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[ABSTRACT] Thromboangiitis obliterans (TAO) is a rare, chronic, progressive, and segmental inflammatory disease characterized by
a high rate of amputation, significantly compromising the quality of life of patients. Si-Miao-Yong-An decoction (SMYA), a tradition-
al  prescription,  exhibits  anti-inflammatory,  anti-thrombotic,  and  various  other  pharmacological  properties. Clinically,  it  was  fully
proved to be effective for TAO therapy, but the specific therapeutic effect of SMYA on TAO has been unknown. Thus, deep unveiling
the mechanism of SMYA in TAO for identifying clinical therapeutic targets is extremely important. In this study, we observed elev-
ated levels  of  IL-17A in the peripheral  blood mononuclear  cells  (PBMCs) of  TAO patients,  whereas the expression of  miR-548j-5p
was significantly decreased. A negative correlation between the levels of miR-548j-5p and IL-17A was also demonstrated. In vitro ex-
periments  showed  that  overexpression  of  miR-548j-5p  led  to  a  decrease  in  IL-17A levels,  whereas  downregulation  of  miR-548j-5p
showed the opposite effect. Using a dual luciferase assay, we confirmed that miR-548j-5p directly targets IL-17A. Furthermore, serum
containing SMYA effectively decreased IL-17A levels by increasing the expression of miR-548j-5p. More importantly, the results of in
vivo tests indicated that SMYA mitigated the development of TAO by inhibiting IL-17A through the upregulation of miR-548j-5p in
vascular tissues. In conclusion, SMYA significantly enhances the expression of miR-548j-5p, thereby reducing the levels of the target
gene IL-17A and alleviating TAO. Our research not only identifies novel targets and pathways for the clinical diagnosis and treatment
of TAO but also advances the innovation in traditional Chinese medicine through the elucidation of the SMYA/miR-548j-5p/IL-17A
regulatory axis in the pathogenesis of TAO.
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 Introduction

Thromboangiitis obliterans  (TAO)  is  a  segmental,  in-
flammatory,  and  thrombo-occlusive  disease  affecting  the
peripheral vascular system, particularly the small arteries and
veins of  the upper and lower extremities.  Predominantly ob-
served in the Middle East,  Far East,  Southeast  Asia,  Eastern
Europe,  and  South  America,  TAO  typically  manifests
between the ages of 20 and 50, with male smokers being the
most  vulnerable  demographic [1, 2]. The  initial  clinical  symp-
toms are ischemic in nature, resulting from the stenosis or oc-
clusion  of  distal  arterioles  and  veins.  Disease  progression
leads  to  severe  symptoms,  including  calf  intermittent
claudication,  rest  pain,  and ischemic  ulcerations,  which  may
ultimately  result  in  amputation  or  death.  Prospective  studies
have shown that 34% of patients with TAO undergo amputa-
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tion  within  15  years  of  diagnosis,  and  the  average  age  at
death  is  52 years [3]. Given these  dire  outcomes,  the  preven-
tion  and  treatment  of  TAO  are  of  paramount  importance.
However,  the  effective  management  of  TAO  is  currently
challenged  by  a  significant  gap  in  our  understanding  of  its
pathogenesis,  which  impedes  early  diagnosis  and  effective
therapeutic interventions.

Si-Miao-Yong-An  Decoction  (SMYA),  a  traditional
Chinese  medicine  formula,  is  composed  of Lonicera  japon-
ica Thunb  (Jinyinhua,  Flower), Scrophularia  ningpoensis
Hemsl  (Xuanshen,  Root), Angelica  sinensis (Oliv.)  Diels
(Danggui,  Root),  and Glycyrrhiza  uralensis Fisch  (Gancao,
Stem) with a weight ratio of 3 : 3 : 2 : 1 [4]. This formula first
appeared  in  the  “Hua  Tuo  Shen  Yi  Mi  Zhuan”  during  the
Eastern Han Dynasty and was later included in the “Yan Fang
Xin  Bian”  of  the  Qing Dynasty [5].  Historically  used  to  treat
gangrene, SMYA is currently employed in modern medicine
primarily for the treatment of peripheral vascular diseases. Its
efficacy is attributed to its properties of clearing heat, detoxi-
fying,  activating  blood  circulation,  unblocking  collaterals,
and  relieving  pain.  Furthermore,  SMYA has  been  proven  to
possess anti-inflammatory, lipid-lowering, plaque-stabilizing,
and  anti-thrombotic  pharmacological  effects [6-9].  Although
long-term clinical practice has confirmed SMYA’s beneficial
effects  on  TAO [10],  the  mechanisms  behind  its  therapeutic
impact remain unclear. Elucidating these mechanisms is cru-
cial for guiding molecular diagnosis and developing targeted
therapies for TAO.

MicroRNAs (miRNAs) are endogenous, small, non-cod-
ing,  single-stranded  RNAs  comprising  22  to  24  nucleotides.
They  function  by  downregulating  the  expression  of  target
genes, specifically  by  binding  with  incomplete  complement-
ary [11, 12] to  the  3'  untranslated  regions  (3'UTRs)  of  these
genes. MiRNAs are integral to various cellular processes, in-
cluding those occurring in monocytes, macrophages, and en-
dothelial cells  [13-17]. Additionally, they play a critical role in
the development  and  progression  of  various  vascular  dis-
eases, such as coronary atherosclerotic heart disease, cerebral
infarction, arteriosclerosis  obliterans,  and  deep  vein  throm-
bosis [18-20].  Notably,  miRNAs  also  influence  the  formation
and  progression  of  TAO  by  modulating  inflammation [21, 22].
Given  their  significant  roles,  the  investigation  of  novel
miRNAs with potential therapeutic effects on TAO is a prom-
ising area of research.

Inflammation is a key contributor to endothelial damage
and  dysfunction,  which  are  significant  risk  factors  for
TAO [23-25]. Interleukin-17A (IL-17A), a pro-inflammatory cy-
tokine with  wide-ranging  effects,  is  implicated  in  the  patho-
genesis of  various arterial  diseases.  It  does  so by orchestrat-
ing the release of cytokines and inflammatory molecules from
a variety of cells, including epithelial cells, endothelial cells,
and fibroblasts [26-28].  Furthermore,  elevated levels of IL-17A
are known to increase coagulation factors and activate plate-
lets,  leading  to  thrombosis [29, 30].  Despite  these  insights,  the
specific  role  of  IL-17A-mediated  inflammatory  processes  in

the progression of TAO remains to be elucidated.
In this  study,  we  observed  an  elevation  in  IL-17A  ex-

pression in the peripheral blood mononuclear cells (PBMCs)
of patients with TAO. Conversely, miR-548j-5p was found to
be downregulated in these patients, as determined by miRNA
microarray  analysis.  Our  findings  indicate  that  miR-548j-5p
can  decrease  IL-17A  levels  by  targeting  its  3'UTR,  thereby
contributing to the improvement of TAO symptoms. Further-
more,  we explored the  functions  and mechanisms of  SMYA
in  alleviating  TAO.  The  results  demonstrated  that  SMYA
prevents  TAO by promoting the  expression of  miR-548j-5p,
which subsequently downregulates IL-17A. Collectively, our
data  suggest  that  the  therapeutic  effects  of  SMYA  on  TAO
are  mediated  through  the  reduction  of  IL-17A  via the en-
hancement  of  miR-548j-5p  expression.  This  novel  insight
presents a promising intervention strategy for TAO.

 Materials and Methods

 Preparation of SMYA
The  herbal  constituents  for  SMYA  were  procured  from

the First Affiliated Hospital of Shandong University of Tradi-
tional  Chinese  Medicine. The  ingredients — Lonicera  japon-
ica Thunb, Scrophularia ningpoensis Hemsl, Angelica sinen-
sis (Oliv.)  Diels,  and Glycyrrhiza  uralensis Fisch —were
carefully  weighed  in  a  ratio  of  3  :  3  :  2  :  1.  All  herbs  were
combined  and  decocted  in  distilled  water  at  a  1  :  8
weight/volume ratio. The mixture was heated to 100 ℃ for a
total  of  60  min,  divided  into  two  sessions:  40  min  initially,
followed by a second session of 20 mins, with the process be-
ing repeated once more. Following the second decoction, the
two extracts were combined and filtered. The resulting solu-
tion  was  then  concentrated  to  a  final  volume  using  a  freeze
dryer (Posen Instrument Co., Ltd., Jinan, China), resulting in
66  g  of  dried  powdered  extract.  This  powder  was  stored  at
−80 ℃ and  dissolved  in  double-distilled  water  (ddH2O)  for
subsequent use.
 Liquid  chromatography  (LC)  mass  spectrometry  (MS)/MS
analysis

The LC-MS and MS/MS data were analyzed using a UH-
PLC  Ultimate  3000  instrument  coupled  with  a  Q-Exactive
Orbitrap-MS  spectrometer  (Thermo  Fisher  Scientific,  CA,
USA), employing  a  method  similar  to  that  previously  de-
scribed [31]. The chromatographic gradient was set as follows:
from 0 to 2 min, 2% solvent B; from 2 to 30 min, a gradient
increase from 2% to 52% solvent B; from 30 to 32 min, an in-
crease from 52% to 90% solvent B; and from 32 to 32.2 min,
a sharp decrease from 90% back to 2% solvent B.
 Patients

This study  included  20  patients  diagnosed  with  throm-
boangiitis  obliterans (TAO) (recruited from October 2020 to
January 2022) and 20 healthy control subjects from the Affil-
iated Hospital of Shandong University of Traditional Chinese
Medicine (Table 1).

The  inclusion  criteria  for  TAO  patients  were  aligned
with Shionoya’s criteria: 1) age < 50 years at onset, 2) a his-
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tory of  smoking,  3)  infrapopliteal  arterial  occlusion,  4)  in-
volvement  of  either  the  upper  limbs or  presence of  phlebitis
migrans, 5) absence of atherosclerotic risk factors other than
smoking, and 6) confirmation via Doppler ultrasound. Exclu-
sion criteria  were set  as  follows:  patients  with peripheral  ar-
terial  diseases  or  immune  abnormalities  attributable  to
causes other than TAO [32].
 Specimen collection

Intravenous blood samples were collected after overnight
fasting, and serum was isolated within 2 h of collection. PB-
MCs were  isolated  using  Ficoll  density  gradient  centrifuga-
tion  and  a  human  peripheral  blood  lymphocyte  separation
solution (Solarbio, Beijing, China).
 Microarray analysis

Total RNA  was  extracted  from  PBMCs  of  3  TAO  pa-
tients and 3 control subjects and analyzed using miRNA mi-
croarray technology by OE Biotechnology Company (Shang-
hai,  China).  Differentially  expressed  miRNAs  were  selected
based on a significance threshold of P < 0.05 for  further  re-
search.
 Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from PBMCs using the TRIzol
reagent (Invitrogen,  Carlsbad,  CA)  following  the  manufac-
turer’s  instruction.  RNA  was  reversed  transcribed  with
miRNA  first  strand  cDNA  synthesis  Kit  (Vazyme,  Nanjing,
China) or the Prime Script RT Reagent Kit (Toyobo, Osaka,
Japan)  for  mRNA  according  to  the  manufacturer’s instruc-
tions.

Quantitative  real-time  polymerase  chain  reaction  (qRT-
PCR)  was  conducted  using  SYBR Green  (Invitrogen)  on  an
Applied Biosystems QuantStudio 1 Plus instrument (Thermo
Fisher Scientific). GAPDH and U6 served as reference genes
for normalizing the expression levels of mRNA and miRNA,
respectively. Primer sequences used for the PCR are listed in
Table  2.  Each  sample  was  amplified  in  triplicate.  Relative
quantification of RNA was performed using the comparative
2−ΔΔCt method.
 Enzyme-Linked Immunosorbent Assay (ELISA)

Human  serum  and  supernatant  from  Human  Umbilical

Vein Endothelial Cells (HUVECs) were analyzed for IL-17A
using  a  hypersensitivity  kit  designed  for  human  samples,
while rat vascular tissues were examined using a rat-specific
IL-17A ELISA  kit  (Multi  Sciences,  Hangzhou,  China),  fol-
lowing the manufacturers’ instructions. Optical density (OD)
readings at dual wavelengths (450 nm and 630 nm) were ob-
tained using a microplate reader. These readings were used to
construct  a  standard  curve  based  on  the  OD  values  of  the
provided  standards,  enabling  the  quantification  of  IL-17A
protein levels.
 Western blotting assay

Total  protein  was  extracted  using  RIPA  reagent  (Solar-
bio, Beijing).  A 10 μg sample of each protein was subjected
to electrophoresis on either 8% or 12% SDS-PAGE and sub-
sequently  transferred  to  a  nitrocellulose  membrane.  The
membrane was blocked with 5% skim milk at room temperat-
ure for 1 h. It was then incubated overnight at 4 °C with the
following  primary  antibodies:  anti-rat  eNOS  (1  :  500,
ab300071,  Abcam,  UK),  anti-rabbit  vWF  (1  :  1000,
ab174290,  Abcam,  UK),  anti-rabbit  GAPDH  (1  :  10  000,
ab181603, Abcam, UK), and anti-rabbit TF (1 : 1000, A1378,
ABclonal, China).  After  washing,  the  membrane  was  incub-
ated with HRP-conjugated secondary antibodies on a shaking
table  at  room  temperature.  Detection  was  carried  out  using
Immobilon  Western  Chemiluminescent  HRP Substrate  (Mil-
lipore, WBKLS0500), and the blots were scanned using a Bio-
Rad gel imaging system.
 Dual-luciferase reporter assay

Fragments  of  the  3'UTR  from  human  IL-17A  mRNA
(both  wild-type  and  mutant)  were  amplified  and  cloned  into
the  pGL3-3M Luc  vector  (Promega,  Madison,  WI,  USA)  to
generate  luciferase  reporter  vectors  for  the  wild-type  (WT)
and mutant  (MUT)  human  IL-17A  mRNA  3'UTR,  respect-
ively. 293T cells were transfected with the luciferase reporter
plasmids and either miR-548j-5p mimics or  negative control
(NC) at a final concentration of 100 nmol·L−1. After 24 h post-
transfection,  the  cells  were  collected,  and the  ratio  of  firefly
to  renilla  luciferase  luminescence  was  measured  using  the
Dual-Luciferase Reporter Assay System (Promega, Madison)
on a GloMax 20/20 photometer (Promega, Madison).
 Network pharmacological analysis of SMYA

To  integrate  and  analyze  data  on  SMYA’s  treatment  of
TAO, we screened for effective components and their associ-

 
Table  1     Baseline  characteristics  of  TAO  patients  and
healthy controls.

Characteristics
TAO

(n = 20)
Control
(n = 20)

Age, years (mean ± SD) 40.7 ± 9.6 42.2 ± 8.9
Gender, females/males 1/19 3/17

Weight (kg, mean ± SD) 60.2 ± 12.4 62.3 ± 15.6

BMI (kg·m−2, mean ± SD) 24.2 ± 6.4 26.1 ± 6.6
Recent immobilization/Surgery 0 0

Anti-coagulants or platelet-inhibitors 0 0
Hormone 0 0
Smoking 14 5

Hypertension 0 0
Diabetes mellitus 0 0

Other chronic diseases 0 0

 
Table  2     Real-time  quantitative  PCR  (qRT-PCR)  primers
used in this study.

Gene Sequences (5'-3')

GAPDH (Homo sapiens)
F: GCACCGTCAAGGCTGAGAAC
R: TGGTGAAGACGCCAGTGGA

Actin (Rattus norvegicus)
F: CTCTGTGTGGATTGGTGGCT
R: CGCAGCTCAGTAACAGTCCG

IL-17A (Homo sapiens)
F: ATTGGTGTCACTGCTACTGCT
R: AGGTTGACCATCACAGTCCG

IL-17A (Rattus norvegicus)
F: ATCCATGTGCCTGATGCTGTT
R: AAGTTATTGGCCTCGGCGTT
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ated targets within the Traditional Chinese Medicine System
Pharmacology  (TCMSP)  database.  The  action  targets  of  the
active ingredients  were  subsequently  identified  in  the  TCM-
SP  database,  and  their  names  were  standardized  using  the
UniProt database. We then searched for relevant TAO targets
in  the  Comparative  Toxicogenomics  (CTD)  database  using
“thromboangiitis obliterans ”  as  the  keyword.  Using  the  on-
line  tool  Venny  diagram  analysis,  we  identified  the  target
genes of SMYA for treating TAO. Additionally, pathway en-
richment analysis was conducted using the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathways in the Metas-
cape  database,  from  which  a  bubble  map  was  generated  to
visually represent the findings.
 TAO rat model and treatment

Eight-week-old  male  Wistar  rats  weighing  200  g  were
obtained  from  Beijing  Huafukang  Biotechnology  Co.,  Ltd.
(Beijing, China).  The animal experiments were conducted in
accordance with the Guide for the Protection and Utilization
of Experimental Animals (Shandong University of Tradition-
al Chinese Medicine) and were approved by the Animal Pro-
tection and Utilization Committee of Shandong University of
Traditional Chinese Medicine. Vasculitis in the left hind limb
of rats was induced using sodium laurate, as described in pre-
vious studies  [22].

The rats were randomly assigned to six groups (5 rats per
group):  a  Control  group  (no  surgical  intervention),  a  Sham
operation  group,  a  TAO  Control  group,  and  TAO  groups
treated with high, middle, and low doses of SMYA. Using the
equivalent  dose ratio  based on body surface area conversion
between humans and animals, the dose conversion factor was
6.3  between  rats  and  humans.  For  this  study,  the  standard
dose  of  SMYA was  set  at  28  g  (crude  drug)  per  kg  per  day
(composition  ratio  =  3  :  3  :  2  :  1) [33].  Accordingly,  SMYA
was administered by gavage at 14 g·kg−1 ·d−1 in the low-dose
group,  28  g·kg−1 ·d−1 in  the  middle-dose  group,  and  56
g·kg−1 ·d−1 in  the  high-dose  group.  The  Control  and  Sham
TAO groups received an equivalent volume of distilled water.
After  seven  days  of  continuous  intragastric  administration,
vascular  Doppler  ultrasounds  were  performed  2  h  after  the
last dose  [34]. Subsequently, the animals were euthanized, and
thrombi or vascular tissues were collected and fixed [35] in 4%
paraformaldehyde for H&E staining, qRT-PCR, and Western
blotting analyses.

For  miR-548j-5p  rescue  experiments,  rats  were  further
divided  into  TAO  Control,  TAO  SMYA,  TAO  SMYA  +
INC, and TAO SMYA + miR-548j-5p inhibitor groups (5 per
group). Each  rat  in  the  TAO  model  was  intragastrically  ad-
ministered  high-dose  SMYA  or  distilled  water  for  seven
days. On the last day of administration, miR-548j-5p inhibit-
or or INC (45 nmol diluted in 200 μL PBS) was injected into
the rat tail vein in the respective groups. The rats in the TAO
SMYA group received the same volume of PBS. Vascular tis-
sues were collected 2 h post-injection.

For the IL-17A inhibitor administration experiments, the
rats  were  divided  into  TAO  +  anti-IL-17A  and  TAO  +  NS

groups (n = 5 per group). Rats in the anti-IL-17A group were
treated  with  an  anti-IL-17A  antibody  (0.1  mg·kg−1 body
weight intravenously  for  five  days)  (Clone:  17F3,  eBios-
cience,  Frankfurt,  Germany) [36]. The  TAO  +  NS  group  re-
ceived  an  equivalent  amount  of  normal  saline.  Two  hours
after  the  final  injection,  the  rats  were  euthanized,  and  the
thrombi were collected.
 Preparation of medicated serum

Wistar rats were randomly divided into two groups (n =
5  each):  (1)  blank  group  and  (2)  medication  administration
groups (receiving 14, 28, and 56 g·kg−1 ·d−1). Rats in the med-
ication  groups  received their  respective  doses  once  daily  for
seven consecutive  days,  while  the  blank  group  was  admin-
istered  an  equivalent  volume  of  distilled  water  daily  for  the
same period. Two hours after the last dose, blood was collec-
ted via retroorbital  bleeding,  allowed  to  stand  for  1  h,  and
then  centrifuged  at  3000  r·min−1 for  10  min  to  separate  the
serum.  The  serum  was  subsequently  inactivated  in  a  water
bath  at  56  °C  for  30  min  and  filtered  through  a  0.22  μm
sterile  microporous  membrane.  It  was  then stored at  −80 °C
for future use.
 Cell lines, culture conditions, and cell transfection

293T  cells  and  HUVECs  were  obtained  from the  BeNa
Culture Collection (Beijing, China). Both cell types were cul-
tured  in  DMEM  or  DMEM  F12  nutrient  medium  (Bioind,
Kibbuiz,  Israel)  supplemented  with  10% fetal  bovine  serum
(FBS) and 1% penicillin/streptomycin. The cells  were main-
tained  in  a  humidified  atmosphere  containing  5% CO2  at
37 °C.

To  investigate  the  regulatory  effects  of  miR-548j-5p  on
IL-17A,  miR-548j-5p  mimics,  NC,  miR-548j-5p  inhibitor,
and inhibitor NC (INC) (GenePharma, Shanghai, China) were
transfected into HUVECs at a concentration of 100 nmol·L−1

using  Lipofectamine™  2000  (Invitrogen,  Carlsbad,  USA).
The cells were incubated under the same conditions for 24 h
post-transfection. The  sequences  of  the  mimics  and  inhibit-
ors  used  for  miR-548j-5p  overexpression  and  inhibition  are
detailed in Table 3.

To  examine  the  effects  of  SMYA-containing  serum  on
endothelial cells,  HUVECs were  co-cultured  with  blank ser-
um  or  SMYA-containing  serum  from  the  Low  (10% of  14
g·kg−1 ·d−1),  Middle  (10% of  28  g·kg−1 ·d−1),  and High (10%
of 56 g·kg−1 ·d−1) groups for 24 h at 37 °C and 5% CO2. In a
miR-548j-5p rescue experiment conducted in vitro, HUVECs
were  co-cultured  with  56  g·kg−1 ·d−1 SMYA-containing ser-
um for 24 h, followed by transfection with either INC or miR-
548j-5p  inhibitor  at  the  previously  mentioned  concentration.
Subsequent  experiments  were  performed  after  an  additional
24-h incubation.
 Rat Doppler ultrasound

Images  of  the  surrounding  structures  and  blood  vessels
were obtained using the VINNO6 LAB system [37].
 Hematoxylin and Eosin (H&E)

The  experimental  methods  followed  those  described  in
our  previous  work [20].  Tissue  sections  were  mounted  with
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neutral  resin  and  examined  under  a  light  microscope  (IX73,
Olympus, Japan) for pathological analysis.
 Statistical analyses

Unless otherwise  specified,  all  experiments  were  inde-
pendently repeated at least three times. Data are expressed as
the  mean ± SD.  Statistical  comparisons  between two groups
were  conducted  using  a  two-tailed  unpaired  Student’s t-test
after ensuring normality and equal variance with appropriate
tests.  For  analyses  involving  multiple  comparisons,  a  one-
way analysis  of  variance  (ANOVA)  followed  by  a  Bonfer-
roni post  hoc  test  was  used.  Data  visualization  was  per-
formed using  GraphPad  Prism  version  9.5.  Statistical  ana-
lyses were conducted using SPSS version 19.0. Pearson cor-
relation  analysis  was  utilized  to  assess  correlations,  and  the
receiver  operating  characteristic  (ROC)  curve  was  used  to
evaluate  diagnostic  value.  A P-value  of  less  than  0.05  was

considered statistically significant.

 Results

 SMYA promoted artery thrombi resolve in vivo
SMYA is a traditional prescription used in the treatment

of thromboangiitis TAO. To further elucidate the therapeutic
role  of  SMYA  in  TAO,  we  administered  various  doses  of
SMYA to a TAO rat model. Both H&E staining and Doppler
ultrasound assessments  demonstrated  a  dose-dependent  re-
duction  in  the  thrombus area  in  the  Low-dose,  Middle-dose,
and High-dose SMYA-treated rat groups (Figs. 1A–1C). Ad-
ditional  data  on  H&E  staining  for  the  normal  control  and
sham  groups  can  be  found  in  the  supplementary  material.
Furthermore, the length and weight of the thrombi decreased
with increasing doses of SMYA (Figs. 1D–1E). Collectively,
these  results  suggest  that  SMYA  effectively  reduces  the
formation of thrombi in TAO.
 SMYA-containing  serum  downregulates  IL-17A  mRNA  and
protein expressions in vitro

To  investigate  the  chemical  composition  of  SMYA,  we
employed LC-MS/MS analysis in both positive and negative
ion modes,  identifying  several  chemical  substances,  includ-
ing  luteolin,  z-p-luteolin,  and  glycinol  dispersant  (Figs.
2A–2B).  The detailed results  of  the LC-MS/MS analysis  are
provided  in  table  s1.  To  explore  the  mechanism  behind
SMYA’s therapeutic  activity  on  TAO,  network  pharmaco-

 
Table 3    The sequences of synthesized mimic, negative con-
trol (NC), inhibitor, and inhibitor NC.

Gene Sequences (5'-3')

hsa-miR-548j-5p mimics
AAAAGUAAUUGCGGUCUUUGGU
CAAAGACCGCAAUUACUUUUUU

NC
UUCUCCGAACGUGUCACGUTT
ACGUGACACGUUCGGAGAATT

hsa-miR-548j-5p inhibitor ACCAAAGACCGCAAUUACUUUU
Inhibitor NC CAGUACUUUUGUGUAGUACAA
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Fig. 1    SMYA promoted artery thrombi resolve in vivo. (A, B) H&E staining (magnification, × 100), scale bars = 100 μm analys-
is of rat vessel transverse section from TAO Control, Low, Middle, and High (SMYA decoction) at seven days (n = 5). (C) Dop-
pler ultrasound analysis of rat vessels from TAO Control, Low, Middle, and High (SMYA decoction) at seven days (n = 5). (D, E)
The changes of thrombus size and volume after being infused with TAO Control,  Low, Middle and High concentration SMYA
decoction for seven days (n = 5). Data are presented as the mean ± SD ( n = 5). **P < 0.01 vs TAO Control.
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Fig. 2    SMYA-containing serum downregulated IL-17A mRNA and protein expression in vitro. (A, B) LC-MS/MS spectrums of
SMYA under positive ion and negative ion mode. (C) The active components of SMYA act on the signal pathway of TAO. (D, E)
IL17A mRNA and protein levels were respectively analyzed utilizing qRT-PCR and ELISA in HUVECs of Control, SMYA-Low
group, SMYA-Middle group, and SMYA-High group. (F) Detection of VWF, eNOS, and TF protein expressions using Western
blotting  in  HUVECs  of  Control,  SMYA-Low group,  SMYA-Middle  group,  and  SMYA-High  group.  Data  are  presented  as  the
mean ± SD. *P < 0.05, **P < 0.01 vs Control.
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logy was utilized to identify 201 key targets of SMYA relev-
ant to  TAO.  Following  the  screening  criteria,  KEGG  path-
way  enrichment  analysis  revealed  208  significant  pathways
(P < 0.01), such as the IL-17 signaling pathway, miRNAs in
cancer  signaling  pathway,  and  toll-like  receptor  signaling
pathway (Fig. 2C). Subsequently, HUVECs were co-cultured
with  either  control  serum  or  SMYA-containing  serum  at
varying concentrations (10% of 14 g·kg−1 ·d−1, 28 g·kg−1 ·d−1,
and 56 g·kg−1 ·d−1) for 24 h. We observed that the expression
of  IL-17A mRNA and protein  was  inversely  correlated  with
the  concentration  of  the  drug-containing  serum  (Figs.
2D–2E). Additionally,  the  expression  of  vWF  and  TF  pro-
teins in HUVECs exhibited a dose-dependent decrease, while
eNOS  protein  expression  increased  in  a  gradient  manner
(Fig.  2F).  These  findings  suggest  that  SMYA may attenuate
IL-17A  expression  through  the  regulation  of  miR-548j-5p,
thereby impacting vascular function. Collectively, our results
indicate  that  SMYA  effectively  reduces  IL-17A  mRNA  and
protein  expression,  influencing  the  normal  function  of  the
vasculature.
 Dysregulation of IL-17A is involved in the formation of TAO

To explore  the  involvement  of  IL-17A  in  the  progres-
sion  of  TAO,  we  initiated  our  investigation  by  conducting
qRT-PCR and ELISA analyses. These tests revealed a signi-
ficant  increase  in  IL-17A  mRNA  and  protein  levels  in  the

PBMCs  and  serum  of  TAO  patients  compared  to  controls
(Figs.  3A–3B).  To further  assess  the role  of  IL-17A in  vivo,
we  developed  TAO  rat  models.  H&E  staining  and  Doppler
ultrasound examinations  indicated that  100% (5  out  of  5)  of
the  TAO models  developed  thrombosis,  whereas  the  normal
control group and sham operation group exhibited no throm-
bus  formation  (Figs.  3C–3D).  In  comparison  to  the  normal
control  and  sham operation  rats,  the  vascular  tissue  of  TAO
rats showed significantly increased protein expression of tis-
sue factor (TF) and von Willebrand factor (vWF), along with
a  significant  decrease  in  endothelial  nitric  oxide  synthase
(eNOS)  protein  levels  (Fig.  3E).  Moreover,  both  IL-17A
mRNA in PBMCs and protein levels in the vascular tissue of
TAO  rats  were  significantly  elevated  compared  to  those  in
the normal control and sham group rats (Figs. 3F–3G). To de-
termine the  pathogenic  role  of  IL-17A  in  TAO,  we  admin-
istered an anti-IL-17A antibody to neutralize IL-17A activity
in the rats. Subsequent H&E staining of the thrombus areas in
control and anti-IL-17A-treated rats  demonstrated a signific-
ant  reduction  in  thrombus  size  seven  days  post-treatment
(Fig. 3H).
 miR-548j-5p is  downregulated  in  TAO  patients  and   negat-
ively correlated with IL-17A

To  identify  miRNAs  responsible  for  regulating  IL-17A
expression, we conducted a  miRNA microarray analysis,  re-
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Fig. 3    Dysregulation of IL-17A is involved in the formation of TAO. (A) Measurement of IL17A mRNA expressions in PBMCs
from TAO patients and healthy people by qRT-PCR (n = 20). (B) IL-17A protein levels were determined in the serum of TAO pa-
tients and healthy people by ELISA. (n = 20). (C, D) H&E staining (magnification, × 100), scale bar = 100 μm and Doppler ultra-
sound of thrombus from Control, Sham, and TAO groups (n = 5). (E) Protein levels of vWF, eNOS and TF were tested by West-
ern blotting in the vascular tissue of rats in the Control, Sham, TAO groups (n = 5). (F, G) IL-17A mRNA and protein expres-
sions were respectively measured by qRT-PCR and ELISA in the vascular tissue of rats in the Control, Sham, and TAO groups
(n = 5). (H) H&E staining (magnification, × 100) of thrombus from the Control group and neutralizing antibody group (n = 5),
scale bars = 100 μm. Data are presented as the mean ± SD ( n = 5), **P < 0.01 vs Control.
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vealing 41  miRNAs  that  were  downregulated  in  TAO  pa-
tients compared  to  healthy  controls.  Considering  the  associ-
ation of TAO with IL-17A, we utilized Chip, TargetScan, and
miRDB to  identify  potential  miRNAs  that  negatively  regu-
late  IL-17A  at  transcriptional  and  post-transcriptional  levels
(Fig.  4A).  qRT-PCR  analysis  indicated  that  miR-548j-5p
levels were significantly downregulated in TAO patients rel-
ative  to  healthy  controls  (Fig.  4B). Additionally,  a  statistic-
ally significant negative correlation (P = 0.0087, r = −0.5698)
was  observed  between  miR-548j-5p  and  IL-17A  expression
(Fig.  4C),  implicating  miR-548j-5p  in  TAO.  ROC  analysis
demonstrated  that  miR-548j-5p  expression  in  PBMCs  could
accurately  distinguish  TAO  patients  from  healthy  donors,
with an area under the curve (AUC) of 0.9075 (95% confid-
ence interval: 0.8146 to 1.000) (Fig. 4D). These findings sug-
gest that  reduced  miR-548j-5p  may  elevate  IL-17A  expres-
sion  in  TAO,  establishing  a  functional  relationship  between
miR-548j-5p and IL-17A in the disease's  formation and pro-
gression.

To  further  explore  the  regulatory  effect  of  miR-548j-5p
on IL-17A, we manipulated its expression in HUVECs using
specific  mimics  and  inhibitors.  The  results  revealed  that
transfection with miR-548j-5p mimics increased miR-548j-5p
levels  and  subsequently  reduced  IL-17A  expression  at  both
mRNA and protein  levels,  whereas  the  miR-548j-5p inhibit-
or produced opposite effects (Figs. 4E–4G). Compared to the
negative  control  transfected  HUVECs,  the  expression  of  TF

and vWF decreased, while eNOS increased in the miR-548j-
5p mimics  group.  Conversely,  the  opposite  effects  were  ob-
served  when  the  miR-548j-5p  inhibitor  was  used  (Fig.  4H).
The results  suggested  that  miR-548j-5p  might  affect  en-
dothelial function by regulating IL-17A.
 miR-548j-5p directly targets IL17A mRNA 3′UTR.

To elucidate the targeted regulatory relationship between
miR-548j-5p and IL17A, a luciferase reporter assay was con-
ducted. We co-transfected miR-548j-5p mimics and plasmids
encoding both the wild-type and mutant 3′UTR of IL17A (Fig. 5A).
The miR-548j-5p  mimics  significantly  inhibited  the  luci-
ferase  activity  associated  with  the  wild-type  IL17A  mRNA
3′UTR. In contrast,  this  suppressive effect  was not  observed
with  the  mutant  IL17A  mRNA  3′UTR  (Fig.  5B),  indicating
that IL17A is a direct target of miR-548j-5p.
 miR-548j-5p inhibition attenuates the efficacy of  SMYA-con-
taining serum in vitro

To determine  whether  SMYA-containing  serum  medi-
ates its  effects through miR-548j-5p in vitro, HUVECs were
co-cultured with SMYA-containing serum and then transfec-
ted with either INC (inhibitor negative control) or a miR-548j-
5p inhibitor. qRT-PCR analysis showed that miR-548j-5p ex-
pression  was  detectable  in  HUVECs  cultured  with  SMYA-
containing  serum  (Fig.  6A).  Subsequently,  we  transfected
HUVECs cultured with high-dose serum with a miR-548j-5p
inhibitor  to  suppress  miR-548j-5p  expression.  The  levels  of
miR-548j-5p  in  the  inhibitor  group  were  significantly  lower
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Fig. 4    miR-548j-5p is downregulated in TAO patients and negatively correlated with IL-17A. (A) Venn diagram of predictive
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than  in  the  INC  group  (Fig.  6B),  and  as  a  result,  IL17A
mRNA and protein expression increased (Figs. 6C–6D). Fur-
thermore,  the  suppression  of  vWF  and  TF,  along  with  the
promotion  of  eNOS,  were  significantly  mitigated  (Fig.  6E).
These  results  showed  that  SMYA  regulates  IL-17A  through
miR-548j-5p, thus affecting the normal function of vascular.
 Inhibition of miR-548j-5p invalidates SMYA’s therapeutic ef-
fect in vivo

To further explore whether SMYA exerts its therapeutic
effects  through  miR-548j-5p in  vivo,  we  administered  either
INC  or  a  miR-548j-5p  inhibitor  via  the  tail  vein  following
seven days of SMYA treatment in TAO rats. qRT-PCR ana-
lysis  revealed  that  miR-548j-5p  levels  in  the  vascular  tissue
of TAO  rats  were  significantly  lower  than  those  in  the  nor-
mal  control  and  sham  group  rats(Fig.  7A). Following  treat-
ment,  miR-548j-5p  expression  in  the  vascular  tissues  of  rats
treated  with  high-dose,  middle-dose,  and  low-dose  SMYA

showed a gradient increase compared to the TAO group (Fig.
7B). Concurrently, the expression of IL-17A mRNA and pro-
tein  demonstrated  a  gradient  decrease (Figs.  7C–7D).
 Moreover, Western  blotting  analysis  indicated  that  com-
pared to the TAO group, the expressions of vWF and TF pro-
teins in  the  vascular  tissue  of  the  SMYA-treated  groups  de-
creased gradually,  while  the  expression  of  eNOS protein  in-
creased (Fig. 7E).

H&E staining demonstrated a  significant  increase in  the
thrombus area for the group that received the miR-548j-5p in-
hibitor injection compared with the high-dose SMYA + INC
(inhibitor  negative control)  group (Fig.  7F).  Further  analysis
revealed  that,  compared  to  the  INC  group,  miR-548j-5p
levels were reduced in the vascular tissue of TAO rats treated
with  the  miR-548j-5p  inhibitor  (Fig.  7G).  Correspondingly,
IL-17A mRNA levels were significantly increased (Fig. 7H),
along with enhanced IL-17A protein levels (Fig. 7I). Concur-

 

0

IL
17

A
-W

T

IL
17

A
-M

U
T1

IL
17

A
-M

U
T2

IL
17

A
-

(M
U

T1 
+ M

U
T2)

0.5

1.0

1.5 NC

** * * ns

miR-548j-5p mimics

R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
it

y

PGK Promoter

5’-caauuugcuucuuguUUACUUUu-3’ WT 3’UTR of IL17A

Hsa-miR-548j-5p

Hsa-miR-548j-5p

MUT 3’UTR of IL17A (MUT1)

MUT 3’UTR of IL17A (MUT1)

WT 3’UTR of IL17A

237

237

325

325

5’-caauuugcuucuuguGGCAGGGu-3’

5’-uuuuaaugaauuaccUACUUUAu-3’

5’-uuuuaaugaauuaccGCAGGGu-3’

3’- ugguuucuggcguuAAUGAAAa-5’

3’-ugguuucuggcguuaAUGAAAa-5’

A B

Firefly luciferase mRNA 3'UTR SV40 Renilla luciferase

 
Fig. 5    miR-548j-5p directly targets IL17A mRNA 3′UTR. (A) Hypothetical miRNA target site in IL17A mRNA 3'UTR, as well
as  luciferase  constructs  of  wild-type  (WT) and mutant  (MUT).  (B)  The  luciferase  activity  is  determined by  co-transfecting  the
vectors (IL17A 3'UTR-WT and MUT1, MUT2, or MUT1 + MUT 2) combined with NC, miR-548j-5p mimics into 293T cells, re-
spectively. Data are presented as the mean ± SD. *P < 0.05 ,**P < 0.01 vs NC.
 

 

E

C
on

tro
l

SM
YA

 

SM
YA

 +
 IN

C

SM
YA

 +
 in

hi
bi

to
r

vWF

eNOS

TF

GAPDH

309 kDa

133 kDa

45 kDa

36 kDa

C
on

tro
l

SM
YA

-L
ow

SM
YA

-M
id

dl
e

SM
YA

-H
ig

h

0

2

4

6 **

**

**

A

R
el

at
iv

e 
ex

p
re

ss
io

n
o
f 

m
iR

-5
4
8
j-

5
p
 (

fo
ld

s)

C
on

tro
l

SM
YA

SM
YA

 +
 IN

C

SM
YA

 +
 in

hi
bi

to
r

C
on

tro
l

SM
YA

SM
YA

 +
 IN

C

SM
YA

 +
 in

hi
bi

to
r

C
on

tro
l

SM
YA

SM
YA

 +
 IN

C

SM
YA

 +
 in

hi
bi

to
r

** **

B

0

1

2

3

4

R
el

at
iv

e 
ex

p
re

ss
io

n
o

f 
m

iR
-5

4
8

j-
5

p
 (

fo
ld

s)

**

**

C

0

0.5

1.0

1.5

R
el

at
iv

e 
ex

p
re

ss
io

n
o
f 

IL
1
7
A

 (
fo

ld
s)

D

0

2

4

8

6

IL
-1

7
A

 C
o
n
ce

n
tr

at
io

n

(p
g
·m

l−
1 )

 
Fig.  6     miR-548j-5p inhibition attenuates  the efficacy of  SMYA-containing serum in vitro.  (A)  Detection of  the expressions of
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rently, the protein levels  of  vWF and TF in the vascular  tis-
sue of TAO rats treated with the miR-548j-5p inhibitor were
elevated,  while  the  expression  of  eNOS was  decreased (Fig.
7J).  These  findings  suggest  that  inhibition  of  miR-548j-5p
could exacerbate  thrombosis  by increasing the  expression of
IL-17A and lead to vascular endothelial dysfunction.

 Discussion

Mounting  evidence  indicates  that  inflammation  plays  a
critical  role  in  the  complex  pathological  processes  of  TAO,
including  its  significant  contribution  to  thrombosis.  Plaque
rupture,  a  key  event  in  thrombosis,  facilitates  the  release  of
inflammatory  cytokines [38, 39].  Furthermore,  SMYA  targets
key  inflammatory  mediators  such  as  IL-17A,  interleukin-6
(IL-6), tumor necrosis factor (TNF), and vascular endothelial
growth factor  (VEGF) to  treat  vascular  diseases [40-42]. Func-
tionally, SMYA reduces the infiltration of inflammatory cells
into vascular  tissues,  protects  vascular  endothelial  cells,  sta-
bilizes plaques,  inhibits  platelet  aggregation,  and  helps  pre-
vent  thrombosis.  However,  the  precise  mechanisms  through

which SMYA acts  on  TAO remain  largely  unclear.  Our  ex-
perimental  research  has  demonstrated  that  SMYA  exerts  an
inhibitory effect on IL-17A, mediated through the regulation
of miR-548j-5p (Fig. 8).

IL-17A is a potent immunomodulatory cytokine that [43],
upon secretion, binds to its receptor and promotes the produc-
tion  of  inflammatory  mediators  such  as  interleukin-6  (IL-6)
and  interleukin-8  through  various  signaling  pathways [44, 45].
Experimental studies  in  mice  have  demonstrated  that  treat-
ment with an IL-17A antibody leads to decreased cell infiltra-
tion,  reduced  secretion  of  cytokines  and  chemokines,  and
lowered  biomarkers  for  endothelial  and  immune  cell  activi-
ty [46]. This  evidence  underscores  the  significant  role  of  IL-
17A  in  the  interplay  between  inflammation  and  coagulation
reactions. Despite these findings, the specific involvement of
IL-17A in  the  pathogenesis  of  TAO remains  unclear.  In  our
experimental study, we observed a significant upregulation of
IL-17A in both TAO patients and TAO model rats. Neutraliz-
ing  IL-17A  activity  in  TAO  rats  substantially  inhibited
thrombus  formation,  suggesting  that  elevated  IL-17A  levels
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Fig. 7    Inhibition of miR-548j-5p invalidates SMY’s therapeutic effect in vivo. (A) The expressions of miR-548j-5p were determ-
ined by qRT-PCR in the vascular tissue of rats in the Control, Sham, and TAO groups (n = 5). (B) The dependence of SMYA-reg-
ulated miR-548j-5p levels in the vascular tissue of rats in the TAO Control, Low-dose SMYA, Middle-dose SMYA, and High-dose
SMYA groups (n = 5) by qRT-PCR. (C, D) The determination of IL-17A mRNA protein levels by qRT-PCR and ELISA in vascu-
lar  tissue  of  TAO  Control,  Low-dose  SMYA,  Middle-dose  SMYA,  High-dose  SMYA  groups  (n =  5).  (E)  Expression  of  vWF,
eNOS, and TF protein were determined by Western blotting in the vascular tissue of rats in the TAO Control, Low-dose SMYA,
Middle-dose SMYA, and High-dose SMYA group (n = 5). (F) H&E staining (magnification, × 100) in the vascular tissue of rats in
the TAO Control, High-dose SMYA, High-dose SMYA + INC, and High-dose SMYA + inhibitor groups (n = 5), scale bar = 100
μm. (G, H, I) The floating in miR-548j-5p, IL-17A mRNA, and IL-17A protein levels partly determined by qRT-PCR and ELISA
in the vascular tissue of rats in the TAO Control, High-dose SMYA, High-dose SMYA + INC, and High-dose SMYA + inhibitor
groups (n = 5). (J) The corresponding vWF, eNOS, and TF protein expressions were estimated by Western blotting assay in the
vascular tissue of rats in TAO Control, SMYA, High-dose SMYA + INC, High-dose SMYA + inhibitor groups (n = 5). Data are
presented as the mean ± SD ( n = 5).**P < 0.01 vs Control; **P < 0.01 vs TAO Control.
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are  a  potential  contributing  factor  to  TAO.  Crucially,  our
findings provide evidence that  miR-548j-5p can directly  tar-
get  the  3'UTR  of  IL-17A,  thereby  inhibiting  its  expression.
Furthermore,  we  discovered  that  a  decrease  in  miR-548j-5p
levels  leads  to  increased  IL-17A  expression  and  promotes
TAO  progression.  To  strengthen  the  clinical  relevance  of
these findings, it is essential to expand the sample size in fu-
ture studies to further verify the upregulation of IL-17A dur-
ing TAO progression.

miRNAs are small, non-coding RNAs that regulate gene
expression by binding to the 3'UTR of target mRNAs in a se-
quence-specific  manner.  This  interaction  typically  results  in

the  reduction  of  target  gene  expression.  miRNAs  have
been demonstrated  to  play  therapeutic  roles  in  various  dis-
eases [47-49]. In previous research, specific miRNAs have been
shown to  inhibit  thrombosis  by  downregulating  the  expres-
sion of pro-inflammatory cytokines such as IL-6 in models of
TAO [21, 22].  Furthermore,  CHEN et al. [50] reported that  miR-
151 is downregulated in arteriosclerosis obliterans and found
that it inhibits endothelial cell apoptosis by targeting IL-17A
in  this  disease  context.  Despite  these  findings,  the  specific
role of  miRNAs  in  TAO,  particularly  regarding  the  regula-
tion of IL-17A, has not yet been fully elucidated.

miR-548j-5p, a 22-nucleotide long member of the endo-
genous  non-coding  single-stranded  RNA  family,  has  been
shown to promote angiogenesis by stimulating migration and
tube formation. It  is  aberrantly expressed in lung cancer and
has been linked to immune responses [51, 52]. In our study, we
observed that the downregulation of miR-548j-5p was negat-
ively correlated with the expression of IL-17A. Additionally,
in  silico bioinformatics  analysis  predicted  the  presence  of
complementary  binding  sites  between  miR-548j-5p  and  the
IL-17A mRNA 3'UTR. Based on these observations,  we hy-
pothesize  that  the  decrease  in  miR-548j-5p  may  be  a  key
factor  triggering  the  increase  in  IL-17A expression  in  TAO,
suggesting  a  potential  therapeutic  target  in  the  management
of this vascular disease.

Our study revealed that  overexpressing miR-548j-5p ef-
fectively inhibits IL-17A expression at both mRNA and pro-
tein  levels.  Confirmation  of  this  regulatory  interaction  was
obtained  through  a  dual  luciferase  reporter  assay,  which
demonstrated direct binding between miR-548j-5p and the IL-
17A  mRNA  3'UTR.  Upon  establishing  this  relationship,  we
explored  the  potential  of  SMYA  to  modulate  the  miR-548j-
5p/IL-17A  axis.  We  found  that  SMYA-induced  increases  in
miR-548j-5p  expression  were  inversely  correlated  with  IL-
17A  levels  and  contributed  to  therapeutic  effects,  including
improved vascular endothelium health and reductions in both
size and weight of thrombi in rat models. To further validate
that SMYA’s inhibition of IL-17A is mediated through miR-
548j-5p,  we  employed  a  mimetic  inhibitor  to  disrupt  miR-
548j-5p expression.  Inhibition  of  miR-548j-5p  markedly  di-
minished  the  suppressive  effects  of  SMYA  on  IL-17A  gene
and protein expression. Consequently, the positive impacts on
vascular endothelium  and  thrombosis  were  significantly  re-
duced.

In conclusion, our findings indicate that the downregula-
tion of  miR-548j-5p  enhances  IL-17A  expression  and  pro-
motes the development of TAO. Moreover, SMYA mitigates
IL-17A expression  by  upregulating  miR-548j-5p.  These  res-
ults underscore the potential of targeting the miR-548j-5p/IL-
17A axis as a therapeutic strategy for managing TAO.
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