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Li et al.: Effects and Mechanisms of Bufrudin in Inhibiting Atherosclerosis

Atherosclerosis is a significant cause of cardiovascular disease morbidity and mortality worldwide, 
seriously threatening human health and life. Therefore, the present study aimed to investigate the effects 
and mechanisms of bufrudin in inhibiting atherosclerosis. The atherosclerosis model was induced using 
high-fat diet-fed apolipoprotein E knockout mice, which were fed a high-fat diet for 8 w and subsequently 
intraperitoneally injected with bufrudin for 8 w, rosuvastatin was used as the positive group. Serum lipid 
levels, atherosclerotic lesion area and levels of related inflammatory factors were detected in mice, and 
the mechanism of the anti-atherosclerotic effect of bufrudin was investigated by reverse transcription-
quantitative polymerase chain reaction protein, immunoblotting and immunohistochemistry. The 
results showed that similar to rosuvastatin, bufrudin reduced serum cholesterol, low-density lipoprotein 
cholesterol and triglyceride levels, and increased high-density lipoprotein cholesterol levels in mice. 
Meanwhile, bufrudin reduced the area of atherosclerotic lesions, increased the collagen content in 
atherosclerotic plaques and lowered the levels of interleukin-6, tumour necrosis factor-alpha and 
C-reactive protein in mice. In addition, Western blotting results showed that bufrudin downregulated the 
expression of cellular myelocytomatosis oncogene, mitogen-activated protein kinase 3 and p38 proteins. 
Furthermore, reverse transcription-quantitative polymerase chain reaction and immunohistochemistry 
results showed that bufrudin downregulated the expression of cluster of differentiation 36, tumour 
necrosis factor-alpha, toll-like receptor 4 and myeloid differentiation primary-response protein 88 
messenger ribonucleic acid and proteins in mice. In conclusion, bufrudin ameliorated atherosclerosis 
in apolipoprotein E knockout mice by mechanisms related to the improvement of serum lipid levels, 
inflammatory factor levels and with the inhibition of the toll-like receptor 4/nuclear factor kappa B 
and p38 mitogen-activated protein kinase pathways. The results revealed a novel anti-atherosclerosis 
mechanism of bufrudin, which lays a foundation for its clinical use in modulating atherosclerosis.

Key words: Bufrudin, atherosclerosis, serum lipid, inflammation, toll-like receptor 4/nuclear factor kappa B 
pathway, p38 mitogen-activated protein kinase pathway

Cardiovascular Diseases (CVDs) include myocardial 
infarction, heart failure, ischemic heart disease, 
stroke and limp[1]. According to the World Health 
Organization (WHO), >17 million individuals die 
from CVDs annually, accounting for 32 % of global 
mortalities[2]. Atherosclerosis (AS) is the leading 
cause of CVDs. Therefore, the WHO regards CVD-
based on AS a paramount human health concern and 
lists it as a severe global social issue that must be 
solved urgently[2].
The production of AS is related to numerous factors, 

including oxidative stress, lipid infiltration, injury 
response, monocyte-macrophage invasion and 
inflammatory response[3]. The clinical treatment 
of AS is mainly cardiovascular interventional 
therapy and receiving statins, but this only treats 
the downstream effects of AS, and has limitations 
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regarding efficacy and adverse reactions. Currently, 
the clinical treatment of AS is mainly statins, and 
although some effects have been achieved, it still has 
not had any impact on the high incidence levels of 
AS. Furthermore, statins are associated with adverse 
reactions such as myalgia, myositis, rhabdomyolysis 
and liver injury[4,5], and notably, an increased risk of 
hemorrhagic stroke[6,7]. Therefore, the urgent search 
for a highly effective drug treatment for AS with 
minimal or no side effects is imperative.
Vascular endothelium with normal structure and 
function ensure the homeostasis of blood vessels, 
maintain blood flow, regulate vascular tension and 
anti-inflammatory effects, and are considered the first 
line of defence against AS[1]. Vascular endothelial 
cells are highly selective[8], and can synthesize and 
release various vasoactive factors. These substances 
antagonize each other to maintain a dynamic balance 
between pro-AS and anti-AS[9]. Inflammation is vital 
in all stages of AS development[10]. Tumour Necrosis 
Factor-Alpha (TNF-α) is an inflammatory cytokine 
that plays a central role in immune and inflammatory 
responses and is a significant circulating substance, 
linking the systemic immune response to local 
vascular injury; TNF-α and other pro-inflammatory 
cytokines, which are often present in AS plaques 
[11]. C-Reactive Protein (CRP) is considered one of 
the most essential inflammatory markers of acute 
cardiovascular events. It is synthesized in the liver 
induced by Interleukin (IL)-6, IL-1β and TNF-α, 
which activate apoptosis, leukocyte recruitment, 
lipid accumulation and platelet aggregation by 
activating the complement system, ultimately 
leading to thrombus formation. IL-6 increases the 
platelet count in peripheral vasculature, induces 
thrombocytosis, participates in vascular monocyte 
differentiation, and is associated with obesity and 
metabolism. In addition, it induces monocyte tissue 
factor expression while enhancing its procoagulant 
activity, leading to a sustained loss of endothelial 
barrier function and destabilization of AS plaques.
Lipid-rich foam cells are a marker of atherosclerotic 
plaques[12]. A number of studies have shown that 
lipid accumulation can induce macrophages to 
transform into harmful foam cells[13-16]. For example, 
phagocytic-modified lipids such as scavenger 
receptor Cluster of Differentiation (CD) 36 and (such 
as oxidized Low Density Lipoprotein (ox-LDL)) can 
form foam cells in macrophages[17], thus accelerating 
the instability, rupturing and thrombosis of AS 
plaques[18]. Furthermore, the activation of Toll-Like 

Receptor 4 (TLR4) also promotes ox-LDL uptake by 
macrophages, thereby accelerating the formation of 
foam cells. The expression of Nuclear Factor Kappa 
B (NF-κB) is involved in macrophages and Vascular 
Smooth Muscle Cells (VSMC), and its relative 
expression is related to the early development of AS. 
The NF-κB pathway intervenes in the progression of 
AS by transcriptionally activating the production of 
pro-inflammatory cytokines and chemokines, such 
as TNF-α, the Granulocyte-Macrophage Colony-
Stimulating Factor (GM-CSF) and IL-1, promoting 
the generation of an inflammatory milieu. TLR4 also 
mediates the NF-κB pathway and thus affects Total 
Cholesterol (TC) metabolism. Activation, migration 
and proliferation of VSMC are critical components 
of the pathological process of AS[19]. p38 Mitogen-
Activated Protein Kinase (MAPK) is an important 
pathway that regulates cell proliferation and death 
and plays an important role in various physio 
pathological processes, including inflammation, 
stress, cell proliferation, differentiation and 
apoptosis[20]. Therefore, the TLR4/NF-κB and p38 
MAPK signalling pathways are crucial for the 
development of AS.
Bufrudin is an active substance extracted from 
traditional Chinese medicinal leeches, which are 
native to Guangxi and belong to the family of water 
leeches. The active extract of leeches, termed hirudin, 
has been approved by the United States of America 
(USA) Food and Drug Administration and is widely 
used for the treatment of CVDs. Bufrudin was 
included in the Guangxi Zhuang medicine catalogue 
in 2011[21]. It is a natural anticoagulant extracted 
from Poecilobdella manillensis (P. manillensis), with 
the extraction method adhering to the requirements 
of the Pharmacopoeia of the People's Republic of 
China (2020 edition). Our research group cloned 
and sequenced the complementary Deoxyribonucleic 
Acid (cDNA) of the bufrudin gene and found that the 
Homology Model (HM) 1 and HM2 gene sequences 
of Guangxi P. manillensis and Manila P. manillensis 
were 91.8 % and 84.7 %, respectively[22]. The study of 
bufrudin has proven that it has beneficial effects on the 
cardiovascular system. Previous studies have reported 
that bufrudin can inhibit arterial thrombosis and 
reduce arterial wall inflammation[23,24]. Our previous 
studies provided a preliminary understanding of the 
anti-AS effect of bufrudin[25,26]. However, the specific 
mechanism of the anti-AS effect of bufrudin remains 
unclear. Similarly, whether bufrudin can alleviate AS 
by inhibiting the TLR4/NF-κB/p38 MAPK signalling 
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pathway is still unknown.
Therefore, the aim of the present study was to 
investigate whether bufrudin can achieve the effect 
of anti-AS by affecting the TLR4/NF-κB/p38 
MAPK pathway and to provide new insights into the 
mechanism of bufrudin against AS, thus providing a 
reference for the development of clinical drugs for 
the treatment of AS.

MATERIALS AND METHODS

Reagents:

Bufrudin (40 U/ml) was supplied by Guangxi Keyken 
Technology Group Co. Ltd., and rosuvastatin tablets 
(10 mg/tablet) were purchased from AstraZeneca Co. 
Ltd., the high-fat feed was purchased from Nanjing 
Qingzilan Technology Co. Ltd., kits to assess levels 
of low-density lipoprotein cholesterol (Cat. No. 
A113-1-1), high-density lipoprotein cholesterol 
(Cat. No. A112-1-1), TC (Cat. No. A111-1-1) and 
triglycerides (Cat. No. A110-1-1) were from Nanjing 
Jiancheng Bioengineering Institute. Enzyme-Linked 
Immunosorbent Assay (ELISA) kits for CRP (Cat. No. 
F2074-B), IL-6 (Cat. No. F2163-B) and TNF-α (Cat. 
No. F2132-B) were from Shanghai Kexing Fanke 
Group Co. Ltd., Mouse β-actin was purchased from 
Abcam (dilution, 1:6,000; Cat. No. ab8245), rabbit 
anti-MAK3, (dilution, 1:2000; Cat. No. 13898-1-AP), 
anti-Cellular Myelocytomatosis oncogene (c-Myc) 
(dilution, 1:5000; Cat. No. 10828-1-AP) and anti-TLR4 
(dilution, 1:200; Cat. No. 19811-1-AP) were purchased 
from Proteintech, rabbit anti-P38 (dilution, 1:2000; 
Cat. No. A10832) and anti-NF-κB (dilution, 1:100; Cat. 
No. A17339) were purchased from ABclonal, rabbit 
anti-Myeloid Differentiation primary-response protein 
88 (MYD88) (dilution, 1:200; Cat. No. bs-1047R) and 
anti-CD36 (dilution, 1:200; Cat. No. bs-0465R) were 
purchased from Boson, Horseradish Peroxidase (HRP)-
goat anti rabbit (dilution, 1:50 000; Cat. No. 5220-
0336) and HRP-goat anti mouse (dilution, 1:50 000; 
Cat. No. 5220-0341) were purchased from Searcare 
and PCR primers were purchased from Sangon Biotech 
Shanghai Co. Ltd.

Animal model establishment and drug 
administration:

Apolipoprotein E Knockout (ApoE-/-) male mice 
(body weight, 18±2 g; 8 w old) and C57BL/6J mice 
(body weight, 18±2 g; 8 w old) were purchased from 
Nanjing Qing Zilan Science and Technology Co.  
Ltd ., and housed in the Laboratory Animal Management 

Canter of Guangxi Medical University (Nanning, 
China; Approval No. SYXK Gui 2020-0004), at a 
temperature of 20°-24° and humidity of 40 %-60 %, 
with a 12 h light/dark cycle. C57BL/6J mice were given 
free access to standard laboratory mouse chow and 
drinking water, whereas the ApoE-/- mice were given 
free access to high-fat chow and drinking water. To 
establish an AS model, ApoE-/- mice were fed a high-
fat diet (consisting of a normal diet containing 0.5 % 
TC and 5 % lard) for 8 w. Mice were randomly divided 
into four groups according to body weight: High-dose 
bufrudin group, low-dose bufrudin group, rosuvastatin 
group and model group, with C57BL/6J mice used 
as the control group. In the high-dose and low-dose 
bufrudin groups, bufrudin 400 U/kg/d and 200 U/
kg/d were administered intraperitoneally for 8 w, while 
in the positive group, rosuvastatin 2.5 mg/kg/d was 
administered by gavage. The model group and the blank 
group were administered an equal amount of normal 
saline. The mice were anesthetized with isoflurane (1.5 
%) until they were unconscious, during this time the 
blood sample was taken from the abdominal aorta, and 
then sacrificed the mice via decapitation. After that, the 
sampling steps of abdominal aorta and thoracic aorta 
were performed. All experiments were approved by 
The Animal Care & Welfare Committee of Guangxi 
Medical University, which followed the guidelines of 
the National Standard GB/T35892-2018 of the People’s 
Republic of China.

Determination of blood lipid content:

The serum was isolated from blood samples at 1000 
rpm for 10 min at 4°, and the levels of serum Total 
Cholesterol (TC), Low-Density Lipoprotein Cholesterol 
(LDL-C), High-Density Lipoprotein Cholesterol 
(HDL-C) and Triglycerides (TG) in each group were 
determined using kits according to the manufacturer’s 
instructions. 

Oil Red O (ORO) staining:

Cardiac tissue samples with aortic roots were fixed with 
4 % paraformaldehyde (pH 7.4), dehydrated in alcohol 
and embedded in the Tissue Tek® O.C.T. Compound. 
After which, the tissues were sectioned at a thickness 
of ~10 μm with a frozen sectioning machine, and 
the sections were stained with ORO to determine the 
morphology of atherosclerotic plaques. Morphometric 
analysis was performed using Image J software (1.8.0, 
National Institutes of Health, NIH, Bethesda, MD, 
USA).
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HRP-gGoat anti rRabbit (1:50 000) was incubated after 
washing the membrane repeatedly, and then gently 
agitated at room temperature for 1 h. The samples 
were washed three times for colour development and 
exposure. Image J was used to calculate the grayscale 
of the target protein band and analyse the relative 
protein expression.

Reverse Transcription-quantitative Polymerase 
Chain Reaction (RT-qPCR):

RT-qPCR was performed to detect the expression 
levels of CD36, TNF-α, TLR4 and MyD88 messenger 
Ribonuclic Acid (mRNA) in the aortas of mice in each 
group. The aortas of each group were homogenized 
with TRIzol in a freezing centrifuge homogenizer, and 
the supernatant was centrifuged. The supernatant was 
mixed with trichloromethane and centrifuged again. The 
sample was mixed with isopropanol and centrifuged 
for a third time and the liquid was discarded. The 
precipitate was washed twice with 75 % ethanol, and 
finally, the RNA was dissolved in RNA-free water. The 
concentration and purity of RNA were analysed by ultra-
micro spectrophotometer. The cDNA was synthesized 
by PCR using a 20 µl reverse transcription system, and 
the mRNA levels of each inflammatory mediator were 
detected by qPCR using SYBR Green qPCR Master 
Mix. Glyceraldehyde 3-Phosphate Dehydrogenase 
(GAPDH) was used as the internal reference, and the 
relative expression values of each factor, including 
CD36, TNF-α, TLR4 and MyD88, in each group was 
calculated by the 2-ΔΔCq method. The primers used are 
shown in Table 1.

Masson’s trichrome stain:

Masson’s trichrome stain was performed to detect the 
collagen content in the aortic root plaques. According to 
the manufacturer’s instructions, the aorta was fixed in 4 
% paraformaldehyde, dehydrated in alcohol, embedded 
in paraffin wax, sectioned and stained, observed 
and images were captured under a light microscope. 
The percentage area of collagen in the plaques was 
calculated using the Image J assay.

ELISA for quantitative analysis of mice serum 
inflammatory indexes:

The concentrations of IL-6, TNF-α and CRP in the serum 
of mice were detected according to the instructions of 
the ELISA kit.

Western blot analysis:

Western blotting was used to detect the protein levels of 
c-Myc, MEK3, and p38 MAPK in the thoracic aorta of 
mice. The aorta of each group of mice was homogenized 
using a refrigerated centrifuge homogenizer, and Radio-
Immunoprecipitation Assay (RIPA) buffer was added for 
lysis and mixing. After centrifugation, the supernatant 
was collected, and the protein concentration of the 
sample was determined using a Bicinchoninic Acid 
(BCA) protein concentration assay kit. Electrophoresis 
was performed according to standard electrophoresis 
procedures and the membrane was transferred. After 
which, the membrane was removed and placed in a 
blocking solution at 37° for 1 h. The following primary 
antibodies were added: c-Myc (1:5000), MEK3 
(1:5000) and p38 MAPK (1:2000) at 4° overnight. The 

Gene Primer Sequence 5-3′

GAPDH Forward primer CCTCGTCCCGTAGACAAAATG

GAPDH Reverse primer TGAGGTCAATGAAGGGGTCGT

CD36 Forward primer CCCAGAGTACGGGCAAAGA

CD36 Reverse primer TCCAACAGACAGTGAAGGCTCAA

TLR4 Forward primer TCCTGTGGACAAGGTCAGCAAC

TLR4 Reverse primer TTACACTCAGACTCGGCACTTAGCA

MyD88 Forward primer TACAGGTGGCCAGAGTGGAA

MyD88 Reverse primer GCAGTAGCAGATAAAGGCATCGAA

NF-κB Forward primer GAGGGTTGGGAGAATGTGGA

NF-κB Reverse primer GGAAGCAGAAAGAACGGAAGG

TABLE 1: PRIMERS USED FOR RT-qPCR
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Chicago, IL, USA) was adopted for statistical analysis. 
Categorical data were expressed as composition ratios 
and analysed using the Chi-Square (χ2) test. Normally 
distributed and non-normally distributed continuous 
data were represented as mean±standard deviation 
(x̅±s) and median (Q1, Q3), respectively, and analysed 
using the t-test and Kruskal-Wallis rank sum test. One-
way Analysis of Variance (ANOVA) was conducted for 
data that met the criteria for normal distribution and 
homogeneity of variance, with pairwise comparisons 
between groups performed using the Tukey test. For 
comparisons involving multiple time points, repeated 
measures ANOVA was used. If the assumptions 
were not met, variable transformation or analysis 
using the Generalized Estimating Equation (GEE) 
was performed. p<0.05 was considered to indicate a 
statistically significant difference.

RESULTS AND DISCUSSION
The expression of serum TC, TG and LDL-C in ApoE-
/- mice in each group was shown in fig. 1A-fig. 1D. 
Compared with the control group, the levels of TC, 
TG and LDL-C were significantly higher (p<0.01), 
and HDL-C levels were significantly lower (p<0.01) 
in the model group. Compared with the model group, 
the levels of TC, TG and LDL-C were significantly 
lower (p<0.01), and the levels of HDL-C were 
significantly higher (p<0.01) in the bufrudin and 
rosuvastatin groups. These results indicated that 
bufrudin improved lipid metabolism levels in ApoE-
/- mice.

Immunohistochemistry:

Immunohistochemistry was used to measure the 
expression of CD36, TNF-α, TLR4 and MyD88 
proteins. The sections were heated at 65° for 30 min; 
after which, the sections were deparaffinized by xylene 
and alcohol and repaired by selecting the appropriate 
antigen repair solution according to the instructions of 
the antibody. The sections were washed with Phosphate 
Buffer Solution (PBS), and stained according to 
the instructions of the immunohistochemistry kit. 
Following intervention of blocking peroxidase and 
serum closure, the sections were washed by PBS, and 
rabbit anti-CD36 (1:200), anti-TNF-α (1:200), anti-
TLR4 (1:200) and anti-MyD88 (1:200) were added. 
The sections were incubated with primary antibodies at 
4° overnight, and subsequently the The HRP-goat anti-
rabbit IgG (1:500) was added. 3, 3'-Diaminobenzidine 
(DAB) chromogenic solution was added after the 
antibody incubation and the samples were protected 
from light. Hematoxylin was used for counterstaining 
after washing and the staining was decolorized, reversed 
to blue and sealed. Sections were observed under the 
microscope and images were captured. 

Statistical analysis:

All data were expressed as the mean±standard 
deviation. Continuous data with normal distribution 
were displayed as mean±standard deviation (x±s). 
Statistical Package for the Social Sciences (SPSS) 25.0 
statistical program package for Windows (SPSS Inc. 

Fig. 1: Effects of Bufrudin on the serum lipid levels in ApoE-/- mice. (A): TC levels in mice blood lipids; (B): TG levels in mice blood 
lipids; (C): LDL-C levels in mice blood lipids and (D): HDL-C levels in mice blood lipids 
Note: Data are expressed as mean±Standard Deviation (SD). **p<0.01 compared with the control group, #p<0.05 and ##p<0.01  
compared with the model group
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difference was not statistically significant.

Masson’s trichrome stain was used to detect the 
collagen content of aortic plaques in ApoE-/- mice. 
In Masson’s trichrome stain, collagen in the plaques 
was blue-green, myofibrils and cytoplasm were red, 
and nuclei were blue-black. As shown in fig. 3A, 
vascular collagen was normal and without fibrosis 
in the control group of mice. However, as shown in 
fig. 3B, compared with the control group, vascular 
collagen fibres in the model group of mice were 
abnormally proliferated, collagen fibrosis was severe 
and collagen was reduced to some extent. Compared 
with the model group, the intravascular collagen 
content was significantly increased in the bufrudin 
high-dose group and the rosuvastatin group (p<0.01), 
and the intravascular collagen content was increased 
in the bufrudin low-dose group compared with the 
model group, but the difference was not statistically 
significant.

As shown in fig. 2A, Hematoxylin and Eosin (H&E) 
staining showed that the aortic wall layers of mice in 
the control group were structurally intact, the intima 
was intact and smooth, the smooth muscle cells were 
neatly arranged and the elastic fibres were arranged 
typically. Plaques and foam cells were present in the 
aorta of mice in the model group. Compared with 
the model group, the aortic lesions were reduced 
to different degrees in the high-dose and low-dose 
bufrudin groups and in the rosuvastatin group.

Frozen sections of mouse aorta were stained with 
ORO, as shown in fig. 2B and fig. 2C. The AS plaque 
area/vessel area ratio (Splaque/Svessel) was significantly 
higher in the model group compared with the control 
group (p<0.01). The Splaque/Svessel ratio was significantly 
lower in the bufrudin high-dose and rosuvastatin 
group compared with the model group (p<0.01). The 
Splaque/Svessel ratio was decreased in the bufrudin low-
dose group compared with the model group, but the 

Fig. 2: Bufrudin improved the aorta of ApoE-/- mice in a dose-dependent manner. (A): Vascular morphology in each group of mice 
detected by H&E staining (200X); (B): Mouse aorta ORO staining results (200X) and (C): Effects of bufrudin on the area of aortic 
plaques in mice 
Note: All values were expressed as mean±SD, **p<0.01 compared with the blank control group and #p<0.05, ##p<0.01 compared 
with the model group
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and mRNA expression of CD36, TLR-4, MyD88 and 
NF-κB in the aorta of mice in the bufrudin group 
was significantly decreased compared with that in 
the model group (p<0.05 or p<0.01) with respect to 
that in the rosuvastatin group. The aforementioned 
results suggested that bufrudin can play an anti-AS 
role by inhibiting the expression of genes related to 
the NF-κB pathway.

Bufrudin attenuates AS in ApoE-/- mice by inhibiting 
the expression of NF-κB pathway-associated 
proteins: Immunohistochemistry was performed 
to detect the expression level of NF-κB pathway-
related proteins by bufrudin. As shown in fig. 7 
and fig. 8, aortic CD36, TLR4, MyD88 and NF-κB 
protein expression was not significant in the control 
group of mice, and aortic CD36, TLR4, MyD88 
and NF-κB protein expression was significantly 
increased in the model group of mice compared 
with the control group (p<0.01). Furthermore, aortic 
CD36, TLR4, MyD88 and NF-κB protein expression 
was significantly decreased in the bufrudin and 
rosuvastatin group compared with the model group, 
and in the rosuvastatin group, TLR4, MyD88 and NF-
κB proteins were significantly lower in the bufrudin 
group compared with the model group. These results 
suggested that bufrudin can play an anti-AS role by 
inhibiting the expression of NF-κB pathway-related 
proteins.

AS is a disease of chronic progressive lipid 
deposition, inflammatory response and focal 
thickening of fibrous tissue occurring mainly in large 
and medium-sized arterial vessels[1]. Among other 

ELISA kits were used to measure the concentrations 
of IL-6, TNF-α and CRP in the serum of mice from 
each group. As shown in fig. 4, compared with the 
control group, the model group exhibited a significant 
increase in concentrations of IL-6, TNF-α and CRP 
(p<0.01). In comparison with the model group, both 
the high-dose bufrudin group and the rosuvastatin 
group demonstrated a significant decrease in IL-6 
and TNF-α concentrations (p<0.01). In comparison 
with the model group, the low-dose bufrudin group 
showed a reduction in CRP concentration, but the 
difference was not statistically significant (p>0.05). 
These results indicated that bufrudin can ameliorate 
the inflammatory response in AS mice.

The expression of c-Myc, MEK3 and p38 MAPK 
proteins in the aortic vessels of ApoE-/- mice in 
each group were detected by Western blotting. As 
shown in fig. 5, c-Myc, MEK3 and p38 MAPK 
protein expression were significantly upregulated in 
the model group compared with the control group 
(p<0.01), and c-Myc, MEK3 and p38 MAPK protein 
expression was significantly downregulated in the 
bufrudin group compared with the model group 
(p<0.01) with rosuvastatin. These data suggested 
that bufrudin exerts its anti-AS effect by inhibiting 
the p38 MAPK signalling pathway.

RT-qPCR was performed to detect the expression 
level of mRNAs related to the NF-κB pathway by 
bufrudin. As shown in fig. 6, mRNA expression of 
CD36, TLR-4, MyD88 and NF-κB in the aorta of 
mice in the model group was significantly elevated 
compared with that in the control group (p<0.01), 

Fig. 3: Effect of bufrudin on collagen content of aortic plaques in ApoE-/- mice. (A): Measurement of collagen contents by Masson's 
trichrome staining of the aorta (200X) and (B): Effects of bufrudin on aortic collagen fibers in mice
Note: All values were expressed as mean±SD, **p<0.01 compared with the blank control and #p<0.05, ##p<0.01 compared with the 
model group



www.ijpsonline.com

1437 Indian Journal of Pharmaceutical Sciences July-August 2024

response not only promotes the production of 
inflammatory factors such as IL-6, IL-7 and TNF-α 
but also promotes the development of AS[1]. A 
large body of evidence confirms that typical pro-
inflammatory cytokines, such as TNF-α and IL-6, 
are considered to play critical roles in inflammatory 
pathophysiologic disorders and are involved in 
inducing and maintaining the development of 
AS. For example, elevated TNF-α can lead to 
macrophage activation, which results in the uptake 
of large amounts of ox-LDL, ultimately forming 
foam cells, which in turn induces the formation of 
AS plaques[19]. CRP is considered a predictor of 
cardiovascular event occurrence and a downstream 
marker of IL-6 and TNF-α[20], synthesized in the liver 
induced by IL-6 and TNF-α. CRP levels, on the other 
hand, are dramatically increased during bacterial 
infections, trauma, tissue necrosis and most types of 
inflammatory response[21], and in programmed injury 
cardiomyocytes or visibly necrotic muscle fibers[22]. 
It has also been demonstrated that overexpression of 
CRP, a marker of arterial stiffness, leads to elevated 
levels of arterial EA, which further promotes the 
development of AS[28]. As hypothesized, in the 
present study, the serum levels of TNF-α, IL-6 and 
CRP were significantly higher in the model group of 
mice than in the normal group, whereas the serum 
levels of TNF-α, IL-6 and CRP were significantly 
lower in the bufrudin and rosuvastatin groups than in 
the model group. These data suggested that bufrudin 
can exert an ameliorative effect on AS by inhibiting 
the inflammatory response.

There is increasing evidence that the p38 MAPK 
signalling pathway plays a crucial role in AS. It can 
activate the production of multiple inflammatory 
factors, regulate the activity of transcription factors, 
alter mitochondrial membrane potential, affect 
cysteine proteases and promote smooth muscle cell 
apoptosis, thus exacerbating the progression of AS 
through multiple pathways[29]. MEK3, as an upstream 
regulator of the p38 MAPK signalling pathway, can 
activate p38 through Thr180/Tyr182[30,31]. There 
is increasing evidence that the MEK3/p38 MAPK 
pathway is involved in the expression of numerous 
inflammatory mediators[32], and that the activation of 
its pathway is closely associated with AS, endothelial 
dysfunction, VSMC cellular hypertrophy and 
aortic valve sclerosis[33]. There have been relevant 
studies confirming that by inhibiting the MEK3/p38 
MAPK pathway, the MEK3/p38 MAPK pathway 

things, inflammation can promote the rupture of 
vulnerable plaques, leading to thrombotic occlusion 
of coronary and cerebral arteries and ultimately the 
onset of heart disease or stroke, which are leading 
causes of death worldwide[2]. Therefore, searching 
for drugs that can effectively treat or prevent AS is 
crucial.

Lipids are an essential factor affecting the 
development of AS, and cholesterol, triglyceride 
and lipoprotein levels are closely related to the 
development of AS. Long term elevation of blood 
lipids tends to cause cholesterol to invade the walls 
of large blood vessels, and deposit and accumulate to 
promote the proliferation of arterial smooth muscle 
cells and fibroblasts[3,4]. With the elevation of blood 
lipids, a large number of proteins such as LDL-C, 
ApoB and other proteins are deposited in the arterial 
wall. Furthermore, LDL is oxidized to ox-LDL thus 
causing a series of pathological changes. In addition, 
elevated serum LDL-C and TG are significant 
causes of AS formation[5], of which LDL-C is the 
most critical[6,7]. Retention of LDL particles in the 
vessel wall is considered to be the first step in the 
pathogenesis of AS[8]. When levels of oxidative 
stress increase, LDL becomes oxidized and modified 
by ApoB to become a scavenger ligand. This ligand 
can be recognized and phagocytosed by CD36 on 
macrophages, forming foam cells and promoting AS 
lesions[9]. The 2019 European Society of Cardiology/
European AS Society emphasizes minimizing LDL-C 
levels to prevent AS and other CVDs[10]. Currently, 
statins play a role in treating AS by promoting AS 
plaque stabilization and reducing coronary plaque 
volume, primarily by lowering LDL-C levels[11,12,17]. 
In the present study, bufrudin significantly reduced 
LDL-C, TG and TC serum levels and increased 
HDL-C serum levels in the AS model mice. These 
data suggested that bufrudin can exert anti-AS effects 
by improving lipid levels in an AS mouse model.

Despite current advancements in AS treatments, 
further research into the prevention of AS is 
required[18]. Numerous studies have confirmed 
plaque formation and rupture as a hallmark of AS 
disease[18,27]. In the present study, the ORO and H&E 
staining results showed that arterial plaques were 
evident in the model group, whereas arterial plaque 
was significantly improved in both the bufrudin 
and rosuvastatin groups compared with the model 
group. These results suggested that bufrudin can 
improve AS symptoms in mice. The inflammatory 
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vivo and in vitro experiments[40,41]. Other studies have 
shown that the downregulation of c-Myc expression 
inhibits the proliferation of human VSMC[42]. Among 
the current anti-AS perspectives, the downregulation 
of c-Myc by antioxidants has been recognized as a 
promising pharmacological therapeutic approach 
for vascular diseases[39,40,43]. Notably, in the present 
study, Bufrudin downregulated the expression of 
c-Myc, MEK3 and p38 MAPK proteins in the AS 
mouse model, suggesting that bufrudin is capable of 
treating AS by inhibiting the expression of proteins 
related to the p38 MAPK pathway.

can be activated[34,35]. The p38 MAPK pathway can 
inhibit ox-LDL-induced inflammatory responses in 
macrophages. Furthermore, it has been demonstrated 
that MAPK is involved in cardiac vasodilatation[36], 
and that the p38 MAPK pathway can be inhibited 
by downregulation of MEK3 expression, thereby 
inhibiting the development of coronary AS[37,38]. 
c-Myc is also an upstream regulator in the p38 MAPK 
pathway and is involved in initiating the early oxidative 
sensitization mechanism of  AS in both in vivo and 
in vitro experiments. Studies have identified the 
presence of c-Myc[39], which is involved in initiating 
oxidative sensitization mechanisms, in early AS in in 

Fig. 4: Effects of bufrudin on the serum contents of IL-6, TNF-α and CRP in mice. (A): Levels of IL-6 in mouse serum; (B): Levels 
of TNF-α in mouse serum and (C): Levels of CRP in mouse serum
Note: All values were expressed as mean±SD. **p<0.01 compared with the blank control group and #p<0.05, ##p<0.01 compared 
with the model group

Fig. 5: Expression of c-Myc, MEK3 and p38 MAPK proteins in ApoE-/- mice were detected by Western blotting. (A): Assessment 
and statistical analysis of protein levels in the p38 MAPK pathway; (B): Relative expression level of MEK3 protein; (C): Relative 
expression level of c-Myc protein and (D): Relative expression level of p38 MAPK protein
Note: Data were expressed as mean±SD. **p<0.01 compared with the blank control group and #p<0.05, ##p<0.01 compared with the 
model group
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Fig. 6: RT-qPCR was performed to detect the expression level of mRNAs related to the NF-κB pathway by bufrudin. (A): Relative 
expression of CD36 mRNA; (B): Relative expression of TLR4 mRNA; (C): Relative expression of MyD88 mRNA and (D): Relative 
expression of NF-κB mRNA
Note: Data were expressed as mean±SD. **p<0.01 compared with the blank control group and #p<0.05, ##p<0.01 compared with the 
model group

Fig. 7: Effects of bufrudin on the NF-κB pathway-related protein expression. (A): Immunohistochemical staining of CD36 protein 
in mouse aortas treated with bufrudin; (B): Immunohistochemical staining of TLR4 protein in mouse aortas treated with bufrudin 
and (C): Immunohistochemical staining of MyD88 protein in mouse aortas treated with bufrudin 
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that orchestrates a cascade of pro-inflammatory 
signalling, with most TLRs, as well as other related 
cytokine receptors, signalling through MyD88[49,50]. 
The activation of MyD88 leads to the activation of 
inflammatory pathways such as NF-κB[51]. It has 
been demonstrated that TLR4/MyD88 signalling is 
involved in macrophage phagocytosis of lipids and 
plaque foam cell formation[52], and that aberrant 
activation of TLRs and MyD88 is present during AS 
lesions in both humans and mice[53]. Notably, MyD88 
downregulation reduces aortic AS development and 
macrophage accumulation in ApoE-/- mice, and 
overall deletion of TLRs and MyD88 are beneficial 
for ameliorating AS plaques[54]. Both the NF-κB and 
p38 MAPK pathways are vital regulatory points in 
AS Some studies have shown that inhibition of NF-
κB reduces inflammatory lesions[55,56]. Other studies 

Inhibition of TLR4/MyD88/NF-κB signalling 
pathway activation is a promising therapeutic strategy 
for AS[44]. TLR4 is a specific member of the TLR 
family, widely present in CVDs and cancers[45,46]. It 
has been shown that TLR4 plays an important role in 
innate immunity and the inflammatory response to 
exogenous and endogenous stimuli by upregulating 
relevant inflammatory factors[47]. Activation of TLR4 
not only increases ox-LDL uptake and foam cell 
formation but also activates its mediated production of 
pro-inflammatory cytokines by NF-κB transcription 
factors, which affects cholesterol metabolism as 
well as promotes the expression of relevant pro-
inflammatory cytokines, such as TNF-α, GM-CSF 
and IL-1α/β to trigger the inflammatory response 
and promote the accumulation of endothelial foam 
cells[48]. MyD88 is an intracellular adaptor protein 

Fig. 8: Effects of bufrudin on NF-κB pathway-related protein expression. (A): Immunohistochemical staining of NF-κB protein in 
mouse aortas treated with bufrudin; (B): Positive area of CD36; (C) Positive area of TLR4; (D): Positive area of MyD88 and (E): 
Positive area of NF-κB. 
Note: All values were expressed as means±SD. **p<0.01 compared with the blank control group and #p<0.05, ##p<0.01 compared 
with the model group
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