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Irisin suppresses PDGF-BB-induced proliferation of vascular smooth
muscle cells in vitro by activating AMPK/mTOR-mediated autophagy
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Restenosis is a pivotal factor that restricts the efficacy of coronary artery bypass grafting. Inhibition of vascular
smooth muscle cells (VSMCs) proliferation can improve intimal hyperplasia and lumen stenosis. Irisin, a
polypeptide secreted by muscle cells, has been demonstrated to have a protective role in various cardiovascular
diseases. However, the effect and mechanism of irisin on VSMCs proliferation and phenotype switching remain
unclear. Cell proliferation ability was assessed using the methylthiazolyldiphenyl-tetrazolium bromide (MTT)
assay and 5-ethynyl-2'-deoxyuridine (EdU) incorporation. Cell cycle analysis was performed using flow cytom-
etry, while expression levels of contractile and synthesis-related proteins were determined through RT-qPCR
and Western blot. The VSMCs were infected with an adenovirus carrying GFP-LC3, and the proportion of cells
showing positive expression was assessed. Additionally, the formation of autophagic lysosomes in cells was
observed through transmission electron microscopy. In this study, we have demonstrated the inhibitory effects
of irisin on the proliferation and phenotypic transition of platelet-derived growth factor-BB (PDGF-BB)-
induced VSMCs. More importantly, we have discovered that irisin can activate the AMP-activated protein
kinase/mammalian target of rapamycin (AMPK/mTOR) signaling pathway to mediate autophagy in PDGF-BB-
induced VSMCs. The inhibitory effect of irisin on PDGF-BB-induced VSMCs proliferation was significantly
attenuated by the AMPK inhibitor, Compound C. Conversely the mTOR inhibitor, rapamycin further enhanced
the inhibitory effect of irisin on PDGF-BB induced VSMCs proliferation. In conclusion, our findings suggest
that irisin effectively suppresses the aberrant proliferation of VSMCs following PDGF-BB stimulation by mod-
ulating autophagy levels through the AMPK/mTOR signaling pathway.
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way.
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Introduction
Coronary heart disease (CHD) is a kind of cardiovascular dis-

ease caused by atherosclerosis, thromboembolism and other fac-
tors leading to vascular stenosis or even obstruction. In recent
decades, there has been a rapid increase in the incidence and mor-
tality rates of CHD in China.1 CHD not only poses a significant
threat to human health and diminishes quality of life but also
imposes a substantial economic burden.2,3 The coronary artery
bypass graft (CABG) is widely employed for the treatment of
coronary artery diseases.4 Despite its proven therapeutic efficacy in
patients with CHD, ensuring graft patency remains a crucial factor
in achieving optimal therapeutic outcomes.5 The great saphenous
vein remains the primary conduit for CABG due to its ease of har-
vest, excellent controllability, and high flow capacity. However,
the long-term patency rate of the saphenous vein following CABG
is only 40-50% at 10 years, significantly impacting both mid- and
long-term prognoses.5 Therefore, identification of the key molecu-
lar mechanism underlying vein graft restenosis (VGR) after CABG
and the development of targeted strategies for its prevention and
treatment are crucial for enhancing the prognosis of patients fol-
lowing CABG. Currently, intimal hyperplasia caused by the prolif-
eration and migration of vascular smooth muscle cells (VSMCs) is
widely acknowledged as the primary mechanism underlying
VGR.6 However, the pathophysiological mechanisms involved in
VGR are complex and still not fully understood. Endothelial cell
dysfunction, platelet activation, macrophage aggregation, inflam-
matory cytokine secretion, and a variety of pathophysiological
processes promote VSMCs from contractile phenotype to synthetic
phenotype, migration to the intima and proliferation, increased
synthesis and secretion of extracellular matrix and deposition in
the intima, eventually leading to intimal hyperplasia and lumen
stenosis.7 Our previous animal study also demonstrated an upregu-
lation of various inflammatory cytokines expression at 1 week post
vein grafting, along with the observation of T cell and macrophage
infiltration in the hyperplastic intima at 2-4 weeks after transplan-
tation.8 The inhibition of VSMCs proliferation and migration
induced by inflammation may represent a potential therapeutic
approach to enhance vascular graft patency. 

The process of autophagy serves as a vital physiological
defense mechanism, relying on the degradative capability of lyso-
somes to counteract diverse pathological stimuli. It assumes a piv-
otal role in preserving cellular architecture, functionality, and
metabolic equilibrium.9 Autophagy is also crucial in the regulation
of inflammation: research has demonstrated that impaired
autophagy in macrophages exacerbates vascular inflammation in
mice with atherosclerosis, whereas conversely, augmented
autophagy suppresses inflammation.10 The AMP-activated protein
kinase/ mammalian target of rapamycin (AMPK/mTOR) signaling
pathway has been extensively studied and demonstrated to play a
pivotal role in the regulation of cellular autophagy.11-13 The previ-
ous studies have demonstrated that the upregulation of the
AMPK/mTOR autophagy pathway can effectively reduce lipid
deposition in vascular walls14 and inhibit proliferation of
VSMCs,15 thereby exerting significant anti-atherosclerotic effects.
Therefore, targeting the AMPK/mTOR autophagy pathway may
hold significant promise for the prevention and treatment of VGR.

The myogenic factor, irisin, was discovered in 2012 as a
polypeptide generated through proteolytic cleavage of the extracel-
lular domain of fibronectin type III domain-containing protein 5
(FNDC5).16 The recent years have witnessed a growing body of
evidence suggesting that irisin exerts its effects on atherosclero-
sis,17 myocardial ischemia/reperfusion injury,18 ventricular remod-
eling,19 and other cardiovascular diseases through its anti-inflam-
matory properties and enhancement of energy metabolism.

Moreover, the activation of the AMPK/mTOR pathway by irisin
induces autophagy,20 anti-inflammatory responses, and antioxida-
tive stress mechanisms,21 thereby effectively regulating cellular
proliferation, apoptosis, and other biological processes. However,
the impact of irisin on VSMCs phenotype switching, proliferation,
and intimal hyperplasia remains uncertain in relation to its poten-
tial role in promoting autophagy through activation of the
AMPK/mTOR pathway. Therefore, the objective of this study was
to investigate the role and potential molecular mechanism of irisin
in regulating VSMCs proliferation, with the aim of providing
novel insights for the prevention and treatment of VGR.

Materials and Methods

Reagents
Rat thoracic aorta VSMC line A7R5 were provided by the Cell

Bank of China Center for Type Culture Collection. Irisin and pro-
pidium iodide (PI) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Dulbecco’s Modified Eagle’s Medium (DMEM) was
purchased from Procell (Wuhan, China). Fetal bovine serum (FBS)
was procured from ExcellBio (Shanghai, China). Platelet derived
growth factor-BB (PDGF-BB) was purchased from Pepro Tech
(Rocky Hill, CT, USA). Compound C and rapamycin were pur-
chased from MedChem Express (Monmouth Junction, NJ, USA).
Methylthiazolyldiphenyl-tetrazolium bromide (MTT) cell prolifer-
ation and cytotoxicity assay kit, 5-ethynyl-2’ -deoxyuridine (EdU)
cell proliferation kit with Alexa Fluor 594, 0.3% TritonX-100,
Hoechst 33342 solution, and RIPA lysate were purchased from
Beyotime (Shanghai, China). GFP-LC3 adenovirus were supplied
by Genechem (Shanghai, China). Polyvinylidene difluoride
(PVDF) membrane was purchased from Millipore (Billerica, MA,
USA). The anti-alpha-smooth muscle actin (α-SMA) antibody was
purchased from Affinity (Jiangsu, China). The antibodies against
smooth muscle 22-alpha (SM22-α), h1-calponin, cellular retinol
binding protein-1 (CRBP-1), matrix metalloproteinase-2 (MMP-
2), Collagen III, and AMPK were purchased from Proteintech
(Wuhan, China). Matrix metalloproteinase-9 (MMP-9) antibody
was purchased from Bioss (Beijing, China). The anti-Collagen I
antibody was purchased from NOVUS (Littleton, CO, USA). The
antibodies recognizing phospho-AMPK (Thr172), mTOR, phos-
phor-mTOR (Ser2448), and microtubule-associated protein 1
lightchain 3B (LC3B) were purchased from Cell Signaling
Technology (Danvers, MA, USA). The anti-P62 antibody was pur-
chased from ABclonal (Wuhan, China). The anti-GAPDH anti-
body was purchased from Goodhere (Hangzhou, China). HRP
labeled goat anti-rabbit and mouse secondary antibodies were pur-
chased from Boster (Wuhan, China).

Cell culture and treatment
The A7R5 cells were cultured in DMEM supplemented with

10% FBS under atmosphere at 37°C with 5% CO2. Group inter-
vention was initiated when the cell confluence reached approxi-
mately 70%. The A7R5 cells were pre-exposed to irisin (1 mg/L),
the AMPK pathway inhibitor Compound C (10 μmol/L), or the
mTOR inhibitor rapamycin (2 mg/L) for a duration of 30 min.
Subsequently, they were treated with PDGF-BB at a concentration
of 50 ng/mL for a period of 24 h.22

MTT assay
The cells were seeded at a density of 3×103 cells/well in 96-

well plates and incubated overnight at 37°C, and then divided into
different groups (1, treated with 0.1, 0.5, 1.0, 2.5, 5, 10, 20 or 40
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mg/L irisin for 24 h; 2, the cells were treated with irisin,
Compound C and rapamycin for 30 min followed by PDGF-BB
induction for 24 h). 10 µL of MTT solution was added to each well
and incubated for 4 h at 37°C. Subsequently, 150 µL of dimethyl
sulfoxide was added and the mixture was shaken for 10 min. The
cell proliferation activity was determined by measuring the
absorbance at 568 nm using a microplate reader (Bio-Rad
Laboratories, Hercules, CA, USA).

EdU incorporation assay
The cell density was adjusted, and 5×105 cells/well were seeded

onto coverslips in 6-well plates. The cells were synchronized by cul-
turing them in serum-free DMEM for 24 h, followed by culture in
DMEM containing 10% FBS for another 24 h. The cells were
grouped and subjected to treatment with irisin, Compound C, and
rapamycin, respectively. Subsequently, they were stimulated with
PDGF-BB for a duration of 24 h. The EdU was added and incubated
for 2 h. The cells were fixed with 4% paraformaldehyde at room
temperature for 15 min. Subsequently, the cells were incubated with
phosphate buffer saline (PBS) containing 0.3% TritonX-100 for 15
min at room temperature. Subsequently, the cells were treated with
the Click reaction solution, followed by incubation in the dark for 30
min. Next, Hoechst 33342 solution was added and incubated at room
temperature in the dark for 10 min. The coverslips were removed
and the cell staining was examined using a fluorescence microscope
(Olympus, Tokyo, Japan). The EdU positive index was determined
by counting the number of EdU-positive cells and the total number
of cells in five randomly selected fields for each sample.

Flow cytometric assay
The A7R5 cells in the logarithmic growth phase were harvested,

and their cell density was adjusted. Subsequently, the cells were
seeded at a density of 5×105 cells/well in 6-well plates and cultured
overnight at 37°C. The cells were grouped and subjected to treat-
ment with irisin, Compound C, and rapamycin, respectively.
Subsequently, they were stimulated with PDGF-BB for a duration of
24 h. The cells were harvested and fixed by addition of ethanol pre-
cooled at -4°C. Subsequently, the cells were incubated with 100 µL
of RNase at a temperature of 37°C for a duration of 30 min, followed
by staining with 400 µL of PI in the dark at a temperature of 4°C for
another 30 min. Finally, flow cytometry (Beckman Coulter, Brea,
CA, USA) was employed to detect the distribution of cell cycle.

GFP-LC3 adenovirus infection
The A7R5 cells in the logarithmic growth phase were harvest-

ed, and their cell density was adjusted. Subsequently, they were
seeded at a concentration of 3×103 cells/well in 96-well plates and
cultured overnight at 37°C. The GFP-LC3 adenovirus stock was
diluted with serum-free DMEM according to the number of cells
and multiplicity of infection (MOI = 40). Subsequently, the appro-
priate dose of virus dilution was added to each well, mixed thor-
oughly, and incubated at 37� for 12 h. After removing the culture
medium and introducing different drugs, the cells were harvested,
and the cellular LC3 level was examined using a fluorescence
microscope. Five random fields were selected to count the number
of cells with bright green fluorescent spots and the total number of
cells, and then the rate of GFP-LC3 positive cells was calculated.

Transmission electron microscopy analysis
The A7R5 cells were harvested and seeded in 6-well plates, fol-

lowed by overnight culture at 37°C. Subsequently, the cells were
divided into groups and treated with different drugs. After treat-
ment, the cells in each group were collected, washed with PBS, and
then fixed with 2.5% glutaraldehyde for 2 h at 4°C. After rinsing the
cells with PBS, 1% osmic acid was added and fixation was carried
out for 2 h at room temperature. Subsequently, dehydration was per-
formed using a gradient of ethanol, followed by infiltration of the
Epon 812 embedding agent into the cells and polymerization for 48
h. The polymerized samples were sectioned into 60 nm-thick ultra-
thin sections, sequentially stained with uranyl acetate and lead cit-
rate solution, and ultimately observed under a transmission electron
microscopy (TEM) (Hitachi, Tokyo, Japan).

RT-qPCR
The A7R5 cells from each group were collected, mixed with 1

mL of Trizol reagent, and lysed for 10 min. Subsequently, the purity
and concentration of total RNA were determined after extraction and
stored at -80°C for future use. The reverse transcription was carried
out using HiScript® II Q Select RT SuperMix for qPCR for cDNA
synthesis, followed by RT-qPCR using qPCR SYBR Green Master
Mix. The reaction program consisted of a predenaturation step at
95°C for 10 min and 40 cycles: Denaturation at 95 °C for 15 s, fol-
lowed by annealing and extension at 60°C for 60 s. The primers uti-
lized in this investigation were supplied by Beijing Tsingke Biotech
Co., Ltd., with the specific sequences shown in Table 1.
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Table 1. Primer sequences for RT-qPCR.

Gene                                              Primer                                         Sequence (5'-3')                                        Product length (bp)

GAPDH                                                 Forward                                   CAGCAACAGGGTGGTGGAC
                                                              Reverse                                  TTTGAGGGTGCAGCGAACTT                                                 253
α-SMA                                                   Forward                                  CAGAAATACGACCACCAGCG
                                                              Reverse                                   ACCTTCTTCACAGATCCCGG                                                 235
SM22-α                                                 Forward                                   ATTGTAATGCAGTGTGGCCC
                                                              Reverse                                   TTGAGCCACCTGTTCCATCT                                                  189
Calponin h1                                          Forward                                  CAGAAATACGACCACCAGCG
                                                              Reverse                                   ACCTTCTTCACAGATCCCGG                                                 155
CRBP-1                                                 Forward                                  CCTGTGGACTTCAACGGGTA
                                                              Reverse                                   CCTCGAACTCCTTCCCAACT                                                 214
MMP-2                                                  Forward                                 CCAAGAACTTCCGACTATCCA
                                                              Reverse                                   GTCACTGTCCGCCAAATAAA                                                 217
MMP-9                                                  Forward                            GCTGGGCTTAGATCATTCTTCAGTG
                                                              Reverse                             CAGATGCTGGATGCCTTTTATGTCG                                           109
Collagen                                               Forward                               CGATCCTGCCGATGTCGCTATCC
                                                              Reverse                               GTCTTGCCCCAAGTTCCGGTGTG                                             246
Collagen                                               Forward                                   TTTGTGCAATGTGGGACCTG
                                                              Reverse                                   TTTGTGCAATGTGGGACCTG                                                 236
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Western blot
The A7R5 cells from each group were collected and lysed on

ice for 30 min with the addition of RIPA lysate. Subsequently, the
cells were centrifuged at 12000 rpm for 5 min at 4°C, and the result-
ing supernatant was collected to determine protein concentration.
The protein solution was denatured in boiling water and subjected
to electrophoresis using a 5% concentrate gel and a 12% separation
gel to separate the proteins. Gels containing target protein bands
were excised and transferred onto PVDF membranes. These mem-
branes were then blocked with a blocking solution containing 5%
skim milk powder for a duration of 2 h. The membranes were incu-
bated overnight at 4°C with primary antibodies recognizing α-
SMA, SM22-α, CRBP-1, h1-calponin, MMP-2, MMP-9, Collagen
I, Collagen III, AMPK, p- AMPK, mTOR, p- mTOR, LC3B, P62,
or GAPDH (dilution 1:1000). Subsequently, the membranes were
further incubated for 2 h at room temperature with the appropriate
secondary antibodies (dilution 1:10000). Finally, chemilumines-
cence reagents were dropped onto the membrane and reacted for 1
min. The gray value of protein bands was measured using Image J
software, followed by conducting statistical analysis.

Statistical analysis
SPSS 23.0 software was used for statistical analysis. All exper-

iments were performed in triplicate, and data were given as means
± SD. The one-way analysis of variance (ANOVA) was used for
comparisons of multiple groups, while the least significant differ-

ence (LSD) test was utilized for pairwise comparisons between
groups. Statistical significance was determined at a threshold of
p<0.05.

Results

Irisin inhibits PDGF-BB-induced cell proliferation
in VSMCs

First, we tested the toxic effect of irisin on VSMCs and found
that concentrations of irisin equal to or lower than 5 mg/L did not
significantly impact the proliferation activity of VSMCs (Figure
1A). The results of MTT assay demonstrated that the induction of
PDGF-BB could effectively enhance the proliferation of VSMCs.
However, treatment with irisin at concentrations of 1, 2.5, and 5
mg/L significantly suppressed the proliferation of VSMCs induced
by PDGF-BB, with no significant difference observed among these
three concentrations (Figure 1B). Therefore, a concentration of
irisin was chosen as 1 mg/L for subsequent experiments.
Consistent with the results of the MTT assay, the EdU incorpora-
tion assay also demonstrated that VSMCs proliferation was
enhanced by PDGF-BB induction, while irisin treatment effective-
ly suppressed PDGF-BB- induced VSMCs proliferation (Figure
1C). Furthermore, we observed that irisin treatment arrested a
majority of PDGF-BB- induced VSMCs in the G0/1 phase and

Figure 1. Irisin inhibited the proliferation of VSMCs induced by PDGF-BB. A,B) The MTT assay was employed to assess the impact of
various concentrations of irisin on the proliferation of VSMCs or PDGF-BB-induced VSMCs. C) EdU incorporation assay was used to
evaluate VSMCs proliferation; red fluorescence indicates EdU-labeled proliferating cells, and blue fluorescence indicates nuclei. Scale
bar: 100 µm; **p<0.01 compared with control group; ##p<0.01 compared with PDGF-BB group.
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attenuated cell entry into S phase, thereby inhibiting cellular pro-
liferation (Figure 2). 

Irisin attenuates PDGF-BB-induced phenotypic
switching in VSMCs

The results of RT-qPCR and Western blot analysis demonstrat-
ed a significant downregulation in the expression levels of α-SMA,
SM22-α, h1-calponin, and CRBP-1 in VSMCs induced by PDGF-
BB (Figure 3 A-C). However, treatment with irisin resulted in an
increase in their expression levels. On the contrary, VSMCs
induced by PDGF-BB exhibited a substantial upregulation in the
expression levels of synthetic proteins MMP-2, MMP-9, Collagen
I and Collagen III (Figure 3 D-F). Notably, this upregulation was
effectively inhibited upon treatment with irisin. 

Irisin activates AMPK/mTOR-mediated
autophagy in PDGF-BB-induced VSMCs

Western blot analysis revealed that the expression of p-
AMPK/AMPK and LC3B-II/LC3B-I ratio were significantly
reduced in VSMCs treated with PDGF-BB compared to the control
group, while the levels of p-mTOR/mTOR and p62 protein were
markedly increased (Figure 4). The VSMCs were infected with
GFP-LC3 adenovirus, and a reduction in the level of GFP-LC3
positive cells was observed in the PDGF-BB group (Figure 5A),
along with a reduction in autophagic lysosomes as confirmed by
TEM (Figure 5B). However, following irisin treatment, the AMPK
pathway was activated in PDGF-BB-induced VSMCs, leading to
an increase in the ratio of LC3B-II/LC3B-I protein, a decrease in
p62 protein expression, and an enhancement of GFP-LC3B fluo-
rescence and autophagic lysosomes formation.

AMPK/mTOR-mediated autophagy is involved 
in the actions of irisin in regulating PDGF-BB-
induced cell proliferation in VSMCs

To confirm the inhibitory effect of irisin on VSMCs prolifera-
tion through regulation of the AMPK/mTOR pathway-mediated
autophagy, we employed Compound C, an AMPK inhibitor, as an
autophagy suppressor and rapamycin, an mTOR inhibitor, as an
autophagy enhancer. The results demonstrated that Compound C

effectively reversed the inhibitory impact of irisin treatment on
PDGF-BB-induced VSMCs proliferation (Figure 6 A,B), mitigated
cell cycle arrest at the G0/1 phase (Figure 7), diminished autophagic
lysosomes formation (Figure 8A) and the protein ratio of LC3B-
II/LC3B-I, and upregulated p62 protein expression (Figure 8B).
The administration of rapamycin, on the contrary, potentiated the
effects of irisin on proliferation, cell cycle progression, and
autophagy of PDGF-BB-induced VSMCs. 

Discussion
The VSMCs constitute one of the primary cellular components

within the intimal layer of blood vessels. Under physiological cir-
cumstances, VSMCs exhibit a contractile phenotype and demon-
strate limited proliferative activity.23 However, in pathological con-
ditions, VSMCs undergo a phenotypic transition from differentia-
tion (contractile phenotype) to dedifferentiation (synthetic pheno-
type), resulting in impaired vascular function and pathological vas-
cular remodeling.24 Therefore, the physiological regulation of
VSMCs is crucial for VGR. The primary discovery of this study is
that irisin treatment has the potential to enhance autophagy
through the activation of the AMPK/mTOR signaling pathway,
thereby effectively suppressing VSMCs phenotypic switching,
proliferation, and other biological behaviors. The findings present-
ed here elucidate the molecular mechanism underlying the protec-
tive effect of irisin in VSMCs under pathological conditions.

The occurrence of vascular injury triggers the transformation
of VSMCs into synthetic VSMCs characterized by a heightened
capacity for proliferation and migration, facilitating the repair
process. PDGF-BB was the first growth factor to be discovered as
a regulator of VSMC dedifferentiation25 and is commonly
employed as an inducer in experimental studies investigating the
characteristics of synthetic phenotypic VSMCs.26,27 The synthetic
VSMCs exhibited reduced expression of contractile proteins, such
as α-SMA, SM22-α, and Calponin 1, while demonstrating
increased secretion of collagen, MMPs, and elastin.28 These
changes were responsible for mediating vascular extracellular
matrix remodeling. Studies have demonstrated that PDGF-BB can

Figure 2. Irisin arrested cell cycle progression of VSMCs induced by PDGF-BB. Flow cytometry was used to detect and quantify the cell
cycle, and the proportion of cells in G0/G1 phase was statistically analyzed. **p<0.01 compared with control group; ##p<0.01 compared
with PDGF-BB group.
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enhance the proliferative and migratory activities of VSMCs,
while simultaneously suppressing the expression of contractile
proteins, thereby inducing phenotypic switch of cells.29 Consistent
with the above reports, in this study, PDGF-BB was employed to
induce VSMCs, which exhibited a parallel augmentation in cellu-
lar proliferative activity, downregulation of contractile protein
expression levels (α-SMA, SM22-α, h1-calponin and CRBP-1),
and upregulation of proteins associated with extracellular matrix
synthesis (MMP-2, MMP-9, Collagen I, and Collagen III). At the
same time, we also observed that VSMCs autophagy was inhibited,

consistent with previous research findings.29

Autophagy is considered a crucial determinant in the process
of phenotype switching and cellular stress response in VSMCs.
However, autophagy in VSMCs exhibits dual effects on prolifera-
tion, and different autophagy inducers yield inconsistent impacts
on VSMCs phenotypic switching and proliferation. The findings of
previous study have demonstrated that the overexpression of small
ubiquitin-related modifier 1 facilitates autophagy, thereby induc-
ing dedifferentiation in VSMCs, ultimately leading to an upregula-
tion in VSMCs proliferation and migration. However, these effects

Figure 3. Irisin inhibited the phenotypic switching in VSMCs induced by PDGF-BB. A,B) RT-qPCR was used to detect the mRNA expres-
sion levels of α-SMA, SM22-α, h1-calponin, and CRBP-1 in VSMCs. C) Western blot was used to assess the protein expression levels of
α-SMA, SM22-α, h1-calponin, and CRBP-1 in VSMCs, and quantitative analysis was performed. D,E) RT-qPCR was used to detect the
mRNA expression levels of MMP-2, MMP-9, Collagen I and Collagen III in VSMCs. F) Western blot was used to assess the protein
expression levels of MMP-2, MMP-9, Collagen I and Collagen III in VSMCs, and quantitative analysis was performed. **p<0.01 com-
pared with control group; ##p<0.01 compared with PDGF-BB group.

[page 252]                                                   [European Journal of Histochemistry 2024; 68:4104]

2024_4.qxp_Hrev_master  07/10/24  08:46  Pagina 252

Non
-co

mmerc
ial

 us
e o

nly



                                                                                                                 Article

Figure 4. Irisin activated AMPK/mTOR-mediated autophagy in PDGF-BB-induced VSMCs. Western blot was used to detect the protein
expression levels of p-AMPK, AMPK, p-mTOR, mTOR, LC3B, and p62 in VSMCs, and quantitative analysis was performed. **p<0.01
compared with control group; #p<0.05, ##p<0.01 compared with PDGF-BB group.

Figure 5. Irisin activated autophagy in PDGF-BB-induced VSMCs. A) After infecting the VSMCs with GFP-LC3 adenovirus, the pres-
ence of green fluorescent spots within the VSMCs was observed and the rate of GFP-LC3 positive cells was quantified; the GFP-LC3
exhibited reen fluorescence, while the blue fluorescence originated from the nucleus; scale bar: 40 µm. B) Transmission electron
microscopy was used to observe the formation of autophagic lysosomes in VSMCs; the autophagic lysosomes were indicated by red
arrows; scale bar: 1 µm. **p<0.01 compared with control group; #p<0.05 compared with PDGF-BB group. 
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can be counteracted by the administration of the autophagy
inhibitor 3-methyladenine.30 Wen et al. discovered that the
adipokine Chemerin induces proliferation and migration of
VSMCs through autophagy.31 On the contrary, a plethora of find-
ings substantiate the inhibitory role of autophagy in the phenotypic
switching of VSMCs. For instance, Fang et al. discovered that

methyltransferase-like 3 hampers VSMCs phenotypic transforma-
tion through facilitation of autophagosome formation, thereby
attenuating cell proliferation and migration.32 The findings of
another study have also indicated that caffeine can induce
autophagy, thereby diminishing the proliferation of VSMCs and
subsequently reducing the occurrence of vascular restenosis.33 The

Figure 6. Irisin inhibited proliferation of PDGF-BB-induced VSMCs by regulating AMPK/mTOR signaling pathway. A) MTT assay was
employed to assess VSMCs proliferation activity. B) EdU incorporation assay was used to evaluate VSMCs proliferation; scale bar: 100
µm. **p<0.01 compared with control group; #p<0.05, ##p<0.01 compared with PDGF-BB group.

Figure 7. Irisin arrested cell cycle progression of PDGF-BB-induced VSMCs by regulating AMPK/mTOR signaling pathway. Flow
cytometry was used to detect the cell cycle, and the proportion of cells in G0/G1 phase was statistically analyzed. **p<0.01 compared
with control group; ##p<0.01 compared with PDGF-BB group.
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inconsistent conclusions from these studies may suggest that the
degree and molecular mechanism of autophagy vary under differ-
ent pathological stimuli, leading to diverse effects on VSMCs pro-
liferation. However, it does imply that targeting autophagy could
be a critical approach in regulating VSMCs proliferation.

AMPK serves as a crucial cellular energy status sensor, being
triggered upon reduction in intracellular ATP production. In
response, AMPK is activated to promote catabolic pathways and
inhibit anabolic pathways.34 The activation of AMPK occurs
through phosphorylation of Thr172 on the α subunit by an
upstream kinase, and once activated, AMPK can induce autophagy
in response to energy stress.35 mTOR serves as a pivotal regulator
at the convergence point of multiple signaling pathways and is sub-
ject to negative regulation by AMPK. Research has demonstrated
that activation of the AMPK/mTOR-mediated autophagy pathway
exerts inhibitory effects on VSMCs proliferation and migration,
thereby attenuating intimal hyperplasia following balloon injury.36

The findings of Hwang et al. demonstrated that Far-infrared irradi-
ation effectively mitigated the abnormal proliferation of VSMCs
induced by PDGF-BB, potentially through modulation of the
AMPK/mTOR signaling axis. Moreover, the therapeutic effect of
far-infrared irradiation was significantly reversed upon interven-
tion with an AMPK inhibitor (Compound C).37 The mTOR
inhibitor, rapamycin, has been demonstrated to induce autophagy
and elevate autophagic levels in VSMCs, thereby decelerating vas-
cular calcification38. The findings of these studies suggest that the
AMPK/mTOR signaling pathway plays a crucial role in the regu-
lation of autophagy in VSMCs.

Irisin is a novel hormone secreted by muscle cells, which can
promote autophagy through the activation of AMPK and inhibition
of mTOR.20 The potential of irisin as a therapeutic candidate for

cardiovascular diseases is widely recognized, and it has demon-
strated the ability to counteract the phenotypic switching and pro-
liferation of VSMCs induced by PDGF-BB.22 The findings of the
present study also demonstrated the regulatory effect of irisin on
VSMCs phenotypic switching and proliferation induced by PDGF-
BB. However, further clarification is needed to determine whether
it affects autophagy by regulating the AMPK/mTOR signaling axis
in order to inhibit VSMCs proliferation. The findings of this study
demonstrated that treatment with irisin effectively suppressed the
proliferation and phenotypic switching of VSMCs induced by
PDGF-BB, while simultaneously promoting autophagy. However,
the effects of irisin on VSMCs autophagy, proliferation, and cell
cycle induced by PDGF-BB were reversed upon addition of
Compound C. Conversely, the effectiveness of irisin was further
enhanced when rapamycin was introduced.

In conclusion, the findings of this study suggest that irisin may
exert inhibitory effects on the abnormal proliferation of VSMCs
induced by PDGF-BB through activation of the AMPK/mTOR
axis to facilitate autophagy. Although current experimental studies
assess autophagy levels based on the abundance of autophago-
somes and marker protein expression, there is a lack of definitive
biomarkers in clinical research, which also poses challenges for
conducting clinical investigations on autophagy.
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Figure 8. Irisin activated autophagy in PDGF-BB-induced VSMCs by regulating AMPK/mTOR signaling pathway. A) Transmission elec-
tron microscopy was used to observe the formation of autophagic lysosomes in VSMCs. The autophagic lysosomes were indicated by red
arrows; scale bar: 1 µm. B) Western blot was used to detect protein expressions of LC3B and p62, and quantitative analysis was performed.
**p<0.01 compared with control group; ##p<0.01 compared with PDGF-BB group.
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