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Introduction

Nearly 20% of the world’s population are current smokers (1).  
Cigarette smoke is one of the most important sources of 
chemical toxicity in human beings (2,3). Cigarette smoking 
is also the main underlying cause of atherosclerotic 

occlusive disease, including stroke, heart attack and 
peripheral arterial disease (4,5). Increasing evidence has 
shown that cigarette smoking-related artery diseases can be 
explained by the inflammatory reaction in the vascular wall, 
such as the infiltration of inflammatory cells and secretion 
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of inflammatory mediators (6,7). Clinically, interventional 
angioplasty is a widely used and less invasive treatment for 
atherosclerotic occlusive disease. However, the long-term 
patency of the target artery can not be maintained easily, 
due to the occurrence of restenosis. Moreover, a higher 
incidence of restenosis can be observed among smokers. As 
a result, smokers suffering from atherosclerotic occlusive 
disease may receive interventional angioplasty more 
frequent compared with non-smokers. In addition, previous 
studies have demonstrated that cigarette smoking-induced 
inflammatory reaction is associated with higher rates of 
restenosis (8). Furthermore, the increased expression levels 
of inflammatory mediators, such as C-reactive protein, 
interleukin-6 (IL-6), interleukin-1β (IL-1β) and tumor 
necrosis factor-α (TNF-α), can be found in the serum 
of smokers (9,10). Therefore, it is necessary to exploit a 
drug for alleviating inflammatory response and preventing 
restenosis in patients who continued to smoke after 
interventional angioplasty. 

Enough evidences indicate that the p38 pathway plays 
a major role in the inflammatory responses (11,12). The 
p38 kinases can be activated by dual kinases called the 
MAP kinase kinases (MKKs). Of all the MKKs, MKK3 
and MKK6 are the two main MAPKKs that can activate 
p38 by phosphorylation at Thr180 and Tyr182 (13). 
Accumulating evidence suggests that the MKKs/p38 
MAPK pathway is involved in the expression of many 
proinflammatory mediators such as IL-1β, IL-12, TNF-α 
and PGE2 (14). This pathway can be activated in response 
to stress and inflammatory stimuli, such as heat shock, 
lipopolysaccharide, inflammatory cytokines, osmotic shock, 
ultraviolet irradiation, and growth factors (15). Researches 
showed that the MKKs/p38 MAPK pathway was related to 
atherosclerosis, disfunction of endothelial cells, hypertrophy 
of smooth muscle cells and aortic valve sclerosis (16). That 
implies the MKKs/p38 MAPK pathway can be used as a 
pharmacological target to treat vascular diseases.

Sophora flavescens, a traditional Chinese herb, is used 
to treat a wide variety of diseases since ancient times. 
Sophocarpine is one of the typical sophora alkaloids 
extracted from Sophora flavescens (17). Sophora alkaloids 
share many common molecular structures and exert 
various therapeutic effects including anti-oxidation, anti-
inflammation, anti-tumor, antivirus and immune regulation 
(18-20). Sophora alopecuroides Linn. (Kudouzi) can also be 
used to treat inflammation, pain, edema and fever (21). A 
previous study has revealed that sophocarpine inhibits the 
expression of IL-6 and TNF-α in murine macrophage cells 

and prevents cachexia-associated symptoms in mice bearing 
colon-26 adenocarcinoma (22). Furthermore, sophocarpine 
can suppress inflammatory mediator production, neutrophil 
infiltration and myeloperoxidase activity (23). More 
importantly, sophocarpine injection has been used to treat 
viral myocarditis in clinical trials (21). Based on the findings 
of these studies, we speculated that sophocarpine might 
exhibit protective role in cigarette smoke-induced restenosis 
after interventional angioplasty.

In this study, we assessed the protective effects of 
sophocarpine on neointima formation and inflammatory 
mediator production in the balloon-injured carotid 
arteries of rats exposed to cigarette smoke. In addition, the 
therapeutic applicability of sophocarpine for preventing 
restenosis in smokers after interventional angioplasty 
was evaluated. Moreover, to stimulate the interventional 
angioplasty in smokers, we used the balloon to injure the 
carotid endothelium of rats after exposure to cigarette 
smoke. To the best of our knowledge, this study is the first 
to investigate the protective effects of sophocarpine on 
cigarette smoke-induced restenosis after interventional 
angioplasty. We present the following article in accordance 
with the 15-ARRIVE reporting checklist (available at http://
dx.doi.org/10.21037/apm-19-568).

Methods

Animals 

This study complied with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals (NIH 
Publications No. 8023, revised 1978) and the Animal 
Management Rule of the Chinese Ministry of Health, and 
was approved by the Animal Care Committee of Peking 
Union Medical College (JS-863). A total of 15 male 
Sprague-Dawley rats (mean weight: 350 g) were obtained 
for the experiments. All rats were randomly divided into 3 
groups (n=5 in each group): Group A (control group; the 
rats were subjected to air exposure, saline injection and 
balloon injury), Group B (smoking group; the rats were 
subjected to cigarette smoking, saline injection and balloon 
injury), and Group C [smoking + sophocarpine group; the 
rats were subjected to cigarette smoking, sophocarpine 
(SML2422; Sigma-Aldrich, St. Louis, MO, USA) injection 
and balloon injury].

The animals in Group B and C were exposed to the 
smoke of 10 cigarettes (1.2 mg nicotine and 13 mg tar 
per cigarette) daily for seven days based on the modified 
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protocol (24), while those in Group A were exposed to air. 
Meanwhile, the animals in Group C were intraperitoneally 
administered with 40 mg/kg sophocarpine (25) each day 
during cigarette smoking, while those in Group A and B 
were injected with equivalent volumes of saline solution. 
After cigarette exposure for 7 days, a well-established carotid 
artery balloon injury approach was performed on all the 
three groups (26). The steps for smoke exposure and drug 
injection were repeated according to the aforementioned 
methods. At day 14 after the injury, the animals were 
intraperitoneally anaesthetized with pentobarbital sodium 
(Sunbiotech, Beijing, China). Finally, the contralateral and 
injured carotid arteries were excised, and stored in 4% 
paraformaldehyde at liquid nitrogen temperatures until 
further analysis.

Histological analysis 

The injured arteries were prepared in xylene and graded 
alcohols, followed by paraffin embedding and serial 
sectioning at a 4-μm thickness. Subsequently, all sections 
were subjected to Verhoeff-Van Gieson staining by using an 
Elastic Stain Kit (HT25A; Sigma-Aldrich, St. Louis, MO, 
USA) as per the manufacturer’s protocol, After staining, 
the slides were examined using a DMI4000 B microscope 
(Leica Microsystems, Wetzlar, Germany), and all images 
were captured at 100× magnification. The neointima and 
media areas of the injured arteries were quantitatively 
measured with Image-Pro Plus version 6.0 software (Media 
Cybernetics, Inc., Bethesda, MD, USA), and the ratio of 
carotid neointima/media area was then calculated.

Western blotting 

Briefly, the injured arteries stored at liquid nitrogen 
temperatures were homogenized with 600 μL cell lysis 
buffer [62.5 mM Tris-HCl (AMRESCO, Solon, OH, 
USA), 2% SDS (Biotopped Co., Ltd., Beijing, China), 
10% glycerol (AMRESCO, Solon, OH, USA); pH 6.8] 
in a mortar. Subsequently, the lysates were heated at  
100 ℃ for 10 minutes, and then centrifuged at 10,800 ×g  
for 15 minutes. After supernatant collection, the total 
content of protein was assessed by BCA method (Thermo 
Scientific, Inc., Waltham, MA, USA). The protein extracts 
(20 μg) were separated by 12% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (Sunshine Biotechnology 
Co., Ltd, Nanjing, China), and then transferred onto 
polyvinylidene fluoride (PDVF) membrane (Merck 

Millipore, Bill card, MA, USA). The membrane was blocked 
with 5% skimmed milk (Applygen Technologies, Inc., 
Beijing, China) in TBST [20 mM Tris-HCl (AMRESCO, 
Solon, OH, USA), 137 mM NaCl (Beijing Chemical Works, 
Beijing, China), 0.05% Tween-20 (AMRESCO, Solon, 
OH, USA)] at room temperature for 1 hour. Subsequently, 
the blocked membranes were rinsed 3 times in TBST and 
incubated with the specific primary antibodies at 4 ℃ for 
overnight. Primary antibodies for MKK3 (1:1,000; #5674), 
MKK6 (1:1,000; #9264), phospho-MKK3/6 (1:1,000; 
#9231), p38 (1:1,000; #9212), phospho-p38 (1:1,000; 
#4511) and β-Actin (1:1,000; #4970) were supplied by Cell 
Signaling Technology (Danvers, MA, USA). After rinsing 
3 times in TBST, the membranes were incubated with the 
secondary antibody (1:5,000; ZB-2301; Zhongshan Jinqiao 
Biotechnology, Beijing, China) at room temperature for  
1 hour. Finally, the detection of antibody-antigen complexes 
was performed using an enhanced chemiluminescent 
reagent kit (TransGen Biotech, Beijing, China). The gray 
scale values of target proteins were quantified and measured 
using AlphaEase FC software version 4.0 (Alpha Innotech 
Corp., San Leandro, CA, USA).

Reverse transcription polymerase chain reaction (RT-PCR) 
assay 

The mRNA levels of IL-1β and TNF-α were determined 
using RT-PCR assay. Total RNA was isolated from the 
carotid arterial homogenate using TRIzol reagent (Life 
Technologies, Carlsbad, CA, USA). cDNA was synthesized 
from 2 μg of total RNA using the GoScript Reverse 
Transcriptase (Promega, Madison, WI, USA). RT-PCR 
assays were conducted on a Veriti Thermal Cycler (Life 
Technologies, Carlsbad, CA, USA) using Takara Bio’s Tag 
polymerase (Otsu, Shiga, Japan). The primer sequences and 
amplification conditions of the target genes are summarized 
in Table 1. For validation of the linearity between pre- 
and post-amplified PCR products, RT-PCR testing was 
performed with various quantities of cDNA and different 
numbers of PCR cycles (range, 30–40 cycles).

Statistical analysis

All data were evaluated using SPSS software version 17.0 
(Chicago, IL, USA), and interpreted as mean ± standard 
deviation (SD). one-way ANOVA was employed to compare 
the differences among multiple groups. P values of <0.05 
were considered statistically significant.
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Results

Cigarette smoke aggravates the stenosis of the lumen after 
balloon-induced carotid artery injury, and sophocarpine 
can prevent such process 

The formation of neointimal lesion was found in rat carotid 
arteries following balloon injury, as revealed by histological 
analysis.  Cigarette smoking aggravated neointima 
formation, but such process of stenosis could be retarded 

by sophocarpine. Figure 1A shows the representative cross-
sections of the injured arteries among the three groups. 
The degree of lumen stenosis was quantified by the ratio of 
intima-to-media (I/M) area. As demonstrated in Figure 1B,  
sophocarpine could dramatically reduce the I/M ratio 
compared to smoking group (P<0.01). These results suggest 
that cigarette smoke may induce additional injury to the 
balloon-injured carotid arteries, and sophocarpine confers a 
protective effect during this process.

Table 1 Primer sequences and reaction conditions for RT-PCR

Name Sequence Product size (bp) Annealing temperature (℃) Number of cycles (X)

IL-1β F: 5'-cctctgtgactcgtgggatg-3' 437 65 35

R: 5'-caggtctgtgctctgcttga-3'

TNF-α F: 5'-atcaagagcccttgccctaa-3' 449 65 35

R: 5'-gaaagcccattggaatcctt-3'

β-actin F: 5'-agccatgtacgtagccatcc-3' 228 65 35

R: 5'-ctctcagctgtggtggtgaa-3'

RT-PCR, reverse transcription polymerase chain reaction.

Figure 1 Degree of stenosis in carotid arteries treated differently. (A) Verhoeff-Van Gieson stained sections of carotid arteries from the rats 
in various groups (100×). (B). The intima-to-media ration of carotid arteries from the rats in various groups. *, P<0.01 versus the control 
group; #, P<0.01 versus the smoking group. All values are expressed as the mean ± standard deviation of 5 repetitions.
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Cigarette smoke induces the expression levels of phos-
MKK3/6 and phos-p38, and sophocarpine alleviates such 
effects

Western blotting was used to assess the protein levels of 
MKK3, MKK6, phos-MKK3/6, p38 and phos-p38. The 
results showed that cigarette smoke markedly elevated the 
levels of phos-MKK3/6 and phos-p38 in injured carotid 
arteries when compared to control group (Figures 2,3; 
P<0.01). To our expectation, sophocarpine remarkably 
down-regulated the expression levels of phos-MKK3/6 
and phos-p38 (Figures 2,3; P<0.01). However, the protein 
levels of MKK3, MKK6 and p38 were not under the 
influence of cigarette smoke or sophocarpine (Figures 2,3). 

These findings revealed that cigarette smoke induced the 
phosphorylation levels of MKK3, MKK6 and p38, and 
treatment with sophocarpine could inhibit such effects.

Sophocarpine can reduce the transcriptional levels of IL-1β 
and TNF-α induced by cigarette smoke

IL-1β  and TNF-α  are  both cr i t ical  mediators  of 
inflammatory response, and their levels can indicate the 
degree of inflammatory reaction in tissue. In this study, RT-
PCR assay was employed to assess the mRNA levels of IL-1β  
and TNF-α. As shown in Figure 4, the transcriptional 
levels of IL-1β and TNF-α were higher in smoking group 

Figure 2 Expression of MKK3, MKK6 and Phospho-MKK3/6 in various groups. (A) Western blot analysis showed that cigarette smoke 
significantly induced the expression of Phospho-MKK3/6, while sophocarpine decreased its expression. (B) Quantification of the Western 
blot results. #, P<0.01 versus the control group, **, P<0.01 versus the smoking group. All values are expressed as the mean ± standard 
deviation of 5 repetitions.

Figure 3 Expression of p38 and Phospho-p38 in various groups. (A) Western blot analysis showed that cigarette smoke significantly induced 
the expression of Phospho-p38, while sophocarpine depressed the expression. (B) Quantification of the Western blot results. #, P<0.01 versus 
the control group; **, P<0.01 versus the smoking group. All values are expressed as the mean ± standard deviation of 5 repetitions.
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compared to control group (P<0.01). Notably, sophocarpine 
could decrease the overexpression of IL-1β and TNF-α 
(Figure 4; P<0.01). These findings indicated that cigarette 
smoke could aggravate the inflammatory reaction in carotid 
arteries after balloon injury, and sophocarpine could exhibit 
a protective role. 

Discussion

Cigarette smoke exposure is one of the major causes of 
atherosclerosis-related diseases, which can exacerbate 
vascular inflammation and lumen stenosis (27). Previous 
research has shown that the rate of restenosis is increased 
following angioplasty among smokers compared to non-
smokers. There are more than 5,000 chemical components 
found in cigarette smoke, of which at least 150 are 
potentially hazardous to the health of smokers (28,29). 
Hence, smoking-induced vascular damage can be resulted 
from the combined effects of different toxic substances 
in cigarette smoke, instead of nicotine alone. This study 
investigated the protective effects of sophocarpine on 
smoking-induced vascular damage and restenosis prevention 
after angioplasty. The experiments consisted of the 
following four characteristics: (I) the rats were placed under 
cigarette smoke to simulate the real smoking status, and the 
effects of smoking on vascular injury were observed; (II) 
the carotid arteries of rats with cigarette smoke exposure 
were subjected to balloon injury to imitate the situation 
of interventional angioplasty; (III) this study included the 

observation of smoking-induced morphologic changes, such 
as intimal thickening and lumen stenosis, during vascular 
injury within a short period of time, although it takes 
several years or even decades for cigarette smoke to cause 
such variations; and (IV) the morphologic variations were 
observed in rat carotid artery balloon injury model and the 
molecular mechanisms were studied in the contralateral 
carotid arteries in order to rule out the influence of balloon 
injury.

Atherosclerosis, mainly caused by smoking, has been 
characterized as inflammatory injury, oxidative injury, 
smooth muscle cell proliferation and migration, intimal 
thickening, and ultimately coronary lumen stenosis (30). 
In this study, we observed that cigarette smoking could 
directly cause the intimal thickening of the carotid arteries 
after balloon injury, and sophocarpine could ameliorate 
such intimal hyperplasia. In addition, our results revealed 
that cigarette smoking could induce vascular injury, lumen 
stenosis, and even restenosis following angioplasty. These 
morphologic variations were consistent with those of 
previous studies and clinical observations (8). The findings 
also implied that sophocarpine might confer protective 
effects on vascular damage induced by cigarette smoke and 
restenosis following angioplasty.

Considering that inflammation is involved during 
atherosclerosis, we elucidated the mechanisms underlying 
vascular damage induced by cigarette smoke and the 
beneficial effects of sophocarpine with regards to its anti-
inflammatory activities. First, we observed that cigarette 

Figure 4 Expression of IL-1β and TNF-α in various groups. (A) RT-PCR analysis showed that cigarette smoke significantly induced the 
expression of IL-1β and TNF-α, while sophocarpine decreased its expression. (B) Quantification of the RT-PCR results. *, P<0.01 versus the 
control group; #, P<0.01 versus the smoking group. All values are expressed as the mean ± standard deviation of 5 repetitions.
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smoke significantly induced the levels of p-MKK3/6 and 
p-P38 in carotid arteries, and sophocarpine could inhibit 
such high levels of phosphorylated MKK3/6 and P38. It has 
been reported that matrine can suppress ox-LDL-induced 
inflammatory response in macrophages by inhibiting 
MKKs/p38 MAPK signaling pathway (31). Numerous 
studies have shown that p38 is a key mediator for the 
inflammation of various human endothelial cells (32,33). 
Moreover, the expression levels of TNF-α and IL-1β have 
been detected, and the results revealed that sophocarpine 
could suppress cigarette smoke-induced overexpression 
of TNF-α and IL-1β. It is worth noting that TNF-α and 
IL-1β are both participated in vascular inflammation (34).  
Previous studies have demonstrated that the mRNA 
levels of TNF-α and IL-1β can be down-regulated by 
inhibiting p38 MAPK signaling pathway (35,36). All these 
observations were consistent with our results, and thus, 
we can conclude that sophocarpine ameliorates vascular 
inflammation by activating MKKs/p38 MAPK signaling 
pathway.

In summary, our findings reveal that (I) cigarette smoking 
aggravates the stenosis of lumen in carotid arteries after 
balloon injury; (II) the mechanisms underlying smoking-
induced vascular injury are related with inflammatory 
reaction; and (III) sophocarpine can ameliorate cigarette 
smoke-induced restenosis after angioplasty by down-
regulating the expression levels of proinflammatory 
cytokines. Altogether, the findings of this study indicate 
a beneficial role of sophocarpine in vascular damage 
induced by cigarette smoke and supports the notion that 
sophocarpine exhibits favorable therapeutic potential for 
preventing restenosis in patients who continued to smoke 
after angioplasty.
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