and CI groups 
compared with the NC group (p < 0.05) and was sig-

nificantly increased in the CI group and significantly 
decreased in the CA group (p < 0.05) compared with 
the CH group.

Effect of PARP1 inhibition on the 
secretion of inflammatory-related 
factors

In each group of HT-22 cells, the concentrations of 
VEGF-α in the culture medium of the NC, CH, CA and 
CI groups were 285.0 ±10.2, 321.4 ±15.4, 378.2 ±17.2 
and 241.2 ±8.5 pg/ml, respectively. The concentra-
tions of FGF in these groups were 184.2 ±9.6, 256.3 
±11.2, 292.1 ±10.8 and 145.5 ±8.1 pg/ml. The con-
centrations of IL-1β in these groups were 296.3 ±14.1, 
274.2 ±12.4, 247.1 ±11.3 and 354.1 ±17.5 pg/ml. 
The concentrations of IL-10 in these groups were 
0.75 ±0.06, 0.92 ±0.09, 1.23 ±0.11 and 0.42 ±0.05 
ng/ml (Fig. 2). In each group of GT1-7 cells, the con-
centrations of VEGF-α in the culture medium of the 
NC, CH, CA and CI groups were 183.2 ±9.3, 235.1 
±12.5, 284.6 ±14.2 and 157.1 ±7.6 pg/ml, respective-
ly. The concentrations of FGF in these groups were 
148.6 ±6.4, 197.3 ±8.2, 277.8 ±12.4 and 124.5 ±5.1 
pg/ml. The concentrations of IL-1β in these groups 
were 265.4 ±11.5, 231.4 ±9.8, 187.6 ±7.3 and 284.6 
±13.2 pg/ml. The concentrations of IL-10 in these 
groups were 0.62 ±0.03, 0.84 ±0.06, 1.17 ±0.08 and 
0.36 ±0.01 ng/ml (Fig. 3). As shown in Figures 2 and 
3, the concentrations of VEGF-α, FGF and IL-10 in 
the culture medium of HT-22 and GT1-7 cells were 
significantly increased in the CH and CA groups and 
significantly decreased in the CI group compared 
with the NC group (p < 0.05), significantly decreased 
in the CI group and significantly increased in the CA 
group compared with the CH group (p < 0.05). The 
concentration of IL-1β was significantly decreased in 
the CH and CA groups and significantly increased in 
the CI group compared with the NC group (p < 0.05), 
and compared with the CH group, the concentration 
of IL-1β was significantly decreased in the CA group 
and significantly increased in the CI group (p < 0.05).

Effect of PARP1 inhibition on the 
expression of inflammation-related 
genes

As shown in Figure 4, the expression of IL-1β 
in the NC, CH, CA and CI groups of HT-22 cells was 
0.96 ±0.08, 0.81 ±0.07, 0.58 ±0.05 and 1.32 ±0.12, 
respectively. The expression of IL-1β was significantly 
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Fig. 1. The viability rate, expression of PARP1 and cellular cholesterol concentration in HT-22 and GT1-7 
cells. A) Viability rate of HT-22 and GT1-7 cells in each group. B) Expression of PARP1 in each group of HT-22 
and GT1-7 cells. C) Cellular concentration of cholesterol in each group of HT-22 and GT1-7 cells. Data were 
presented as the mean ± SD. Each experiment was repeated three times independently (n = 3). *p < 0.05 
compared with the NC group, #p < 0.05 compared with the CH group.
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Fig. 2. Detection of the concentration of inflammatory-related factors and angiogenesis-related factors in 
the medium of HT-22 cells using ELISA. A) Concentration of VEGF-α in each group. B) Concentration of FGF 
in each group. C) Concentration of IL-1β in each group. D) Concentration of IL-10 in each group. Data were 
presented as the mean ± SD. Each experiment was repeated three times independently (n = 3). *p < 0.05 
compared with the NC group, #p < 0.05 compared with the CH group.
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Fig. 3. Detection of the concentration of inflammatory-related factors and angiogenesis-related factors in 
the medium of GT1-7 cells using ELISA. A) Concentration of VEGF-α in each group. B) Concentration of FGF 
in each group. C) Concentration of IL-1β in each group. D) Concentration of IL-10 in each group. Data were 
presented as the mean ± SD. Each experiment was repeated three times independently (n = 3). *p < 0.05 
compared with the NC group, #p < 0.05 compared with the CH group.
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decreased in the CA group compared with the NC 
and CH groups (p < 0.05). This value was significantly 
increased in the CI group compared with the NC and 
CH groups (p < 0.05). The expression of IL-6 in these 
groups was 1.13 ±0.10, 0.94 ±0.08, 0.71 ±0.06 and 
1.42 ±0.13. The change in IL-6 in these groups pre-
sented a  trend similar to that of IL-1β. The expres-
sion of IL-10 in these groups was 0.84 ±0.07, 1.02 
±0.10, 1.34 ±0.13 and 0.61 ±0.04. The expression 
of IL-10 was significantly increased in the CA group 
compared with the NC and CH groups (p < 0.05) and 
was significantly decreased in the CI group compared 

with the CH group (p < 0.05). The expression of 
NLRP3 in these groups was 0.96 ±0.09, 0.73 ±0.06, 
0.54 ±0.04 and 1.33 ±0.13. The expression of NLRP3 
was significantly decreased in the CH and CA groups 
compared with the NC group (p < 0.05) and signifi-
cantly increased in the CI group compared with the 
NC group (p < 0.05). Compared with the CH group, 
the expression of NLRP3 was significantly decreased 
in the CA group and significantly increased in the CI 
group (p < 0.05). The expression of TLR2 in these 
groups was 1.02 ±0.09, 0.80 ±0.07, 0.63 ±0.05 and 
1.15 ±0.12. The expression of TLR4 in these groups 
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Fig. 4. Detection of the expression level of inflammation-related genes in HT-22 cells using RT-qPCR.  
A) Expression of IL-1β in each group. B) Expression of IL-6 in each group. C) Expression of IL-10 in each 
group. D) Expression of NLRP3 in each group. E) Expression of TLR2 in each group. F) Expression of TLR4 
in each group. Data were presented as the mean ± SD. Each experiment was repeated three times inde-
pendently (n = 3). *p < 0.05 compared with the NC group. #p < 0.05 compared with the CH group.
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was 0.92 ±0.09, 0.71 ±0.07, 0.48 ±0.03 and 1.06 
±0.08. Compared with the NC group, the expression 
of TLR2 and TLR4 was significantly decreased in the 
CH and CA groups (p < 0.05), and the expression of 
TLR2 and TLR4 was significantly decreased in the 
CA group and significantly increased in the CI group 
compared with the CH group (p < 0.05). In Figure 5, 
the expression of IL-1β in the NC, CH, CA and CI 
groups of GT1-7 cells was 0.83 ±0.07, 0.71 ±0.06, 
0.52 ±0.04 and 0.96 ±0.09, respectively. The expres-
sion of IL-1β was significantly decreased in the  
CA group compared with the NC and CH groups  
(p < 0.05). This value was significantly increased in 

the CI group compared with the CH group (p < 0.05). 
The expression of IL-6 in these groups was 1.27 ±0.11, 
1.03 ±0.09, 0.53 ±0.05 and 1.35 ±0.13. The change 
in IL-6 expression was significantly decreased in 
the CH and CA groups compared with the NC group  
(p < 0.05) and was significantly decreased in the CA 
group but significantly increased in the CI group com-
pared with the CH group (p < 0.05). The expression 
of IL-10 in these groups was 0.88 ±0.07, 1.15 ±0.10, 
1.47 ±0.13 and 0.76 ±0.06. The expression of IL-10 
was significantly increased in the CA group compared 
with the NC and CH groups (p < 0.05) and was signifi-
cantly decreased in the CI group compared with the 
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Fig. 5. Detection of the expression level of inflammation-related genes in GT1-7 cells using RT-qPCR.  
A) Expression of IL-1β in each group. B) Expression of IL-6 in each group. C) Expression of IL-10 in each 
group. D) Expression of NLRP3 in each group. E) Expression of TLR2 in each group. F) Expression of TLR4 
in each group. Data were presented as the mean ± SD. Each experiment was repeated three times inde-
pendently (n = 3). *p < 0.05 compared with the NC group. #p < 0.05 compared with the CH group.
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CH group (p < 0.05). The expression of NLRP3 in these 
groups was 1.13 ±0.12, 0.85 ±0.07, 0.54 ±0.04 and 
1.36 ±0.14. The expression of NLRP3 was significantly 
decreased in the CH and CA groups compared with the 
NC group (p < 0.05), and compared with the CH group, 
the expression of NLRP3 was significantly decreased 
in the CA group and significantly increased in the CI 
group (p < 0.05). The expression of TLR2 in these groups 
was 0.87 ±0.08, 0.69 ±0.05, 0.42 ±0.04 and 0.96 ±0.09.  
The expression of TLR4 in these groups was 1.08 ±0.09, 
0.86 ±0.07, 0.54 ±0.04 and 1.25 ±0.11. Compared 
with the NC group, the expression of TLR2 and TLR4 
was significantly decreased in the CH and CA groups  
(p < 0.05), and the expression of TLR2 and TLR4 was 
significantly decreased in the CA group and signifi-
cantly increased in the CI group compared with the CH 
group (p < 0.05).

Effect of PARP1 inhibition on the 
expression of cholesterol transport-
related and inflammation-related 
proteins

As shown in Figure 6, the expression of cholesterol 
transport-related and inflammation-related proteins 
in HT-22 cells was detected using western blotting 
analysis. The expression of ABCA1 in the NC, CH, CA 
and CI groups was 0.08 ±0.01, 0.70 ±0.06, 0.98 ±0.08 
and 0.79 ±0.07, respectively. Increased expression 
levels of ABCA1 were observed in the CH, CA and CI 
groups compared with the NC group (p < 0.05), and the 
expression of ABCA1 in the CA group was significant-
ly increased compared with the CH group (p < 0.05). 
The expression of ABCG1 in these groups was 0.52 
±0.04, 1.05 ±0.09, 1.21 ±0.10 and 1.13 ±0.09. The 

Fig. 6. Detection of the expression levels of inflammatory-, autophagy- and angiogenesis-related proteins 
in HT-22 cells using western blot analysis. A) Expression of each target proteins. B) Quantitative analysis 
of each protein. Data were presented as the mean ± SD. Each experiment was repeated three times inde-
pendently (n = 3). *p < 0.05 compared with the NC group, #p < 0.05 compared with the CH group.
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expression of ATG5 in these groups was 0.55 ±0.05, 
0.94 ±0.08, 1.07 ±0.09 and 0.95 ±0.08. The expression 
of Beclin1 in these groups was 0.86 ±0.07, 1.09 ±0.09, 
1.24 ±0.10 and 1.08 ±0.09. The expression of FGF2 in 
these groups was 0.55 ±0.05, 0.96 ±0.08, 1.40 ±0.12 
and 1.15 ±0.10. Changes in the expression of ABCG1, 
ATG5, Beclin1 and FGF2 presented a trend similar to 
that of ABCA1. The expression of VEGF-α in these 
groups was 0.79 ±0.07, 1.15 ±0.10, 1.20 ±0.10 and 0.80 
±0.07. Increased expression of VEGF-α was observed 
in the CH and CA groups compared with the NC group 
(p < 0.05), and increased expression of VEGF-α and 
decreased expression of VEGF-α were observed in the 
CA and CI groups compared with the CH group (p < 
0.05). In Figure 7, the expression of ABCA1 in GT1-7 
cells of the NC, CH, CA and CI groups was 0.28 ±0.02, 
0.79 ±0.06, 0.92 ±0.07 and 0.50 ±0.004, respectively. 
The expression of ABCA1 was significantly increased 

in all treatment groups compared with the NC group 
(p < 0.05), was significantly increased in the CA group 
(p < 0.05) and was significantly decreased in the CI 
group compared with the CH group. The expression 
of ABCG1 in these groups was 0.46 ±0.04, 0.66 ±0.05, 
0.85 ±0.07 and 0.62 ±0.005. The expression of ABCG1 
was significantly increased in all treatment groups 
compared with the NC group (p < 0.05) and was sig-
nificantly increased in the CA group compared with 
the CH group (p < 0.05). The expression of ATG5 in 
these groups was 0.70 ±0.05, 1.20 ±0.09, 1.51 ±0.12 
and 0.74 ±0.007. The expression of ATG5 was signifi-
cantly increased in the CH and CA groups compared 
with the NC group (p < 0.05) and was significantly 
increased in the CA group and decreased in the CI 
group (p < 0.05). The expression of Beclin1 in these 
groups was 0.64 ±0.05, 1.06 ±0.08, 1.51 ±0.12 and 
0.87 ±0.008. The expression of Beclin1 was signifi-

Fig. 7. Detection of the expression levels of inflammatory-, autophagy- and angiogenesis-related proteins 
in GT1-7 cells using western blot analysis. A) Expression of each target proteins. B) Quantitative analysis 
of each protein. Data were presented as the mean ± SD. Each experiment was repeated three times inde-
pendently (n = 3). *p < 0.05 compared with the NC group. #p < 0.05 compared with the CH group.
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cantly increased in all treatment groups compared 
with the NC group (p < 0.05) and was significantly 
increased in the CA group and decreased in the CI 
group compared with the CH group (p < 0.05). The 
expression of FGF2 in these groups was 0.67 ±0.05, 
0.88 ±0.07, 1.25 ±0.10 and 0.76 ±0.006. The change 
in the expression of FGF2 presented a trend similar 
to that of Beclin1. The expression of VEGF-α in these 
groups was 0.94 ±0.07, 1.14 ±0.09, 1.32 ±0.10 and 
0.28 ±0.002. The expression of VEGF-α was signifi-
cantly increased in the CA group and significantly 
decreased in the CI group compared with the NC and 
CH groups (p < 0.05).

Effect of PARP1 inhibition on activation 
of the PI3K/AKT signalling pathway

As shown in Figure 8, activation of the PI3K/AKT 
signalling pathway was detected using western blot-

ting analysis. The ratios of p-AKT/AKT in the NC, CH, 
CA and CI groups of HT-22 cells were 0.14 ±0.01, 1.21 
±0.10, 1.50 ±0.13 and 0.83 ±0.07, respectively. The 
PI3K/AKT ratio was significantly increased in all treat-
ment groups compared with the NC group (p < 0.05). 
Compared with the CH group, the ratio of PI3K/AKT 
was significantly increased in the CA group and sig-
nificantly decreased in the CI group (p < 0.05). The 
ratios of p-mTOR/mTOR in these groups were 0.51 
±0.04, 0.73 ±0.06, 1.25 ±0.10 and 0.90 ±0.08. The 
ratio of p-mTOR/mTOR was significantly increased 
in all treatment groups compared with the NC group  
(p < 0.05) and was significantly increased in the CA 
and CI groups compared with the CH group (p < 0.05). 
The ratios of p-NF-κB/NF-κB in these groups were 
0.79 ±0.07, 0.60 ±0.05, 0.57 ±0.05 and 0.69 ±0.06. The 
ratio of p-NF-κB/NF-κB was significantly decreased in 
the CH and CA groups compared with the NC group 

Fig. 8. Detection of activation of the PI3K/AKT/mTOR signalling pathway in HT-22 cells using western blot 
analysis. A) Expression of key molecules in the PI3K/AKT/mTOR signalling pathway. B) Quantitative analysis 
of each protein. Data were presented as the mean ± SD. Each experiment was repeated three times inde-
pendently (n = 3). *p < 0.05 compared with the NC group, #p < 0.05 compared with the CH group.
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(p < 0.05) but was not significantly changed between 
the CH and CA groups. The expression of IKK in these 
groups was 0.95 ±0.08, 1.20 ±0.10, 1.56 ±0.13 and 
0.64 ±0.05. Changes in the expression of IKK pre-
sented a similar trend with changes in the PI3K/AKT 
ratio. The expression of TLR2 in these groups was 
1.04 ±0.09, 0.94 ±0.08, 0.68 ±0.06 and 2.04 ±0.17. 
Changes in the expression of TLR2 were significantly 
decreased in the CA group and significantly increased 
in the CI group compared with the NC and CH groups  
(p < 0.05). The expression of TLR4 in these groups was 
2.51 ±0.21, 2.31 ±0.19, 1.88 ±0.16 and 2.20 ±0.18. 
Changes in the expression of TLR4 were significant-
ly decreased in the CA group compared with the 
NC and CH groups (p < 0.05). As shown in Figure 9, 
the ratios of p-AKT/AKT in the NC, CH, CA and CI 
groups of GT1-7 cells were 1.25 ±0.10, 1.67 ±0.13, 
1.83 ±0.14 and 1.16 ±0.09, respectively. The PI3K/

AKT ratio was significantly increased in the CH and  
CA treatment groups compared with the NC group 
(p < 0.05). Compared with the CH group, the ratio of 
PI3K/AKT was significantly increased in the CA group 
and significantly decreased in the CI group (p < 0.05). 
The ratios of p-mTOR/mTOR in these groups were 
0.63 ±0.05, 0.69 ±0.05, 0.94 ±0.07 and 0.67 ±0.05. The 
ratio of p-mTOR/mTOR was significantly increased in 
the CA group compared with the NC and CH groups  
(p < 0.05). The ratios of p-NF-κB/NF-κB in these groups 
were 2.28 ±0.18, 2.06 ±0.16, 1.54 ±0.12 and 1.75 
±0.13. The ratio of p-NF-κB/NF-κB was significantly 
decreased in the CA and CI groups compared with 
the NC group (p < 0.05) and significantly decreased in 
the CA group compared with the CH group (p < 0.05). 
The expression of IKK in these groups was 0.72 ±0.06, 
1.43 ±0.11, 1.81 ±0.14 and 1.18 ±0.09. Changes in 
the expression of IKK presented a similar trend with 

Fig. 9. Detection of activation of the PI3K/AKT/mTOR signalling pathway in GT1-7 cells using western blot 
analysis. A) Expression of key molecules in the PI3K/AKT/mTOR signalling pathway. B) Quantitative analysis 
of each protein. Data were presented as the mean ± SD. Each experiment was repeated three times inde-
pendently (n = 3). *p < 0.05 compared with the NC group, #p < 0.05 compared with the CH group.
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changes in the PI3K/AKT ratio. The expression of TLR2 
in these groups was 1.02 ±0.08, 0.98 ±0.08, 0.74 ±0.06 
and 1.13 ±0.09. Changes in the expression of TLR2 
were significantly decreased in the CA group compared 
with the NC and CH groups (p < 0.05). The expression 
of TLR4 in these groups was 0.98 ±0.08, 0.84 ±0.06, 
0.50 ±0.04 and 1.10 ±0.08. Changes in the expres-
sion of TLR4 were significantly decreased in the CA 
group compared with the NC and CH groups (p < 0.05) 
and significantly increased in the CI group compared 
with the CH group (p < 0.05).

Discussion

Atherosclerosis is a  chronic low-grade sterile 
inflammatory process that occurs in arterial wells. 
The first step of atherosclerosis is disturbed laminar 
flow at arterial sites, followed by lipoprotein accu-
mulation in endothelial cells [28]. The main cause 
of cerebral vessel disease is changes in blood com-
ponents [10]. The occurrence of cerebral vessel dis-
ease is mainly related to hypertension and diabetes, 
especially hyperlipemia, which reflects dysfunction 
in cholesterol metabolism [11]. It is well known that 
for the prevention of risk factors for stroke, the 
control of cholesterol metabolism plays a  critical 
role [5,53]. PI3K/AKT is a critical signalling pathway 
that regulates cellular proliferation, survival and 
death [12]. AKT also regulates the expression of 
mammalian target of rapamycin (mTOR) complex 1 
(mTORC1), a key regulator of nutrient signalling, and 
controls cellular metabolism, translation and cellu-
lar responses [38]. A recent study indicated that AKT 
also regulates the expression of mTORC2, which also 
regulates the activation of AKT phosphorylation at 
the S473 site [46].

Recent studies noticed that the activation of 
a  negative regulator of the mTOR signalling path-
way, SIRT, leads to the inhibition of PARP1, further 
triggering the phosphorylation and activation of 
AKT [14]. In addition, pharmacological inhibition of 
PARP1 activates the PI3K/AKT signalling pathway, 
presenting a cytoprotective pathway by preventing 
the collapse of the mitochondrial membrane sys-
tem under oxidative stress stimulation [45]. Another 
study found that inhibition of PARP1 further induced 
the phosphorylation of AKT in multiple target organs 
[47]. Macrophages are divided into two functional 
subtypes: the inflammatory or classically activated 
M1 subtype and the alternatively activated M2 sub-
type [15,25]. These two subtypes of macrophages 

can be reversibly shifted in different environments 
and different stages of atherosclerosis [42]. M1 
macrophages secrete IL-12, IL-23 and tumor necro-
sis factor α (TNF-α), which are critical for protection 
from alien organisms, and M2 macrophages secrete 
IL-10, arginase I and chemokines, which are critical 
for inflammation, wound healing and tissue remod-
elling [25]. A previous study found that PI3K nega-
tively regulates the process of macrophage activa-
tion and suppresses the anti-inflammatory response 
[7]. NF-κB is a  downstream molecule of the PI3K/
AKT signalling pathway, which is regulated by IKK. 
IKK interaction with mTORC2 further regulates the 
activity of the PI3K/AKT signalling pathway and pro-
motes phosphorylation of AKT at the S473 site [6]. 
A previous study also found that knockout of IKK in 
mouse macrophages suppressed mTORC2 signalling 
and reduced AKT phosphorylation at the S473 site, 
indicating that AKT activation induces M2 macro-
phage activation, while AKT inhibition induces M1 
macrophage activation [1]. However, the ratio of 
p-NF-κB/NF-κB was not significantly affected by 
inhibition of PARP1 in cells, indicating that inhibition 
of PARP1 performed a protective role against choles-
terol stimulation via the PI3K/AKT/mTOR signalling 
pathway but was not dependent on NF-κB.

Toll-like receptors are part of the IL-1 receptor/
Toll-like receptor subfamily, which contains an extra-
cellular N-terminal-recognition domain. Among 
those subtypes, TLR2 and TLR4 are expressed by 
macrophages and neutrophils and have been con-
sidered to play an important role in the develop-
ment of coronary artery disease (CAD) through the 
activation of the NF-κB pathway [4]. A  previous 
study found that the expression of TLR2 is signifi-
cantly increased in endothelial cells along with the 
expression of TLR1 and TLR4 [9]. In addition, an in 
vitro experiment found that the expression of TLR2 
in endothelial cells exposed to laminar blood flow 
is lower than that under exposure to turbulent flow 
[8]. Researchers also proved that TLR2 deficiency 
leads to a  reduction in atherosclerotic plaques in 
atherosclerosis-susceptible LDLR-deficient mice [30]. 
A human trial found that TLR4 expression in CD14+ 
monocytes is increased in unstable angina and 
acute MI patients compared to control and stable 
angina patients [27], and activation of TLR4 is also 
related to heart failure [39]. The expression of TLR4 
is elevated by oxLDL stimulation and is necessary for 
the differentiation of oxLDL-induced macrophages 
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into foam cells [17]. Decreased expression of TLR2 
and TLR4 was observed after inhibition of PARP1, 
which has an anti-inflammatory function in cells. 
It is interesting that downregulation of PARP1 pro-
motes the production of IL-10 via phosphorylation 
of the ERK signalling pathway, and both activation 
of the ERK signalling pathway and secretion of IL-10 
were enhanced after the expression of PARP1 was 
interfered with [43]; thus, inhibition of PARP1 might 
present an anti-inflammatory effect by promoting 
the expression of IL-10.

ATP Binding Cassette Subfamily A  Member 1 
(ABCA1) and ATP Binding Cassette Subfamily G Mem-
ber 1 (ABCG1) are two members of ATP binding cas-
sette proteins and are under regulation of LXR alpha 
receptor at the transcription level [37], and perform 
a critical role in reverse cholesterol transport (RCT) 
by forming HDL particles and further affect metab-
olism of total cholesterol and HDL, even the devel-
opment of atherosclerosis. ABCA1 and ABCG1 reg-
ulate the interaction of free CH with apolipoprotein 
A1 (ApoA1) and mature HDL particles [40], RCT from 
peripheral tissues to liver and excretion cholesterol 
with bile acids, which is mainly regulated by ABCA1 
and ABCG1 as well as LDH biogenesis [18]. Previous 
studies found that knockdown of the expression of 
ABCA1 or ABCG1 leads to a reduction in lipid influx 
to the HDL fraction as well as HDL levels [31], induc-
es the inflammatory response [49], and accelerates 
the development of atherosclerosis.

Recent studies found new capillaries in athero-
sclerotic plaques [13], indicating that angiogenesis 
is a  critical step in the formation of atherosclerot-
ic plaques and atherosclerotic complications [29]. 
A previous study found that the density of the vasa 
vasorum in atherosclerotic areas was higher than 
that in other areas, which indicates the early event 
of atherogenesis [43], and the application of angio-
genesis factor inhibitors such as VEGF reduced the 
pace of plaque formation [16,36]. Thin-cap atheroma, 
macrophage infiltration and large necrotic cores are 
the main causes of intraplaque angiogenesis with 
haemorrhages. New capillaries in plaques are often 
leaky combined with the release of intraplaque eryth-
rocytes and further induce atherosclerotic lesions in 
rabbits as well as the formation of foam cells [20].

FGF2 is a widely expressed 18 kDa protein that 
is released by injured cells or pathways indepen-
dent of the endoplasmic reticulum-Golgi route. 
FGF2 is expressed by endothelial cells (ECs), vascu-

lar smooth muscle cells (VSMCs) and macrophages 
[21]. Exogenous application of FGF2 could improve 
endothelium-dependent relaxation by reducing the 
expression of vascular cell adhesion molecule-1 and 
decreasing the activation of endothelial cells and 
macrophages in atherosclerotic plaques. However, 
a previous study also found that after 10 weeks of 
a 2% hypercholesterolemic diet, FGF2 could no lon-
ger affect the function of endothelial cells [41]. Slow 
release of FGF2 in ApoE–/– mice could increase the 
density of vasa vasorum from 4 weeks as well as the 
progression of plaque formation [44].

A previous study found that the occurrence of auto-
phagy is closely related to atherosclerosis in human 
and cell models. Using transmission electron micro- 
scopy (TEM), researchers found that autophagy occurs 
in major cell types of human atherosclerotic plaques 
[23]. In macrophages, autophagy could be stimulated 
by oxidized LDL and 7-ketocholeaterol via induction of 
ER stress in a direct or indirect method and promote 
the survival of macrophages by facilitating the clear-
ance of protein and organelle damage and promoting 
the efflux of cholesterol from foam cells [33]. Mitopha-
gy in macrophages can be activated by inflammasome 
activators, which require the relocation of p62 to mito-
chondria, limiting the inflammatory response regu-
lated by NF-κB [52]. Deletion of Atg5 in macrophages 
results in the increased expression of ROS generation, 
leading to cellular apoptosis [22]. Deficiency in auto-
phagy also impairs the cholesterol efflux function in 
macrophages with the increased secretion of IL-1β and 
cholesterol crystals and activates the NLR family pyrin 
domain containing 3 (NLRP3) inflammasome [35]. 
These results showed that inhibition of PARP1 might 
contribute to the anti-inflammatory effect, promot-
ing the reverse transport of cholesterol and secretion 
of angiogenesis factors, indicating that inhibition of 
PARP1 expression might be a new therapeutic method 
in atherosclerosis.

Conclusions

Inhibition of PARP1 might be a therapeutic target 
in the treatment of cerebral vessels by promoting 
the anti-inflammatory effect, reversing the transport 
of cholesterol and secreting angiogenesis factors.

Limitation

The present study discovered the inhibition of 
PARP1 performed a protective role in atherosclero-
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sis via inhibition of the accumulation of cholesterol 
and inflammation process in macrophages, however, 
the present study is the beginning of our research 
and only used the in vitro experiment, more exper-
iments in animal models as well as clinical samples 
with large samples are needed in the further experi-
ments to explore the application of PARP1 inhibition 
in treatment of cerebral vessels diseases. Besides, 
more experiments on the mechanism would also be 
performed using sequencing method to detect the 
detailed mechanism on PARP1 inhibition promoting 
the therapeutic effect on cerebral vessels diseases.
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