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Astragaloside IV attenuates hypoxia-induced pulmonary
vascular remodeling via the Notch signaling pathway
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Abstract. The Notch signaling pathway participates in pulmo-
nary artery smooth muscle cell (PASMC) proliferation and
apoptosis. Astragaloside IV (AS-IV) is an effective antiprolif-
erative treatment for vascular diseases. The present study aimed
to investigate the protective effects and mechanisms underlying
AS-IV on hypoxia-induced PASMC proliferation and pulmo-
nary vascular remodeling in pulmonary arterial hypertension
(PAH) model rats. Rats were divided into the following four
groups: i) normoxia; ii) hypoxia (10% O,); iii) treatment,
hypoxia + intragastrical administration of AS-IV (2 mg/kg)
daily for 28 days; and iv) DAPT, hypoxia + AS-IV treat-
ment + subcutaneous administration of DAPT (10 mg/kg) three
times daily. The effects of AS-IV treatment on the development
of hypoxia-induced PAH, right ventricle (RV) hypertrophy and
pulmonary vascular remodeling were examined. Furthermore,
PASMCs were treated with 20 gmol/l AS-IV under hypoxic
conditions for 48 h. To determine the effect of Notch signaling
in vascular remodeling and the potential mechanisms
underlying AS-IV treatment, 5 mmol/l y-secretase inhibitor
[N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester (DAPT)] was used. Cell viability and apop-
tosis were determined by performing the MTT assay and
flow cytometry, respectively. Immunohistochemistry was
conducted to detect the expression of proliferating cell
nuclear antigen (PCNA). Moreover, the mRNA and protein
expression levels of Notch-3, Jagged-1, hes family bHLH
transcription factor 5 (Hes-5) and PCNA were measured
via reverse transcription-quantitative PCR and western
blotting, respectively. Compared with the normoxic group,
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hypoxia-induced PAH model rats displayed characteristics
of PAH and RV hypertrophy, whereas AS-IV treatment
alleviated PAH and prevented RV hypertrophy. AS-IV also
inhibited hypoxia-induced pulmonary vascular remodeling,
as indicated by reduced wall thickness and increased lumen
diameter of pulmonary arterioles, and decreased muscular-
ization of distal pulmonary vasculature in hypoxia-induced
PAH model rats. Compared with normoxia, hypoxia promoted
PASMC proliferation in vitro, whereas AS-IV treatment inhib-
ited hypoxia-induced PASMC proliferation by downregulating
PCNA expression in vitro and in vivo. In hypoxia-treated
PAH model rats and cultured PASMCs, AS-IV treatment
reduced the expression levels of Jagged-1, Notch-3 and Hes-5.
Furthermore, Notch signaling inhibition via DAPT signifi-
cantly inhibited the pulmonary vascular remodeling effect of
AS-1IV in vitro and in vivo. Collectively, the results indicated
that AS-IV effectively reversed hypoxia-induced pulmonary
vascular remodeling and PASMC proliferation via the Notch
signaling pathway. Therefore, the present study provided novel
insights into the mechanism underlying the use of AS-IV for
treatment of vascular diseases, such as PAH.

Introduction

Pulmonary artery hypertension (PAH) is a major complica-
tion associated with chronic obstructive pulmonary disease
(COPD), which is one of the most common health problems
worldwide (1,2). PAH is frequently observed in patients
with advanced COPD and is considered as a predictor of
poor outcomes (3). PAH in COPD is caused by the remod-
eling of pulmonary arteries, which is characterized by the
intimal proliferation of poorly differentiated smooth muscle
cells and the deposition of elastic and collagen fibers (4). To
date, long-term oxygen therapy is the most effective treat-
ment strategy for patients with COPD complicated by PAH
and hypoxia as it can slow or reverse the progression of the
disease (5). Conventional vasodilators are not used because
of the potential harmful influences of gas exchange, due to
inhibition of hypoxic pulmonary vasoconstriction and their
lack of efficacy after long-term treatment (6). Therefore, the
development of novel drugs and therapeutic strategies for PAH
is important.
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In China, patients with COPD and PAH often turn to
alternative and complementary treatments, which have
been reported to be effective and safe (7). In the Chinese
Pharmacopeia, Astragaloside IV (AS-I1V; 3-O-p-D-xylopy
ranosyl-6-O-B-D-glucopyranosyl cycloastragenol; Fig. 1)
is the major biologically active compound in Huangqi
(Radix Astragali Mongolici), a Chinese herbal remedy widely
used for the clinical treatment of vascular diseases, such as
essential hypertension and PAH (8,9). Recently, a study in vitro
experiments have confirmed that AS-IV can stimulate human
umbilical vein endothelial cell proliferation and the develop-
ment of tube-like structures (10). Furthermore, AS-IV can
suppress platelet-derived growth factor-BB-induced vascular
smooth muscle cell proliferation and migration, potentially
via inhibition of the p38MAPK signaling pathway (11,12). The
results indicated that AS-IV may serve an important thera-
peutic role in diseases caused by abnormal vascular function.

The pathogenesis of PAH is relatively complex and is not
completely understood (13). Pulmonary vascular remodeling
is an important marker of the degree of severity and progres-
sion in PAH, which is primarily due to the imbalance between
pulmonary artery smooth muscle cell (PASMC) proliferation
and apoptosis (14,15). Notch signaling, a highly evolutionarily
conserved signaling pathway, serves an important role in
regulating cell fate proliferation, differentiation and apop-
tosis (16,17). Notch-3 targets hes family bHLH transcription
factor 5 (Hes-5), which is expressed exclusively in smooth
muscle cells (SMCs) in adults and might be associated with
SMC identity, maturation and proliferation (18,19). In vitro,
PASMCs from patients with PAH display higher mRNA and
protein expression levels of Notch-3 and Hes-5 compared
with healthy controls (20). Moreover, Notch-3 knockout
mice display a lack of PASMCs; however, treatment with
the y-secretase inhibitor, N-[N-(3,5-difluorophenacetyl)-
L-alanyl]-S-phenylglycinet-butyl ester (DAPT), which blocks
Notch receptor cleavage, attenuates hypoxia-induced PAH
in mice (21). The aforementioned studies indicated that
Notch signaling is associated with the development of PAH,
favoring a vascular proliferative phenotype. In the present
study, hypoxia-induced PAH was established in vitro and
in vivo to investigate the regulatory activity of AS-IV in
pulmonary vascular remodeling and to explore the underlying
mechanisms.

Materials and methods

Reagents and antibodies. High purity AS-IV (95.8% by
high-performance liquid chromatography; analytical grade)
was obtained from the National Institutes for Food and
Drug Control. AS-IV was dissolved in DMSO and the final
DMSO concentration did not exceed 0.1%. DAPT and MTT
were purchased from Sigma-Aldrich (Merck KGaA). TRIzol®
Reagent, Super-Script II reverse transcriptase and Hot Master
Taq DNA Polymerase were obtained from Takara Bio, Inc.
The SYBR-Green I assay kit was from Roche Diagnostics.

Animal model and treatment groups. A total of 40 male
Sprague-Dawley rats were obtained from the Center
for Experimental Animals, Central South University
(license no. 20-010). Male, 12-week-old Sprague-Dawley rats

Figure 1. Chemical structure of Astragaloside IV (3-O-f-D-xylopyranosyl-
6-0-p-D-glucopyranosyl cycloastragenol).

(weight, 21010 g) were fed a standard diet and water. The
temperature and humidity were set at 21-23°C and 40-60%,
respectively. A 12-h light/dark cycle was used. All animals
were acclimatized in the metabolic cages for a week prior to
experiments. All animal experiments were approved by the
Animal Care and Use Committee of Central South University.
The rats were randomly assigned to the following four groups
(n=10 per group): i) normoxia (N); ii) hypoxia (H); iii) treat-
ment (T); and iv) DAPT (DAPT).

Rats in the N group were exposed to fractional inspired
oxygen at 21%. Rats in the H, T and DAPT groups were
maintained in a Poor Oxygen Controller chamber (10% O, for
8 h/day) for 6 weeks. Anhydrous calcium chloride was used to
maintain <60% humidity (20). Sodium hydroxide was applied
for carbon dioxide absorption.

At the beginning of the third week of hypoxia, rats in
the T and DAPT groups were administered 2 mg/kg AS-IV
intragastrically once daily for 42 days. At the beginning, the
second, and the fourth week after hypoxia, rats in the DAPT
group were subcutaneously injected with 10 mg/kg DAPT
three times daily.

Measurement of pulmonary arterial pressure. After six weeks
of hypoxic exposure, rats were weighed and anesthetized with
an intraperitoneal injection of 40 mg/kg sodium pentobarbital.
A micro-catheter (inner diameter, 0.9 mm) was gradually
inserted via the right external jugular vein into the pulmo-
nary artery. Following a 30 min equilibration period, mean
pulmonary arterial blood pressure (mPAP) was collected and
analyzed using a BL-420F biological and functional infor-
mation collection system (Biolap 420F; Chengdu TaiMeng
Technology Co.). The right lung was frozen in liquid nitrogen,
fixed with 10% formalin for 48 h and subsequently used for
histology and THC analyses. RV hypertrophy was assessed in
the right and left ventricles, and the septum weight ratio was
calculated according to the following formula: (RV weight/LV
weight + S weight), where S is the septum.

Histology and microscopy. Formalin-fixed lung tissue was
embedded in paraffin and cut into 5-um thick sections.
Subsequently, tissue sections were stained with hematoxylin
and eosin (H&E) as previously described (22). Stained
sections were observed in four randomly selected fields of
view using an SZX7 light microscope (magnification, x200;
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Olympus Corporation) and analyzed using Image-Pro Plus
software 6.0 (Media Cybernetics, Inc.). The results were evalu-
ated according to elastic fiber staining, which is indicated by
black or dark blue staining. The distance between inner and
outer elastic fibers was calculated in each field of view and the
average of three measurements was calculated to determine
the thickness of vessel walls.

Immunohistochemistry. For immunohistochemistry, lung
sections (5-ym thick) were deparaffinized in xylene, rehy-
drated using a graduated alcohol concentration series, then
washed with PBS (pH 7.2-7.4). Following antigen retrieval
at 100°C and blocking with 5% BSA at room temperature
for 1 h, the sections were incubated overnight at 4°C with
a rabbit anti-PCNA antibody (1:200, cat. no. 13110; Cell
Signaling Technology, Inc.) and parallel control samples were
treated with PBS. Subsequently, sections were incubated with
HRP-conjugated anti-rabbit IgG secondary antibody (1:200,
cat. no. 31460; Invitrogen; Thermo Fisher Scientific, Inc.) for
2 h at room temperature. Sections were visualized using DAB
and counterstained using hematoxylin. Positive staining was
indicated by brown and yellow. The positive staining area in
pulmonary vessels were observed under a light microscope
(magnification, x400; Nikon Corporation). The integrated
optical density (IOD) of PCNA in the pulmonary arteriole
was examined using Image-Pro Plus 4.5 software (Media
Cybernetics, Inc.), and the ratio of the IOD to the area of the
arteriole was calculated to assess the expression of PCNA. The
number of PCNA-positive pulmonary vessels was considered
as an index of cell proliferation.

Cell culture. PASMCs were isolated from the pulmonary
arteries of each rat, as previously described (23). Briefly, the
endothelia were removed from isolated pulmonary arteries
using a sterile cotton swab, gently digested with 0.2% colla-
genase and incubated with PBS supplemented with 0.1% BSA
(cat. no. P3688, Sigma-Aldrich; Merck KGaA) at 37°C for 2 h.
Digested PASMCs were incubated in DMEM (cat. no. D6046;
Sigma-Aldrich; Merck KGaA) supplemented with 20% FBS
(cat. no. 12003, Sigma-Aldrich, Merck) at 37°C with 5% CO,
for 5-7 days. Primary cell cultures at passage 3-5 were used for
subsequent experiments. To determine cell purity, PASMCs
were subjected to a-smooth muscle actin (a-SMA) immuno-
fluorescence staining.

a-SMA immunofluorescence. PASMCs were fixed in
4% formaldehyde for 15 min at 25°C, then incubated
in 12% normal goat serum (Vector Laboratories, Inc.)
for 30 min at 25°C. The cells were then incubated with
the primary rabbit anti-a-smooth muscle actin antibody
(cat. no. 192458S; 1:200; Cell Signaling Technology, Inc.)
overnight at 4°C. Next, cells were incubated with an goat
anti-rabbit IgG secondary antibody (cat. no. 31460; 1:200;
Invitrogen; Thermo Fisher Scientific, Inc.) for 2 h at 37°C.
Propidium iodide (2.0 gmol/l; cat. no. 4087S; Cell Signaling
Technology, Inc.) was used to stain the cell nuclei for 1 h
at 37°C. The images were observed using a DMI3000B
fluorescence microscope (Leica).

Cells were exposed to normoxia (21% O, and 5% CO,)
or hypoxia (3% O, and 5% CO, balanced with 92% N,) for

6, 12, 24 or 48 h. PASMCs were divided into the following
four groups: i) N; ii) H; iii) T; and iv) DAPT. PASMCs in the
N group were cultured in normoxic conditions for 48 h and
PASMC:s in the H group were cultured in hypoxic conditions
for 48 h. PASMC:s in the T group were cultured in serum-free
medium supplemented with 5, 10 or 20 gmol/l AS-IV for 48 h
under hypoxic conditions. Cells in the DAPT group were
pretreated with 5 mmol/l DAPT, the Notch signaling pathway
inhibitor, for 1 h, then cultured in medium supplemented with
20 pumol/l AS-IV under hypoxic conditions for 48 h.

Cell viability assay. PASMCs were subjected to cell cycle
arrest for 24 h. Subsequently, cells were transferred to
PBS containing 5% FBS for 48 h at room temperature under
normoxic or hypoxic conditions. Cells were pretreated with
DAPT for 1 h, then treated with AS-IV under hypoxic condi-
tions at 37°C for 48 h. Subsequently, PASMCs were cultured
in medium containing 0.5% MTT for 4 h at 25°C. DMSO was
used to dissolve the purple formazan for 10 min at 37°C. The
absorbance was measured at a wavelength of 540 nm using a
spectrophotometer.

Flow cytometry. Pulmonary vascular remodeling in rats
is characterized by increased vascular smooth muscle and
endothelial cell proliferation (24). To assess cell cycle distribu-
tion, cells (5x10°) were seeded into glass dishes, digested by
trypsinization and fixed with 75% ethanol. Before cell cycle
analysis, the ethanol-fixed cells were centrifuged at 1,000 x g
for 10 min and washed three times by resuspending the cells in
PBS at room temperature. The cells were stained with 500 pul
FxCycle™ propidium iodide (PI)/RNase staining solution
(Thermo Fisher Scientific, Inc.) at room temperature in the
dark for 30 min. The stained samples were then transferred
to new sterile flow cytometry tubes and maintained on ice
until the samples were analysed by flow cytometry using
a BD FACSCanto™ II flow cytometer (BD Biosciences),
and cell cycle distribution was determined using ModFit LT
software 3.1(Verity Software House). The cell proliferation
index was calculated according to the following formula:
Proliferation index (%)=(S + G,/M)/(G,/G, + S + G,/M) x100.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from rat distal pulmonary vessels and
PASMCs using a TRIzol™ reagent (cat. no. 15596018;
Invitrogen; Thermo Fisher Scientific, Inc.) following the
manufacturer's protocol. RNA purity was measured as the
A260/A280 ratio using a Multiskan Sky Microplate spec-
trophotometer (cat. no. 51119570; Invitrogen; Thermo Fisher
Scientific, Inc.). Total RNA (1,000 ng) was reverse transcribed
into cDNA using the RevertAid First Strand cDNA Synthesis
kit (Thermo Fisher Scientific, Inc.). Reverse transcription was
performed using the following temperature protocol: 37°C
for 1 h and 94°C for 5 min. All primers used were designed
using the Primer Express™ software v.3.0.1 (Thermo Fisher
Scientific, Inc.) and are listed in Table SI. The reverse-tran-
scribed cDNA was then subjected to PCR using Taq DNA
polymerase (cat. no. 10342020; Invitrogen; Thermo Fisher
Scientific, Inc.). Subsequently, gPCR was performed using
the SYBR-GreenER PCR kit. The following thermocycling
conditions were used for qPCR: Initial denaturation at 94°C
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Figure 2. Astragaloside IV attenuates chronic hypoxia-induced pulmonary hypertension and pulmonary vascular remodeling. Alterations in (A) mPAP, (B) the
RV/LV+S ratio and (C) percentage wall thickness. (D) Hematoxylin and eosin staining of pulmonary arterioles. The white arrow refers to the wall and lumen
of pulmonary vessels. Scale bar, 5 ul. Magnification, x200. "P<0.05; “P<0.01. mPAP, mean pulmonary arterial blood pressure; RV/LV+S, right ventricle/left
ventricle + septum; N, normoxia; H, hypoxia; T, treatment; DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycinet-butyl ester.

for 20 sec; followed by 45 cycles of 60°C for 30 sec and 72°C
for 60 sec; and a cooling step at 4°C. mRNA expression levels
were quantified using the 244 method (25) and normalized
to the internal reference gene GAPDH.

Western blotting. Western blotting was performed as previ-
ously described (26). Briefly, total proteins were extracted
from PASMCs and homogenized lung tissue samples using
a lysis buffer containing protease (Beyotime Institute of
Biotechnology) and phosphatase inhibitors (Cell Signaling
Technology, Inc.). Protein concentrations were measured
using the BCA method. Proteins (50 ug) were separated via
10% SDS-PAGE and electrophoretically transferred to equili-
brated PVDF membranes using semi-dry transfer. Following
blocking with 5% skimmed milk for 3 h at room temperature,
the membranes were incubated overnight at 4°C with primary
antibodies targeted against: GAPDH, Notch-3, Jagged-1,

Hes-5 and PCNA (Table SII). Subsequently, the membranes
were incubated with anti-rabbit [gG HRP-conjugated antibody
(1:200, cat. no. 31470; Invitrogen; Thermo Fisher Scientific,
Inc.) or anti-mouse IgG HRP-conjugated antibody (1:800,
cat. no. A-11077; Invitrogen; Thermo Fisher Scientific, Inc.)
at room temperature for 1 h. Protein bands were visualized
using an enhanced chemiluminescence kit (cat. no. 32132X3;
Invitrogen; Thermo Fisher Scientific, Inc.). GAPDH was used
as the loading control. Detection was performed using the
LI-COR Odyssey Scanning Infrared Fluorescence Imaging
system (LI-COR Bioscience).

Statistical analysis. All data are presented as the mean + SD of
three experiments, and all statistical analyses were performed
using GraphPad Prism 7.05 (GraphPad Software, Inc.).
Differences among groups were analyzed using one-way anal-
ysis of variance (ANOVA) followed by Tukey's post hoc test.
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Figure 3. AS-IV inhibits hypoxia-induced PASMC proliferation. (A) Typical ‘hill and valley’ appearance of PASMCs. Scale bar, 10 pl. Magnification, x100.
Immunofluorescence detection of a-smooth muscle actin. The red arrow indicates skeleton protein in the cytoplasm of pulmonary vascular smooth muscle
cells. Scale bar, 2.5 ul. Magnification, x400. (B) PASMCs were treated with AS-IV (20 ymol/l) under hypoxic conditions (3% O,) for 6, 12, 24 or 48 h. Cell
viability was assessed by performing the MTT assay. (C) PASMCs were pretreated with DAPT (5 mmol/l) for 1 h, then treated with AS-IV (5-20 gmol/1) under
hypoxic conditions for 48 h. Cell viability was assessed by performing the MTT assay. (D) PASMCs were pretreated with DAPT (5 mmol/l) for 1 h, then treated
with AS-IV (20 ymol/l) under hypoxic conditions (3% O,) for 48 h. "P<0.05; “P<0.01. AS-1V, Astragaloside IV; PASMC, pulmonary artery smooth muscle cell;
DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycinet-butyl ester; N, normoxia; H, hypoxia; T, treatment.

P<0.05 were considered to indicate a statistically significant  the results demonstrated that hypoxia-induced PAH model

difference. rats displayed significantly elevated mPAP levels, RV/LV+S
ratios and percentage wall thickness (WT) compared with the
Results N group (Fig. 2A-C). Moreover, compared with the N group,

the H group displayed a notable increase in the thickness of
AS-1V can alleviate hypoxia-induced pulmonary hyperten-  the smooth muscle layer, as determined by H&E staining

sion and vascular remodeling. To examine the effect of  (Fig. 2D).
AS-IV on experimental PAH, a rat model of hypoxia-induced Hypoxia-induced effects were significantly alleviated
PAH was established. Consistent with a previous study (20), by treatment with AS-IV, whereas pretreatment with DAPT
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Figure 4. Effect of Astragaloside IV on PCNA expression. (A) PCNA expression was primarily detected in the pulmonary arteries (The black arrow refers
to the positive expression of PCNA protein in pulmonary vascular tissue. Scale bar, 10 1. Magnification, x100. (B) Quantification of PCNA* cells in lung
sections. (C) PCNA mRNA expression in lung sections. PCNA protein expression levels in pulmonary artery smooth muscle cells were (D) determined
via western blotting and (E) semi-quantified. "P<0.05; “P<0.01. PCNA, proliferating cell nuclear antigen; N, normoxia; H, hypoxia; T, treatment; DAPT,

N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycinet-butyl ester.

significantly inhibited the effects of AS-IV in alleviating
hypoxia-induced responses, including alterations to mPAP,
RV/LV+S ratios and the percentage WT. The results indicated
that AS-IV inhibited the progression of hypoxia-induced
pulmonary hypertension by pulmonary vascular remodeling
via the Notch signaling pathway.

AS-1V inhibits hypoxia-induced PASMC proliferation.
PASMC:s displayed a typical ‘hill and valley’ appearance and
were positive for a-smooth muscle actin (Fig. 3A). To assess
the effects of AS-IV on hypoxia-stimulated PASMCs, cell
viability was measured by performing an MTT assay. The
results indicated that hypoxia exposure significantly increased
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Figure 5. Effect of AS-IV on hypoxia-induced cell cycle progression. Cell cycle progression was (A) determined via flow cytometry and
(B) quantified. “P<0.01 vs. N; “P<0.01 vs. H; $P<0.05 vs. T. (C) Cell proliferation index. "P<0.05; “P<0.01. AS-1V, Astragaloside IV; DAPT,
N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycinet-butyl ester; 7-AAD, 7-aminoactinomycin D; N, normoxia; H, hypoxia; T, treatment.

PASMC viability compared with the N group. PASMC
viability was increased in a dose- and time-dependent manner
following treatment with AS-IV. Compared with the H group,
the most significant inhibitory effects on cell viability were
observed in cells treated with 20 gmol/l AS-IV for 48 h
(Fig. 3B and C). Furthermore, PASMC proliferation was
significantly increased under hypoxic conditions, compared
with normoxia. However, this increase in proliferation under
hypoxic conditions was abrogated following treatment AS-IV
with 20 ymol/l for 48 h. DAPT pretreatment restored cell
proliferation in AS-IV-treated cells (Fig. 3D).

PCNA serves important role in cell proliferation and its
levels can be used as a cell proliferation index (27). Compared
with the N group, the H group displayed significantly increased
PCNA expression in pulmonary vascular tissue and PASMCs
(Fig. 4), which was significantly reversed by treatment with
AS-IV. However, DAPT pretreatment restored PCNA expres-
sion levels that were repressed by AS-IV in hypoxia-treated
pulmonary vascular tissue and PASMCs. Collectively, the

results suggested that hypoxia-induced PASMC proliferation
was inhibited by treatment with AS-IV via activation of Notch
signaling.

Effect of AS-1V on cell cycle progression. To further inves-
tigate the mechanism underlying the effects of AS-IV on
hypoxia-stimulated PASMC proliferation, whether AS-IV
affected cell cycle progression was examined by performing
flow cytometry (Fig. 5). Compared with the N group, the
H group displayed a markedly increased the cell prolifera-
tion rate and cell cycle arrest in the S and G,/M phases. By
contrast, the cell proliferation rate was inhibited by treat-
ment with AS-IV, which notably reduced the proportion
of cells entering the S and G,/M phases compared with the
H group. Moreover, DAPT pretreatment promoted cell cycle
progression, increasing the proportion of cells entering the
S and G,/M phases compared with the T group. The results
suggested that AS-IV displayed an important effect on the cell
cycle, inhibiting PASMC proliferation via Notch signaling.
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Figure 6. Effects of Astragaloside IV on Notch signaling in rat lungs and cultured PASMCs. Jagged-1, Notch-3 and Hes-5 mRNA expression levels in (A) rat
lung tissue sections and (B) cultured rat PASMCs. "P<0.05; “P<0.01. PASMC, pulmonary artery smooth muscle cell; Hes-5, hes family bHLH transcription
factor 5; N, normoxia; H, hypoxia; T, treatment; DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycinet-butyl ester.

AS-1V reduces Jagged-1, Notch-3 and Hes-5 expression.
Subsequently, whether the Notch signaling pathway was
regulated at the transcriptional level during AS-I'V-mediated
attenuation of hypoxic pulmonary vascular remodeling was
investigated. The mRNA and protein expression levels of
Jagged-1, Notch-3 and Hes-5 in rat lung tissues and PASMCs
were detected via RT-qPCR and western blotting, respec-
tively (Figs. 6-8). Jagged-1, Notch-3 and Hes-5 mRNA and
protein expression levels were significantly upregulated in
hypoxia-treated PAH model rats and PASMCs compared with
the corresponding N groups. Treatment with AS-IV signifi-
cantly inhibited hypoxia-induced upregulation of Jagged-1,
Notch-3 and Hes-5 mRNA and protein expression levels in
hypoxia-treated PAH model rats and PASMCs, whereas DAPT
pretreatment significantly reversed AS-I'V-mediated restora-
tion of expression levels. The results indicated that AS-IV
regulated the expression of Jagged-1, Notch-3 and Hes-5
during hypoxic pulmonary vascular remodeling in vivo and
in vitro, indicating that AS-IV attenuated hypoxic pulmonary
vascular remodeling via the Notch signaling pathway.

Discussion
The major finding of the present study was that AS-IV, a

major biologically active compound extracted from Huangqi
(Radix Astragali Mongolici), alleviated and partially reversed

hypoxia-induced pulmonary vascular remodeling. Treatment
with AS-IV reversed hypoxia-induced increases in the mPAP,
ventricular hypertrophy, thickness of pulmonary arteriole
media and cell proliferation in vivo and in vitro. Furthermore,
the results indicated that the therapeutic effects of AS-IV
on pulmonary vascular remodeling were associated with the
Notch signaling pathway.

Pharmacological and clinical practice research has
demonstrated that Astragalus displays a wide range of
clinical effects, including immune regulation, cardiovascular
protection, anti-inflammatory, hepatoprotective, antidiabetic,
anticancer and neuroprotection (28,29). As one of the primary
active ingredients of Astragalus, AS-IV is regarded as the
factor for quality evaluation of Astragalus in the Chinese
Pharmacopeia, and has been reported to display cardioprotec-
tive (30) and anti-inflammatory effects via regulation of the
NF-«B and activator protein 1 signaling pathways (31). In the
present study, AS-IV inhibited hypoxia-induced elevation of
mPAP, RV/LV+S ratios, pulmonary arteriole wall thickening
and PCNA expression levels. Therefore, the results indicated
that AS-IV attenuated hypoxia-induced pulmonary vascular
remodeling.

In arterial disease, vascular smooth muscle cells are typi-
cally static and remain in the G,/G, phase of the cell cycle (10).
Vascular smooth muscle cell proliferation serves an important
role in chronic hypoxia-induced PAH (32). Therefore, the
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present study aimed to determine whether AS-IV could exert
an ameliorative effect on pulmonary vascular remodeling via
inhibition of PASMC proliferation. It has been previously
reported that AS-IV displays an antiproliferation effect of
on angiotensin II-stimulated vascular smooth muscle cells
via regulation of CDK2 activity, indicating that it displays
ameliorative effects on vascular disease (33). Consistent with
the aforementioned studies, the present study demonstrated
that AS-IV inhibited hypoxia-induced increases in PASMC
viability in a dose-dependent manner via regulating the
expression of PCNA. In addition, AS-IV treatment suppressed
cell cycle progression by inducing cell cycle arrest at the G,/G,
phase in hypoxia-treated PASMCs. Collectively, the results
suggested that AS-IV inhibited cell cycle progression during
PASMC proliferation, thereby reversing vascular remodeling
and reducing pulmonary artery medial thickening in response
to hypoxic conditions.

Several previous studies have reported that AS-IV serves an
important role in cell proliferation, migration and differentia-
tion via various signaling pathways, including p38MAPK (34),

Wnt (35), JAK2/STAT3 and ERK1/2 (36) signaling. In the
present study, the results indicated that DAPT, an inhibitor of
Notch signaling, significantly attenuated the effect of AS-IV
treatment on pulmonary vascular remodeling and PASMC
proliferation under hypoxic conditions. Moreover, the results
indicated that AS-I'V ameliorated hypoxia-induced pulmonary
vascular remodeling and PASMC proliferation, at least in
part, by regulating Notch signaling. However, further inves-
tigations are required to identify the mechanisms underlying
AS-IV-mediated regulation of Jagged-1, Notch-3 and Hes-5
expression in hypoxia pulmonary vascular remodeling in vivo
and in vitro.

Notch receptors and ligands expressed in pulmonary
arterial vessels contribute to the regulation of endothelial cell
and vascular smooth muscle cell proliferation and differen-
tiation (19,37). Upregulation of Notch-3 receptor and ligand
expression in PASMCs advances the development of pulmo-
nary vascular remodeling in animal and clinical research (21),
whereas DAPT can alleviate the development and reverse
the progression of pulmonary vascular remodeling in animal
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experiments (38). The present study indicated that upregulated
expression of the Jagged-1/Notch-3/Hes-5 axis was associated
with the progression of hypoxia-induced pulmonary vascular
remodeling in vivo and in vitro, which was consistent with
the results of a previous study (39). Furthermore, the results
indicated that AS-IV attenuated hypoxia-induced upregu-
lated expression of the Jagged-1/Notch-3/Hes-5 axis in vivo
and in vitro, which was consistent with a previous study that
reported that DAPT can reverse the development of pulmonary
vascular remodeling (40). Collectively, the aforementioned
results indicated that AS-IV-mediated inhibitory effects on
hypoxia-induced pulmonary vascular remodeling were asso-
ciated with suppression of the Notch signaling pathway. In
summary, the results of the present study suggested that AS-IV

might display beneficial effects in reversing the progression of
pulmonary vascular remodeling in PAH.

In conclusion, the present study indicated that regula-
tion of the Notch signaling pathway might be important
for hypoxia-induced pulmonary vascular remodeling.
Moreover, the results indicated that AS-IV alleviated
hypoxia-induced pulmonary vascular remodeling in vitro
and in vivo. Together with the results of a previous study (41),
the present study suggested that the effects of AS-IV might
be mediated via downregulation of Jagged-1/Notch-3/Hes-5
expression. Therefore, the present study indicated that
AS-TV might display important therapeutic functions as part
of the Radix Astragali Mongolici extract for the prevention
and treatment of cardiovascular disorders, such as PAH.
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