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Abstract
Recombinant hirudin (r-hirudin) has a good anticoagulant effect and has a certain inhibitory effect on 
atherosclerosis (AS), however, its intrinsic mechanism of inhibiting AS is still unclear. In this study, we investigated 
the mechanism underlying the vascular and myocardial protective effects of r-hirudin in AS rats through animal 
experiments. A rat AS model was established by high-fat diet feeding combined with common carotid artery 
balloon injury. The model rats were given low, medium, or high doses of r-hirudin (0.05, 0.1, or 0.2 mg/kg/
day), simvastatin tablets (1 mg/kg/day) and p38 mitogen-activated protein kinase (MAPK) pathway inhibitors 
(SB203580, 100 mg/kg/day) by gavage for 8 weeks. The results showed that in AS rats, r-hirudin significantly 
alleviated pathological changes in the common carotid artery and myocardial tissue; decreased serum total 
cholesterol (TC), triglyceride (TG) and low-density lipoprotein-cholesterol (LDL-C) levels; increased high-
density lipoprotein-cholesterol (HDL-C) levels; decreased serum oxidized low-density lipoprotein (ox-LDL), 
tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β, and endothelin (ET)-1 levels; increased nitric oxide 
(NO) levels; and decreased p38 MAPK, nuclear factor-kappa B (NF-κB), caspase-9, caspase-3 mRNA and 
protein expression. This study showed that r-hirudin may protect blood vessels and the myocardium in AS rats by 
adjusting blood lipid levels and inhibiting the p38 MAPK/NF-κB signaling pathway to exert anti-inflammatory 
and anti-apoptotic effects and protect the vascular endothelium.
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Introduction
Cardiovascular disease is currently recognized as a major health 
problem worldwide; its mortality rate remains high, and it se-
riously endangers the health and reduces the quality of life of 
patients. Surveys have shown that cardiovascular disease is the 
leading cause of death and premature death in the Chinese popu-
lation accounting for 40% deaths in China. China and India face 
the greatest challenge related to cardiovascular disease [1-3]. 
However, atherosclerosis (AS) is the basis of the pathogenesis 
of a variety of cardiovascular diseases and is also the underlying 
cause of cardiovascular accidents [4]. Active intervention in the 
progression of atherosclerotic lesions and protection of blood 
vessels and the myocardium from damage induced by AS are 
the keys for effectively preventing and treating cardiovascular 
diseases.

The specific mechanism underlying the pathogenesis of AS has 

not yet been clarified. In recent years, the "endothelial injury 
response theory", which is supported by most scholars, was pro-
posed; according to this theory, AS is characterized by endothe-
lial dysfunction, the inflammatory response and plaque forma-
tion in the arterial vessel wall [5]. Serum endothelin (ET)-1 and 
nitric oxide (NO) levels are important indicators for evaluating 
vascular endothelial function, and the ET-1/NO level balance is 
closely related to the occurrence and development of AS [6]. 
Furthermore, abnormal lipid metabolism is strongly associated 
with the occurrence of AS [7, 8]. When blood lipid levels are 
increased, blood viscosity is increased, and lipids are oxidized 
to form oxidized low-density lipoprotein (ox-LDL). Ox-LDL 
strongly stimulates the activation and release of a variety of 
inflammatory factors, such as tumor necrosis factor (TNF)-α, 
interleukin (IL)-1β, and IL-6, which disrupt the integrity of 
the vascular intima and stimulate the inflammatory immune re-
sponse in the vascular wall [8]. These inflammatory factors ac-
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tivate the p38 mitogen-activated protein kinase (MAPK) signal-
ing pathway, and p38 MAPK is activated to the phosphorylated 
form, which promotes the activation and translocation of nuclear 
transcription factor (NF-κB) to the nucleus; further stimulates 
the synthesis of a large number of inflammatory factors, such 
as TNF-α, IL-1β, and IL-6; induces a more severe inflammato-
ry response; further damages the vascular intima; and forms a 
vicious cycle of various processes [9, 10]. In addition, the mas-
sive release of inflammatory factors activates caspase-9, a key 
promoter of apoptosis; and subsequently activates caspase-3, a 
downstream apoptotic executioner that promotes the apoptosis 
of tissue cells and accelerates the progression of atherosclerotic 
lesions [11, 12].

Statins are currently recognized to treat AS [13]. It has been con-
firmed that statins can reduce the risk of cardiovascular and cere-
brovascular events in individuals of all ages by altering blood 
lipid levels, but long-term and excessive use of statins leads to 
various adverse effects, such as rhabdomyolysis, acute renal fail-
ure, liver injury and muscle toxicity [14, 15]. Thus, the clinical 
use of statins is limited. Recombinant hirudin (r-hirudin) is a 
genetically engineered product with the same biochemical and 
pharmacological properties as natural hirudin, which achieves 
anticoagulant and blood-activating effects mainly by inhibiting 
thrombin activity [16]. It was confirmed that r-hirudin has a pro-
tective effect on blood vessels and the myocardium in patients 
with AS in the clinic; however, the intrinsic mechanism of this 
protective effect is still unclear. In this study, we aimed to in-
vestigate the possible mechanism by which r-hirudin protects 
blood vessels and the myocardium in AS rats through animal 
experiments to provide an experimental basis for clinical its ap-
plication.

Materials and Methods
Drugs and Reagents 
r-Hirudin was provided by Shanghai Yiyan Biotechnology Co., 
Ltd., (China, batch number: 8001-27-2). p38 MAPK pathway in-
hibitor (SB203580) was provided by Shanghai Jizhi Biochemical 
Technology Co., Ltd., (China, batch number: 124-20-9). Hang-
zhou MSD Pharmaceutical Co., Ltd. (China, GYZZ J20130068) 
provided Simvastatin tablets. Low-molecular-weight heparin 
sodium (Jipalin) was obtained from Hangzhou Jiuyuan Ge-
netic Engineering Co., Ltd. (China, approval number: GYZZ 
H19990035). North China Pharmaceutical Co., Ltd. provided 
penicillin sodium (China, batch number: D0801320).

Total cholesterol (TC) (Nanjing Jiancheng Bioengineering Insti-
tute, China, batch number: 20210405), triglyceride (TG) (Nan-
jing Jiancheng Bioengineering Institute, China, batch number: 
20210408), low-density lipoprotein-cholesterol (LDL-C) (Nan-
jing Jiancheng Bioengineering Institute, China, batch number: 
20210407) and high-density lipoprotein-cholesterol (HDL-C) 
kits (Nanjing Jiancheng Bioengineering Institute, China, batch 
number: 20210407); β-actin (Proteintech, USA, batch number: 
66009-1-Ig), p38 MAPK (Proteintech, USA, batch number: 
14064-1-AP), p65NF-κB (Proteintech, USA, batch number: 
10745-1-AP), Caspase-9 (Proteintech, USA, batch number: 
10380-1-AP), and Caspase-3 (Proteintech, USA, batch num-
ber: 19677-1-AP) antibodies; ox-LDL, TNF-α, IL-1β, IL-6, 

ET-1 and NO enzyme-linked immunosorbent assay (ELISA) 
kits (Shanghai Optimal Biotechnology Co., Ltd., China, batch 
number: 202104); a high-purity total RNA rapid extraction kit 
(Beijing BioTeke Biotechnology Co., Ltd., China, batch num-
ber: B027009019); and a BioTeke Super RT kit (Beijing BioTe-
ke Biotechnology Co., Ltd., China, batch number: B020009018) 
were used. Shanghai Sangon Biological Engineering Co., Ltd. 
synthesized primers.

Animals and Treatments 
Seventy healthy male purebred Sprague-Dawley (SD) rats 
weighing 280~300 g were provided by Liaoning Changsheng 
Biotechnology Co., Ltd. (SCXK: (Liao) 2015-0001). The exper-
imental rats were housed in the animal room of Jilin University 
School of Basic Medicine, which was a well ventilated, quiet 
room with a controlled temperature of 18 ~ 22°C and a con-
trolled humidity of 50%~70%. The animals were housed on a 12 
h light/dark cycle and given ad libitum access to water and chow 
pellets for adaptive feeding for 1 week.

After 1 week of feeding, the rats were randomly divided into 
seven groups: the control group, AS model group, simvastatin 
group, low-dose r-hirudin group, medium-dose r-hirudin group, 
high-dose r-hirudin group, and pathway inhibitor group (10 rats 
in each group). The common carotid artery was injured with a 
balloon in all groups except for the control group, in which the 
external jugular artery was ligated but balloon injury was not in-
duced. After surgery, the animals were given ad libitum access to 
a normal diet and water for 1 week. Beginning 2 weeks after the 
operation, the rats in all groups except the sham operation group, 
which were still given a normal diet, were fed a high-fat diet. At 
6 weeks after operation, the low-, medium- and high-dose r-hiru-
din groups were given the drug at doses of 0.05 mg/kg/d, 0.1 mg/
kg/d and 0.2 mg/kg/d, respectively; the simvastatin group was 
given 1 mg/kg/d simvastatin tablets; and the pathway inhibitor 
group was given the p38 MAPK pathway inhibitor SB203580 at 
a concentration of 100 mg/kg/d by gavage. The sham operation 
group was given an equal volume of normal saline for 8 weeks. 
At the end of the experiment, the animals were euthanized with 
carbon dioxide, and samples were taken for appropriate tests.
 
Histopathological Examination 
Specimens were fixed in 4% paraformaldehyde, embedded in 
paraffin, and sectioned with an ultramicrotome at a thickness of 
5 µm. After sectioning, hematoxylin and eosin (HE) and Masson 
staining were performed, and histomorphological changes were 
observed under a light microscope.

Determination of Blood Lipid Levels 
Serum samples were placed in a refrigerator at 4°C for 30 min-
utes and then incubated at room temperature for 30 minutes. Af-
ter the serum was fully thawed, TC, TG, LDL-C and HDL-C 
levels were determined using kits and a multifunctional micro-
plate reader according to the manufacturer’s instructions.

ELISA 
The serum levels of ox-LDL, TNF-α, IL-1β, IL-6, ET-1 and NO 
were measured by ELISA. The ELISA kits were removed from 
the refrigerator and warmed at room temperature for approxi-
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mately 30 minutes. The instructions of the kits were followed 
precisely.

Quantitative Real-Time Polymerase Chain Reaction 
(qRT-PCR) 
Total RNA was extracted from the rat common carotid artery 
using a high-purity total RNA rapid extraction kit. Then, total 
RNA was reverse transcribed into cDNA by qPCR using the 
BioTeke Super RT Kit. qRT-PCR was performed using Roche 
Fast Start Universal SYBR Green Master Mix (Rox). The above 
operations were performed in strict accordance with the man-
ufacturer’s instructions. β-Actin was used as an internal refer-
ence gene, and the relative expression of the target gene in each 
group was measured for comparison. The PCR conditions were 
as follows: activation at 50°C for 2 minutes and 95°C for 10 
minutes followed by denaturation at 95°C for 15 s and annealing 
and extension at 60°C for 1 minute. A total of 40 cycles were 
performed. The specific primer sequences were as follows: p38 
MAPK: F, 5'-TTGGTCTGTTGGATGTGTTTAC-3', and R, 
5'-TGGATTATGTCAGCCGAGTG-3'; NF-κB: F, 5'-TTGCT-
GGTCCCACATAGTTG-3', and R, 5'-ATGTATGTGAAGGC-
CCATCC-3'; caspase-3: F, 5'-GGACTGCGGTATTGAGA-3', 
and R, 5 '-GGTGCGGTAGAGTAAGC-3'; caspase-9: F, 5'-GT-
GAAGAACGACCTGACT-3', and R, 5'-AGGATGACCACA-
CACACACACCA-3'; β-actin: F, 5 '-CAAGCTTAATCAGG-3', 
and R, 5 '-ACATGAAGAGAGAGAGAGAGAGGC-3'.

Western Blot Analysis
The rat common carotid artery was collected, rinsed several 
times in precooled normal saline, weighed and placed in a tissue 
homogenizer. Protein was extracted according to the instructions 
of a tissue cell lysate kit. The protein concentration was deter-
mined by the Coomassie brilliant blue method. SDS-PAGE was 
performed (150 V, 50 min), and the proteins were transferred to 
a membrane for 1 h at 100 V. After transfer, the membrane was 
washed with TBST 3 times, blocked with skimmed milk powder 
for 2 h, washed with TBST, incubated with primary antibody 
overnight at 4°C, washed with TBST 3 times, incubated with 
secondary antibody at room temperature for 1 h, and washed 
with TBST 3 times. Color development was performed with a 
high-sensitivity ECL chromogenic luminescence kit according 
to the manufacturer’s instructions. β-Actin was used as an inter-
nal reference protein, gray values were analyzed and determined 
using a gel imaging system, and the relative expression of each 
protein was calculated as the gray value of the sample band/the 
gray value of the β-actin band for quantitative analysis. Each 
experiment was repeated three times.

Statistical Analysis
Statistical analysis was performed with SPSS 21.0 and GraphPad 
Prism 6.0 software. All data are presented as the mean±standard 
deviation. One-way analysis of variance and the least significant 
post hoc difference test were used to evaluate the significance of 
differences. P<0.05 was considered statistically significant.

Results
r-Hirudin Can Inhibit Damage to the Common Carotid Ar-
tery and Myocardial Tissue in AS Rats 
The results of HE staining showed that the structure of com-
mon carotid artery was normal, the intima was continuous, and 
smooth muscle cells and elastic fibers were neatly arranged 
in the control group; in contrast, in the model group, intimal 
thickening was observed in common carotid artery lesions, the 
structure was significantly disrupted, cholesterol deposition was 
observed, a large number of foam cells and a small number of 
infiltrating lymphocytes were present, smooth muscle cells were 
significantly disorganized, elastic fibers were arranged in a wavy 
pattern, and some elastic fibers were broken. The pathological 
changes in the common carotid artery were significantly alle-
viated in the simvastatin group compared with the model group 
and in the p38 MAPK pathway inhibitor group compared with 
the model group. The intima of the common carotid artery was 
basically smooth, the space between elastic fiber lamellae was 
nonsignificantly increased, smooth muscle cells were arranged 
neatly, and there were no obvious foam cells or lymphocytes. 
The pathological changes in the common carotid artery were 
inhibited to a certain extent in the r-hirudin groups compared 
with the model group, and this inhibitory effect was dose-de-
pendent, with the high-dose r-hirudin having the most obvious 
effect (Figure 1). HE staining of myocardial tissue revealed neat-
ly arranged myocardial cells, clear transverse striations of basi-
cally consistent size and shape; clear and discernible nuclei and 
cytoplasm and there were no obvious inflammatory infiltration 
or necrotic lesions in the control group. In contrast, in the model 
group, myocardial cells were irregularly arranged, and the cell 
structure was destroyed, as indicated mainly by myocardial cell 
acidophilic degeneration and vacuolar degeneration. The nucle-
ar volume was decreased; the nuclei were pyknotic; the cyto-
plasm volume was reduced or the cytoplasm was absent; some 
myofilaments were broken and dissolved; there were infiltrating 
inflammatory cells; and there were stripped, reticular and irreg-
ular collagen fibers between the myocardium. The pathological 
changes in myocardial tissue were significantly alleviated in the 
simvastatin group and p38 MAPK pathway inhibitor group com-
pared with the model group; the arrangement of myocardial cells 
was relatively regular, and only some cell structures were de-
stroyed; some myofilaments showed breakage and dissolution, 
and there was a small amount of inflammatory cell infiltration. 
The pathological changes in myocardial tissue were inhibited to 
a certain extent in the r-hirudin groups compared with the model 
group, and the effects were dose-dependent, with the high dose 
of r-hirudin showing the most obvious effect, followed by the 
medium and low doses. The above results showed that r-hirudin 
inhibited damage to the common carotid artery and myocardium 
in AS rats (Figure 2).
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Figure 1: HE staining of the rat common carotid artery (magnification, ×200)

Figure 2: HE staining of rat myocardial tissue (magnification, ×200)

r-Hirudin Can Inhibit Fibrosis of the Common Carotid 
Artery and Myocardium in AS Rats
The results of Masson staining showed that common carotid ar-
teries from the control group showed red muscle fibers but no 
obvious collagen fibers. In contrast, there was significant intimal 
hyperplasia in common carotid arteries from the model group, 
as blue collagen fibers were mainly observed. Compared with 
the control group, the simvastatin, the low-dose r-hirudin, me-
dium-dose r-hirudin, high-dose r-hirudin, and p38 MAPK path-
way inhibitor groups showed partial hyperplasia of the intima 
and collagen fibers in some areas, the number of collagen fibers 
was significantly reduced and intimal hyperplasia was alleviated 
in these groups compared with the model group. Among these 
groups, the simvastatin group, the high-dose r-hirudin group and 
the p38 MAPK pathway inhibitor group showed significant im-
provement, the middle-dose r-hirudin group showed moderate 
improvement, and the low-dose r-hirudin group showed only 
partial improvement (Figure 3). Masson staining of myocardi-

al tissue showed that there was very little collagen deposition 
in the control group and that there was almost no collagen de-
posited between myocardial cells and around blood vessels. In 
the model group, there was obvious collagen fiber deposition 
in the myocardial interstitium, and the collagen fibers were 
striped or mesh-like and disorderly arranged. Collagen depo-
sition between myocardial cells was alleviated to varying de-
grees in the simvastatin group, the low-dose r-hirudin group, 
the medium-dose r-hirudin group the high-dose r-hirudin group, 
and the p38 MAPK pathway inhibitor group compared with the 
model group. Among these groups, the simvastatin group, the 
high-dose r-hirudin group and the p38 MAPK pathway inhibitor 
group showed significant improvement, the middle-dose r-hiru-
din group showed moderate improvement, and the low-dose 
r-hirudin group showed only partially improvement. The above 
results showed that r-hirudin can dose-dependently inhibit fibro-
sis in the common carotid artery and myocardium in AS rats 
(Figure 4).
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Figure 3: Masson staining of the rat common carotid artery (magnification, ×200)

Figure 4: Masson staining of rat myocardial tissue (magnification, ×200)

r-Hirudin Can Alter Blood Lipid Level in AS Rats
Compared with those in the control group, the serum TC, TG, 
and LDL-C levels in the model group were significantly in-
creased (P<0.001), and the level of HDL-C was significantly de-
creased (P<0.001). Compared with those in the model group, the 
serum TC, TG and LDL-C levels in the simvastatin group were 
extremely significantly reduced (P<0.001), and the HDL-C level 
was significantly increased (P<0.05). Compared with those in 
the model group, the serum TC, TG, LDL-C levels in rats in the 
low-, medium-, and high-dose r-hirudin groups were decreased, 
with the decrease being the most significant in the high-dose 
r-hirudin group (P<0.001).The level of HDL-C in the low-, me-
dium- and high-dose r-hirudin groups increased, but the increase 

in the low-dose r-hirudin group was not statistically significant 
(P>0.05). The HDL-C level in the middle-dose r-hirudin group 
increased significantly (P<0.05). The level of HDL-C in the 
high-dose r-hirudin group increased significantly (P<0.001), and 
r-hirudin had a dose-dependent effect (Table 1). Compared with 
that in the control group, the serum ox-LDL level in the mod-
el group was significantly increased (P<0.05). Compared with 
that in the model group, the serum ox-LDL level in the simvas-
tatin group was significantly reduced (P<0.05), and the serum 
ox-LDL level in the low- and medium-dose r-hirudin groups 
was significantly reduced (P<0.05). Serum ox-LDL levels in the 
high-dose r-hirudin group were extremely significantly reduced 
(P<0.001), and the drug had a dose-dependent effect (Figure 5).

Study group TC TG LDL-C HDL-C
Control 1.20±0.29 0.80±0.13 0.34±0.05 0.90±0.12
Model 3.14±0.42* 3.06±0.32* 1.44±0.19* 0.66±0.10*
Simvastatin 1.71±0.41# # 1.81±0.43# # 0.89±0.38# # 0.89±0.22 #

Low-dose r-H 2.58±0.46 # 2.57±0.60 # 0.84±0.28# # 0.72±0.11
Middle-dose r-H 2.02±0.32# # 2.50±0.54 # 0.75±0.16# # 0.80±0.10 #

High-dose r-H 1.72±0.10# # 1.65±0.39# # 0.56±0.12# # 0.90±0.13# #

Inhibitor 2.83±0.39 2.79±0.28 1.35±0.29 0.71±0.12
Values are mean±standard deviation; 
TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein-cholesterol; HDL-C, high-density lipoprotein-cholester-
ol. Compared with the control group, *P<0.001; compared with the model group,#P<0.05,# #P<0.001.

Table 1: Lipid levels in rats from the different groups
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Figure 5: The level of ox-LDL in rats in the different groups, as 
determined by ELISA
Compared with the control group, *P< 0.05; compared with the 
model group, #P<0.05, # #P< 0.01.

r-Hirudin Can Reduce Serum Inflammatory Factor 
Levels in AS Rats
Compared with those in the control group, the levels of serum 
TNF-α, IL-1β, and IL-6 in the model group were significantly in-
creased (P<0.01). Compared with those in the model group, the 
serum TNF-α and IL-1β levels in the simvastatin group and the 
pathway inhibitor group were extremely significantly reduced 
(P<0.01), and the IL-6 level was significantly reduced (P<0.05). 
Compared with those in the model group, the levels of serum 
TNF-α, IL-1β and IL-6 in the low-dose r-hirudin group were 
not significantly different (P>0.05). The serum levels of TNF-α, 
IL-1β, and IL-6 in the middle-dose r-hirudin group decreased. 
The serum levels of TNF-α, IL-1β and IL-6 in the high-dose 
r-hirudin group decreased significantly, but the level of TNF-α 
decreased more significantly (P<0.01) (Figure 6).

Figure 6: Effect of r-hirudin on the levels of TNF-α, IL-1β and IL-6 in the sera of AS rats
a. The level of TNF-α in rats from the different groups, as determined by ELISA. b. The level of IL-1β in rats in the different groups, 
as determined by ELISA. c. The level of IL-6 in rats in the different groups, as determined by ELISA. Compared with the control 
group, *P< 0.01; compared with the model group,#P < 0.05,# #P< 0.01 .

r-Hirudin Can Regulate the Balance of Serum ET-1/
NO Levels in AS Rats
Compared with that in the control group, the serum ET-1 level 
in the model group was significantly increased (P<0.01), and the 
NO level was significantly decreased (P<0.01). Compared with 
those in the model group, serum ET-1 levels in the simvastatin, 
low-dose r-hirudin, medium-dose r-hirudin and high-dose r-hiru-

din, and pathway inhibitor groups were extremely significantly 
reduced (P<0.01). Serum NO levels in the simvastatin group, 
high-dose r-hirudin group and pathway inhibitor group were sig-
nificantly increased (P<0.05); however, serum NO levels in the 
low- and medium-dose r-hirudin groups were not significantly 
changed (P>0.05) (Figure 7).
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Figure 7: Effect of r-hirudin on the levels of ET-1 and NO in the sera of AS rats
a.The level of ET-1 in rats in the different groups, as determined by ELISA. b. The level of NO in rats in the different groups, as 
determined by ELISA. Compared with the control group, *P<0.01; compared with the model group, # P<0.05, # #P<0.01.

r-Hirudin Inhibits the Inflammatory Response in the 
Common Carotid Artery in AS Rats by Decreasing the 
mRNA and Protein Expression Levels of p38 MAPK/
NF-κB 
Compared with those in the control group, the mRNA and pro-
tein expression levels of p38 MAPK/NF-κB in the common 
carotid artery in the model group were extremely significantly 
increased (P<0.01).

Compared with that in the model group, the mRNA expression 
of p38 MAPK/NF-κB in the common carotid artery in the sim-
vastatin group and the pathway inhibitor group was extreme-
ly significantly reduced (P<0.01). Compared with those in the 
model group, the mRNA expression levels of p38 MAPK/NF-
κB in the low-, medium- and high-dose r-hirudin groups were 

decreased, with the decrease being the most significant in the 
high-dose r-hirudin group (P<0.01).

Compared with that in the model group, the protein expression 
of p38 MAPK/NF-κB in the common carotid artery in the sim-
vastatin group and the pathway inhibitor group was extremely 
significantly reduced (P<0.01). Compared with that in the model 
group, the protein expression level of p38 MAPK in the low- and 
medium-dose r-hirudin groups was decreased, but the difference 
was not statistically significant (P>0.05); furthermore the pro-
tein expression level of p38 MAPK in the high-dose r-hirudin 
group was extremely significantly reduced (P<0.01). The protein 
expression level of NF-κB in the low- and medium-dose r-hiru-
din groups was significantly decreased (P<0.05), and the protein 
expression level of NF-κB in the high-dose r-hirudin group was 
extremely significantly decreased (P<0.01) (Figure 8).
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Figure 8: Effect of r-hirudin on the mRNA and protein expression levels of p38 MAPK and NF-κB in the common carotid arteries 
of AS rats
(a, b) The relative mRNA levels of p38 MAPK and NF-κB in rats in the different groups, as determined by qRT-PCR. (c-e) The 
protein expression of p38 MAPK and NF-κB in rats in the different groups, as determined by Western blotting. Compared with the 
control group, *P< 0.01; compared with the model group, #P<0.05, # #P< 0.01.

r-Hirudin Inhibits Apoptosis of Common Carotid Ar-
tery Cells in AS Rats by Decreasing the mRNA and 
Protein Expression Levels of caspase-9/caspase-3 
Compared with those in the control group, the mRNA and pro-
tein expression levels of caspase-9/caspase-3 in the common 
carotid artery tissue in the model group were increased, and the 
difference was significant (P<0.05 or P<0.01).

Compared with that in the model group, the mRNA expression 
of Caspase-9/Caspase-3 in the common carotid artery in the sim-
vastatin group and the pathway inhibitor group was significantly 
reduced (P<0.05). Compared with those in the model group, the 
mRNA expression levels of caspase-9/caspase-3 in the common 
carotid artery in the low-, medium-, and high-dose r-hirudin 
groups were decreased. However, compared with those in the 

model group, caspase-9 mRNA expression levels were not sta-
tistically different in the low- and medium-dose r-hirudin groups 
(P>0.05), while caspase-9/caspase-3 mRNA expression lev-
els were significantly reduced in the high-dose r-hirudin group 
(P<0.05).

Compared with that in the model group, the protein expression 
level of caspase-9/caspase-3 in the common carotid artery in 
the simvastatin group and the pathway inhibitor group was de-
creased, and the difference was significant (P<0.05 or P<0.01). 
Compared with that in the model group, the protein expression 
level of caspase-9/caspase-3 in the low-, medium-, and high-
dose r-hirudin groups was decreased, and the effect was dose-de-
pendent, with the decrease being the most significant in the high-
dose group (Figure 9).
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Figure 9: Effect of r-hirudin on the mRNA and protein expression levels of Caspase-9/Caspase-3 in the common carotid arteries of 
AS rats
(a, b) The relative mRNA level of Caspase-9/Caspase-3 in rats in the different groups, as determined by qRT-PCR. (c-e) The protein 
expression of Caspase-9/Caspase-3 in rats in the different groups, as determined by Western blotting. Compared with the control 
group, *P<0.05, **P<0.01; compared with the model group, #P<0.05, # #P<0.01.

Discussion
AS is characterized by intimal atheromatous lesions in large and 
medium arteries, and its specific pathogenesis is still unclear and 
cannot be fully explained by a single theory. However, there is 
evidence that inflammation-mediated endothelial injury is close-
ly related to AS [17]. The MAPK signaling pathway is an im-
portant pathway that mediates the transmission of information 
through extracellular signals, intracellular signals and nuclear 
signals, and the MAPK family consists of p38 MAPK, extracel-
lular signal-regulated kinase (ERK1/2) and stress-activated pro-
tein kinase/c-Jun N-terminal kinase (JNK). Each MAPK is ac-
tivated by a specific MAPK kinase (MAPKK), which in turn is 
activated by MAPKK kinase. In the absence of stimulation, the 
MAPK signaling pathway is quiescent, and in response to stimu-
li such as inflammatory factors, proteins in this pathway undergo 
cascade phosphorylation and are activated [18]. As a member of 
the MAPK family, p38 MAPK is an important signaling mole-
cule involved in inflammatory responses and apoptosis, among 
other processes [19, 20]. When the blood lipid concentration 
increases, blood viscosity increases, and lipids are easily oxi-
dized to ox-LDL. The formation of a massive amount of ox-LDL 
causes direct damage to vascular endothelial cells and endothe-
lial dysfunction and makes it easier for lipids and monocytes to 
be deposited in the blood in the subendothelial space, further 
resulting in the formation of foam cells and thereby initiating 
AS pathophysiology [21]. NO is a powerful vasodilator, where-
as ET-1 is considered an endogenous vasoconstrictor. NO and 
ET-1 serve as important indicators of endothelial function; when 
the balance between the levels of the two molecules is disrupt-
ed, the secretion of NO is inhibited, while the secretion of ET-1 
is increased [6, 22]. On the other hand, inflammatory factors 
are robustly activated and released in response to ox-LDL, as 
demonstrated in numerous in vivo and in vitro experiments [23, 
24]. In response to inflammatory factors, p38 MAPK can further 
activate its downstream factor NF-κB by phosphorylating it, and 
administration of p38 MAPK pathway inhibitors to experimen-
tal animals significantly inhibits the expression of p-p38 MAPK 
and NF-κB [25]. It has been confirmed that inflammatory factors 
such as TNF-α can activate the p38 MAPK/NF-κB signaling 
pathway [26]. When NF-κB is activated, it may in turn further 
stimulate the p38 MAPK signaling pathway through activated 
molecules, including TNF-α, IL-1β and IL-6 [27]. This creates a 
vicious cycle through which the inflammatory response is rapid-
ly amplified. Thus, there is a complex network of mutual activa-
tion between p38 MAPK and NF-κB, which ultimately leads to 

the mutual activation of the two molecules, which mediates the 
inflammatory response and may be involved in the development 
of AS. Moreover, upon stimulation by numerous inflammato-
ry factors, the activated p38 MAPK/NF-κB signaling pathway 
can, through another pathway, activate its downstream factor 
caspase-9 [28]. Caspase-9 is a key promoter of apoptosis, and 
when Caspase-9 is activated, caspase-3, a downstream key ex-
ecutor of apoptosis, is also activated, accelerating apoptosis and 
further accelerating the pathological process of AS [28-30]. Nie 
Nana et al confirmed through in vitro experiments that the ad-
dition of p38 MAPK pathway inhibitors to TNF-α-treated cells 
can effectively improve cell survival and reduce apoptosis [26].

Recombinant hirudin, a novel drug obtained by genetic en-
gineering, has a similar function to hirudin, but it causes less 
adverse effects. Some studies have confirmed that r-hirudin has 
good anticoagulant and blood-activating effects [16, 31]. It is of-
ten used in clinical practice for the treatment of a variety of dis-
eases including cardiovascular diseases and has achieved good 
results [32, 33].

In our study, a rat model of AS was established by high-fat diet 
feeding combined with common carotid artery balloon injury. 
Following the successful establishment of the rat AS model, the 
rats were randomly divided into groups, and each group of rats 
received a different intervention. The experimental results 
showed that there were significant pathological changes in the 
common carotid artery and myocardial tissue in the model group 
compared with the control group. The results showed that a 
high-fat diet combined with balloon injury indeed led to AS, 
which in turn damaged the common carotid artery and myocar-
dial tissue. At present, high-fat diet feeding combined with bal-
loon injury is a commonly used method to establish AS animal 
models and our model was successfully established [34]. Com-
pared with those in the model group, the histopathological 
changes in the common carotid artery and myocardium in the 
simvastatin group and pathway inhibitor group were significant-
ly improved. Statins have protective effects on blood vessels and 
the myocardium in many ways, including by exerting anti-in-
flammatory effects, protecting endothelial function, and altering 
blood lipid levels [35]. Some studies have also confirmed that 
p38 MAPK pathway inhibitors have some protective effects on 
blood vessels and the myocardium in AS rats, which may be re-
lated to inhibition of various subsequent reactions mediated by 
this pathway [36]. This is consistent with our experimental re-
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sults. In rats, the alleviating effect of r-hirudin on the pathologi-
cal changes in the common carotid artery and myocardium grad-
ually improved with increasing concentration, which indicated 
that r-hirudin can protect the common carotid artery and myo-
cardium in AS rats in a dose-dependent manner. The results of 
blood lipid and serum ox-LDL level determination showed that 
the serum TC, TG, LDL-C and ox-LDL levels were significantly 
increased, while the HDL-C level was significantly decreased in 
the model group compared with the control group. This shows 
that our high-fat diet feeding protocol had a robust effect and 
that the model animals met the blood lipid level requirements for 
AS. Compared with those in the model group, serum TC, TG, 
LDL-C and ox-LDL levels in the simvastatin group were signifi-
cantly decreased, while the HDL-C level was significantly in-
creased. The above experimental results are in accordance with 
the ability of statins to alter lipid levels [37]. Compared with 
those in the model group, the serum TC, TG, LDL-C, HDL-C 
and ox-LDL levels in the pathway inhibitor group showed no 
significant changes, as the differences were not statistically sig-
nificant (P>0.05). Thus, pathway inhibitors are not associated 
with changes in lipid levels. The p38 MAPK pathway inhibitor 
we employed was SB203580, which inhibits the activation and 
phosphorylation of p38 MAPK and blocks the subsequent reac-
tion but does not alter lipid levels [38, 39]. After administration 
of different concentrations of r-hirudin to AS rats, serum TC, 
TG, LDL-C and ox-LDL levels were significantly decreased. 
From our experimental results, it can be seen that the degree of 
reduction in the levels of the above indicators was related to the 
concentration of r-hirudin. The higher the concentration was, the 
greater the degree of reduction. However, there was no signifi-
cant difference in HDL-C level between the low-dose r-hirudin 
group and the model group, and the effect of high-dose r-hirudin 
was inferior to that of simvastatin. This shows that r-hirudin has 
advantages in reducing serum TC, TG, LDL-C and ox-LDL lev-
els. The ELISA results showed that the levels of serum TNF-α, 
IL-1β, IL-6, ET-1, and NO were significantly changed in the 
model group compared with the control group. TNF-α, IL-1β, 
and IL-6 levels were significantly increased. TNF-α, IL-1β, and 
IL-6 are all recognized inflammatory factors thus, the results in-
dicate that a severe inflammatory response occurred in the vas-
cular intima of rats in the model group and that AS is closely 
related to inflammation[40-42]. Serum ET-1 levels were similar-
ly increased, while NO levels were decreased in model rats. 
Some studies have confirmed that ET-1 and NO are important 
indicators for evaluating vascular endothelial function and that 
when the vascular endothelium is injured, ET-1 content increas-
es and NO content decreases [43]. Our experimental results are 
consistent with those of previous studies and indicated that vas-
cular endothelial function was severely impaired in rats in the 
model group and that the inflammatory response in the vascular 
intima may have mediated endothelial injury. Compared with 
those in the model group, the serum levels of TNF-α, IL-1β, IL-6 
and ET-1 in the simvastatin group and pathway inhibitor group 
were significantly decreased, while the NO level was signifi-
cantly increased. This result suggests that simvastatin and path-
way inhibitors may have an inhibitory effect on the inflammato-
ry process that mediates the development of AS and that vascular 
endothelial function is protected in AS rats. After administration 
of different concentrations of r-hirudin to AS rats, the levels of 
the above indicators were changed to different extents, and the 
change trend was basically the same as that of simvastatin group 
and pathway inhibitor group; however, the high concentration of 
r-hirudin had more robust effects. This shows that r-hirudin can 
inhibit the inflammatory reaction in the vascular intima and pro-
tect endothelial function in AS rats and that the effect of a high 

dose is more obvious. The qRT-PCR and Western blot results 
showed that the mRNA and protein expression levels of p38 
MAPK/NF-κB in the common carotid arteries of rats were sig-
nificantly increased in the model group compared with the con-
trol group, which indicated that the p38 MAPK/NF-κB-mediat-
ed inflammatory response may be involved in the development 
of AS and that these processes are closely related to each other. 
Similarly, both the mRNA and protein expression levels of 
caspase-9/caspase-3 were significantly increased. This result 
suggests that p38 MAPK/NF-κB-mediated downstream apoptot-
ic mechanisms may be activated in response to numerous in-
flammatory factors [44, 45] and that vascular intimal cells un-
dergo apoptosis; thus, this process is also involved in the 
development of AS. Compared with those in the model group, 
the mRNA and protein expression levels of p38 MAPK/NF-κB 
in the common carotid artery in the simvastatin group and the 
pathway inhibitor group were significantly reduced, which indi-
cated that both simvastatin and pathway inhibitors can effective-
ly inhibit the mRNA and protein expression of p38 MAPK/NF-
κB and further inhibit the inflammatory response mediated by 
this pathway. We also showed that the mRNA and protein ex-
pression levels of p38 MAPK were more significantly decreased 
in the pathway inhibitor group than in the other groups and that 
the levels in the pathway inhibitor group were similar to those in 
the control group. This result indicated that the p38 MAPK path-
way inhibitor SB203580 more specifically inhibited p38 MAPK 
expression. Compared with those in the model group, the mRNA 
and protein expression levels of caspase-9/caspase-3 in the com-
mon carotid artery in the simvastatin group and the pathway in-
hibitor group were also significantly reduced, which indicated 
that the subsequent apoptotic process mediated by p38 MAPK/
NF-κB was also significantly inhibited and that simvastatin and 
pathway inhibitors had certain anti-apoptotic effects. Studies 
have confirmed the anti-inflammatory and anti-apoptotic effects 
of simvastatin [46, 47], which is consistent with the experimen-
tal results we obtained. Our experimental results showed that 
caspase-9/caspase-3 mRNA and protein expression levels were 
decreased in the pathway inhibitor group, which may have been 
due to the inhibition of p38 MAPK phosphorylation by pathway 
inhibitors, which in turn inhibited the downstream apoptotic 
process. r-Hirudin was administered to AS rats at different con-
centrations, and our experimental results showed that low-dose 
r-hirudin did not have a significant effect on the mRNA and pro-
tein expression of p38 MAPK/NF-κB and caspase-9/caspase-3, 
medium-dose r-hirudin had a moderate inhibitory effect on the 
expression of these mRNAs and proteins, while high-dose 
r-hirudin had the most significant inhibitory effect on the expres-
sion of these mRNAs and proteins, which was basically the 
same as that of simvastatin and the pathway inhibitor. This indi-
cated that r-hirudin inhibits the inflammatory reaction process 
mediated by p38 MAPK/NF-κB and the apoptosis process medi-
ated by Caspase-9/Caspase-3 in a dose-dependent manner; the 
higher the concentration is, the stronger the inhibitory effect.

In conclusion, r-hirudin may protect blood vessels and the myo-
cardium in AS rats through the regulation of blood lipid levels, 
inhibition of p38 MAPK/NF-κB signaling pathway-mediated in-
flammation and apoptosis, and protection of vascular endothelial 
function to prevent and treat AS.
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