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Abstract. Pulmonary arterial hypertension (PAH) is 
associated with increased inflammation and abnormal 
vascular remodeling. Astragaloside IV (ASIV), a purified 
small molecular saponin contained in the well‑know herb, 
Astragalus membranaceus, is known to exert anti‑inflam-
matory and anti‑proliferation effects. Thus, the present study 
investigated the possible therapeutic effects of ASIV on 
monocrotaline (MCT)‑induced PAH. Rats were administered 
a single intraperitoneal injection of MCT (60 mg/kg), followed 
by treatment with ASIV at doses of 10 and 30 mg/kg once daily 
for 21 days. Subsequently, right ventricle systolic pressure, right 
ventricular hypertrophy and serum inflammatory cytokines, 
as well as pathological changes of the pulmonary arteries, 
were examined. The effects of ASIV on the hypoxia‑induced 
proliferation and apoptotic resistance of human pulmonary 
artery smooth muscle cells (HPASMCs) and the dysfunction 
of human pulmonary artery endothelial cells (HPAECs) were 
evaluated. MCT elevated pulmonary artery pressure and 
promoted pulmonary artery structural remodeling and right 
ventricular hypertrophy in the rats, which were all attenuated 
by both doses of ASIV used. Additionally, ASIV prevented the 
increase in the TNF‑α and IL‑1β concentrations in serum, as 
well as their gene expression in lung tissues induced by MCT. 
In in vitro experiments, ASIV attenuated the hypoxia‑induced 
proliferation and apoptotic resistance of HPASMCs. In 

addition, ASIV upregulated the protein expression of p27, 
p21, Bax, caspase‑9 and caspase‑3, whereas it downregu-
lated HIF‑1α, phospho‑ERK and Bcl‑2 protein expression in 
HPASMCs. Furthermore, in HPAECs, ASIV normalized the 
increased release of inflammatory cytokines and the increased 
protein levels of HIF‑1α and VEGF induced by hypoxia. 
On the whole, these results indicate that ASIV attenuates 
MCT‑induced PAH by improving inflammation, pulmonary 
artery endothelial cell dysfunction, pulmonary artery smooth 
muscle cell proliferation and resistance to apoptosis.

Introduction

Pulmonary hypertension (PH) is a chronic and progressive 
disease with multiple etiologies and a high mortality rate. At 
the Sixth World Symposium on Pulmonary Hypertension, 
the hemodynamic definition of PH was proposed as a mean 
pulmonary artery pressure (mPAP) >20 mmHg (1). Based 
on the etiology and treatment modalities, the World Health 
Organization (WHO) has defined 5 groups of PH. Group 1 
pulmonary arterial hypertension (PAH) encompasses diverse 
diseases that result in similar pathological changes within the 
pulmonary vasculature, which is a small subset of pulmonary 
hypertensive syndromes (WHO categories 2‑5) (2,3). PAH is 
characterized by the pathological vascular remodeling of arte-
rial vessels and elevated pulmonary artery pressure, leading to 
pressure overload of the right ventricle (RV) and eventually, to 
heart failure.

Although the exact mechanisms responsible for the 
development of PAH remain unclear, several molecular and 
cellular abnormalities appear to play important roles. For 
example, pulmonary artery endothelial cell (PAEC) dysfunc-
tion, local inflammation, and the abnormal proliferation of 
pulmonary artery smooth muscle cells (PASMCs) underlie 
the pathological changes of PAH (4). PAECs are recognized 
as a major regulator of pulmonary vascular function, and their 
dysfunction leads to the imbalanced production of endogenous 
vasoconstrictors (serotonin and endothelin) and vasodilators 
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(nitric oxide and prostacyclin) (5). In addition, in vitro analyses 
have demonstrated that the exposure of PAECs to hypoxia 
causes the synthesis and release of inflammatory cytokines, 
such as tumor necrosis factor‑α (TNF‑α) and interleukin 
(IL)‑1β (6). These changes underpin the abnormal proliferation 
of PASMCs, and the abnormal vasoconstriction and remod-
eling of pulmonary vessels. Evidence from animal models 
and studies on patients with PAH suggests that inflammation 
may contribute to pulmonary vascular remodeling (7,8). The 
number of inflammatory cells (T and B lymphocytes, macro-
phages) and the level of cytokines (TNF‑α, IL‑1β, IL‑6, IL‑8) 
are increased in PAH, and have been shown to participate 
in the initiation and progression of PAH by directly modu-
lating the proliferation and migration of pulmonary vascular 
cells (9,10). In addition, the emergence of highly proliferative 
and apoptosis‑resistant PASMCs acts as a hallmark of pulmo-
nary vessel wall thickening and vascular remodeling  (11), 
and there is evidence to indicate that the improvement of 
vascular remodeling by normalizing the abnormal prolifera-
tion of PASMCs is an effective strategy for the treatment of 
PAH (12,13). Taken together, attenuating PAEC dysfunction, 
inhibiting inflammation and reducing the abnormal prolifera-
tion of PASMCs are promising approaches for the prevention 
and treatment of PAH.

Among the several existing experimental models of 
PAH, the monocrotaline (MCT) model is perhaps the one 
that has most contributed to the understanding of PAH 
pathophysiology  (14). MCT is derived from the plant, 
Crotalaria  spectabilis. A single dose of MCT (usually 
60 mg/kg, intraperitoneally or subcutaneously) reliably causes 
PAH in rats within 3 to 4 weeks (15). The MCT model has the 
advantage of mimicking several key aspects of human PAH, 
such as pulmonary vascular remodeling, RV failure, PASMC 
proliferation, PAEC dysfunction and the increased expression 
of inflammatory cytokines (14).

Astragalus membranaceus, the main ingredient of the 
majority of Chinese herbal antidiabetic formulas, exerts 
protective effects on the cardiovascular system, the immune 
system and the nervous system (16,17). Astragalus membra‑
naceus contains saponins, polysaccharides and flavonoids. 
Astragaloside IV (ASIV, 3‑O‑β‑D‑xylopyranosyl‑6‑O‑β‑D-
glucopyranosylcyl‑cloastragenol) is a purified small 
molecular saponin included in Astragalus membranaceus 
that has a wide range of pharmacological properties, such 
as antioxidant, anti‑inflammatory, antidiabetic, antitumor, 
immunoregulatory and antiviral activities (18‑20). ASIV has 
been shown to exert protective effects against cardiovascular 
disease and pulmonary fibrosis  (21‑23). These findings 
suggest that ASIV may exert a therapeutic effect against 
PAH.

Several classes of drugs are currently used clinically in 
the treatment of PAH; however, their usage is greatly compro-
mised by either limited effectiveness or unwanted side‑effects. 
This reality highlights the urgent need for the development of 
novel pharmaceutical candidates for PAH. Screening and iden-
tifying bioactive compounds from herbs that exert therapeutic 
effects on the cardiovascular system is a promising approach. 
Therefore, in the present study, the possible protective effects 
of ASIV on PAH were evaluated, and the relevant mechanisms 
were investigated.

Materials and methods

Reagents and antibodies. ASIV was purchased from 
Shanghai Yuanye Bio‑Technology Co., Ltd. (HPLC >98%; 
cat. no. C14J9Q65734). High‑glucose Dulbecco's modified 
Eagle's medium (DMEM) and fetal bovine serum (FBS) 
were purchased from HyClone Laboratories, Inc. Endothelial 
cell medium  (ECM) and endothelial cell growth supple-
ment  (ECGS) were purchased from ScienCell Research 
Laboratories. MCT, dimethyl sulfoxide  (DMSO), tribro-
moethanol, and hematoxylin and eosin were purchased 
from Sigma‑Aldrich; Merck  KGaA. Rabbit monoclonal 
anti‑hypoxia‑inducible factor (HIF)‑1α (#14179), rabbit 
monoclonal anti‑phospho‑ERK1/2 (p‑ERK1/2; #4377), rabbit 
polyclonal anti‑total ERK1/2 (#9102), mouse monoclonal 
anti‑p27 (#3698), rabbit monoclonal anti‑p21 (#2947), and 
mouse monoclonal anti‑Bcl‑2 (#15071) were purchased from 
Cell Signaling Technology, Inc. Mouse monoclonal anti‑Bax 
6A7 (sc‑23959), mouse monoclonal anti‑vascular endothe-
lial growth factor (VEGF; sc‑7269), mouse monoclonal 
anti‑α‑smooth muscle actin (SMA; sc‑53142) and mouse 
monoclonal anti‑proliferating cell nuclear antigen (PCNA; 
sc‑56) were purchased from Santa Cruz Biotechnology, 
Inc. Rabbit monoclonal anti‑cleaved caspase‑3 (AC033), 
mouse monoclonal anti‑cleaved caspase‑9 (AC062), 
mouse monoclonal anti‑GAPDH (AF0006), horseradish 
peroxidase‑conjugated goat anti‑rabbit IgG (A0208), goat 
anti‑mouse IgG (A0216) and 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5 
diphenyl‑tetrazolium bromide (MTT; ST316) were purchased 
from Beyotime Institute of Biotechnology.

Animal experiments. Male Sprague‑Dawley rats, 8 weeks old 
weighing 200‑230 g, were obtained from the Animal Center 
of Qiqihar Medical University. The protocol for the present 
study was approved by the Qiqihar Medical University 
Institutional Review Board (no. QMU‑AECC‑2018‑27). The 
rats were housed in a temperature‑ and humidity‑controlled 
environment with 12‑h light/dark cycles. Food and water 
were available ad libitum. The experiments conformed to the 
National Institutes of Health guidelines concerning the care 
and use of laboratory animals, and all animal procedures 
were approved by the Animal Care and Use Committee of the 
Qiqihar Medical University. The rats were randomly assigned 
to 4 groups (8 rats per group) as follows: The control group, the 
MCT group, the MCT + 10 mg/kg/dahy ASIV (ASIV10) group, 
and the MCT + 30 mg/kg/day ASIV (ASIV30) group. To estab-
lish MCT‑induced PAH, the rats were administered a single 
intraperitoneal injection of MCT (60 mg/kg), while the control 
group received the same volume of saline. MCT was dissolved 
in 1 N HCl, diluted in sterile saline and adjusted to pH 7.4 
with 1 N NaOH. ASIV was initially dissolved in DMSO as a 
stock solution and further diluted in saline immediately prior 
to use; the final DMSO concentration was 0.5%. Within hours 
of the MCT injection, there were signs of pulmonary vascular 
endothelial damage, but without an increase in pulmonary 
artery pressure. By 2 weeks, pulmonary artery pressure began 
to increase, as previously described (24). At 2 days following 
the MCT administration, ASIV or the vehicle (0.5% DMSO 
in saline) were administered intraperitoneally once a day for 
21 days.
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Hemodynamic experiments. Rats were anesthetized by an 
intraperitoneal injection of tribromoethanol (250  mg/kg), 
and a polyethylene (PE) catheter was inserted into the RV 
through the right jugular vein. Then, the RV systolic pressure 
(RVSP) was measured using a force transducer and recorded 
via PowerLab Software (ADInstruments). After hemodynamic 
measurements, the right carotid artery was inserted with a 
polyethylene catheter to collect blood samples for further 
biochemical assay. The rats were then euthanized by CO2 
exposure (CO2 displacement rate equivalent to 20% of the 
chamber volume/min; these experiments were performed 
in  2019) and cervical dislocation, and the lung and heart 
tissues were collected for following analyses. To assess the 
hypertrophy degree of the RV, the hearts were divided into the 
RV and left ventricle plus septum (LV + S). The weight ratio 
of RV/(LV + S), known as the Fulton index, was calculated to 
indicate RV hypertrophy.

Morphological investigation. The lungs were dissected 
into 3‑mm‑thick slices and soaked in 4% neutral‑buffered 
formalin. The lung slices were subjected to paraffin embed-
ding and sectioned into 4‑µm‑thick sections. The lung sections 
were then dewaxed in xylene, hydrated with graded ethanol 
and stained with hematoxylin and eosin. To assess pulmo-
nary artery structural remodeling, the percentage medial 
wall thickness (WT%)  =  (outside diameter‑inside diam-
eter)/(outside diameter) x100 and the percentage medial wall 
area (WA%) = (medial wall area)/(total vessel area) x100 were 
calculated, as previously described (25).

Immunohistochemical staining. Lung sections were dewaxed 
in xylene and hydrated with graded ethanol, and antigens 
were retrieved. Unspecific protein binding was blocked with 
5% bovine serum albumin for 30 min at room temperature. 
After rinsing with phosphate‑buffered saline, the lung sections 
were incubated overnight with anti‑α‑SMA antibody (1:500) 
or anti‑PCNA antibody (1:1,000) at 4˚C. The sections were 
then incubated with a biotinylated anti‑mouse IgG antibody 
diluted at 1:500 for 1 h at room temperature. Immunoreactivity 
was visualized using diaminobenzidine. The sections were 
then counterstained with hematoxylin for 5  min at room 
temperature. Quantitative immunohistochemical assess-
ments of α‑SMA and PCNA were performed as previously 
described (25).

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). Total RNA was extracted from each 
sample using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) and subjected to reverse transcription 
using the PrimeScriptTM RT reagent kit (Takara Bio, Inc.). 
RT‑qPCR analysis was performed using the Applied 
LightCycler 2.0 detection system (Roche Applied Science) 
and the SYBR‑Green I reagent (Takara Bio, Inc.) following 
the manufacturers' instructions. The relative expression 
levels of TNF‑α and IL‑1β were calculated using β‑actin as 
an internal control by the 2‑ΔΔCq method (26). The sequences 
of the primers were as follows: TNF‑α forward, 5'‑ATG​AGC​
ACA​GAA​AGC​ATG​ATC‑3' and reverse, 5'‑TAC​AGG​CTT​
GTC​ACT​CGA​ATT‑3'; IL‑1β forward, 5'‑TAC​CTA​TGT​CTT​
GCC​CGT​GGA​G‑3' and reverse, 5'‑ATC​ATC​CCA​CGA​GTC​

ACA​GAG​G‑3'; and β‑actin forward, 5'‑CTG​TGC​CCA​TCT​
ATG​AGG​GT‑3' and reverse, 5'‑CAG​TGA​GGC​CAG​GAT​
AGA​GC‑3'.

Cell culture and hypoxia in vitro. Primary human PAECs 
(HPAECs) and human PASMCs (HPASMCs) were obtained 
from ScienCell Research Laboratories. The HPAECs were 
cultured in ECM (5% FBS, 1% ECGS), the HPASMCs were 
cultured in DMEM supplemented with 10% FBS, and the cells 
used in the experiments were between passages 3 and 8. The 
cells were divided into 6 groups as follows: The normoxia, 
hypoxia, hypoxia + 10 µM ASIV, hypoxia + 20 µM ASIV, 
hypoxia + 40 µM ASIV, and hypoxia + 80 µM ASIV groups, 
and then cultured either under normoxic (21%  O2 and 
5% CO2) or hypoxic (2% O2 and 5% CO2) conditions for 
24 h.

HPASMC proliferation analysis. The proliferation of 
HPASMCs was assessed by MTT assay. The HPASMCs 
in each group were placed in 96‑well plates (5,000 cells 
per  well) and then cultured under either normoxic or 
hypoxic conditions. Following treatment, an MTT solu-
tion was added to each well at a 5 mg/ml concentration, 
and the plates were incubated at 37˚C for 4 h. DMSO was 
then added. The optical density (OD) of the samples was 
measured at 570  nm in a microplate spectrophotometer 
(BioTek Instruments, Inc.).

Detection of apoptosis. Lung tissue sections or HPASMC 
apoptosis was evaluated by TUNEL staining using the 
terminal deoxyribonucleotidyl transferase‑mediated dUTP 
nick end‑labeling (TUNEL) Apoptosis Assay kit (Beyotime 
Institute of Biotechnology) according to the manufacturer's 
instructions. In brief, lung tissue sections were dewaxed in 
xylene and dehydrated with graded ethanol, and incubated 
with 3% H2O2 at room temperature for 10 min. The sections 
were then incubated with proteinase K at room temperature 
for 30 min. The sections were then incubated with the TUNEL 
reaction mixture for 1 h at 37˚C in the dark. Apoptotic cells 
were visualized with diaminobenzidine, which exhibited 
a brown color. The sections were then counterstained with 
hematoxylin for 5 min at room temperature. In each tissue 
section, 3 pulmonary arteries at x200 magnification were 
randomly selected, and the percentage of positive cells was 
quantified using Image Pro Plus software (Media Cybernetics, 
Inc.). For in vitro analysis, HPASMCs were fixed in 4% para-
formaldehyde for 30 min at room temperature. Subsequently, 
the cells were treated with 0.3% Triton X‑100 for 5 min at 
room temperature, and then incubated with the TUNEL 
reaction mixture for 1 h at 37˚C in the dark. Localized green 
fluorescence of apoptotic FITC‑labeled TUNEL‑positive cells 
was imaged using a fluorescence microscope (Carl Zeiss), and 
images of 4 random and non‑overlapping fields were selected 
from each well of 12‑well plates at x400 magnification for 
analysis.

Assay of TNF‑α and IL‑1β. Blood samples from each rat were 
centrifuged at 1,500 x g for 20 min at 4˚C, and serum was 
separated. The sera and supernatants of HPAEC culture media 
were collected. TNF‑α and IL‑1β concentrations in the serum 
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or supernatants were measured using enzyme‑linked immuno-
sorbent assay (ELISA) kits (Shanghai Jianglai Industrial Co., 
Ltd.) according to the manufacturer's instructions.

Western blot analysis. Cellular proteins were extracted 
using RIPA lysis buffer containing protease and phosphatase 
inhibitors (Beyotime Institute of Biotechnology). The protein 
concentrations were determined with a BCA protein assay 
kit (Beyotime Institute of Biotechnology). Equal amounts of 
protein (30 µg) were separated on 10% sodium dodecyl sulfate 
polyacrylamide gels and transferred to polyvinylidene fluoride 
membranes. After blocking with 5% (W/V) non‑fat milk at 
room temperature for 2 h, the membranes were incubated 
with primary antibodies against HIF‑1α (1:1,000), p‑ERK1/2 
(1:1,000), total ERK1/2 (1:2,000), cleaved caspase‑3 (1:1,000), 
cleaved caspase‑9 (1:1,000), p27 (1:1,000), p21 (1:1,000), Bcl‑2 
(1:1,000), Bax (1:1,000), VEGF (1:1,000) and GAPDH (1:2,000) 
at 4˚C overnight. The membranes were then incubated with 
corresponding horseradish peroxidase‑conjugated secondary 
antibodies at room temperature for 1  h. Immunoreactive 
proteins were detected by enhanced chemiluminescence 
(ECL) solution (Beyotime Institute of Biotechnology), and 
densitometric analysis was performed with the use of a Gel 
Imaging System 4.2 (Tanon, Tanon Science & Technology 
Co., Ltd.).

Statistical analyses. All data are presented as the means ± SEM. 
Statistical analysis was performed using SPSS 11.5 (SPSS, 
Inc.). Statistical comparisons were performed by one‑way 

analysis of variance (ANOVA) followed by the Holm‑Sidak 
post hoc test. A significant difference was accepted at P<0.05.

Results

ASIV attenuates pulmonary arterial pressure and pulmonary 
artery structural remodeling. The rats in the MCT group 
exhibited a higher RVSP than those of the control group, 
indicating the establishment of PAH. However, treatment with 
both doses of ASIV (10 and 30 mg/kg/day) prevented this 
pathophysiological change (Fig. 1A and B). The Fulton index 
in the MCT group was markedly elevated compared with that 
in the control group, which was also normalized by treatment 
with ASIV (Fig. 1C). Furthermore, as shown in Fig. 2, the 
MCT significantly elevated WA and WT%, while treatment 
with 10 and 30 mg/kg/day ASIV attenuated these pathological 
changes, marking the improvement of pulmonary artery struc-
tural remodeling.

ASIV attenuates the increased expression of α‑SMA. In the 
present study, the levels of α‑SMA reflected the hyperplastic 
smooth muscularization of pulmonary arteries (Fig. 3). The 
integrated OD value of α‑SMA in the MCT group was elevated 
compared with that in the control group. However, both doses 
of ASIV inhibited the elevation of the OD value of α‑SMA.

ASIV attenuates PASMC proliferation. To evaluate the role of 
ASIV in PASMC proliferation, PCNA expression was measured 
in the medial wall of pulmonary arteries. As shown in Fig. 4, 

Figure 1. ASIV attenuates pulmonary arterial pressure and RV hypertrophy. (A) Representative RVSP waves in rats. (B) RVSP in rats. (C) Fulton index in 
rats. Values are the means ± SEM (n=8 rats/group). *P<0.01 compared with the control group; #P<0.05; ##P<0.01, compared with the MCT group. ASIV, 
astragaloside IV; MCT, monocrotaline; ASIV10, MCT + 10 mg/kg/day ASIV group; ASIV30, MCT + 30 mg/kg/day group; RV, right ventricle; RVSP, right 
ventricular systolic pressure.
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the numbers of PCNA‑positive cells in the rats of the MCT 
group were significantly increased compared with those of the 
control animals. However, treatment with both doses of ASIV 
reduced the abnormal PASMC proliferation. Additionally, in 

the in vitro experiments, the results of MTT assay revealed 
that ASIV inhibited the hypoxia‑induced HPASMC prolif-
eration, and the effects were concentration‑dependent (Fig. 5). 
Moreover, the results of western blot analysis found that ASIV 

Figure 2. ASIV attenuates pulmonary artery structural remodeling. (A) Hematoxylin and eosin staining of pulmonary arteries (scale bar, 50 µm). (B) Medial 
wall area (WA%) of pulmonary arteries. (C) Medial wall thickness (WT%) of pulmonary arteries. Values are the means ± SEM (n=8 rats/group). *P<0.01 
compared with the control group; ##P<0.01, compared with the MCT group. ASIV, astragaloside IV; MCT, monocrotaline; ASIV10, MCT + 10 mg/kg/day 
ASIV group; ASIV30, MCT + 30 mg/kg/day group.

Figure 3. ASIV attenuates α‑SMA expression in pulmonary arteries. (A) Immunohistochemical staining of α‑SMA of pulmonary arteries (scale bar, 50 µm). 
(B) Quantitative analysis of the OD value of α‑SMA immunoreactivity in pulmonary arteries. Values are the means ± SEM (n=6 rats/group randomly selected 
for this experiment). *P<0.01 compared with the control group; ##P<0.01, compared with the MCT group. ASIV, astragaloside IV; MCT, monocrotaline; 
ASIV10, MCT + 10 mg/kg/day ASIV group; ASIV30, MCT + 30 mg/kg/day group.
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also reversed the enhancement of HIF‑1α and p‑ERK1/2 
protein expression, and the decreases in p27 and p21 levels in 
the HPASMCs induced by hypoxia (Fig. 6).

ASIV contributes to PASMC apoptosis. To determine the effects 
of ASIV on the apoptotic resistance of PASMCs, a TUNEL 
assay was performed. As shown in Fig. 7, disrupted apoptosis 
was observed in the MCT group, while both concentrations of 
ASIV significantly increased PASMC apoptosis. In the in vitro 
experiments, apoptotic HPASMCs were illustrated by the green 
fluorescence of the free labeled 3'‑OH termini (Fig. 8A and B). 
The results revealed that the percentage of apoptotic cells under 
hypoxic conditions was markedly decreased compared with 
that under normoxic conditions, while hypoxia‑induced apop-
totic resistance was reversed by ASIV. In addition, the levels of 
apoptosis‑related proteins in the HPASMCs were detected by 
western blot analysis (Fig. 8C‑F). Hypoxia markedly decreased 
the levels of the pro‑apoptotic proteins, Bax, cleaved caspase‑9 
and cleaved caspase‑3, while it increased the expression of the 
anti‑apoptotic protein, Bcl‑2, in HPASMCs. However, ASIV 
treatment normalized these alterations.

ASIV prevents the elevation of TNF‑α and IL‑1β levels. To 
determine the anti‑inflammatory effects of ASIV, TNF‑α and 
IL‑1β levels were analyzed in serum (Fig. 9A and B). The 
serum levels of TNF‑α and IL‑1β were elevated in the MCT 
group, while both doses of ASIV suppressed these elevations. 
Similarly, RT‑qPCR analysis revealed that the mRNA expres-
sion of TNF‑α and IL‑1β in lung tissues was upregulated in the 
MCT group compared with the control group, which was also 
normalized by both doses of ASIV (Fig. 9C and D).

ASIV improves HPAEC dysfunction. Hypoxia increased the 
concentrations of TNF‑α and IL‑1β in the supernatants of the 
HPAEC culture media compared with normoxia. However, 
ASIV treatment prevented these changes in a concentra-
tion‑dependent manner (Fig. 10A and B). In addition, western 
blot analysis revealed that hypoxia also increased the HIF‑1α 
and VEGF protein levels in HPAECs, which were reversed by 
ASIV treatment (Fig. 10C and D).

Figure 5. ASIV inhibits hypoxia‑induced HPASMC proliferation. HPASMC 
proliferation was measured following treatment with various concentrations 
of ASIV under normoxic or hypoxic conditions. Values are the means ± SEM 
of 4 independent experiments. *P<0.01 compared with the normoxia group; 
#P<0.05; ##P<0.01, compared with the hypoxia group. ASIV, astragaloside IV; 
HPASMC, human pulmonary artery smooth muscle cell.

Figure 4. ASIV decreases PCNA expression in the medial wall of pulmonary arteries. (A) Immunohistochemical staining of PCNA of pulmonary arteries 
(scale bar, 50 µm). (B) The number of PCNA‑positive cells relative to the total smooth muscle cells in the medial wall of pulmonary arteries (%). Values are 
means ± SEM (n=6 rats/group randomly selected for this experiment). *P<0.01 compared with the control group; ##P<0.01, compared with the MCT group. 
ASIV, astragaloside IV; MCT, monocrotaline; ASIV10, MCT + 10 mg/kg/day ASIV group; ASIV30, MCT + 30 mg/kg/day group.
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Discussion

In the present study, the rats in the MCT group exhibited 
significant pulmonary artery remodeling, an increased 
pulmonary artery pressure and right ventricular hypertrophy. 
However, these pathophysiological changes were improved 

by both doses of ASIV. Additionally, ASIV suppressed the 
elevation of TNF‑α and IL‑1β secretion in serum and their 
gene expression in lung tissues induced by MCT. Furthermore, 
in the in vivo and in vitro experiments, ASIV normalized the 
abnormal proliferation and apoptosis resistance of PASMCs 
and PAEC dysfunction. These results indicate that ASIV exerts 

Figure 7. ASIV promotes PASMC apoptosis. (A) TUNEL assay in the pulmonary arteries (scale bar, 50 µm). (B) Number of TUNEL‑positive cells relative to 
the total smooth muscle cells in the medial wall of pulmonary arteries (%). Values are the means ± SEM (n=6 rats/group randomly selected for this experiment). 
**P<0.05 compared with the control group; ##P<0.01, compared with the MCT group. ASIV, astragaloside IV; PASMC, pulmonary artery smooth muscle cell; 
MCT, monocrotaline; ASIV10, MCT + 10 mg/kg/day ASIV group; ASIV30, MCT + 30 mg/kg/day group.

Figure 6. ASIV decreases HIF‑1α and p‑ERK1/2 protein levels, and increases p27 and p21 protein levels in HPASMCs. (A and B) Western blot analysis of 
HIF‑1α, p‑ERK1/2, p27 and p21 protein levels in HPASMCs under normoxic or hypoxic conditions. (C‑E) HIF‑1α, p‑ERK1/2, p27 and p21 protein levels, 
respectively (relative to normoxia group). Values are means ± SEM of 3 independent experiments. *P<0.01 compared with the normoxia group; ##P<0.01, 
compared with the hypoxia group. ASIV, astragaloside IV; HPASMCs, human pulmonary artery smooth muscle cells; N, normoxia; H, hypoxia.
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protective effects against PAH induced by MCT. Pulmonary 
function tests could permit accurate, reproducible assessment 
of the functional state of the respiratory system. It would be of 
interest to evaluate whether drugs exert protective effects on 
respiratory system. In the present study, the pulmonary func-
tions of the animals were not examined. Thus, whether ASIV 

exerts protective effects on the respiratory system warrants 
further investigation.

The pathogenesis of MCT‑induced PAH is characterized 
by persistent inflammation. A single MCT dose universally 
elevates the numbers of inflammatory cells and increases the 
expression of inflammatory cytokines in the lungs (14). For 

Figure 8. ASIV promotes HPASMC apoptosis. (A) Representative images of TUNEL‑positive HPASMCs treated with various concentrations of ASIV 
under normoxic or hypoxic conditions. Cells undergoing apoptosis were positively stained with TUNEL reagent and are shown in green (scale bar, 100 µm). 
(B) TUNEL‑positive HPASMC expression (relative to normoxia group). (C and D) Western blot analysis of Bcl‑2, Bax, cleaved caspase‑3 and cleaved caspase‑9 
protein levels in HPASMCs under normoxic or hypoxic conditions. (E) Ratio of Bcl‑2/Bax (relative to normoxic group). (F) Cleaved caspase‑3 and cleaved 
caspase‑9 protein levels, respectively (relative to normoxic group). Values are the means ± SEM of 3 independent experiments. *P<0.01 compared with the 
normoxia group; ##P<0.01, compared with the hypoxia group. ASIV, astragaloside IV; HPASMCs, human pulmonary artery smooth muscle cells; N, normoxia; 
H, hypoxia.
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Figure 9. ASIV attenuates the increased expression of TNF‑α and IL‑1β. (A) TNF‑α levels in serum. (B) IL‑1β levels in serum. (C) Relative mRNA expression 
levels of TNF‑α in rat lungs. (D) Relative mRNA expression levels of IL‑1β in rat lungs. Values are the means ± SEM (n=8 rats/group). *P<0.01 compared 
with the control group; #P<0.05; ##P<0.01, compared with the MCT group. ASIV, astragaloside IV; MCT, monocrotaline; ASIV10, MCT + 10 mg/kg/day 
ASIV group; ASIV30, MCT + 30 mg/kg/day group.

Figure 10. ASIV attenuates hypoxia‑induced HPAEC dysfunction. (A) TNF‑α concentration in HPAEC culture media. (B) IL‑1β concentration in HPAEC 
culture media. (C) Western blot analysis of HIF‑1α and VEGF protein levels in HPAECs under normoxic or hypoxic conditions. (D) HIF‑1α and VEGF protein 
levels, respectively (relative to normoxia group). Values are the means ± SEM of 3 independent experiments. *P<0.01 compared with the normoxia group; 
#P<0.05; ##P<0.01, compared with the hypoxia group. ASIV, astragaloside IV; HPAEC, human pulmonary artery endothelial cell; N, normoxia; H, hypoxia.
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example, TNF‑α and IL‑1β have been found to be closely asso-
ciated with the accumulation of extracellular matrix proteins 
in PAH lesions and poor clinical outcomes in some patients 
with PAH. In addition, serum levels of TNF‑α and IL‑1β are 
higher in patients with PAH than in normal controls, and serve 
as biomarkers of disease progression (7,27). TNF‑α elevates 
pulmonary arterial reactivity and inhibits the vasodilating 
action of prostacyclin via the downregulation of prostacyclin 
synthase mRNA expression (28). In addition, the overexpres-
sion of TNF‑α in alveolar type II cells leads to an increased 
lung volume, alveolar enlargement and increased pulmo-
nary artery pressure (29), while blocking TNF‑α and IL‑1β 
signaling can ameliorate pulmonary inflammation, pulmo-
nary hemodynamics, pulmonary vascular remodeling and 
right ventricular hypertrophy (30‑32). ASIV attenuates some 
inflammation‑associated cardiopulmonary diseases, such as 
obesity‑related hypertension and cigarette smoke‑induced 
pulmonary inflammation by decreasing the levels of TNF‑α 
and IL‑1β (33,34). Consistent with these findings, in the present 
study, ASIV suppressed the inflammatory response in a rat 
model of PAH, suggesting that the anti‑inflammatory action of 
ASIV underlies its therapeutic effects on MCT‑induced PAH.

PASMCs in patients with PAH exhibit high proliferative 
and apoptosis‑resistant properties similar to some cancer 
cells, which appear to be associated with the thickening and 
narrowing of pulmonary arteries and increased pulmonary 
arterial pressure, hence constituting a promising target for the 
treatment of PAH. In the present study, immunohistochemical 
analysis with an anti‑PCNA antibody and TUNEL assay 
revealed that ASIV suppressed the proliferation and promoted 
the apoptosis of PASMCs in the medial wall of the pulmonary 
arteries. The results of the MTT assay and TUNEL assay in vitro 
also supported these findings. HIF‑1α, as an oxygen‑sensitive 
transcription factor, is involved in the crosstalk among several 
hypoxia‑related signaling pathways and promotes pulmonary 
artery structural remodeling by increasing proliferation and 
suppressing apoptosis (35). The loss of HIF‑1α in PASMCs 
significantly suppresses the remodeling of pulmonary arteries 
and the associated pulmonary hypertension (36). In addition, 
the MAPK/ERK and PI3K/Akt signaling pathways have been 
recognized to mediate a wide range of functions, including 
proliferation, growth and survival. As regards the associa-
tion between HIF‑1α, ERK1/2 and Akt signaling, it has been 
reported that the overexpression of HIF‑1α can lead to the 
activation of various signaling molecules, including ERK1/2 
and Akt  (37). In the presents study, in the in vitro experi-
ments, HIF‑1α protein expression was detected in HPASMCs. 
The results indicated that ASIV reversed the enhancement 
of HIF‑1α protein expression in HPASMCs induced by 
hypoxia. Subsequently, p‑ERK1/2 and p‑Akt protein expres-
sion was detected. Of note, ASIV reversed the enhancement 
of p‑ERK1/2 protein expression in HPASMCs induced by 
hypoxia, but not p‑Akt protein expression (data not shown). p27 
and p21 are cyclin‑dependent kinase inhibitors that play a key 
role in the regulation of cell cycle progression. Recent studies 
have indicated that they exert inhibitory effects on PASMC 
proliferation (38,39). It has also been reported that the suppres-
sion of proliferative signaling, such as ERK1/2 can inhibit the 
degradation of p27 and p21 (40). The results of the present study 
demonstrated that ASIV upregulated the protein expression 

of p27 and p21 in HPASMCs. Apoptosis is the process of 
normal programmed cell death and involves a large number of 
molecules and pathways, including Bcl‑2 family proteins and 
caspase signaling. The protein expression ratio of Bcl‑2/Bax 
is important in the mitochondria‑dependent apoptotic pathway 
and is associated with higher and lower apoptotic thresholds. 
In the present study, to determine whether ASIV‑induced 
PASMC apoptosis is associated with the Bax/Bcl‑2 and mito-
chondrial apoptosis pathways, the protein expression of Bcl‑2, 
Bax, cleaved caspase‑9 and cleaved caspase‑3 was detected 
in HPASMCs. The results revealed that ASIV upregulated 
the protein expression of Bax, cleaved caspase‑9 and cleaved 
caspase‑3 in HPASMCs, but downregulated Bcl‑2 protein 
expression. Collectively, these findings indicate that ASIV can 
reduce PASMC proliferation and apoptotic resistance.

In the pulmonary vasculature, PAECs are located as the 
innermost layer of the blood vessel and are the main barrier 
to the movement of molecules through the vascular wall. In 
PAH, the dysfunction of PAECs leads to the impairment of 
endothelial‑dependent vasodilatation, a decrease in antico-
agulant properties, elevated levels of adhesion molecules, an 
enhancement of reactive oxygen species production and the 
release of different inflammatory cytokines (41). In addition, the 
dysfunction of PAECs contributes to the increased angiogenesis 
that underlies plexiform lesion formation (9). As markers of 
angiogenesis, HIF‑1α and VEGF are highly expressed in endo-
thelial cells of plexiform lesions in patients with PAH (42). In the 
present study, it was observed that ASIV significantly reduced 
the increased HIF‑1α and VEGF protein levels in HPAECs 
induced by hypoxia. Furthermore, ASIV also suppressed the 
hypoxia‑induced release of TNF‑α and IL‑1β in HPAECs.

In conclusion, the present study demonstrated that the 
administration of ASIV improved the pathological changes in 
pulmonary artery structural remodeling, pulmonary arterial 
pressure and right ventricular hypertrophy in a rat model of 
MCT PAH. The therapeutic effects of ASIV were associated 
with the improvement of the inflammatory response, PAEC 
dysfunction, and abnormal PASMC proliferation and apop-
totic resistance. These findings provide indicate that ASIV 
exerts protective effects against PAH, and may thus have 
potential to be developed into a promising pharmacological 
candidate for the treatment of PAH. However, the precise 
molecular mechanisms of action ASIV against PAH require 
further investigation. In future experiments, the authors aim 
to establish the Sugen 5416/hypoxia mouse model of PAH to 
further confirm the possible protective effects of ASIV against 
PAH and explore the precise molecular mechanisms.
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