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Astragaloside IV restrains pyroptosis

and fibrotic development of pulmonary artery
smooth muscle cells to ameliorate pulmonary
artery hypertension through the PHD2/HIF1a

signaling pathway

Jie Xi'", Yan Ma?>"", Dongmei Liu® and Rong Li*

Abstract

Background Astragaloside (AS)-IV, extracted from traditional Chinese medicine Astragalus mongholicus, has been
widely used in the anti-inflammatory treatment for cardiovascular disease. However, the mechanism by which AS-IV
affects pulmonary artery hypertension (PAH) development remains largely unknown.

Methods Monocrotaline (MCT)-induced PAH model rats were administered with AS-1V, and hematoxylin-eosin
staining and Masson staining were performed to evaluate the histological change in pulmonary tissues of rats.
Pulmonary artery smooth muscle cells (PASMCs) were treated by hypoxia and AS-IV. Pyroptosis and fibrosis were
assessed by immunofluorescence, western blot and enzyme-linked immunosorbent assay.

Results AS-IV treatment alleviated pulmonary artery structural remodeling and pulmonary hypertension progression
induced by MCT in rats. AS-IV suppressed the expression of pyroptosis-related markers, the release of pro-
inflammatory cytokine interleukin (IL)-1B and IL-18 and fibrosis development in pulmonary tissues of PAH rats and in
hypoxic PAMSCs. Interestingly, the expression of prolyl-4-hydroxylase 2 (PHD2) was restored by AS-IV administration

in PAH model in vivo and in vitro, while hypoxia inducible factor Ta (HIFTa) was restrained by AS-IV. Mechanistically,
silencing PHD2 reversed the inhibitory effect of AS-IV on pyroptosis, fibrosis trend and pyroptotic necrosis in hypoxia-
cultured PASMCs, while the HIF1a inhibitor could prevent these PAH-like phenomena.

Conclusion Collectively, AS-IV elevates PHD2 expression to alleviate pyroptosis and fibrosis development during PAH
through downregulating HIF 1a. These findings may provide a better understanding of AS-IV preventing PAH, and the
PHD2/HIF1a axis may be a potential anti-pyroptosis target during PAH.
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Introduction

Pulmonary artery hypertension (PAH) is a multifactorial
pulmonary vascular disease with abnormally high pulmo-
nary arterial pressure [1]. It is characterized by progres-
sive pulmonary artery remodeling, resulting in increased
right ventricular pressure overload, and even right ven-
tricular failure and death [2, 3]. Although drugs such
as endothelin receptor blockers and prostacyclin have
improved the prognosis of patients with PAH, the 3-year
mortality of patients with PAH is still up to 20-30% [4, 5].
There is an urgent need for the development of innova-
tive drugs with potential therapeutic value to effectively
improve the clinical treatment effect of PAH.

Traditional Chinese medicine has the advantages of
safe, efficient and low-cost in the treatment of chronic
diseases. It has potential development value to explore
drugs for PAH from traditional Chinese medicine.
Astragaloside (AS), a traditional Chinese medicine, has
been used to treat cardiovascular diseases for more than
2000 years [6, 7]. AS-IV is the most active triterpenoid
glycoside of Astragalus membranaceus, and has a vari-
ety of pharmacological effects, including anti-oxida-
tion, anti-atherosclerosis, anti-cancer and enhancing
immune function, etc. [8]. Recent research found that
AS-IV has protective effect on PAH, such as attenuating
hypoxia-induced inflammation and pulmonary vascular
remodeling [9, 10]. However, the protective mechanism
of AS-IV in PAH has not been fully understood.

Chronic pulmonary inflammatory response is an
important pathogenic mechanism leading to pulmo-
nary artery remodeling and the progression of PAH [11,
12]. Immune cells and cytokines were found to infiltrate
around the blood vessels of PAH patients and animal
models [13, 14]. Inflammasome is multi-protein com-
plexes that regulates cytokine maturation, inflammation
and death, which plays a key role in innate immunity [15].
Nucleotide-binding oligomerization segment-like recep-
tor family 3 (NLRP3) is the most characteristic inflam-
masome. Its activation will cleave caspase-1, thereby
promoting downstream cytokines (such as pro-IL-1p and
pro-I1L-18) to be cleaved into their bioactive forms and
released into the extracellular space through the plasma
membrane pores [16, 17]. Pyroptosis, as an inflamma-
tory cell necrosis, is mediated by NLRP3 inflammasome
activation. Accumulating evidence indicates that pyrop-
tosis is responsible for plenty of diseases progresses,
such as nervous system related diseases and cardiovas-
cular diseases [18—-21]. In recent years, a few researches
have reported that pyroptosis might contribute to pul-
monary hypertension [11, 22-24]. In addition, NLRP3
inflammasome activation and its subsequent pyroptosis
can also cause pulmonary fibrosis, and they drive pul-
monary artery remodeling together [1]. Previous stud-
ies have pointed out that AS-IV could suppress NLRP3
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inflammasome activation induced by high glucose and
ischemia [25, 26], but its influence in PAH is rarely
reported.

Hypoxia is the key pathogenic mechanism leading to
pulmonary artery remodeling during PAH progression.
Hypoxia inducible factor 1a (HIFla), as a critical molec-
ular signal for mammalian cells to response to hypoxia,
can increase oxygen transport or promote metabolism to
adapt to hypoxia by activating the transcription of various
downstream genes involved in metabolism, angiogenesis,
apoptosis, and other [27, 28]. Therefore, HIFla plays a
pivotal role in the pathophysiology of ischemic diseases.
HIFla is reported to be overactivated in hypoxia-induced
PAH that can lead to changes in the phenotype of lung
cells and remodeling of lung structure [29, 30]. Prolyl-
4-hydroxylase 2 (PHD2) is one of the most important
isoenzymes under normoxic conditions responsible for
HIFla hydroxylation and degradation. Recent evidence
suggests deficiency of PHD2 induces pulmonary vas-
cular remodeling and PAH progression [31-33]. In this
research, we revealed that AS-IV elevated the expression
of PHD?2 to alleviate PAH progression through inhibit-
ing HIF1la and NLRP3 inflammasome, which was not
clarified in the previous publications. The present article
clearly clarifies the mechanism by which AS-IV prevents
PAH progression through pyroptosis pathway, and it
might provide a theoretical basis for the development of
effective prevention and treatment strategies of PAH.

Materials and methods

Animal models

Eighteen Sprague-Dawley rats with specific pathogen
free (Male, 300 g~350 g), purchased from Saiye model
Biology Research Center Co., Ltd (Taicang, Jiangsu, LIC.
SCXK(Su)2018-0003), were kept in cages with free access
to water and food. The rats were divided into 3 groups
(6 rats in each group): negative control (NC) group, PAH
group and AS group. 60 mg/kg of monocrotaline (MCT,
MedChemExpress, New Jersey, USA, HY-N0750) was
injected intraperitoneally into rats in PAH group and AS
group for the establishment of PAH models, and same
volume of saline was injected into rats in NC group.
The model was established successfully when the mean
pulmonary artery pressure (mPAP) was greater than 25
mmHg. 24 h after MCT administration, 30 mg/kg of
AS-IV (Yuanye, Shanghai, China, #B20564, dissolved
in 0.5% DMSO) or the same volume of 0.5% DMSO in
saline was administered intraperitoneally into rats for 4
w. Rats were anesthetized by intraperitoneal injection of
tribromoethanol (300 mg/kg), mPAP and the weight ratio
of the right ventricle to the left ventricle plus the septum
[RV/(LV +S)] was measured as previous described [34].
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Hematoxylin-eosin staining

Rat lung artery tissue were firstly made into paraffin
embedded tissue section, and then hematoxylin-eosin
staining was performed as previous described [35]. The
section was dewaxed, hydrated and stained by hema-
toxylin (Solarbio, Beijing, China, #G1120) for 5 min.
After differentiation with 1% hydrochloric acid alcohol
for several seconds, the tissue sections were stained by
eosin (Solarbio, #G1120) for 2 min, dehydrated by using
gradient ethanol and sealed with neutral gum. Finally,
the sections were observed under a microscope CKX53
(Olympus, Tokyo, Japan). Pulmonary vessel area and
wall thickness were measured as previous described [36]:
Pulmonary arterioles around 100 um were selected for
measurement, and 10 cross-sectional pulmonary arteries
were randomly selected from each slice. Wall thickness
(%) = (external diameter - internal diameter)/ external
diameterx100%, and vessel area (%) = (total area - inter-
nal area) / total areax100%.

Immunofluorescence staining

To measure the expression of NLRP3, PHD2 and HIFla
in pulmonary tissues, the paraffin-embedded lung tissue
sections were prepared for immunofluorescence stain-
ing. The sections were firstly permeabilized with 0.1%
Triton X-100 for 30 min, and blocked with 5% bovine
serum albumin for 1 h. Then, the sections were incubated
overnight with primary antibody against NLRP3 (Abcam,
Cambridge, UK, #ab263899), PHD2 (Abcam, #ab226890)
and HIFla (Abcam, #ab179483) at 4 ‘C, and incubated
with Alexa Fluor®488 labeled IgG secondary antibody
(Abcam, #ab150077). The nuclei were counterstained
with Hoechst 33,258 (Abcam, #ab228550), and the image
was visualized under a microscope and analyzed by the
image ] software. Density of NLRP3, PHD2 or HIFla
(%)=NLRP3 (PHD2 or HIF1«) positive cells / DAPI posi-
tive cells x 100%.

Cell culture and treatment

Rat PASMCs (#YS1633C) were purchased from Yaji bio-
logical Co., Ltd (Shanghai, China), and cultured with
DMEM medium containing 20% fetal bovine serum in
an incubator supplemented with 5% CO, at 37 ‘C. Cells
were cultured under normoxia condition (containing 21%
O,) or hypoxia condition (containing 2% O,) for 24 h, and
treated with or without AS-IV.

Cell transfection

PASMCs were transfected with small interfering RNA
(siRNA)-NC or siRNA-PHD2, and treated with 20 pM
AS-1V, or treated with 10 pM HIFla inhibitor LW6
(Solarbio, Beijing, China, #IL0860) alone. Cells were cul-
tured in either normoxia condition or hypoxia condition
for 24 h. siRNA-NC and siRNA-PHD2 were synthetized
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by Sangon Biotech (Shanghai, China), and they were
transfected to PASMCs in the logarithmic phase using
Lipofectamine 2000 transfection reagent (Invitrogen,
California, USA, #11668030).

Enzyme linked immunosorbent assay (ELISA)

Levels of IL-1p and IL-18 in rat serum or cell superna-
tant were measured by rat ELISA kit (Mlbio, Shanghai,
China, #ml037361, #ml002816), and levels of matrix
metallopeptidase (MMP2 or MMP9) and tissue inhibi-
tors of metalloproteinase 4 (TIMP4) in pulmonary tissue
homogenate or cell supernatant were detected by corre-
sponding ELISA kit (Kanglang Biology, Shanghai, China,
#KL12748Ra, #KL12754Ra, #KL12954Ra), according to
the indicated manufacturer’s instructions.

Western blot

Pulmonary artery tissue or PASMCs were homogenized
in RIPA lysis buffer, and the protein concentration was
quantified by BCA Protein Assay kit (Beyotime, Shang-
hai, China). Then, 30 pg total protein samples were sep-
arated 12% SDS-PAGE, transferred to a nitrocellulose
membrane. The corresponding blots were cut prior to
incubation with antibodies, blocked with 5% skim milk
for 1 h at room temperature, and incubated with pri-
mary antibodies against NLRP3 (Abcam, #ab263899),
cleaved Caspase-1 (Immunoway, Beijing, China,
#YCO0003), Fibronectin (Abcam, #ab268020), Collagenl
(Abcam, #ab260043), PHD2 (Abcam, #ab226890), HIF 1«
(Abcam, #ab179483), Gasdermin D N terminal fragment
(GSDMD-N) (Abcam, #ab215203) and GAPDH (Abcam,
#ab9484) at 4 'C overnight. The membranes were incu-
bated with horseradish peroxidase-labeled IgG secondary
antibody (Abcam, #ab6721) for 2 h. The blots were visu-
alized with a gel imaging analysis system (Liuyi, Beijing,
China, #WD-9413B), and the expression of all proteins
was normalized to GAPDH.

Masson staining

To evaluate lung fibrosis in PAH model rats, the pulmo-
nary artery tissues were stained by using Masson stain-
ing reagent (Leagene biotechnology, Beijing, China,
#DC0033), according to the manufacturer’s instruction.
The stained sections were observed under a microscope:
the collagen fiber was stained with blue, the cytoplasm
was red, and the nucleus was blue brown.

Propidium iodide (Pl)/Hoechst double fluorescent staining
PASMCs to be detected were resuspended with cell stain-
ing buffer in 1.5 ml centrifuge tubes, and stained with 5
uL Hoechst 33,342 staining reagent (Solarbio, #CA1120)
and 5 pL PI staining solution (Solarbio, #CA1120) at 4 C
for 30 min. The cells were centrifuged for precipitation,
smeared and visualized under a microscope. The dead
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cells could be stained with red by PI solution, and PI-pos-
itive rate was analyzed by the Image]J software.

Lactate dehydrogenase (LDH) release assay

To evaluate pyroptotic cell death, LDH activity in
PASMCs with corresponding treatment was detected
with LDH Release Assay Kit (Beyotime, #C0016), accord-
ing to manufacturer’s instruction. The absorbance at
490 nm was determined under a microplate reader
(Thermo Fisher Scientific, Shanghai, China, #1410101),
and the relative LDH activity was normalized to the
control.

Statistical analysis
Prism 8 software (GraphPad, California, USA) was
used for statistical analysis. All data were presented as
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“meanztstandard deviation’, data among groups were
compared by one-way ANOVA, and data between two
groups were compared with LSD-t test. Difference with P
values <0.05 were considered statistically significant.

Results

AS-1V attenuates experimental PAH progression

To verify the effect of AS-IV on experimental PAH, the
PAH rat models were established through administra-
tion of MCT, and then treated with AS-IV (Fig. 1A). By
pathological staining of lung tissue, we observed that
AS-IV improved pulmonary artery structural remodel-
ing in PAH model rats, including vascular thickening
or even lumen closure (Fig. 1B). Data in Fig. 1C and D
also showed that increased vessel area and wall thickness
in rat lung of PAH model rats were effectively reversed
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by AS-IV treatment. The PAH-associated elevation in
mPAP and the index of right ventricle hypertrophy (RV/
LV +S) were also observed in MCT-induced PAH model
rats, and AS-IV significantly ameliorated these PAH-
like changes (Fig. 1E and F). The results confirmed that
AS-IV attenuates PAH progression in MCT-induced
PAH model rats.
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AS-IV alleviates pyroptosis and fibrosis development in
PAH model rats

Pyroptosis and fibrosis are typical pathological charac-
teristics that play critical role in PAH progression [24].
To evaluate the effect of AS-IV on pyroptosis phenom-
enon, we first conducted the immunohistochemical
staining of NLRP3. As shown in Fig. 2A and B, NLRP3
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expression was obviously increased in PAH model rats,
but the change was mitigated by AS intervention. ELISA
data indicated that AS-IV reduced the levels of inflam-
matory cytokines (IL-1p and IL-18) in pulmonary tissues
PAH model rats (Fig. 2C). The subsequent western blot
results also showed that elevated expression of GSDMD-
N, NLRP3 and cleaved caspase-1 in lung tissues seen in
PAH model rats was abrogated by As-IV administra-
tion (Fig. 2D, E and F), indicating that AS-IV alleviated
pyroptosis in pulmonary artery tissues. To determine the
change of fibrosis appearance after AS-IV intervention,
the fibrosis markers were then detected by the western
blot, and results demonstrated that AS-IV inhibited the
production of fibronectin and collagenl in PAH model
rats (Fig. 2E and G). Additionally, Masson staining sug-
gested that As-IV reduced collagen deposition and fibro-
sis development of pulmonary tissues in PAH model rats
(Fig. 2H and I). Moreover, the proteins responsible for
extracellular matrix metabolism, including MMP2/9 and
TIMP4, were measured by ELISA method. Compared
to rats in NC group, MMP2 and MMP9 were increased,
but TIMP4 was decreased in pulmonary tissues of PAH
model rats to promote extracellular matrix remodeling.
However, the dysregulation of MMPs/TIMP4 was allevi-
ated by the administration of As-IV (Fig. 2] and K). The
findings indicated that AS-IV alleviates pyroptosis and
fibrosis development in PAH model rats.

AS-IV reduces pyroptosis and fibrosis development in
hypoxia-treated PASMCs

Subsequently, we constructed cellular model of PAH with
hypoxia-treated PASMCs. Similar to the in vivo models,
hypoxia significantly promoted the expression of pyrop-
tosis markers (GSDMD-N, NLRP3 and cleaved cas-
pase-1) in PASMCs in vitro, which could be reversed by
AS-1IV (Fig. 3A C). Also, AS-IV abolished the elevation
of IL-1B and IL-18 levels in hypoxia-treated PASMCs
(Fig. 3E). Then, PI/Hoechst double fluorescent stain-
ing and LDH release assay were performed to evalu-
ate pyroptosis phenomenon (Fig. 3F and G). Hypoxia
increased the PI-positive rate and LDH activity in
PASMCs, but AS-IV treatment decreased them, suggest-
ing that AS-IV mitigated hypoxia-induced pyroptosis. In
addition, we measured two fibrosis indexes (fibronectin
and collagenl) by western blot (Fig. 3B and D), and data
proved that AS-IV suppressed the production of fibrosis
factors in hypoxia-treated PASMCs. Results from ELISA
method showed that hypoxia treatment increased MMP2
and MMP9 levels, but decreased TIMP4 level in cell cul-
ture supernatant of PASMCs, which was also reversed by
treatment of AS-IV (Fig. 3H and I). Consistent with the
in vivo data, AS-1V reduces pyroptosis and fibrosis devel-
opment in hypoxia-treated PASMCs in vitro.
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AS-1V affects the PHD2-HIF1a axis in PAH model rats and
hypoxia-treated PASMCs

Since the suppressive effect of AS-IV on PAH develop-
ment was observed in vivo and in vitro, the regulatory
mechanism was then investigated. The PHD2/HIF1a axis
is an important regulatory signal under hypoxia [37-39].
Through immunohistochemical staining of PHD2 and
HIFla in the pulmonary tissues of PAH model rats, we
found that PHD2 expression was decreased in pulmo-
nary tissues of PAH model rats, while HIF1a expression
was markedly elevated, which was reversed by AS-IV
administration (Fig. 4A, B, C and D). Consistent with the
in vivo results, data from western blot assay also proved
that AS-IV promoted PHD2 expressions and suppressed
HIFla production in hypoxic PASMCs (Fig. 4E). The
results illustrated that AS-IV affects the PHD2-HIFla
axis in vivo and in vitro.

AS-IV depresses pyroptosis and fibrosis development in
hypoxia-treated PASMCs through the PHD2-HIF1a axis

To explore whether and how PHD2-HIF1la axis involved
in the regulation of AS-IV on PAH, the function verifi-
cation experiments were performed in hypoxia-treated
PASMCs. Hypoxic PASMCs were pre-transfected with
siRNA-PHD2 and administered with AS-IV, or treated
with LW6, a HIF1a inhibitor. Then, we found that both
AS-IV and LW6 decreased the levels of pyroptosis mark-
ers in hypoxia-treated PASMCs, including GSDMD-N,
NLRP3 and cleaved caspase-1 (Fig. 5A-C), and sup-
pressed cell death (Fig. 5E), release of IL-1f and IL-18
(Fig. 5F), and LDH activity (Fig. 5G), but co-treatment
with siRNA-PHD2 and AS-IV abolished the suppressive
effect on pyroptosis of AS-IV. In addition, the expression
of fibronectin and collagenl in hypoxia-treated PASMCs
were decreased by both AS-IV and LW6, and the sup-
pressive effect of AS-IV on fibrosis factors was also
reversed by PHD2 knockdown (Fig. 5B and D). Further-
more, it was found that inhibiting HIF1a exerted similar
effect to AS-IV on hypoxia-induced MMPs/TIMP4 dys-
regulation, while downregulation of PHD2 restored the
levels of MMP2 and MMP9, but suppressed TIMP4 level,
counteracting the regulatory effect of AS-IV on hypoxia-
triggered MMPs/TIMP4 imbalance in PBMCs (Fig. 5H
and I). Taken together, the above data suggested that
AS-1IV depresses hypoxia-induced pyroptosis and fibrosis
development in PASMCs through regulating the PHD2-
HIFloa axis.

Discussion

To date, PAH is still an incurable chronic disease charac-
terized by the progressive increase of pulmonary artery
pressure caused by pulmonary vascular inflammation
and pulmonary vascular remodeling [40]. Searching for
safe, effective and low-cost specific drugs has become an
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urgent challenge in the research field. AS-1V, as the main
active components of Astragalus membranaceus, has
a good anti-inflammatory effect in diabetes, ischemia-
reperfusion injury, allergic diseases, etc. [41-43]. In the
present study, by using MCT-induced PAH model rats
and hypoxia-treated PASMCs, we verified that AS-IV

05, #P<0.01, #P<0.001, comparison with Hyp group

alleviated MCT-induced pulmonary artery structural
remodeling, pulmonary hypertension and right ven-
tricular hypertrophy, and suppressed NLRP3-mediated
pyroptosis and fibrosis in PAH models in vivo and in
vitro. Pyroptosis, also known as inflammatory necrosis,
is a kind of programmed cell death triggered by NLRP3
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inflammasome activation [44, 45]. It is manifested as
sequential cleavage and activation of caspase-1 and
GSDMD and the rupture of cell membrane, resulting in
the release of proinflammatory cytokines (such as IL-1p
and IL-18) and the activation of strong inflammatory
response [46]. NLRP3-mediated pyroptosis in PASMCs
is found to be involved in the occurrence and develop-
ment of atherosclerosis and pulmonary hypertension [47,

wxx

P<0.001, comparison with Nor

48]. We observed that AS-IV inhibited the expression
of NLRP3, cleaved caspase-1, GSDMD-N, the release of
IL-1pB and IL-18 in PAH model rats or hypoxia-induced
PASMCs, indicating the suppressive effect of AS-IV on
pyroptosis during PAH. In addition, pyroptosis has been
proved to a trigger of fibrosis, and parenchymal cells
regenerate after pyroptosis to replace necrotic cells dur-
ing injury, which is considered to be a result of wound
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with AS group

healing response to repeated injury [49, 50]. In our study,
MCT or hypoxia increased fibrosis markers (fibronec-
tin and collagenl) and MCT-induced collagen deposi-
tion in pulmonary tissue were suppressed by AS-IV
treatment. Pyroptosis is a special type of programmed
cell death that can quickly activate inflammatory reac-
tions [51]. Most of the current publications focused on

ANA

P<0.001, comparison

the over-proliferation of PASMCs, and little attention
has been paid to the pyroptosis of PASMCs, and in fact,
these two situations co-exist in PASMCs of PAH mod-
els [11, 52]. The intense inflammatory response caused
by pyroptosis can lead to an imbalance in the ratio of
MMPs and TIMPs (which were responsible for ECM
metabolism), leading to extracellular matrix remodeling,
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collagen deposition, and fibrosis development [3]. In our
study, AS-IV reversed the increase of MMP2 and MMP9
and the decrease of TIMP4 in pulmonary tissues of
PAH model rats and cell culture supernatant of hypoxic
PASMCs.

Herein, we identified a novel signaling pathway, the
PHD2/HIFla axis, as the main regulatory mechanism
of AS-IV in PAH. HIF1la, recognized as a cellular oxygen
receptor, is a key regulatory signal in cells under hypoxia
[53]. Under normoxia condition, HIFla is instability due
to the hydroxylation of proline by PHD proteins contain-
ing hydroxylase domains and the subsequent ubiquitina-
tion degradation [54]. During hypoxia, the deficiency of
oxygen leads to a reduction of the hydroxylation effect of
prolyl hydroxylase proteins on HIFla, and non-hydrox-
ylated HIFla is more stable than hydroxylated HIFla,
resulting in increased protein expression [55, 56]. HIF1a
can transfer to the nucleus, and regulate the expression
of related target genes, including NLRP3 [57-59]. There-
fore, identifying naturally occurring HIFla inhibitors
can provide new insights into the development of PAH
drugs. Previous evidences found that PHD2 deficiency
contributes to vascular remodeling, hypertension and
right ventricular hypertrophy during experimental PAH
development [31, 39, 60]. In this study, we found that
AS-1V elevated PHD2 to suppress HIF1q, thus suppress-
ing MCT or hypoxia-induced pyroptosis and fibrosis, and
restraining PAH development. A recent study by Sun Y
[35] points out that AS-IV inhibits MCT-induced inflam-
matory response through NLRP3/calpain-1 pathway,
which partially supports our results. Another study by
Yao J [9] suggests that AS-IV alleviates hypoxia-induced
pulmonary vascular remodeling by modulating Notch
signaling pathway. Differently, our research not only

investigated inflammation, but also proved the effect of
AS-IV on pyroptotic necrosis and fibrosis, and revealed
the upstream molecular mechanism, providing a novel
mechanism for the pulmonary fibrogenesis and PAH
progression.

Conclusion

In summary, we verified that AS-IV can alleviate pul-
monary artery structural remodeling and pulmonary
hypertension development in experimental PAH mod-
els. Mechanistically, we uncovered for the first time that
AS-IV suppresses NLRP3-mediated pyroptosis and fibro-
sis in PASMCs through modulating the PHD2/HIFla
signaling pathway, thus restraining PAH progression
(Fig. 6). The findings reveal the potential mechanisms of
AS-1V in PAH treatment, and illustrate the PHD2/HIFla
may be a potential anti-pyroptosis target during PAH.
Greater efforts will be needed in the future to validate the
clinical efficiency of AS-IV in the management of PAH.

Abbreviations

PAH pulmonary artery hypertension
AS Astragaloside
MCT monocrotaline

mPAP mean pulmonary artery pressure

RV/(LV+S)  weight ratio of the right ventricle to the left ventricle plus the
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IL-18 interleukin-18

MMP2/9 matrix metallopeptidase 2\9

TIMP4 tissue inhibitors of metalloproteinase 4
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PASMCs pulmonary arterial smooth muscle cells

PI propidium iodide

gRT-PCR quantitative reverse-transcription PCR

SIRNA small-interfering RNA

PHD2 prolyl-4-hydroxylase 2



Xi et al. BMC Pulmonary Medicine (2023) 23:386

HIF1a
GSDMD-N

hypoxia inducible factor-Ta
Gasdermin D N terminal fragment

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512890-023-02660-9.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
Not applicable.

Author contributions
All the authors contributed equal work in this research and all authors
reviewed the manuscript.

Funding
Not applicable.

Data Availability

The data were all included in this paper. The original data are available from
the corresponding author upon reasonable request.

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate
The experiment protocol was approved by Medical Ethics Committee of

Urumqi Youai Hospital, and all the operations followed the National Institutes
of Health Guidelines for the Care and Use of Laboratory Animals and ARRIVE

Guidelines pertaining to animal experimentation.

Consent for publication
Not applicable.

Author details

!Outpatient department, Urumgi Youai Hospital, Xinjiang Uygur
Autonomous Region, Urumgi 830063, China

Department of Critical Care Medicine, Urumgi Youai Hospital,

Urumqi 830063, Xinjiang Uygur Autonomous Region, China
3Department of Gynaecology, Urumgi Maternal and Child Health Care
Hospital, Xinjiang Uygur Autonomous Region, Urumqi 830063, China
“Traditional Chinese Medicine department, Urumgqi Maternal and Child
Health Care Hospital, Xinjiang Uygur Autonomous Region,

Urumgai 830063, China

>Department of Critical Care Medicine, Urumgji Youai Hospital, Xinjiang
Uygur Autonomous Region, No. 3838, Convention and Exhibition Avenue,
Midong District, Urumgi 830063, China

Received: 31 October 2022 / Accepted: 15 September 2023
Published online: 12 October 2023

References

1. Fulton DJR, Li X, Bordan Z, Wang Y, Mahboubi K, Rudic RD, et al. Galectin-3:a

harbinger of reactive oxygen species, fibrosis, and inflammation in pulmo-
nary arterial hypertension. Antioxid Redox Signal. 2019;31(14):1053-69.

2. SongR, LeiS, Yang S, Wu SJ. LncRNA PAXIP1-AST fosters the pathogenesis of
pulmonary arterial hypertension via ETS1/WIPF1/RhoA axis. J Cell Mol Med.

2021,25(15):7321-34.

20.

21.

22.

23.

24.

25.

26.

Page 11 of 12

Thenappan T, Chan SY, Weir EK. Role of extracellular matrix in the patho-
genesis of pulmonary arterial hypertension. Am J Physiol Heart Circ Physiol.
2018;315(5):H1322-h1331.

Jiang WL, Han X, Zhang YF, Xia QQ, Zhang JM, Wang F. Arctigenin prevents
monocrotaline-induced pulmonary arterial hypertension in rats. RSC Adv.
2018;9(1):552-9.

Zhou J, Zhou Z, Liu X, Yin HY, Tang Y, Cao X. P2X7 receptor-mediated inflam-
mation in Cardiovascular Disease. Front Pharmacol. 2021; 12654425.

Qian'W, Cai X, Qian Q, Zhang W, Wang D. Astragaloside IV modulates TGF-
31-dependent epithelial-mesenchymal transition in bleomycin-induced
pulmonary fibrosis. J Cell Mol Med. 2018;22(9):4354-65.

Xu F, CuiwQ, WeiY, Cui J, Qiu J, Hu LL, et al. Astragaloside IV inhibits lung
cancer progression and metastasis by modulating macrophage polarization
through AMPK signaling. J Exp Clin Cancer Res. 2018;37(1):207.

Tan YQ, Chen HW, Li J, Astragaloside IV. An effective drug for the treatment of
Cardiovascular Diseases. Drug Des Devel Ther. 2020; 143731-3746.

Yao J, Fang X, Zhang C, Yang Y, Wang D, Chen Q et al. Astragaloside IV attenu-
ates hypoxia-induced pulmonary vascular remodeling via the notch signal-
ing pathway. Mol Med Rep. 2021; 23(1).

JinH, JiaoY, Guo L, MaY, Zhao R, Li X, et al. Astragaloside IV blocks monocro-
taline-induced pulmonary arterial hypertension by improving inflammation
and pulmonary artery remodeling. Int J Mol Med. 2021;47(2):595-606.

He S, Ma C, Zhang L, Bai J, Wang X, Zheng X, et al. GLIT-mediated pulmonary
artery smooth muscle cell pyroptosis contributes to hypoxia-induced pulmo-
nary hypertension. Am J Physiol Lung Cell Mol Physiol. 2020;318(3):L472-1482.
Feng W, Wang J, Yan X, Zhang Q, Chai L, Wang Q, et al. ERK/Drp1-dependent
mitochondrial fission contributes to HMGB1-induced autophagy in pulmo-
nary arterial hypertension. Cell Prolif. 2021;54(6):e13048.

Rabinovitch M, Guignabert C, Humbert M, Nicolls MR. Inflammation and
immunity in the pathogenesis of pulmonary arterial hypertension. Circ Res.
2014;115(1):165-75.

Hu'Y, Chi L, Kuebler WM, Goldenberg NM. Perivascular inflammation in
pulmonary arterial hypertension. Cells. 2020; 9(11).

Foley A, Steinberg BE, Goldenberg NM. Inflammasome activation in pulmo-
nary arterial hypertension. Front Med (Lausanne). 2021; 8826557.

Tang B, Chen GX, Liang MY, Yao JP, Wu ZK. Ellagic acid prevents monocrota-
line-induced pulmonary artery hypertension via inhibiting NLRP3 inflamma-
some activation in rats. Int J Cardiol. 2015; 180134-41.

Guo L, Qin G, Cao Y, Yang Y, Dai S, Wang L, et al. Regulation of the Immune
Microenvironment by an NLRP3 inhibitor contributes to attenuation of
Acute Right Ventricular failure in rats with pulmonary arterial hypertension. J
Inflamm Res. 2021;145699:5711.

Qiu Z, He Y, Ming H, Lei S, Leng Y, Xia ZY. Lipopolysaccharide (LPS) aggravates
high glucose- and Hypoxia/Reoxygenation-Induced Injury through activat-
ing ROS-Dependent NLRP3 inflammasome-mediated pyroptosis in H9C2
cardiomyocytes. J Diabetes Res. 2019; 20198151836.

Zeng C, Duan F, Hu J, Luo B, Huang B, Lou X et al. NLRP3 inflammasome-
mediated pyroptosis contributes to the pathogenesis of non-ischemic
dilated cardiomyopathy. Redox Biol. 2020; 34101523.

Wang S, Yuan YH, Chen NH, Wang HB. The mechanisms of NLRP3 inflamma-
some/pyroptosis activation and their role in Parkinson's disease. Int Immuno-
pharmacol. 2019; 67458-464.

Qiu Z, LeiS, Zhao B, Wu Y, SuW, Liu M et al. NLRP3 inflammasome activation-
mediated pyroptosis aggravates myocardial Ischemia/Reperfusion Injury in
Diabetic rats. Oxid Med Cell Longev. 2017; 20179743280.

Jiang Y, Liu H, Yu H, Zhou Y, Zhang J, Xin W, et al. Circular RNA Calm4 regulates
Hypoxia-Induced Pulmonary arterial smooth muscle cells pyroptosis via

the Circ-Calm4/miR-124-3p/PDCD6 Axis. Arterioscler Thromb Vasc Biol.
2021;41(5):1675-93.

WuY, Pan B, Zhang Z, Li X, Leng Y, JiY, et al. Caspase-4/11-Mediated pulmo-
nary artery endothelial cell pyroptosis contributes to pulmonary arterial
hypertension. Hypertension. 2022;79(3):536-48.

Zhang M, Xin W, YuY, Yang X, Ma C, Zhang H et al. Programmed death-ligand
1 triggers PASMCs pyroptosis and pulmonary vascular fibrosis in pulmonary
hypertension. J Mol Cell Cardiol. 2020; 13823-33.

Leng B, Zhang Y, Liu X, Zhang Z, Liu Y, Wang H et al. Astragaloside IV sup-
presses high Glucose-Induced NLRP3 inflammasome activation by inhibiting
TLR4/NF-kB and CaSR. Mediators Inflamm 2019; 20191082497.

Xiao L, Dai Z, Tang W, Liu C, Tang B. Astragaloside IV alleviates cerebral
ischemia-reperfusion Injury through NLRP3 inflammasome-mediated pyrop-
tosis inhibition via activating Nrf2. Oxid Med Cell Longev. 2021; 20219925561.


https://doi.org/10.1186/s12890-023-02660-9
https://doi.org/10.1186/s12890-023-02660-9

Xi et al. BMC Pulmonary Medicine

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2023) 23:386

Hirayama Y, Koizumi S. Hypoxia-independent mechanisms of HIF-1a expres-
sion in astrocytes after ischemic preconditioning. Glia. 2017,65(3):523-30.
XuWN, Zheng HL, Yang RZ, Jiang LS, Jiang SD. HIF-1a regulates Glucocor-
ticoid-Induced osteoporosis through PDK1/AKT/mTOR signaling pathway.
Front Endocrinol (Lausanne). 2019; 10922.

Dunham-Snary KJ, Wu D, Sykes EA, Thakrar A, Parlow LRG, Mewburn JD, et

al. Hypoxic pulmonary vasoconstriction: from Molecular Mechanisms to
Medicine. Chest. 2017;151(1):181-92.

LuoY,Teng X, Zhang L, Chen J, Liu Z, Chen X, et al. CD146-HIF-1a hypoxic
reprogramming drives vascular remodeling and pulmonary arterial hyperten-
sion. Nat Commun. 2019;10(1):3551.

Elamaa H, Kaakinen M, N&tynki M, Szabo Z, Ronkainen VP, Ajjala V, et al. PHD2
deletion in endothelial or arterial smooth muscle cells reveals vascular cell
type-specific responses in pulmonary hypertension and fibrosis. Angiogen-
esis. 2022,25(2):259-74.

Fan Q, Mao H, Xie L, Pi X. Prolyl Hydroxylase Domain-2 protein regu-

lates Lipopolysaccharide-Induced vascular inflammation. Am J Pathol.
2019;189(1):200-13.

Zhu J, Zhao L, Hu 'Y, Cui G, Luo A, Bao C et al. Hypoxia-inducible factor 2-Alpha
mediated gene sets differentiate pulmonary arterial hypertension. Front Cell
Dev Biol. 2021; 9701247.

Zhang J, Lu X, Liu M, Fan H, Zheng H, Zhang S, et al. Melatonin inhibits inflam-
masome-associated activation of endothelium and macrophages attenuat-
ing pulmonary arterial hypertension. Cardiovasc Res. 2020;116(13):2156-69.
SunY, Lu M, SunT, Wang H. Astragaloside IV attenuates inflammatory
response mediated by NLRP-3/calpain-1 is involved in the development of
pulmonary hypertension. J Cell Mol Med. 2021;25(1):586-90.

Wu Z, Geng J, Qi Y, Li J, Bai Y, Guo Z. MiR-193-3p attenuates the vascular
remodeling in pulmonary arterial hypertension by targeting PAK4. Pulm Circ.
2020;10(4):2045894020974919.

Duan LJ, Takeda K, Fong GH. Prolyl hydroxylase domain protein 2 (PHD2)
mediates oxygen-induced retinopathy in neonatal mice. Am J Pathol.
2011;178(4):1881-90.

Guan D, Li G, LiY, LiY,Wang G, Gao F et al. The DpdtbA induced EMT inhibi-
tion in gastric cancer cell lines was through ferritinophagy-mediated activa-
tion of p53 and PHD2/hif-1a pathway. J Inorg Biochem. 2021; 218111413.
Kassa B, Kumar R, Mickael C, Sanders L, Vohwinkel C, Lee MH, et al. Endothelial
cell PHD2-HIF1a-PFKFB3 contributes to right ventricle vascular adapta-

tion in pulmonary hypertension. Am J Physiol Lung Cell Mol Physiol.
2021,321(4):.L675-1685.

Liu HM, JiaY, Zhang YX, Yan J, Liao N, Li XH, et al. Dysregulation of miR-
135a-5p promotes the development of rat pulmonary arterial hypertension
in vivo and in vitro. Acta Pharmacol Sin. 2019;40(4):477-85.

Zhou L, Zhang R, Yang S, Zhang Y, Shi D. Astragaloside IV alleviates pla-
cental oxidative stress and inflammation in GDM mice. Endocr Connect.
2020,9(9):939-45.

Wu, Fan Z, Chen Z,Hu J, Cui J, Liu Y, et al. Astragaloside IV protects human
cardiomyocytes from hypoxia/reoxygenation injury by regulating miR-101a.
Mol Cell Biochem. 2020;470(1-2):41-51.

JinH,Wang L, Li B, Cai C, Ye J, Xia J et al. Astragaloside IV ameliorates airway
inflammation in an established murine model of Asthma by inhibiting the
mTORC1 Signaling Pathway. Evid Based Complement Alternat Med. 2017;
20174037086.

LiY, Song W, Tong Y, Zhang X, Zhao J, Gao X, et al. Isoliquiritin ameliorates
depression by suppressing NLRP3-mediated pyroptosis via miRNA-27a/SYK/
NF-kB axis. J Neuroinflammation. 2021;18(1):1.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 12 of 12

Zhang X, Zhang Y, Li R, Zhu L, Fu B, Yan T. Salidroside ameliorates Par-
kinson's disease by inhibiting NLRP3-dependent pyroptosis. Aging.
2020;12(10):9405-26.

Yu ZW, Zhang J, Li X, Wang Y, Fu YH, Gao XY. A new research hot spot: the role
of NLRP3 inflammasome activation, a key step in pyroptosis, in diabetes and
diabetic complications. Life Sci. 2020; 240117138,

Wu X, Zhang H, QiW, Zhang Y, Li J, Li Z, et al. Nicotine promotes atheroscle-
rosis via ROS-NLRP3-mediated endothelial cell pyroptosis. Cell Death Dis.
2018;9(2):171.

Lee S, Suh GY, Ryter SW, Choi AM. Regulation and function of the nucleotide
binding domain leucine-rich repeat-containing receptor, pyrin domain-
Containing-3 Inflammasome in Lung Disease. Am J Respir Cell Mol Biol.
2016;54(2):151-60.

Neary R, Watson CJ, Baugh JA. Epigenetics and the overhealing wound: the
role of DNA methylation in fibrosis. Fibrogenesis Tissue Repair. 2015; 818.
Birbrair A, Zhang T, Files DC, Mannava S, Smith T, Wang ZM, et al. Type-1
pericytes accumulate after tissue injury and produce collagen in an organ-
dependent manner. Stem Cell Res Ther. 2014;5(6):122.

Coll RC, Schroder K, Pelegrin P. NLRP3 and pyroptosis blockers for treating
inflammatory diseases. Trends Pharmacol Sci. 2022;43(8):653-68.

Wu Z, Zhou G, Wang H, Yao P. Inhibition of KIF23 alleviates IPAH by targeting
pyroptosis and proliferation of PASMCs. Int J Mol Sci. 2022; 23(8).

Luo B, Xiang D, Wu D, Liu C, Fang Y, Chen P, et al. Hepatic PHD2/HIF-1a

axis is involved in postexercise systemic energy homeostasis. Faseb j.
2018;32(9):4670-80.

ChenT, Zhou Q,Tang H, Bozkanat M, Yuan JX, Raj JU et al. miR-17/20 controls
Prolyl hydroxylase 2 (PHD2)/Hypoxia-Inducible factor 1 (HIF1) to regulate
pulmonary artery smooth muscle cell proliferation. J Am Heart Assoc. 2016;
5(12).

Di Conza G, Trusso Cafarello S, Loroch S, Mennerich D, Deschoemaeker S, Di
Matteo M, et al. The mTOR and PP2A pathways regulate PHD2 phosphory-
lation to Fine-Tune HIF1a levels and colorectal Cancer cell survival under
Hypoxia. Cell Rep. 2017;18(7):1699-712.

Lee JY, Park JH, Choi HJ, Won HY, Joo HS, Shin DH, et al. LSD1 demethylates
HIF1a to inhibit hydroxylation and ubiquitin-mediated degradation in tumor
angiogenesis. Oncogene. 2017;36(39):5512-21.

Lee G, Won HS, Lee YM, Choi JW, OhTl, Jang JH et al. Oxidative dimeriza-
tion of PHD2 is responsible for its inactivation and contributes to metabolic
reprogramming via HIF-Ta activation. Sci Rep. 2016; 618928.

Wang J, Sheng Z, Cai Y. SIRT6 overexpression inhibits HIF 1a expression

and its impact on tumor angiogenesis in lung cancer. Int J Clin Exp Pathol.
2018;11(6):2940-7.

Jiang Q, Geng X, Warren J, Eugene Paul Cosky E, Kaura S, Stone C et al.
Hypoxia Inducible Factor-1a (HIF-1a) mediates NLRP3 inflammasome-
dependent-pyroptotic and apoptotic cell death following ischemic stroke.
Neuroscience. 2020; 448126-139.

Dai Z, Li M, Wharton J, Zhu MM, Zhao YY. Prolyl-4 hydroxylase 2 (PHD2)
Deficiency in endothelial cells and hematopoietic cells induces oblitera-
tive vascular remodeling and severe pulmonary arterial hypertension

in mice and humans through hypoxia-inducible Factor-2a. Circulation.
2016;133(24):2447-58.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Astragaloside IV restrains pyroptosis and fibrotic development of pulmonary artery smooth muscle cells to ameliorate pulmonary artery hypertension through the PHD2/HIF1α signaling pathway
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Animal models
	﻿Hematoxylin-eosin staining
	﻿Immunofluorescence staining
	﻿Cell culture and treatment
	﻿Cell transfection
	﻿Enzyme linked immunosorbent assay (ELISA)
	﻿Western blot
	﻿Masson staining
	﻿Propidium iodide (PI)/Hoechst double fluorescent staining
	﻿Lactate dehydrogenase (LDH) release assay
	﻿Statistical analysis

	﻿Results
	﻿AS-IV attenuates experimental PAH progression
	﻿AS-IV alleviates pyroptosis and fibrosis development in PAH model rats
	﻿AS-IV reduces pyroptosis and fibrosis development in hypoxia-treated PASMCs
	﻿AS-IV affects the PHD2-HIF1α axis in PAH model rats and hypoxia-treated PASMCs
	﻿AS-IV depresses pyroptosis and fibrosis development in hypoxia-treated PASMCs through the PHD2-HIF1α axis

	﻿Discussion
	﻿Conclusion
	﻿References


