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Abstract 

Background Pulmonary arterial hypertension (PAH) is a worldwide challenging disease characterized by progressive 
elevation of pulmonary artery pressure. The proliferation, migration and phenotypic transformation of pulmonary 
smooth muscle cells are the key steps of pulmonary vascular remodeling. Quercetin (3,3’, 4’, 5, 6-pentahydroxyflavone, 
Que) is a natural flavonol compound that has antioxidant, anti-inflammatory, anti-tumor and other biological activi-
ties. Studies have shown that Que has therapeutic effects on PAH. However, the effect of quercetin on pulmonary 
vascular remodeling in PAH and its mechanism remain unclear.

Methods and results In vivo, PAH rats were constructed by intraperitoneal injection of monocrotaline (MCT) 
at 60 mg/kg. Human pulmonary artery smooth muscle cells (HPASMCs) were treated with platelet-derived growth 
factor BB (PDGF-BB) 20 ng/mL to construct PAH cell model in vitro. The results showed that in vivo studies, MCT 
could induce right ventricular wall hyperplasia, narrow the small and medium pulmonary artery cavity, up-regulate 
the expression of proliferating and migration-related proteins proliferating cell nuclear antigen (PCNA) and osteopon-
tin (OPN), and down-regulate the expression of alpha-smooth muscle actin (α-SMA). Que reversed the MCT-induced 
results. This process works by down-regulating the transforming growth factor-β1 (TGF-β1)/ Smad2/3 signaling path-
way. In vitro studies, Que had the same effect on PDGF-BB-induced proliferation and migration cell models.

Conclusions Que inhibits the proliferation, migration and phenotypic transformation of HPASMCs by down-regu-
lating TGF-β1/Smad2/Smad3 pathway, thereby reducing right ventricular hyperplasia (RVH) and pulmonary vascular 
remodeling, providing potential pharmacological and molecular explanations for the treatment of PAH.

Highlights 

(1) Que can significantly improve the hemodynamic changes, RVH and pulmonary vascular remodeling in MCT 
induced PAH rats.

(2) Que inhibits the proliferation, migration and phenotypic transformation of HPASMCs by regulating TGF-β1/Smad2/
Smad3 pathway, thus playing a protective role in PAH pulmonary vascular remodeling.
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Introduction
Pulmonary artery hypertension (PAH) is a rare multi-
factorial disease characterized by a progressive increase 
of pulmonary artery pressure, which eventually leads to 
right ventricular (RV) failure and death [1]. The patho-
genesis of PAH is affected by many factors, including 
increased vascular resistance caused by pulmonary vaso-
constriction, pulmonary vascular remodeling, and in situ 
thrombosis [2]. Phenotypic transformation, proliferation, 
and migration of smooth muscle cells are critical events 
of pulmonary vascular remodeling and participate in 
the occurrence and development of PAH [3]. As the sig-
nature proteins of cell proliferation and migration, pro-
liferating cell nuclear antigen (PCNA) and osteopontin 
(OPN) are closely related to the process of cell prolifera-
tion and migration [4–6], and it is well known that they 
play a key role in vascular remodeling. In addition, when 
stimulated by various factors, pulmonary artery smooth 
muscle cells (PASMCs) transformed from a resting con-
tractile phenotype to a proliferative synthetic pheno-
type, and the expression of alpha- Smooth Muscle Actin 
(α-SMA) protein representing the contractile phenotype 
was down-regulated, resulting in cell hyperplasia, hyper-
trophy, and media hypertrophy [7]. The proliferation and 
migration of PASMCs lead to arteriolarization of pulmo-
nary arteries and increased expression of proliferative 
protein PCNA and migration protein OPN. Moreover, 
the proliferation of PASMCs promotes the synthesis 
of extracellular matrix and leads to changes in vascular 
remodeling. Thus, Inhibition of the proliferation and 
migration of PASMCs and alleviating pulmonary vascu-
lar remodeling are of great significance for improving the 
development of PAH [8].

In recent years, with the research and development 
of traditional Chinese medicine, a new drug idea has 
been provided for disease treatment. Quercetin (3,3 ’, 4’, 
5,6-pentahydroxyflavone, Que), as one of the most widely 
distributed natural flavonol compounds, is one of the six 
subclasses of flavonoid compounds and widely distributed 
in the root, stem, and fruit of many plants [9]. At present, 
Que exhibits a range of biological activities, including 
anti-oxidation, anti-tumor, anti-inflammatory, inhibition 
of fibrosis, cell proliferation and migration, and promo-
tion of apoptosis [10–12]. Studies have demonstrated that 
Que can attenuate the progression of PAH by improving 
pulmonary vascular remodeling [13]. However, further 
investigation is needed to elucidate the underlying mech-
anisms involved in the protective role of Que.

Transforming growth factor-β1 (TGF-β1), as a classi-
cal signal pathway, forms heterotrimeric complexes with 
cell surface receptors. This interaction initiates the acti-
vation and phosphorylation of downstream Smad2 and 
Smad3 proteins. Subsequently, these phosphorylated 

Smads form trimeric complexes with the nuclear pro-
tein Smad4, which translocates the signaling information 
from the plasma membrane to the nucleus. This process 
effect other transcription factors and ultimately regulates 
the expression of target genes [14, 15]. Studies indicate 
that TGF-β1 promotes the proliferation and migration of 
HPASMCs by up-regulating Smad2/3 signaling pathway 
[15]. This upregulation leads to excessive extracellular 
matrix deposition, contributing to pulmonary vascular 
remodeling, increased pulmonary vascular resistance, 
and the development of PAH [16]. Therefore, targeting 
the TGF-β1-Smad2/3 signaling pathway with specific 
drugs may become a promising therapeutic approach for 
the treatment of PAH.

Thus, this study aims to clarify the impact of Que on 
the proliferation, migration and phenotype transforma-
tion of HPASMCs and its potential mechanisms, to pro-
vide a new theoretical basis for the treatment of PAH.

Material and methods
Animal model and treatment plan
A total of 24 male Sprague-Dawley (SD) rats (8-10 w; 
200 ~ 250 g) were purchased from Vitong Lever [Animal 
Certificate No.: SCXK (Beijing) 2012-0001]. The rats were 
randomly divided into four groups: CON group (blank 
control group, n = 6); MCT group (n = 6), where rats 
received intraperitoneal injections (i.p.) of MCT (60 mg/
kg, Sigma-Aldrich, MO, United States) from the 1th day 
to the 28th day [13, 15]; MCT + Que group (n = 6), where 
rats received MCT (60  mg/kg) intraperitoneally on day 
1 and Que (100  mg/kg/d, Sigma-Aldrich, MO, USA) 
administered orally from day 15 to day 28; Que group 
(n = 6), from the 15th day to the 28th day, Que (5  mg/
kg/d) was administered continuously for 14 days [16, 17]. 
On On day 28, echocardiographic measurements were 
performed on all animals. The rats were then euthanized 
under deep anesthesia (i.p. of 3% pentobarbital sodium, 
100  mg/kg), and their heart and lung tissues were col-
lected for further analysis [18].

Doppler echocardiography measurement
Doppler echocardiography was used to identify PAH on 
the 28th day of SD rats modeling. The Doppler echocar-
diography parameter "Pulmonary Artery Acceleration 
Time" (PAAT) is considered as an echocardiographic 
indicator of PAH [19], which is negatively correlated with 
the invasive measured mean pulmonary artery pressure 
(mPAP). Transthoracic echocardiography was performed 
using a Vivid E9 ultrasound system equipped with a 
12-MHz transducer (GE Healthcare). The rats were 
anesthetized with an i.p. injection of 3% sodium pento-
barbital (40  mg/kg). PAAT was measured near the pul-
monary valve on the left chest. According to the current 
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guidelines of the American Society of Echocardiography, 
mPAP can be calculated according to the following for-
mula: mPAP = 72-(0.42 × PAAT, PAAT < 120 ms) [18, 20]. 
Following echocardiographic assessment, the rats were 
sacrificed under deep anesthesia (i.p. 3% pentobarbi-
tal sodium,100  mg/kg) [20], and the lung and heart tis-
sues were collected for analysis. Echocardiographic data 
were analyzed using Echopac BT11 software (v.6.5; GE 
Healthcare).

Right ventricular hypertrophy measurement
To evaluate the right ventricular hypertrophy index 
(RVHI), rats were sacrificed under deep anesthesia (i.p. 
3% Pentobarbital Sodium, 100  mg / kg), and the heart 
tissue was collected and weighed. Atrium and external 
blood vessels were carefully removed from the isolated 
heart using 0.9% normal saline. The weights of both right 
ventricle (RV) and left ventricle (LV) plus septum (S) 
were recorded [13, 21]. The RVHI was calculated by [RV/
(LV + S)] [13, 22].

H&E staining
Lung tissues were harvested, fixed, dehydrated, transpar-
ent, waxed, embedded, sectioned, patched and cut into 
slices (4  μm). The slides were stained with hematoxylin 
and eosin (HE) for morphometric analysis. The histo-
pathological changes of pulmonary arterioles (15–50 μm) 
and middle and small pulmonary arteries (50–150  μm) 
were observed and photographed with an Olympus BX51 
digital camera. Two professional pathologists randomly 
selected 20 different microscopic fields of each slide and 
analyzed pulmonary vascular remodeling with Image-Pro 
Plus v.6.0 (Media cybernetics, Inc.). Pulmonary vascular 
remodeling was evaluated by the percentage of the thick-
ness of the vessel wall (WT%) and the percentage of the 
vessel wall area (WA%). WT% = [2 × (blood vessel outer 
diameter—blood vessel inner diameter)] / (blood vessel 
outer diameter) × 100%; WA% = (total area of blood ves-
sel—blood vessel Internal area) / total area of blood ves-
sel × 100% [23].

Immunofluorescence analysis
For immunofluorescence analysis, paraffin sections of 
each group were dewaxed or cells were seeded on 6-well 
glass chamber slides, fixed and sealed with 4% paraform-
aldehyde. These sections or cells were then treated with 
0.3% Triton and incubated overnight at 4  °C with anti 
PCNA (ab29, Abcam, Cambridge, UK; 1:200 dilution), 
anti OPN (ab8448, Abcam; 1:200 dilution), anti α-SMA 
(ab124964, Abcam; 1:100 dilution) and anti TGF- β 1 
(ab179695, Abcam; 1:100 dilution) antibodies [4, 24–26]. 
Then incubated at 37 °C for 2 h with secondary antibody 

(FITC labeled goat anti-rabbit IgG, Beijing Zhongshan 
Jinqiao Biotechnology, 1:100; TRITC labeled anti-mouse 
IgG, Beijing Zhongshan Jinqiao Biotechnology, 1:100). 
The nucleus was stained with DAPI at 37  °C for 30 min 
(1:1000, D9542, Sigma-Aldrich; MerckKGaA, USA). The 
stained slices and cells were observed under a confo-
cal laser scanning microscope (LSM710, Carl Zeiss AG, 
Oberkochen, Germany).

Immunohistochemical staining
All immunohistochemical experiments were performed 
on paraffin-embedded slides (4  μm). The primary anti-
bodies anti α-SMA (ab124964, Abcam; 1:100 dilution) 
and anti TGF- β1 (ab179695, Abcam; 1:100 dilution) 
were incubated overnight at 4 °C [27–29]. Then the slides 
were incubated for 2 h min with the appropriate second-
ary antibody at 37  °C. After reverse staining, dehydra-
tion, dewaxing, and sealing, observed and photographed 
under an inverted microscope (LSM710; Carl Zeiss AG, 
Oberkochen, Germany). Five blood vessels with a diam-
eter of 50 ~ 150  μm were randomly chosen from each 
slide to observe the distribution of staining of small and 
medium arteries in pulmonary tissue.

Cell culture and treatment
HPASMCs (Shanghai Cybertron Biotechnology Co., Ltd., 
China) were cultured in DMEM high glucose medium 
(Gibco) supplemented with 10% fetal bovine serum and 
1% penicillin-streptomycin (Gibco). The cells were Incu-
bated at 37 ℃ in a humidified 5%  CO2 atmosphere.

CON group cells received no drug intervention. Cells in 
PDGF-BB group were treated with PDGF-BB (20 μmol/
ml, 10014B, Pepro Tech, US) for 24 h. In PDGF-BB + Que 
group, Que (60 μmol/ml, Q4951, Sigma-Aldrich; Merck-
KGaA) was pretreated for 2 h [30] and then treated with 
PDGF-BB (20  μmol/ml) for 24  h [31]. Que group cells 
were treated with Que (60 μmol/ml) for 2 h.

CCK‑8 proliferation assay
The effect of different concentrations (0,2.5,5,10,20,40,80 ng/
mL) of PDGF-BB on HPASMCs proliferation was assessed 
by CCK-8. Briefly, HPASMCs  (105 cells /ml) were seeded 
into 96-well plates and cultured at 37 ℃ in a humidified 5% 
 CO2 atmosphere. Then incubated with different concen-
trations of PDGF-BB for 24 h [31, 32]. CCK-8 solution was 
added and incubated in the dark for 1 h, and then they were 
tested by a microplate absorbance reader at 450 nm.

Furthermore, to detect the effect of Que on cell pro-
liferation, different concentrations (0, 15, 30, 60, 90, 120 
umol/mL) of Que [13, 17, 33] were added 96-well plate 
cells that had been incubated with 20  ng/ml PDGF-BB 
for 24 h. CCK-8 solution was added and incubated in the 
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dark for 1 h, and then they were tested by a microplate 
absorbance reader at 450 nm.

EdU incorporation assay
The EdU incorporation assay was performed according to 
the manufacturer’s instructions (K1075, APExBIO, US). 
HPASMCs were seeded into 6-well plates and cultured at 
37 ℃ in a humidified 5%  CO2 atmosphere. Following drug 
treatments, cells from each group were incubated with 
EdU component A for 2 h. The cells were then trypsinized, 
centrifuged, fixed, permeabilized, and washed. The reac-
tion solution was added into a centrifuge tube and incu-
bated in darkness at room temperature for 30 min. After 
centrifugation and washing, the EdU proliferation was 
analyzed by flow cytometry. The proliferation ability of 
HPASMCs was reflected by its proliferation ratio [15, 34].

Cell scratch test
HPASMCs in the logarithmic growth phase were inocu-
lated into 6-well plates with 5 horizontal lines drawn at 
equal intervals on the back, and cultivated at 37  °C and 
5%  CO2 until the cell density reached 80%. Five cell-free 
bands were generated in each well uniformly using a 1 mL 
pipet tip. Washed twice with PBS and then incubated 
with 1 mL DMEM / H serum-free medium, treated with 
different drugs. Images were recorded and assessed at 0 h 
and 24  h using Olympus inverted microscope. And the 
migration distance was estimated using ImageJ software 
(NIH, MD, USA). The cell migration rate (%) = [(Aver-
age area of scratches at 0 h—Average area of scratches at 
24 h)/Average area of scratches at 0 h] × 100% [35, 36].

Transwell ™ test
Inoculated 200 μL of cell suspension (cell density of 
 105 cells /mL) in the upper chamber. 600 μL DMEM/H 
complete medium containing 10% FBS was added to the 
lower chamber, and cultured at 37  °C in a humidified 
atmosphere with 5%  CO2. Different drugs were added 
for intervene after the cells adhered to the wall. After 
24 h, the cells below the sieve membrane were then fixed 
with 4% paraformaldehyde and stained with 0.1% crystal 
violet. A cotton swab was used to wipe the cells on the 
upper surface of the chamber gently. Five different visual 
fields were randomly selected, the cells that invaded the 
submembrane surface were counted [34, 37].

Western blot analysis
For western blotting, after protein electrophoresis in 
each group, after separation with 10% SDS-PAGE, the 
target protein was transferred to PVDF membrane 
and blocked with 5% skim milk for 2  h. Proteins were 
incubated overnight at 4  °C with the following anti-
bodies: anti- GAPDH (ab8245, Abcam, Cambridge, 

UK; 1:10,000), anti-PCNA (ab29, Abcam; 1:1000), 
anti-OPN (ab8448, Abcam; 1:700), anti- α-SMA 
(ab124964, Abcam; 1:1000), anti-TGF-β1 antibody 
(ab179695, Abcam; 1:100), anti-Smad2 (ab40855, 
Abcam; 1:1000), anti-Smad3 (ab40854, Abcam; 1:1000), 
anti-p Smad2(ab188334, Abcam; 1:1000) and anti-p 
smad3(ab52903, Abcam;1:1000) [15, 38, 39]. Horserad-
ish peroxidase-labeled anti-mouse antibody or anti-rab-
bit antibody (Beijing Zhongshan Jinqiao Biotechnology; 
1:1000) was used as the secondary antibody incubated 
at room temperature for 2  h. The membranes were 
visualized with enhanced chemiluminescence reagent 
(Thermo Science, Waltham, MA, USA) and Image J 
software (Bethesda, USA, National Institutes of Health) 
were used to quantize the grayscale values. Protein lev-
els were normalized to GAPDH.

Quantitative RT‑PCR
RNA was isolated using Trizol (Thermo Science, 
Waltham, MA, USA) following the manufacturer’s 
instructions. And cDNA was synthesized using qRT-
PCR kit (Thermo science, Waltham, Ma, USA). The tar-
get genes PCNA, OPN, α-SMA, TGF-β1, Smad2, Smad3 
and GAPDH were amplified by RT-PCR using cDNA as 
template. The reaction temperature was 95  °C, the pre 
denaturation time was 2  min, the reaction temperature 
was 95 °C for 5 s, the reaction temperature was 60 °C for 
10 s, a total of 40 cycles. The amplified primer sequences 
are as follows:

PCNA CCT GCT GGG ATA TTA 
GCT CCA 

CAG CGG TAG GTG TCG 
AAG C

OPN AAG TTT CGC AGA CCT 
GAC AT

GTA TGC ACC ATT CAA CTC 
CTCG 

α-SMA CTA TGA GGG CTA TGC 
CTT GCC 

GCT CAG CAG TAG TAA 
CGA AGGA 

TGF-β1 CAA TTC CTG GCG ATA 
CCT CAG 

GCA CAA CTC CGG TGA 
CAT CAA 

Smad2 CCG ACA CAC CGA GAT 
CCT AAC 

GAG GTG GCG TTT CTG 
GAA TATAA 

Smad3 TGG ACG CAG GTT CTC 
CAA A

CCC GGC TCG CAG TAG 
GTA AC

GAPDH GGA GCG AGA TCC CTC 
CAA AAT 

GGC TGT TGT CAT ACT TCT 
CATGG 

The mRNA level of GAPDH was used as a control, and 
ran a standard curve to determine the relative level of each 
target gene. The relative gene expression level was calcu-
lated by 2-∆∆Ct method. For each experimental condition, 
all PCR were repeated at least three times [40, 41].

Statistical analysis
Statistical software SPSS 20.0 and GraphPad Prism 
8.0 were used to analyze the experimental results. All 
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results were expressed as mean ± SD. Statistical com-
parisons between two groups were made by the two-way 
ANOVA. Probability values < 5% (P < 0.05) were consid-
ered significant.

Results
Que inhibits pulmonary hemodynamic changes and RVH 
in PAH rats
The echocardiogram of pulmonary artery blood was 
detected by the Doppler ultrasonic diagnostic instru-
ment. Compared to the control group (n = 6) (Fig.  1A), 
the MCT group showed a mid systolic notch, a forward 
shift in the peak, and a significant reduction in PAAT 
value decreased (P < 0.01, n = 6) (Fig.  1C). And mPAP 

significantly increased (P < 0.01, n = 6) (Fig.  1D), with 
mPAP values exceeding 50  mmHg (Fig.  1D). Compared 
to the CON group, HE results of heart cross-section 
showed significant hypertrophy of the RV heart in the 
MCT group (n = 6) (Fig. 1B), and significantly increased 
RVHI% (P < 0.01, n = 6) (Fig.  1E). These results indicate 
that our animal model of PAH has been successfully 
prepared.

Compared to MCT group, the MCT + Que group 
showed a significant increase in PAAT (P < 0.01, n = 6) 
(Fig.  1C), and a significant decrease in the mPAP 
(P < 0.01, n = 6) (Fig.  1D) and RVHI% (P < 0.05, n = 6) 
(Fig. 1E). By contrast, the RVH of the MCT + Que group 
was lower than that of the MCT group (Fig.  1B). There 

Fig. 1 Que improves hemodynamics and right ventricular remodeling in PAH rats. A The pulmonary haemodynamic spectrum; B Cardiac 
cross-sectional HE results; C The comparison of PAAT; D The comparison of mPAP; E The comparison of RVHI%. MCT vs CON, **P < 0.01; MCT + Que vs 
MCT, #P < 0.05, ##P < 0.01. (n = 6)
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was no significant difference between Que group and 
CON group. HE staining was used to observe the struc-
tural differences of the small pulmonary arterioles (15–
50  μm) (n = 6) (Fig.  2A) and medium sized pulmonary 

arteries (50-150 μm) in each group (n = 6) (Fig. 2B). We 
found that the pulmonary artery cells in CON group 
were evenly distributed, continuous and structurally 
intact; while the pulmonary artery cells in the MCT 

Fig. 2 Que improves pulmonary artery remodeling in PAH rats. A HE staining of lung tissue and pulmonary small artery at × 200 and × 400; B He 
staining of lung tissue and medium pulmonary artery at × 200 and × 400; C The statistical analysis of the small pulmonary artery’s WT%; D The 
statistical analysis of the small pulmonary artery’s WA%; E The statistical analysis of the medium pulmonary artery’s WT%; F The statistical analysis 
of the medium pulmonary artery’s WA%. The arrow points to the pulmonary artery. MCT vs CON, ***P < 0.001; MCT + Que vs MCT, #P < 0.05, ##P < 0.01. 
(n = 6)
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group were arranged disorderly, the area of the lumen 
was reduced, deposition of exogenous matrix, and the 
thickness of the tube wall was significantly increased. 
MCT administration induced significant enhancement of 
WT% (Fig. 2E) and WA% (Fig. 2F) of medium sized pul-
monary arteries (P < 0.001, n = 6). Meanwhile, Que treat-
ment rescued this MCT-promoted WT% (P < 0.01, n = 6) 
and WA% (P < 0.05, n = 6) increase. The results showed 
that Que effectively improved the vascular remodeling of 
pulmonary artery. The changes of WT% (P < 0.05, n = 6) 
(Fig. 2C) and WA% (P < 0.05, n = 6) (Fig. 2D) of the pul-
monary arterioles had a same trend with those of the 
medium sized pulmonary arteries.

Effect of Que on PCNA, OPN and α‑sma protein expression 
in pulmonary blood vessels and lung tissues of PAH rats
Immunohistochemistry and immunofluorescence were 
used to detect the expression changes of PCNA, OPN 
and α-SMA in rat lung tissue (Fig. 3A, B). Semi-quanti-
tative fluorescence results showed that after labeled with 
specific vascular marker protein α-SMA, the expres-
sion of α-SMA protein in blood vessels of CON groups 
was significantly higher, while the expression inten-
sity of α-SMA protein in blood vessels of MCT group 
was decreased, and the fluorescence intensity of PCNA 
and OPN protein in blood vessels and lung tissues was 
increased (n = 3) (Fig.  3A, B). After Que intragastric 
treatment, compared with MCT group, α-SMA expres-
sion was up-regulated, while PCNA and OPN protein 
expression was down-regulated (n = 3) (Fig.  3A, B). The 
trend of SMA protein expression in immunohistochem-
istry was consistent with the results of semi-quantitative 
fluorescence (n = 3) (Fig. 3C).

Western blot was used to further detect OPN, PCNA 
and α-SMA protein levels in the tissue homogenate of 
rat pulmonary blood vessels (n = 6) (Fig. 3D). Compared 
with CON group, the protein expression levels of PCNA 
(P < 0.001, n = 6) (Fig.  3E) and OPN (P < 0.001, n = 6) 
(Fig.  3F) in the MCT group increased significantly, and 
there was a significantly decrease in the expression level 
of α-SMA protein (P < 0.01, n = 6) (Fig.  3G). Compared 
with MCT group, MCT + Que group showed decreases 
in the expression of PCNA (P < 0.05, n = 6) (Fig. 3E) and 
OPN (P < 0.01, n = 6) (Fig.  3F), but an increase in the 
expression of α-SMA (P < 0.05, n = 6) (Fig. 3G).

Que inhibits TGF‑β1‑Smad2/3 signaling pathway 
in pulmonary vessels of PAH rats
To investigate the changes of TGF-β1-Smad2/3 signaling 
pathway in pulmonary vessels of MCT-induced PAH rats 
and whether Que plays a role in this process. The expres-
sion of TGF-β1 protein in rat lung tissue and pulmonary 
vessels was analyzed by immunohistochemistry and 

western blot (Fig.  4A, B). Compared with CON group, 
narrowing of the pulmonary artery lumen and thicken-
ing of the vessel walls were observed in MCT group, and 
the expression level of TGF-β1 increased (n = 3) (Fig. 4A). 
After Que treatment, there was a reduction in the thick-
ening degree of vessel walls, and the expression of TGF-
β1 in pulmonary vessels and lung tissues was significantly 
decreased (n = 3) (Fig. 4A).

Western blot was used to further detect the expression 
of TGF-β1-Smad2/3 pathway proteins (n = 6) (Fig.  4B) 
in rat pulmonary artery. MCT administration induced 
significant increases in the pulmonary vascular TGF-β1 
(P < 0.01, n = 6) (Fig. 4C), p-Smad2 and p-Smad3 (P < 0.05, 
n = 6) (Fig. 4D-E). Meanwhile, the expressions of TGF-β1 
(P < 0.05, n = 6) (Fig. 4C), p-Smad2 and p-Smad3 (P < 0.05, 
n = 6) (Fig. 4D-E) in MCT + Que group were significantly 
reduced.

Effect of Que on the vitality of HPASMCs induced 
by platelet derived PDGF‑BB in vitro
As shown in supplementary Figs.  1 and 2, PDGF-BB 
and Que are not cytotoxic to HPASMCs and can induce 
cell proliferation in a concentration-dependent manner. 
When the concentration of PDGF-BB reached 20  ng/
ml, the effect on cell proliferation was most obvious 
(P < 0.001, n = 6) (Supplementary Fig.  1B). Therefore, in 
this study, 20  ng/ml PDGF-BB treatment was selected. 
The effect was most statistically significant when Que 
reached 60 umol/ml (P < 0.001, n = 6) (supplementary 
Fig. 2B). Therefore, 60 umol/ml was selected as the inter-
vention concentration of Que in this study.

Effects of Que on proliferation, migration and phenotypic 
transformation of HPASMCs induced by PDGF‑BB in vitro
EdU assay was used to investigate the role of Que in the 
proliferation ability of HPASMCs in vitro (Fig. 5A). The 
results showed that PDGF-BB treatment could signifi-
cantly increase HPASMCs proliferation (P < 0.01, n = 3) 
(Fig. 5D). There was a reduction in the cell proliferation 
rate of PDGF-BB + Que group (P < 0.05, n = 3) (Fig. 5D).

Cell migration was analyzed by cell scratch test and 
Transwell™ chamber test. Wound closure levels (P < 0.01, 
n = 6) (Fig. 5E) and the migration number of HPASMCs 
(P < 0.01, n = 6) (Fig. 5F) were increased significantly after 
PDGF-BB stimulation for 24 h. Que treatment decreased 
wound closure levels (P < 0.01, n = 6) (Fig.  5E) and the 
migration number of HPASMCs (P < 0.01, n = 6) (Fig. 5F) 
in PDGF-BB + Que group, suggesting that the PDGF-BB-
induced migration was inhibited by Que.

In addition, the expression of PCNA, OPN, α-SMA 
proteins indicated the level of cell proliferation, migra-
tion and phenotypic transformation. As shown in Fig. 6 
(Fig.  6A-C), PCNA was mainly expressed in nucleus, 
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Fig. 3 Effects of Que on the distribution and expression of PCNA, OPN α- SMA in pulmonary blood vessels of MCT-induced PAH rats. A 
Immunofluorescence of α-SMA and PCNA at × 200; B Immunofluorescence of α-SMA and OPN at × 200; C Immunohistochemical expression 
of α- SMA at × 400; D Western blotting of PCNA, OPN, α-SMA and GAPDH; E Analysis of relative expression of PCNA by Western blot; F Analysis 
of relative expression of OPN by Western blot;  G Analysis of relative expression of α- SMA by Western blot. MCT vs CON, **P < 0.01, ***P < 0.001; 
MCT + Que vs MCT, #P < 0.05, ##P < 0.01. (n = 3 to 6)
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but also in cell membrane and cytoplasm; OPN was 
expressed in cell membrane, nucleus and cytoplasm; 
α-SMA is mainly expressed in cytoplasm. After PDGF-
BB intervention, the expression intensity of PCNA and 
OPN protein increased and the expression of α-SMA 
protein decreased in HPASMCs (n = 3) (Fig. 6A-C). Que 
pretreatment reduceed the expression intensity of PCNA 
and OPN protein, but increased the expression of α-SMA 
protein (n = 3) (Fig. 6A-C).

Similarly, Western blot and qRT-PCR results were con-
sistent with semi-quantitative immunofluorescence results, 

both at the protein level and at the mRNA level (n = 3) 
(Fig.  6D-J). PDGF-BB could significantly increase the 
protein and mRNA expressions of PCNA (P < 0.01, n = 6) 
(Fig. 6E, H) and OPN (P < 0.01, n = 6) (Fig. 6F, I), decrease 
the and mRNA expressions of α-SMA (P < 0.001, P < 0.01, 
n = 6) (Fig. 6G, J). After Que pretreatment, PDGF-BB + Que 
group showed decreases in the protein and mRNA expres-
sions of PCNA (P < 0.01, P < 0.05, n = 6) (Fig.  6E, H) and 
OPN (P < 0.05, P < 0.01, n = 6) (Fig.  6F, I), and a signifi-
cant increase in α-SMA protein and mRNA expressions 
(P < 0.01, P < 0.05, n = 6) (Fig. 6G, J). There was no signifi-
cant difference between Que group and CON group.

Fig. 4 Effects of Que on the distribution and expression of TGF-β1-Smad2/3 singal patnway in pulmonary blood vessels of MCT-induced PAH 
rats. A Immunohistochemical expression of TGF-β1 at × 400; B Western blotting of TGF-β1, Smad2/3, p-Smad2/3 and GAPDH; C Analysis of relative 
expression of TGF-β1 by Western blot; D Analysis of relative expression of p-Smad2/ Smad2 by Western blot; E Analysis of relative expression 
of p-Smad3/ Smad3 by Western blot. MCT vs CON, *P < 0.05, **P < 0.01; MCT + Que vs MCT, #P < 0.05. (n = 3 to 6)
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Fig. 5 Effect of Que on proliferation, migration and phenotypic transformation of HPASMCs induced by PDGF-BB in vitro. A HPASMCs proliferation 
was detected by flow cytometry (EDU); B The migration ability of HPASMCs was tested by scratch test at × 50; C Transwell ™ cell crystal violet 
staining was used to detect the migration of HPASMCs at × 100 and × 200; D HPASMCs proliferation rate was analyzed by flow cytometry (EDU); 
E The migration ratio of scratch was quantitatively analyzed; F Cell invasion relative quantitative analysis of migration ratio. PDGF-BB vs CON, 
**P < 0.01; PDGF-BB + Que vs PDGF-BB, #P < 0.05, ##P < 0.01. (n = 3 to 6)
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Fig. 6 Effects of Que on PCNA, OPN and α-SMA distribution and expression in PDGF-BB induced HPASMCs. A Immunofluorescence of PCNA 
of HPASMCs at × 200; B Immunofluorescence of OPN of HPASMCs × 200; C Immunofluorescence of α-SMA of HPASMCs at × 200; D Western blotting 
of PCNA, OPN, α-SMA and GAPDH of HPASMCs; E Analysis of relative expression of PCNA by Western blot; F Analysis of relative expression of OPN 
by Western blot; G Analysis of relative expression of α-SMA by Western blot; H Analysis of relative expression of mRNA levels of PCNA; I Analysis 
of relative expression of mRNA levels of OPN; J Analysis of relative expression of mRNA levels of α-SMA. PDGF-BB vs CON. **P < 0.01, ***P < 0.001; 
PDGF-BB + Que vs PDGF-BB, #P < 0.05, ##P < 0.01. (n = 3 to 6)
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Effect of Que on TGF‑β1/Smad2/Smad3 signaling pathway 
in HPASMCs induced by PDGF‑BB in vitro
To explore the potential molecular mechanisms, we 
assessed the changes of TGF-β1/Smad2/3 signaling path-
way. Immunofluorescence and western blot were used to 
detect the expression of TGF-β1 in HPASMCs (Fig. 7A-
B). Figure  7A showed that Que intervention could 
reverse the elevated levels of TGF-β1 caused by PDGF-
BB (n = 3). Western blot showed that TGF-β1 (P < 0.01, 
n = 6) (Fig.  7C), p-Smad2 and p-Smad3 (P < 0.01, n = 6) 
(Fig.  7D-E) proteins in PDGF-BB group were signifi-
cantly enhanced compared with CON group. In PDGF-
BB + Que group, there were significantly decreases in the 
expressions of TGF-β1 (P < 0.01, n = 6) (Fig. 7C), p-Smad2 
and p-Smad3 (P < 0.05 or P < 0.01, n = 6) (Fig. 7D-E), but 
no significantly changes were observed in the expression 
of total Smad2/3 proteins (n = 6) (Fig. 7B).

Furthermore, we used qRT-PCR to detect the mRNA 
levels of TGF-β1 and Smad2/3 in HPASMCs (Fig. 7F-H). 
Interestingly, although TGF-β1 mRNA expression levels 
in all groups were consistent with Western blot results 
(Fig.  7F), there was no significant effect on Smad2/3 
mRNA expression in all groups (Fig. 7G-H).

Discussion
The two main findings of this study are as follows: 
(1) Que can significantly improve the hemodynamic 
changes, RVH and pulmonary vascular remodeling in 
MCT induced PAH rats; (2) Que inhibits the prolif-
eration, migration and phenotypic transformation of 
HPASMCs by regulating TGF-β1/Smad2/Smad3 path-
way, thus playing a protective role in PAH pulmonary 
vascular remodeling.

PAH is a rare progressive disease characterized by 
pulmonary vascular remodeling due to the progressive 
increase of the average pulmonary artery pressure, and 
ultimately leads to right heart failure and death [3].

Que, as one of the flavonol compounds existing in many 
plants, has a variety of beneficial effects  [9–11]. Stud-
ies have shown that Que can stimulate melanoma cell 
migration and invasion [42]. A variety of signaling mol-
ecules involved in cell survival, proliferation, migration 
and adhesion regulated by Que  to reduce the migration 
ability of ovarian cancer cells [43], as well as to inhibit 
the proliferation and migration of various cancer cells to 
achieve the therapeutic effects. Additionally, Que exhib-
its pharmacological protective effects  in cardiovascular 
diseases in the process of vascular dilation [43–45]. Some 
studies have indicated that Que has a protective effect 
on PAH rats, but its precise mechanism underlying this 
effect remain unclear. In vivo, we observed that adminis-
tered Que for 14 days following MCT injection led to an 
increase in PAAT and a decrease in mPAP, indicating that 

Que could effectively reduce pulmonary artery wall pres-
sure. Additionally, Que treatment decreased right ven-
tricular thickness, reduced the wall thickness and lumen 
area of medium-sized pulmonary arteries, and increased 
the vascular lumen space. The above results indicate that 
Que can effectively inhibit the mean pulmonary artery 
pressure, RVH and pulmonary arteriole remodeling in 
MCT induced PAH rats.

Pulmonary vascular remodeling is a crucial patho-
physiological change of PAH, in which the proliferation, 
migration and phenotypic transformation of PASMCs 
in the vascular media is one of the key events of pulmo-
nary vascular remodeling. As a potent mitogen, PDGF-
BB stimulates proliferation and migration in various 
cell types, including PASMCs. In addition, PDGF-BB 
enhances the number of mitochondria and expands the 
endoplasmic reticulum in PASMCs, leading to a shift 
from contractile to synthetic phenotypes and an increase 
in collagen content [5, 31, 35]. Due to the strong toxic 
effects of MCT on cells, we used PDGF-BB to stimulate 
excessive proliferation and migration of HPASMCs as an 
alternative approach to model PAH in vitro. In the cur-
rent study, after the intervention of Que, the prolifera-
tion, scratch healing and migration of HPASMCs were 
significantly inhibited, suggesting that Que has a protec-
tive effect on PAH induced pulmonary vascular remod-
eling by inhibiting the proliferation and migration of 
HPASMCs.

According to research, pulmonary vessels have strong 
plasticity. When the vessels are stimulated by pathophys-
iology such as inflammatory factors, ischemia, hypoxia, 
dust, and NO, the cell phenotype changes from a highly 
differentiated contraction phenotype to a poorly differ-
entiated synthetic phenotype, such as the expression of 
α-SMA and SM22a proteins decreases, and the expres-
sion of OPN and epirelin proteins increases [6, 7]. This 
has been fully verified both in vivo and in vitro. Querce-
tin can well inhibit the expression of OPN and increase 
the expression of α-SMA in PAH lung vessels and cells by 
immunohistochemistry, immunofluorescence and West-
ern Blot, which further indicates that Que has a strong 
inhibitory effect on phenotypic transformation by trans-
forming cells from contractile type to synthetic type. To 
some extent, the pulmonary vascular remodeling was 
reversed. As a key protein of abnormal cell proliferation, 
PCNA is related to cell DNA synthesis and is an impor-
tant indicator of cell proliferation. In addition to being 
a marker protein of phenotypic transformation, OPN is 
also a recognized key protein representing migration, 
which affects cell migration and cytoskeleton protein 
metabolism in extracellular matrix. Changes in a variety 
of cancer cells and smooth muscle cells indicate changes 
in cell migration ability [4, 6, 46]. Therefore, in this study, 
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Fig. 7 Effects of Que on TGF-β1-Smad2/3 signal pathway distribution and expression in PDGF-BB induced HPASMCs. A Immunofluorescence 
of TGF-β1 of HPASMCs at × 200; B Western blotting of TGF-β1, Smad2/3, p-Smad2/3 and GAPDH of HPASMCs; C Analysis of relative expression 
of TGF-β1 by Western blot; D Analysis of relative expression of p-smad3/Smad2 by Western blot; E Analysis of relative expression of p-smad3/Smad3 
by Western blot; F Analysis of relative expression of mRNA levels of TGF-β1; G Analysis of relative expression of mRNA levels of Smad2; H Analysis 
of relative expression of mRNA levels of Smad3. PDGF-BB vs CON, **P < 0.01,&P> 0.05; PDGF-BB + Que vs PDGF-BB, #P < 0.05, ##P < 0.01, $P> 0.05. (n = 3 
to 6)
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we detected the expression of proliferation and migration 
related proteins in each group at the animal level. The 
results showed that Que had a certain inhibitory effect on 
the proliferation and migration related proteins PCNA 
and OPN in the pulmonary vessels of PAH rats. The cor-
responding protein changes were also detected in  vitro, 
and the results were consistent with animal experiments. 
Que also had a significant inhibitory effect on the mRNA 
expression of proliferation and migration related proteins 
at the cell level. To sum up, Que can effectively inhibit 
the expression of proteins related to HPASMCs prolif-
eration and migration, inhibit cell phenotypic transfor-
mation, and reverse pulmonary vascular remodeling, 
which is consistent with the results of HE in small and 
medium-sized pulmonary arteries and the EDU, scratch 
and Transwell™ experiments in cells in the above animal 
experiments.

TGF-β1-Smad2/Smad3 signaling pathway, as a member 
of TGF-β superfamily, plays different roles in cell prolif-
eration, migration, differentiation, adhesion, death and 
other processes, as well as in embryonic development, 
formation of extracellular matrix, bone formation and 
reconstruction and other physiological processes [39, 47, 
48]. Some studies have shown that in the classic TGF-
β1 pathway, TGF-β1 can combine with TbRI and TbRII 
receptors on the cell surface to form trimer complexes, 
which can phosphorylate Smad2/3 itself in the cell and 
form complexes with Smad4 to promote nuclear trans-
location, and enter the nucleus to start the synthesis and 
secretion of factors related to proliferation and migra-
tion. Therefore, TGF-β1-Smad2/Smad3 signaling pathway 
plays an indispensable role in the process of pulmonary 
artery remodeling [15, 38]. In the present study, Que 
inhibited the expression of TGF-β1 and P-Smad2/Smad3 
proteins in PAH model group, but had no significant effect 
on Smad2 and Smad3 mRNA levels, indicating that Que 
inhibited the phosphorylation of Smad2 and Smad3 by 
down-regulating the expression of TGF-β1, thus playing a 
nuclear regulatory role. Previous studies of our research 
group have found that TGF-β1 inhibitor SB431542 can 
inhibit the expression levels of TGF-β1, P-Smad2 and 
P-Smad3 after the intervention of HPASMCs, exert an 
inhibitory effect on the expression of proteins related to 
proliferation, migration and phenotypic transformation in 
HPASMCs, and affect PAH pulmonary vascular remod-
eling [15]. Combined with our experimental results, it can 
be concluded that quercetin may affect the proliferation, 
migration and phenotypic transformation of HPASMCs 
by regulating the TGF-β1-Smad2/Smad3 signaling path-
way. To sum up, through the establishment of the SD rat 
PAH model in  vitro and the cultivation of HPASMCs 
model in vitro, this topic proved that Que can inhibit the 

proliferation and migration of HPASMCs by regulating 
TGF-β1-Smad2/Smad3 pathway, thereby inhibiting pul-
monary vascular remodeling, and playing a protective 
role on PAH. However, as a new drug for the treatment 
of PAH, the specific pathway through which it affects the 
TGF signaling pathway has not been represented in this 
study and needs to be investigated in our next step.

Conclusion
Que may inhibit HPASMCs proliferation, migration and 
phenotypic transformation through TGF-β1-Smad2/3 
signaling pathway, thus playing a protective role in pul-
monary vascular remodeling in PAH.
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