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ABSTRACT
Background: Si-Miao-Yong-An decoction (SMYAD) is a conventional therapeutic formula for treat 
thromboangiitis obliterans (TAO), consisting of four Chinese herbs: Lonicerae japonicae Thunb. 
(Jinyinhua), Scrophularia ningpoensis Hemsl. (Xuanshen), Angelica sinensis (Oliv.) Diels (Danggui) 
and Glycyrrhiza uralensis Fisch. (Gancao). However, the mechanism of SMYAD in TAO treatment 
remains unclear.
Methods: Components, as well as potential targets of SMYAD in TAO therapy, were downloaded 
from Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform 
(TCMSP). Subsequently, with the Database for Annotation, Visualization, and Integrated Discovery 
(DAVID) server, the gene ontology (GO) biological processes and the Kyoto encyclopedia of 
genes and genomes (KEGG) signalling pathways of the targets enrichment were performed. 
Next, based on STRING online database, the protein interaction network of vital targets was 
built and analysed. Molecular docking and calculation of the binding affinity were performed 
using AutoDock. The PyMOL software was employed to observe docking outcomes of active 
compounds and protein targets. Based on the predicted outcomes of network pharmacology, 
in vivo and in vitro tests were performed for validation. In vivo experiment, the TAO rats model 
was established using sodium laurate injection into the femoral artery. The symptoms as well 
as pathological changes of the femoral artery were observed. Besides, the predicted targets 
were verified by the RT-qPCR, in vitro experiment. The cell viability in LPS-induced human 
umbilical vein endothelial cells (HUVECs) was detected using CCK-8 kit, and the predicted targets 
were also verified by the RT-qPCR.
Results:  In the network pharmacology analysis, we obtained 105 chemical components in SMYAD 
and 24 therapeutic targets. We found that the mechanism SMYAD in TAO therapy was primarily 
associated with inflammation and angiogenesis by constructing multiple networks. Quercetin, 
vestitol and beta-sitosterol were important compounds, and interleukin-6 (IL6), MMP9, and VEGFA 
were key targets. According to molecular docking, active compounds (quercetin, vestitol and 
beta-sitosterol) and targets (IL6, MMP9 and VEGFA) showed good binding interactions. In in vivo 
experiment, SMYAD ameliorated the physical signs and pathological changes, inhibited the 
expression of IL6 and MMP9, and enhanced the expression of VEGFA. In an in vitro experiment, 
SMYAD increased the cell viability of LPS-induced HUVECs and the expression of VEGFA, and 
reduced the expression of IL6 and MMP9.
Conclusions:  This study showed that SMYAD improves TAO symptoms and inhibits the 
development of TAO. The mechanism could be associated with anti-inflammatory and therapeutic 
angiogenesis.
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1.  Introduction

As a chronic, occlusive, nonatherosclerotic, inflamma-
tory vascular disease, thromboangiitis obliterans (TAO) 
targets small- and medium-sized arteries as well as 
veins in the extremities. As a global disease, TAO is 
distributed all over the globe, but its prevalence is 
more common in the Middle East and East Asia [1]. 
In China, the distribution of TAO patients has geo-
graphical and ethnic differences; for example, the inci-
dence rate is higher in the north of the Yellow River, 
especially in the northeast, and the incidence rate of 
Hui is higher than that of Han in the northwest [2]. 
The average age of onset of TAO is from 30 to 40 years, 
and fewer patients are over 40  years old. However, the 
number of affected elderly patients has increased in 
recent decades [3].

The etiology and pathogenesis of TAO are unclear. 
TAO is causally associated with tobacco use, and the 
disease is also related to cold, malnutrition and trauma 
[4]. Currently, the main therapeutic drugs for TAO 
include iloprost, aspirin, cilostazol, etc. [5]. Although 
the above medicines can partially relieve the clinical 
features of TAO patients, they are linked to several 
side effects, including bleeding, weakened fertility and 
hepatic injury [6]. Traditional Chinese Medicine (TCM) 
is a crucial complementary and substitute approach 
with a long history in TAO therapy. It can be tracked 
back to Yellow Emperor’s Classic of Internal Medicine 
and is characterized by greater availability, affordability, 
limited side effects and improved safety [7].

Si-Miao-Yong-An decoction (SMYAD), a classical TCM 
prescription, was first published in the Qing Dynasty 
[8], consisting of four Chinese herbs: Lonicerae 
Japonicae Thunb. (Jinyinhua), Scrophularia ningpoensis 
Hemsl. (Xuanshen), Angelica sinensis (Oliv.) Diels 
(Danggui) and Glycyrrhiza uralensis Fisch. (Gancao). 
SMYAD has been used to successfully treat TAO, which 
can effectively relieve pain and skin swelling in the 
lower limbs of TAO patients [9]. It has been included 
in the Guideline for Diagnosis and Treatment of 
Common Diseases in the Peripheral Vascular 
Department (2015) as a recommended prescription for 
the stasis-toxin-corruption retention syndrome TAO 
[10]. However, studies on its pharmacological mecha-
nism in the treatment of TAO are limited.

Network pharmacology is a field that projects the 
active components in prescriptions and elucidates their 
probable mechanism from a systemic viewpoint. The 
‘components-targets-diseases’ network, based on the 
systematic interaction of herbs, components, targets 
and diseases, is consistent with the holistic approach 
to diagnosis and therapy informed by the 

fundamentals principles of Chinese medicine and 
proves to be a more appropriate technique to analyse 
multiple ingredients, targets and pathways of Chinese 
medicine [11]. However, the outcomes suggested by 
network pharmacology are simply speculative based 
on information at hand; they are not confirmed out-
comes. As such, experiments were combined to vali-
date the outcomes of network pharmacology.

First, the components and targets of SMYAD were 
obtained in treating TAO. Second, we performed a func-
tional enrichment analysis of potential targets and con-
structed correlation networks to elucidate the associations 
between components, targets and pathways. Then, we 
constructed therapeutic modules based on the 
‘pathways-phenotypes’ network, and holistically deter-
mined the mode of action of SMYAD in TAO treatment. 
Immediately, we performed protein–protein interaction 
(PPI) network analysis to screen out the key targets for 
SMYAD in the treatment of TAO, and applied molecular 
docking to calculate the binding energy between the 
main active ingredients and the key targets. Finally, based 
on the network pharmacology results, in vivo and in vitro 
tests were conducted to validate the anti-inflammatory 
and angiogenic mechanisms of SMYAD. Figure 1 presents 
the research flowchart for this study.

2.  Materials and methods

2.1.  Active components and targets collection of 
SMYAD

Components of the four herbs of SMYAD were col-
lected from the Traditional Chinese Medicine Systems 
Pharmacology Database and Analysis Platform [12] 
(TCMSP, https://tcmspw.com/tcmsp.php). As active 
ingredients, we selected compounds with oral bioavail-
ability (OB) ≥30% and drug-likeness (DL) ≥0.18. Gene 
names corresponding to targets were identified from 
the protein database Uniprot (https://www.uniprot.org).

2.2.  Collection of therapeutic targets for TAO

The keywords ‘Buerger’s disease’ and ‘thromboangiitis 
obliterans’ were used to search through the Drugbank 
database [13] (https://go.drugbank.com/), the gene-
cards database [14] (https://www.genecards.org/) and 
OMIM database (https://omim.org/).

2.3.  Gene ontology (GO) analysis and pathway 
enrichment analysis

Overlapping drug targets and diseases were imported 
into Database for Annotation, Visualization, and 

https://tcmspw.com/tcmsp.php
https://www.uniprot.org
https://go.drugbank.com/
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Integrated Discovery (DAVID) web server (https://david.
ncifcrf.gov/) for GO biological processes and Kyoto 
encyclopedia of genes and genomes (KEGG) pathway 
enrichment analysis. The Bioinformatics online visual-
ization program was used to create bubble maps 
(https://www.bioinformatics.com.cn/).

2.4.  Network construction and analysis

To comprehend the complex interactions between 
herbs, components and targets, CytoScape 3.8.2 was 
adopted to construct a ‘herbs–components–targets’ 
network [15]. In the network, nodes denote herbs, 
components and targets, and the associations between 
nodes are depicted by edges. The ‘degree’ was used 
to calculate the edges linked to each node, which 
indicates the significance of the nodes in the network.

2.5.  Protein–protein interaction network

Overlapping targets were mapped into the STRING 
database (https://cn.string-db.org/), the species was 
restricted to ‘Homo sapiens’, the least required interac-
tion score was set at ‘high confidence (0.700)’, and 
save the results. The results were inputted into 
CytoScape 3.8.2 to create a PPI network, and the node 
size as well as colour reflects the degree.

2.6.  Molecular docking

The molecule structure (Mol2 structure) of the main 
active compounds of the herbs was downloaded from 
PubChem (https://pubchem.ncbi.nlm.nih.gov/). The 
crystal structure of the core protein targets was 
extracted from the Protein Data Bank (PDB, https://
www1.rcsb.org/) structure. Molecular docking and cal-
culation of the binding affinity were performed using 
AutoDock (https://ccsb.scripps.edu/projects/). The 
PyMOL software (version 2.2, https://PyMOL.org/2/) was 
employed to observe docking outcomes of active com-
pounds and protein targets.

2.7.  Experimental validation

2.7.1.  Animals and SMYAD preparation
Male Sprague-Dawley rats (6–8 weeks old) with weights 
ranging from 180 to 220 g were brought from Beijing 
Vital River Laboratory Animal Technology Co., Ltd. 
(Beijing, China). The animals were kept in an SPF-grade 
animal room at the Institute of Basic Theory for 
Chinese Medicine, China Academy of Chinese Medical 
Sciences, with ad libitum access to food and water, a 
12 h light/dark cycle, temperature at 22–26 °C as well 
as the relative humidity of 40–60%. The Animal Ethics 
Committee of the Experimental Animal Center, Institute 

Figure 1. E xperimental technical roadmap.
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of Basic Theory for Chinese Medicine, China Academy 
of Chinese Medical Sciences (IBTCMCACMS21) approved 
all the animal experiments.

SMYAD is composed of four Chinese herbal slices: 
15 g of Jinyinhua, 15 g of Xuanshen, 9 g of Danggui 
and 9 g of Gancao. The four Chinese herbal slices were 
obtained from CR SANJIU Pharmaceutical Co., Ltd. 
(Shenzhen, China) to ensure drug consistency. Table 1 
shows comprehensive drug information. The prepara-
tion method of water decoction is as follows: added 
500 ml of distilled water to all the Chinese herbal 
slices, boiled for 50 min, then filtered the decoction. 
Boiled four Chinese herbal slices and filtered the 
decoction again as above. Finally, mix the two decoc-
tions and concentrate them to a concentration of 2 g/
ml. The prepared SMYAD was stored at −20 °C. The 
four Chinese herbal slices of SMYAD were stored in 
the laboratory of the Institute of Basic Theory for 
Chinese Medicine, China Academy of Chinese Medical 
Sciences.

The preparation method of freeze-dried powders is 
as follows: the resultant water decoction of SMYAD 
was concentrated to 4 g/ml and pre-frozen at −20 °C 
for 8 h before lyophilization. The frozen mixture was 
sublimated for 10 h (20 Pa, −5 °C), desorbed for 10 h 
(20 Pa, 45 °C), heat preserved for 4 h (20 Pa, 45 °C) and 
the complete freeze-drying cycle is 32 h. The 
freeze-dried powders were sealed and stored in at 
−20 °C until use. Before cell experiment, a certain 
amount of freeze-dried powders was weighed and 
diluted with DMEM.

2.7.2.  TAO model and drug treatments
Through a random approach, male SD rats were cate-
gorized into seven groups, each group having eight 
animals: control group, sham-operated group, TAO 
model group, positive control group (aspirin, 10 mg/
kg/d, p.o.), high-dose SMYAD group (SMYAD-H, 9 g/kg/d, 
p.o.), medium-dose SMYAD group (SMYAD-M, 4.5 g/kg/d, 
p.o.) and low-dose SMYAD group (SMYAD-L, 2 g/kg/d, 
p.o.). TAO model was developed as per the experimental 
protocol of Ashida et  al. [16]. The animals were briefly 
anesthetized, fixed and shaved the medial femoral hair 
of the left hind leg, and the femoral artery was exposed 
via surgical incision and muscle retraction. The femoral 

artery was clamped using an artery clamp at the prox-
imal end, and 0.2 ml of sodium laurate solution (10 mg/
ml, adjusted to pH 8.0) (S30244, Yuanye, Shanghai, 
China) was injected 0.3 cm below the artery clamp; the 
sham-operated group was injected with 0.2 ml of saline, 
and the arterial clip was taken out 15 min after the 
injection. After the surgical wound was closed, penicillin 
was administered to all groups to prevent infection. The 
rats were administered SMYAD orally 24 h after surgery, 
and the same volume of saline was given to the control 
and sham-operated groups for 28  days. The 
clinical-equivalent dosage was administered following 
the U.S. Food and Drug Administration recommenda-
tions [17].

2.7.3.  Symptoms
After the procedure, regular checks were performed 
to observe skin temperature, colours, arterial pulse, 
limb swelling, the level of gangrene, and mummifica-
tion progression of the hind legs. Photographed every 
seven  days during the study.

2.7.4.  Histological examination
The rats were executed, the left hind limb femoral 
artery was isolated, and the 2–3 cm long femoral artery 
was intercepted from below the puncture site, soaked 
in 10% formalin, and stained with haematoxylin and 
eosin (H&E). Pathological changes were visualized 
under an optical microscope and captured at ×100 
magnification.

2.7.5.  Cell culture
Human umbilical vein endothelial cells (HUVECs) were 
obtained from the School of Pharmacy, Chengdu 
University of Traditional Chinese Medicine (Chengdu, 
China). HUVECs were cultured in 4% DMEM (Gibco, 
Carlsbad, CA) supplemented with 10% FBS (Gibco, 
Carlsbad, CA) and 1% penicillin/streptomycin (PYG0016, 
BOSTER, Wuhan, China) and kept at 37 °C in an incu-
bator containing 5% CO2.

2.7.6.  Cell viability assay
Cell viability was detected by Cell Counting Kit-8 
(CCK-8) assay (CK-04, Dojindo, Kumamoto, Japan). A 

Table 1.  The composition of SMYAD.

Botanical name
Chinese herbal 

name Species
Medicinal 

parts
Item number  

(production area) Weight (g)

Flos Lonicerae Jinyinhua Lonicera japonica Thunb. Flowers 20200903 (Anhui, China) 15
Radix Scrophulariae Xuanshen Scrophularia ningpoensis Hemsl. Roots 200313 (Hubei, China) 15
Radix Angelica Sinensis Danggui Angelica sinensis (Oliv.) Diels Roots 201028 (Gansu, China) 9
Radix Glycyrrhizae Gancao Glycyrrhiza uralensis Fisch. Roots 20210201 (Inner Mongolia, China) 9
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total of 5  ×  103 cells/well were seeded into 96-well 
plates and incubated for 24 h. HUVECs were stimulated 
with 200 μg/ml SMYAD and 10 μg/ml LPS (L6134, 
Sigma, St. Louis, MO) for 24 h. Then, 10 μl of CCK-8 
was added to each well, and the samples were incu-
bated for 2 h. Finally, the samples were evaluated 
according to the optical density (OD) measured at 
450 nm using a microplate reader (DG235, Thermo 
Fisher Scientific, Waltham, MA).

2.7.7.  RT-qPCR mediated analysis of mRNA 
expression
The RNA Extraction Solution (Servicebio, G3013, 
Wuhan, China) was utilized to extract total RNA from 
the femoral artery. The RNA Extraction Kit was 
(R0024, Beyotime, Shanghai, China) utilized to extract 
total RNA from HUVECs. RT First Strand cDNA 
Synthesis Kit (Servicebio, G3330, Wuhan, China) was 
applied to reverse transcribe the RNA as per the 
manufacturer’s instructions. Eventually, relative mRNA 
expression was computed utilizing the 2–ΔΔCT method. 
The primer sequences are provided in Supplementary 
Table S1.

2.7.8.  Data analysis
The SPSS 23.0 software was used to perform all sta-
tistical analyses, and the outcomes of at least three 
independent tests were taken. The outcomes of each 
group were displayed as mean ± standard error of the 
mean (SEM). Data between multiple groups were com-
pared through One-way ANOVA. p  < 0.05 represented 
a statistically significant difference.

3.  Results

3.1.  Active component and targets collection in 
SMYAD

After searching and screening (OB ≥ 30%, DL ≥ 0.18), 105 
chemical components (Supplementary Table S2) and 253 
targets (Supplementary Table S3) for SMYAD were 
obtained from TCMSP, including 17 chemical components 
and 210 action targets for Jinyinhua, seven chemical com-
ponents, and 185 action targets for Xuanshen, two chem-
ical components and 47 action targets for Danggui, 87 
chemical components and 227 action targets for Gancao. 
In addition, beta-sitosterol was shared by Jinyinhua, 
Xuanshen and Danggui, and quercetin and kaempferol 
were shared by Jinyinhua and Gancao.

Furthermore, we obtained 601 TAO-related targets 
from three databases, including four targets from the 
Drugbank database, 60 targets from the genecards 

database and 545 targets from the OMIM database 
(Supplementary Table S4).

Finally, 253 targets of SMYAD and 601 TAO-related 
targets are mapped to the Venn. A total of 24 over-
lapping targets were obtained (Figure 2(A)), details of 
which are shown in Supplementary Data Table S5.

3.2.  Gene ontology and KEGG pathway 
enrichment analysis

We performed GO biological process enrichment anal-
ysis to evaluate the SMYAD mechanism for TAO ther-
apy. The top 15 biological process enrichments were 
plotted in a bubble diagram (Figure 2(B)). The findings 
revealed that 24 potential therapy targets were impli-
cated in a variety of biological processes, such as cel-
lular response to oxidative stress; positive regulation 
of angiogenesis, and vasculature development; 
response to reactive oxygen species; interleukin-8 (IL-8) 
production regulation; regulation of smooth muscle 
cell proliferation; smooth muscle cell proliferation; pos-
itive regulation of chemotaxis; positive regulation of 
leukocyte migration; negative regulation of wound 
healing; superoxide metabolic process; regulation of 
oxidative stress-induced cell death; positive regulation 
of miRNA-mediated gene silencing; regulation of cel-
lular response to oxidative stress; positive regulation 
of post-transcriptional gene silencing.

In addition, pathway enrichment was performed for 
24 potential therapeutic targets, and the top 15 sig-
nificantly enriched pathways are shown in Figure 2(C). 
Consequently, the major enrichment pathways include 
AGE-RAGE signalling pathway in diabetic disorders, 
lipid and atherosclerosis, malaria, African trypanoso-
miasis, fluid shear stress and atherosclerosis, HIF-1 
signalling pathway, tumour necrosis factor (TNF) sig-
nalling pathway, bladder cancer, bladder cancer, tran-
scriptional misregulation in cancer, FoxO signalling 
pathway, IL-17 signalling pathway and Chagas disease. 
These pathways may regulate TAO-related pathological 
processes.

3.3.  Herbs–compounds–targets network analysis

As shown in Figure 3, CytoScape 3.8.2 was applied to 
create an ‘herbs–components–targets’ network to 
reveal the overall function of SMYAD. The network 
comprised 35 nodes and 122 edges. Yellow triangle 
denotes the herbs, pink diamond depicts the compo-
nents, the green diamond represents the common 
components, and blue circle denotes the targets. 
Among the four herbs, the degree value of Jinyinhua 
(26) was greater than most of the other drugs, and 

https://doi.org/10.1080/07853890.2023.2218105
https://doi.org/10.1080/07853890.2023.2218105
https://doi.org/10.1080/07853890.2023.2218105
https://doi.org/10.1080/07853890.2023.2218105
https://doi.org/10.1080/07853890.2023.2218105
https://doi.org/10.1080/07853890.2023.2218105
https://doi.org/10.1080/07853890.2023.2218105
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enriched almost all of the TAO therapeutic targets, 
indicating that Jinyinhua plays a more important role 
in influencing TAO therapeutic targets than most of 
the other drugs. Quercetin (31), vestitol (14) and 
beta-sitosterol (9) were the top three ingredients in 
terms of degree, which may be the key ingredients 
for the therapeutic effect of SMYAD. Most of the 24 
targets were associated with different drugs and com-
ponents, suggesting that SMYAD has multi-target 
effects. Interleukin-6 (IL6) (13), CXCL8 (13) and sero-
tonin receptor 2A gene (HTR2A) (11), as the main 
enriched targets, may be the main targets of SMYAD 
for TAO treatment.

3.4.  KEGG pathway analysis

The phenotypes of 15 pathways were collected to 
evaluate the mechanism of SMYAD-mediated therapy 
of TAO after which a ‘pathways–phenotypes’ network 
was constructed (Figure 4). The 15 pathways corre-
sponded to five different phenotypes, including 

inflammation, angiogenesis, apoptosis, immunity and 
oxidative stress. Among them, angiogenesis and 
inflammation were the two phenotypes with the high-
est correlation with the above pathways. The pathways 
involved in angiogenesis are the AGE-RAGE signalling 
pathway in diabetic complications, Fluid shear stress, 
and atherosclerosis, the HIF-1 signalling pathway, rheu-
matoid arthritis and bladder cancer. The pathways 
involved in inflammation were lipid and atherosclero-
sis, AGE-RAGE signalling pathway in diabetic compli-
cations, fluid shear stress and atherosclerosis, TNF 
signalling pathway, HIF-1 signalling pathway, rheuma-
toid arthritis, Chagas disease and IL-17 signalling path-
way. This suggested that SMYAD may treat TAO 
through anti-inflammation and regulation angiogenesis.

3.5.  PPI network analysis

To explore the vital targets for SMYAD treatment of 
TAO, 24 overlapping targets were inputted into the 
STRING database to construct the PPI network. The PPI 

Figure 2. F unctional enrichment analysis. (A) The Venn diagram of the potential targets in SMYAD and the therapeutic targets 
for TAO. (B) GP biological process enrichment analysis of 24 TAO treatment targets in SMYAD. (C) KEGG pathway enrichment 
analysis of 24 TAO treatment targets in SMYAD.
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network had 20 nodes (four nodes disconnected from 
the network graph were removed) and 81 edges with 
an average node degree of 8.10 (Figure 5). Then, the 
network was topologically analysed using three algo-
rithms, including degree, betweenness and closeness 
centralities (Supplementary Table S6). The top three of 
the degree are also the top five of the betweenness 
centrality and closeness centrality. Therefore, the top 
three of the degree are selected as key targets, includ-
ing matrix metallopeptidase 9 (MMP9), vascular endo-
thelial growth factor A (VEGFA) and IL6.

3.6.  Molecular docking analysis

We docked three key targets (IL6, MMP9 and VEGFA) 
obtained from the PPI with the main compounds in 
SMYAD (quercetin, vestitol and beta-sitosterol) to verify 
compound–target interactions. The binding affinity 

lower than −5.0 kcal/mol revealed good interactions 
of the confirmations. The results of binding affinity 
were shown that vital active compounds and major 
targets showed good binding interactions. The targets 
IL6, MMP9 and VEGFA showed the strongest affinity 
to vestitol in the three chemical compositions. Table 
2 illustrates the results of binding affinity. Figure 6 
shows the conformations of vestitol and major targets.

3.7.  Experimental validation of SMYAD in TAO 
rats

Network pharmacology analysis revealed that SMYAD 
treatment of TAO involves a variety of potential mech-
anisms, including inflammation and angiogenesis. IL6, 
MMP9 and VEGFA are the key targets. Therefore, we 
verified the three targets through in vivo and in vitro 
experiments.

Figure 3.  The herbs–compounds–targets interaction network.

https://doi.org/10.1080/07853890.2023.2218105


8 J. ZOU ET AL.

3.7.1.  SMYAD relieves left hind limb symptoms
Rats in the control and the sham groups had normal 
skin colour and activity of the left hind limbs, and 
no ulceration or gangrene appeared during the 
experiment period. The rats in the other groups 
revealed different degrees of violet and swelling 
after modelling, and showed limp and dragline 

phenomenon, or even ulceration and gangrene, 
which was in line with symptoms of patients with 
TAO (Figure 7). On the 7th day, the left hind limb 
of rats in TAO group fell off, a part of the left hind 
limb of rats in SMYAD-L/M group fell off, and only 
the paw of rats in aspirin group and SMYAD-H 
group fell off. On the 28th day, the rat thighs of 
the SMYAD-L group fully fell off and ulcers were 
noted in the rat thighs of the SMYAD-M group; the 
rats in the aspirin group and SMYAD-H group had 
no ulcers. Therefore, SMYAD can inhibit the pro-
gression of TAO, and achieves similar efficacy to 
aspirin.

3.7.2.  SMYAD ameliorates pathological symptoms 
of the femoral artery
As illustrated in Figure 8, no significant lesions were 
noted in the femoral artery of the control and sham 
groups. In the TAO group, the femoral artery vessel 
wall was significantly thickened, some of the intima 
fell off, the arrangement of vascular smooth muscle 
cells was disturbed, and the arterial wall and peri-
vascular tissue showed inflammatory cell infiltration. 
The vascular wall of femoral artery was normal, with 
a small amount of peripheral inflammatory cell infil-
tration in the aspirin group and SMYAD-H group. The 
femoral artery vascular wall was mildly thickened in 

Figure 4.  The pathways–phenotypes interaction network.

Figure 5.  Protein–protein interaction network.
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the SMYAD-M group, with a small amount of periph-
eral inflammatory cell infiltration. In the SMYAD-L 
group, the femoral artery vascular wall was thick-
ened, with peripheral inflammatory cell infiltration. 
Therefore, SMYAD relieved pathological symptoms of 
the femoral artery, and achieved similar efficacy to 
aspirin.

3.7.3.  SMYAD effects on expression of IL6, MMP9 
and VEGFA in the femoral artery
Target genes related to an inflammatory response  
by RT-qPCR were detected to confirm the 
anti-inflammatory effect of SMYAD. In this study, we 
detected the mRNA expression of IL6 (Figure 9A), 
MMP9 (Figure 9B) and VEGFA (Figure 9C) in femoral 

Table 2.  The results of molecular docking.
PBD ID Target Mol ID Chemical name Binding energy

1IL6 IL6 MOL000098 Quercetin –3.67
MOL000358 Beta-sitosterol –5.43
MOL000500 Vestitol –5.91

5TH6 MMP9 MOL000098 Quercetin –4.42
MOL000358 Beta-sitosterol –6.03
MOL000500 Vestitol –7.47

1MJV VEGFA MOL000098 Quercetin –4.22
MOL000358 Beta-sitosterol –6.57
MOL000500 Vestitol –7.72

Figure 6.  Molecular docking of TAO related targets with main compounds of SMYAD. (A) Vestitol binds to protein IL6. (B) Vestitol 
binds to protein MMP9. (C) Vestitol binds to protein VEGFA.
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arteries by RT-qPCR, the mRNA levels of IL6 and 
MMP9 in the model group were markedly higher than 
that in the control group (p  <  0.01), and the mRNA 
levels of VEGFA was significantly lower (p  <  0.01). 
After administering SMYAD, the mRNA levels of IL6, 
as well as MMP9 in the each medication group, were 
reduced, among which the aspirin group and 
SMYAD-H group had the most obvious effect 
(p  <  0.01). Meanwhile, VEGFA levels was increased in 
all dosing groups, among which the SMYAD-H group 
had the most obvious effect (p  <  0.05). Consequently, 
SMYAD exerted anti-inflammatory and pro-angiogenic 

impacts by suppressing IL6, MMP9 and improving 
VEGFA expression.

3.7.4.  SMYAD effects on the cell viability in LPS-
induced HUVECs
In order to determine the effect on the cell viability 
of HUVECs, we co-stimulated HUVECs with SMYAD 
(200 μg/ml) and LPS (10 μg/ml) for 24 h, and the via-
bility was detected by CCK-8 assay. As illustrated in 
Figure 10(A), compared with the control group, LPS 
(10 μg/ml) decreased cell viability (p  <  .01), while 

Figure 7.  Appearance of the left hind limbs of rats. Control: control group, sham: sham-operated group, aspirin: positive control 
group, TAO: TAO model group, SMYAD-L: SMYAD low-dose group, SMYAD-M: SMYAD medium-dose group and SMYAD-H: SMYAD 
high-dose group.

Figure 8.  Pathological changes in the femoral arterial wall of all group, as observed using optical microscopy (H&E staining, 
×200). (A) Control group, (B) sham group, (C) TAO model group, (D) aspirin group, (E) SMYAD-H group, (F) SMYAD-M group and 
(G) SMYAD-L group. Scale bar = 100  µm.
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SMYAD (200 μg/ml) significantly reversed the 
LPS-induced decrease in cell viability (p  <  .01). These 
data showed that SMYAD protected HUVECs against 
LPS-induced injury and improved the cell viability.

3.7.5.  SMYAD effects on the expression of IL6, 
MMP9 and VEGFA in LPS-induced HUVECs
As the in vivo experiment, RT-qPCR was used to detect 
the mRNA expression of IL6 (Figure 10B), MMP9 (Figure 
10C) and VEGFA (Figure 10D) in LPS-induced HUVECs. 
The results showed that the expression of IL6, MMP9 

was significantly higher in HUVECs after 10 μg/ml LPS 
treatment (p  <  0.01). SMYAD reduced the expression 
of IL6, MMP9 (p  <  0.01), and increased expression of 
VEGFA (p  <  0.01) in LPS-induced HUVECs.

4.  Discussion

TAO is a peripheral vascular disease with clinical symp-
toms of numbness, pain, intermittent claudication, 
ulcers and gangrene gradually appearing as the dis-
ease progresses. The etiology and pathogenesis of TAO 

Figure 9. IL 6, MMP9 and VEGFA expressions in the femoral artery wall. (A) IL6 expression. (B) MMP9 expression. (C) VEGFA 
expression. Data are expressed as mean  ±  SEM (n  =  3 per group). ##p  <  .01 compared with the control group; **p  <  .05 com-
pared with the TAO model group.

Figure 10. S MYAD effects on the cell viability and expression of IL6, MMP9 and VEGFA in LPS-induced HUVECs. (A) Cell viability; 
(B) IL6 expression; (C) MMP9 expression; (D) VEGFA expression.
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are unclear, and inflammation, oxidative stress and 
immunity are considered to be their underlying mech-
anisms, given the unclear pathogenesis of TAO and 
the lack of wonder drugs available for comprehensive 
treatment. Thus, it is crucial to seek effective thera-
peutic agents that sustainably inhibit the progression 
of TAO disease.

SMYAD is a popular conventional prescription in 
ancient China, comprising four herbs, Jinyinhua, 
Xuanshen, Danggui and Gancao. It removes heat and 
toxins, cools the blood and activates blood circula-
tion, disperses retention as well as nourishes vessels. 
SMYAD is commonly used in TAO therapy, and clinical 
studies have reported its effectiveness in relieving 
rest pain and ulcers in TAO patients. Nonetheless, its 
pharmacological effects in TAO treatment remains 
understudied. This work integrated network pharma-
cology, molecular docking and experiments geared 
toward elucidating the mechanism of SMYAD in TAO 
therapy.

First, a database search generated 24 therapeutic 
targets. For these 24 treatment targets, we performed 
GO and pathway enrichment analyses. GO analysis 
suggests that multiple biological processes played a 
role in TAO treatment with SMYAD, such as cellular 
response to oxidative stress, positive regulation of 
angiogenesis, vasculature development, as well as 
response to ROS. Oxidative stress is a state of imbal-
ance between oxidation and antioxidant action [18]. 
The total oxidative status (TOS) levels are markedly 
higher in TAO patients than that in healthy smoker 
controls, indicating TAO patients having high oxidative 
stress. At the same time, TOS/TAC ratio was substan-
tially higher in TAO patients along with increased TOS 
levels, indicating a substantial imbalance between oxi-
dative and antioxidant systems [19]. In vivo experi-
ments also found that suppresses the PI3K/Akt 
signalling pathway to increase the oxidative stress 
level, hence worsening TAO [20]. In addition, thera-
peutic angiogenesis has become one of the important 
treatment strategies for TAO. The study found that TAO 
patients treated with long-term angiogenesis-inducing 
drugs showed significant improvement in chronic ulcer 
healing over 1–2 years of treatment [21]. KEGG analysis 
suggests that SMYAD treats TAO by regulating the 
AGE-RAGE signalling pathway in diabetic complica-
tions, Lipid and atherosclerosis, HIF-1 signalling path-
way, TNF signalling pathway, IL-17 signalling pathway, 
etc. The activation of the TNF pathway can contribute 
to the release of downstream various pro-inflammatory 
components (IL6, TNFα), triggering a vascular inflam-
matory response and leading to the development of 
TAO [22]. More and more studies suggest that TAO 

may be an autoimmune disease, and IL17, an import-
ant cytokine of Th17, is highly expressed in the plasma 
of TAO patients and can cause immune disorders in 
TAO patients [23].

‘Monarch, minister, assistant, and guide’ is a kind of 
compatibility method in prescriptions, in which the 
‘monarch’ drug reflects the main therapeutic direction 
of the prescription and is the most potent and indis-
pensable drug in the prescriptions [24]. The ‘herbs–com-
ponents–targets’ outcomes demonstrated that Jinyinhua 
has a greater effect on potential targets than most other 
drugs, which was consistent with the theory of ‘mon-
arch, minister, assistant, and guide’. In addition, 
Xuanshen, Danggui and Gancao were enriched with all 
or some of the same targets as Jinyinhua, and exerted 
a synergistic effect with Jinyinhua in 24 targets, and 
enhance the efficacy of the whole prescription with 
Jinyinhua, which also reflected their status as the ‘min-
ister, assistant and guide’ of SMYAD. Among the com-
pounds, quercetin, vestitol and beta-sitosterol were the 
top three ingredients in terms of degree, suggesting 
that the three ingredients may be the main compounds 
of SMYAD to exert therapeutic effects. Natural flavonol 
quercetin is known for its anti-inflammatory, 
pro-angiogenic and neuroprotective properties [25]. At 
the same time, beta-sitosterol enhanced the expressions 
of proteins related to angiogenesis, namely VEGF, VEGF 
receptor Flk-1 in ischaemia/reperfusion-damaged gerbils, 
and has therapeutic angiogenic effects [26]. Vestitol can 
effectively inhibit LPS-induced neutrophil migration, has 
good anti-inflammatory activity, and is considered a 
promising novel anti-inflammatory agent [27]. 
Beta-sitosterol inhibits significantly vascular cell adhe-
sion molecule 1 (VCAM-1) expression in TNF-α-stimulated 
HAEC, showing anti-inflammatory activity [28]. This indi-
cates that SMYAD may bring about its therapeutic 
impact by inhibiting the inflammatory response and 
promoting angiogenesis. Quercetin and beta-sitosterol 
are the main components of Jinyinhua, proving again 
that Jinyinhua is a ‘monarch’ drug in SMYAD. In sum-
mary, SMYAD can exert a therapeutic effect on TAO by 
regulating several components and targets.

To further explore the mechanism of SMYAD therapy 
of TAO, we constructed a ‘pathways–phenotypes’ net-
work and showed that SMYAD treatment of TAO is 
mainly through two therapeutic modules: inflammation 
and angiogenesis. Inflammation is the main patholog-
ical feature of TAO. In TAO patients, histopathology 
includes an inflammatory response of the vessel wall 
and thrombus. Recent studies have shown that inflam-
matory cytokines such as IL6, TNF-α, IL-1β and high 
mobility group box-1 (HMGB1) are highly expressed 
in the serum of patients with TAO [29]. Therefore, 
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suppression of the inflammatory response is consid-
ered an important treatment for TAO. Angiogenesis is 
a process through which new vessels are created from 
preexisting ones; it involves endothelial cell prolifera-
tion, migration, differentiation, tubular development 
and regulation of vascular growth factors [30]. After 
blocking the vascular lumen, the ischemic condition 
contributes to angiogenesis and arteriogenesis, which 
result in the formation of collaterals in the affected 
extremities of TAO patients. Results showed that serum 
from TAO patients inhibited HUVEC outgrowth, migra-
tion and proliferation, exhibiting anti-angiogenic activ-
ity [31]. Conversely, in a small clinical trial of TAO 
patients, intramuscular recombinant VEGF was found 
to heal ischemic ulcers and relieve rest pain in TAO 
patients [32]. All of the above suggests that SMYAD 
may treat TAO through inhibiting inflammation and 
promoting angiogenesis.

To further focus on the targets of SMYAD for TAO 
treatment, we performed PPI analysis, and the results 
showed that MMP9, VEGFA and IL6 were the three 
key targets. IL-6 is a cytokine with pleiotropic activity 
that is associated with both inflammation and angio-
genesis. It was found that IL6 protein expression was 
significantly increased in the affected limb tissues of 
TAO rats [33]. MMP9 is widely expressed in vascular 
tissues and is involved in several vascular diseases 
by regulating angiogenesis. It has been reported that 
showed increased MMP9 activity in TAO patients, 
especially in active smokers compared with non-TAO 
patients [34]. VEGFA is the predominant vascular 
endothelial growth factor (VEGF) and plays a key role 
in angiogenesis. Target prediction (Figure 3) showed 
that IL6 and MMP9 are potential targets of luteolin 
and quercetin, the main components of SMYAD, and 
VEGFA is a potential target of quercetin and Vestitol, 
the main components of SMYAD. Luteolin has been 
shown in vitro and in vivo to effectively inhibit the 
expression of MMP9 protein [35]. Quercetin reduces 
the expression of IL6 in LPS-induced RAW264.7 cells 
and decreases the inflammatory response [36]. 
According to reports, quercetin [37] and kaempferol 
[38] can target VEGF, increase its expression levels, 
and enhance therapeutic angiogenesis. Beta-sitosterol 
showed strong angiogenic activity [39]. Molecular 
docking results also showed that quercetin, vestitol 
and beta-sitosterol, the main components of SMYAD, 
have good binding power to IL6, MMP9 and VEGFA. 
The above results again suggest us that inhibition of 
inflammation and promotion of angiogenesis may be 
the mechanism of action of anti-TAO in SMYAD. Based 
on the network pharmacology results, we conducted 
in vitro and in vivo experiments to validate. The results 

of in vivo experiment showed that SMYAD ameliorated 
the physical signs and pathological changes in TAO 
rats, delayed the progression of TAO disease, inhibited 
the expression of IL6 and MMP9 in femoral arteries, 
and increased the expression of VEGFA. The results 
of in vitro experiment also showed that SMYAD effec-
tively increased cell viability of LPS-induced HUVECs 
and cell proliferation, while inhibiting LPS-induced 
HUVECs IL6 and MMP9 expression and increasing 
VEGFA expression, which was consistent with the 
results of in vivo experiment. Therefore, the above 
results suggest that SMYAD exert anti-inflammatory 
as well as therapeutic angiogenic effects by down-
regulating IL6 and MMP9 and upregulating VEGFA to 
treat TAO.

Network pharmacology is currently employed in 
Chinese medicine research. By screening drug compo-
nents and constructing multidimensional networks of 
drugs, targets and diseases, we predict complex drug 
treatment mechanisms to predict complex drug treat-
ment mechanisms. In this study, based on network 
pharmacology, in vitro experiments and in vivo exper-
iments were performed to further validate the pre-
dicted therapeutic mechanism of SMYAD for TAO. 
However, there are still some limitations in this study, 
such as this study only validated the key targets of 
SMYAD for the treatment of TAO, and did not further 
validate the role of related pathways. Second, our net-
work pharmacology and experimental validation pro-
vide some direction for the treatment of TAO. However, 
as a complex disease, the specific mechanisms of TAO 
still need to be further explored.

5.  Conclusions

In conclusion, we integrate the methodology of net-
work pharmacology and the authenticity of molecular 
docking and experiments to explain the mechanisms 
of SMYAD in treating TAO. First, 105 active ingredients 
of SMYAD are screened out, and 24 targets of SMYAD 
for the treatment of TAO are obtained. Then, through 
multi-data integration analysis, we clarified that IL6, 
MMP9 and VEGFA are the key targets of SMYAD for 
TAO treatment, and their mechanism may be related 
to inflammatory response and angiogenesis. The 
molecular docking results revealed that key active sub-
stances and primary targets demonstrated good bind-
ing interactions. Based on the network pharmacology 
results, we validated them using in vivo and in vitro 
experiments. The experimental results showed that 
SMYAD treated TAO by decreasing the expression of 
IL6 and MMP9, increasing the expression of VEGFA, 
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inhibiting the inflammatory response, and promoting 
angiogenesis. Collectively, this work offers theoretical 
justification and evidence in favour of SMYAD use in 
clinical settings.
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