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BACKGROUND: Pulmonary hypertension (PH) is a critical disease causing right ventricular failure and early death. Conventional
single-pathway treatments are inadequate, highlighting the need for new therapies. Trametes robiniophila Murr (Huaier), a
traditional Chinese medicine, inhibits cancer cell proliferation. Importantly, the aberrant proliferation of pulmonary artery
smooth muscle cells (PASMCs) is a key contributor to increased pulmonary vascular resistance in PH. However, it remains
unknown whether Huaier could protect against PH. This study aimed to examine whether Huaier could protect against PH
as well as its underlying mechanisms.

METHODS: Huaier treatment effectively mitigated hypoxia- and monocrotaline-induced PH in rodent models, as evidenced by
reductions in pulmonary artery pressure, right ventricular hypertrophy, and vascular remodeling. Transcriptomic and network
pharmacology analyses suggested that Huaier effectively alleviates PH primarily through inhibiting the phenotypic switching
of PASMCs.

RESULTS: In vitro, Huaier suppressed PASMCs proliferation and migration in both PDGF (platelet-derived growth factor)-treated
PASMCs and PH-PASMCs. Mechanistically, Huaier treatment was found to significantly inhibit the Hifla (hypoxia-inducible
factor 1-alpha) signaling pathway, thereby reducing excessive lactate accumulation and abnormal glycolysis, and the NF-xB
(nuclear factor kB) signaling pathway, thereby diminishing inflammatory responses. Additionally, Huaier activated the Nrf2
(nuclear factor erythroid 2-related factor 2) signaling pathway, enhancing mitochondrial function and alleviating oxidative
stress. The multifunctional roles of Huaier contributed to its inhibited effect on PASMCs proliferation and thus improved
vascular remodeling.

CONCLUSIONS: Huaier exerts multitarget therapeutic effects against PH by concurrently modulating metabolic reprogramming,
inflammation and oxidative homeostasis, thereby inhibiting PASMCs-driven vascular remodeling. These findings position
Huaier as a promising candidate for PH treatment, warranting further clinical trials to validate its translational potential.

Key Words: Huaier m multitarget therapy ® pulmonary artery smooth muscle cells m pulmonary vascular remodeling

Correspondence to: Jie Wang, MD, PhD, Department of Forensic Medicine, Key Laboratory of Targeted Intervention of Cardiovascular Disease, Collaborative
Innovation Center for Cardiovascular Disease Translational Medicine, Nanjing Medical University, 101 Longmian Avenue, Jiangning District, Nanjing, Jiangsu
210029, China. Email: wangjiefm@njmu.edu.cn; or Qiang Wang, MD, PhD, Department of Rheumatology, the First Affiliated Hospital of Nanjing Medical
University, Nanjing, Jiangsu 210029, China, Email: jerrytortoise@163.com; or Yanfang Yu, M.D, Department of Forensic Medicine, Nanjing Medical University,
Nanjing, Jiangsu 210029, China, Email: yanfangyu223@njmu.edu.cn

*H. Ye, Y. Zhang, and L. Hu contributed equally to this article.

This article was sent to Yen-Hung Lin, MD, PhD, Associate Editor, for review by expert referees, editorial decision, and final disposition.
Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/JAHA.125.041405

For Sources of Funding and Disclosures, see page 22.

© 2025 The Author(s). Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use
is non-commercial and no modifications or adaptations are made.

JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405 1


https://orcid.org/0000-0001-6548-0242
https://orcid.org/0000-0002-7535-6453
https://orcid.org/0000-0003-3508-8834
mailto:
mailto:
https://orcid.org/0000-0001-5259-7054
mailto:
mailto:wangjiefm@njmu.edu.cn
mailto:jerrytortoise@163.com
mailto:yanfangyu223@njmu.edu.cn
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.125.041405
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha
http://crossmark.crossref.org/dialog/?doi=10.1161%2FJAHA.125.041405&domain=pdf&date_stamp=2025-08-06

G20z ‘9 Isnbny uo Aq Bio'sjeulnofeye//:dny wouy pepeoumoq

Ye et al

RESEARCH PERSPECTIVE

What Is New?

e Huaier alleviates pulmonary hypertension in
both hypoxia-induced mice and monocrotaline-
induced rats, with improving hemodynamic
parameters and reducing pulmonary vascular
remodeling.

e This study provides strong evidence of a
multimodal mechanism underlying the potent
therapeutic effect of Huaier through its action in
downregulating Hifla (hypoxia-inducible factor
1-alpha) to counteract glycolytic reprogramming,
inhibiting NF-xB (nuclear factor xB) to prevent
inflammation, and activating the Nrf2 (nuclear
factor erythroid 2-related factor 2) antioxidant
defense to alleviate oxidative stress; collectively,
these mechanisms suppress pathological
changes in pulmonary artery smooth muscle
cells, highlighting Huaier’'s comprehensive
approach against pulmonary hypertension.

What Question Should Be Addressed

Next?

e Further research is necessary to isolate and
characterize the bioactive constituents within
Huaier extract that contribute to its antivascular
remodeling effects.

e The potentialimpact of Huaier on other celltypes,
such as fibroblasts and immune cells, during the
progression of pulmonary hypertension remains
to be explored; future multicenter randomized
controlled trials are essential to validate the
clinical applicability of Huaier in the treatment of
pulmonary hypertension.

Nonstandard Abbreviations and Acronyms

Hifta hypoxia-inducible factor 1-alpha

NF-xB nuclear factor xB

Nrf2 nuclear factor erythroid 2-related factor 2
PASMCs pulmonary artery smooth muscle cells

PDGF platelet-derived growth factor
PH pulmonary hypertension
RVH right ventricular hypertrophy

sive disease marked by pathological pulmonary
vascular remodeling, which leads to increased
pulmonary vascular resistance and subsequent right
ventricular hypertrophy (RVH), ultimately resulting in RV
failure and premature mortality. It is generally estimated

Pulmonary hypertension (PH) is a chronic, progres-
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that the global prevalence of PH is ~1% among the
adult population, rising to 10% in individuals over the
age of 65." However, the current therapeutic options
only partially improve symptoms and cannot reverse
pulmonary vascular remodeling. Thus, the search for
novel and highly potent therapeutic agents has be-
come the primary focus in the field.

The pathogenesis of PH has not been fully eluci-
dated. Many clinical conditions and diseases, including
chronic obstructive pulmonary disease and connective
tissue diseases, as well as pathological stimuli, such
as hypoxia, oxidative damage, inflammatory cytokines,
and growth factors, can induce the occurrence of
pulmonary vascular remodeling. Pulmonary vascular
remodeling is a complex pathological process char-
acterized by the thickening of the intima, media, and
adventitia layers of the distal pulmonary arteries (PAs).
This process involves the abnormal proliferation and
migration of PA smooth muscle cells (PASMCs), dys-
function of PA endothelial cells, dysregulation of the
immune system, and in situ thrombosis, all of which
contribute to the development of pulmonary vascular
remodeling and PH. Among these factors, the aberrant
proliferation of PASMCs is a key element in the develop-
ment of pulmonary vascular remodeling. Additionally,
intercellular communication mediated by the extracel-
lular matrix, cytokines, and extracellular vesicles are
also involved in the pathological progression of PH.?
The current treatment approaches are dedicated to re-
verse above pathological conditions.

Despite notable advancements in PH treatment
over the past 20years, marked by the approval of
several pharmacological agents such as endothelin
receptor antagonists, phosphodiesterase-5 inhibitors,
and prostaglandins, patient outcomes remain subop-
timal. The current survival rates underscore this issue,
with a 1-year survival rate of 85% and a 5-year sur-
vival rate of 53%.% For several decades, therapeutic
strategies for PH are urgently needed with antiprolifer-
ative effects on PASMCs. Nevertheless, the currently
employed pharmacological agents in clinical practice
for PH predominantly function as pulmonary vasodi-
lators. These agents are capable of enhancing hemo-
dynamics and improving quality of life, but their limited
effectiveness in reversing the established pulmonary
vascular remodeling and alleviating the persistent im-
pairment of RV function is still observed. Previous re-
search has shown that pharmacological interventions
targeting a singular signaling pathway have not yielded
the desired clinical outcomes in the treatment of PH.
Hence, there is a critical need to develop and identify
novel medications that exhibit alternative mechanisms
of action to achieve greater efficacy.

Recent research has increasingly focused on
natural products for pharmaceutical development,
recognizing the natural bioactive components as a
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valuable resource. Several natural compounds, such
as curcumol, formononetin, and resveratrol, have been
demonstrated to have therapeutic potential for PH,
attributed to their multitarget mechanisms, low tox-
icity, and minimal side effects.® Trametes robiniophila
Murr (Huaier), a medicinal mushroom derived from T.
robiniophila Murr, contains effective medicinal ingre-
dients.® Currently, Huaier has received approval from
the Chinese National Medical Products Administration
and been demonstrated to have antitumor potential
across various malignancies, including primary liver
cancer, lung cancer, breast cancer, and gastrointes-
tinal cancer.” The principal bioactive constituents of
Huaier have been identified as rutin, kaempferol, glu-
curonic acid, and genistein. Huaier demonstrates po-
tential in suppressing cancer cell proliferation across
various cancer types through inducing cell cycle arrest
and apoptosis.? Notably, the abnormal proliferation of
PASMCs, resulting from dysregulated cell cycle and
apoptotic resistance, is a critical factor in the patho-
genesis of pulmonary vascular remodeling in PH.
Therefore, we hypothesized that Huaier may possess
the capability to inhibit PASMCs proliferation and im-
prove pulmonary vascular remodeling and thus protect
against PH.

In this study, we demonstrated for the first time
that Huaier treatment ameliorates PH in experimen-
tal mouse and rat models. Mechanistic data revealed
that Huaier inhibits the proliferation and migration of
PASMCs through its antiglycolytic, anti-inflammatory,
and antioxidant properties, primarily by inhibiting the
Hifla (hypoxia-inducible factor 1-alpha) and NF-xB
(nuclear factor xB) signaling pathways as well as acti-
vating Nrf2 (nuclear factor erythroid 2-related factor 2)
signaling pathway. These findings suggest that Huaier
represents a novel and highly potent therapeutic agent
for the treatment of PH.

METHODS

The data that support the findings of this study
are available from the corresponding author upon
reasonable request.

Preparation of Huaier Extract

The electuary Huaier ointment used in this study
was generously provided by Qidong Gaitianli
Pharmaceutical Co., Ltd (Qidong, Jiangsu, China). The
dissolution of Huaier extract was performed following
established methodologies from previous studies.®°
Briefly, the electuary ointment was dissolved in either
a saline solution or DMEM and subsequently filtered
through a 0.22 um filter to obtain a stock solution. This
solution was stored at 4 °C for short-term use in both
in vivo and in vitro experiments.
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Animal Experiments

The experimental protocols involving animals were
approved by the Animal Core Facility of Nanjing
Medical University (IACUC-2206036, 2408061 and
2408062). This study used models of PH induced by
chronic hypoxia in mice and monocrotaline in rats. All
adult male C57BL/6 mice and Sprague—-Dawley rats
were sourced from the Animal Resource Center at
Nanjing Medical University.

For the mice PH model, the mice were randomly
assigned to 1 of 3 groups, each consisting of 8 mice:
(1) the normoxia group, (2) the hypoxia group, and (3)
the hypoxia group treated with Huaier extract (hy-
poxia+ Huaier) group. The mice in the hypoxia group
were placed in a hypoxia chamber with a controlled
atmosphere of 10+0.5% O, and CO, <0.5%, achieved
by mixing room air with N,, whereas the mice in the
normoxia group were exposed to ambient air. On the
15th day, the hypoxia+Huaier group was administered
a daily oral dose of 50 mg of Huaier extract via ga-
vage, with the dosage determined based on previous
studies."” The normoxia and hypoxia groups received
an equivalent volume of saline solution using the same
procedure. PH parameters were measured, and tissue
samples were obtained on day 28 following hypoxia
exposure.

For the rat PH model, the rats were assigned
to 1 of 3 groups, each consisting of 8 rats: (1) the
control group, (2) the monocrotaline group, and (3)
the monocrotaline group treated with Huaier extract
(monocrotaline + Huaier) group. The monocrotaline
group was established through a single subcuta-
neous injection of monocrotaline at a dosage of 60
mg/kg. On the 15th day, the monocrotaline + Huaier
group received a daily oral dose of 4.5 g/kg of Huaier
extract via gavage. Throughout the experiment, all
control groups were administered a corresponding
volume of solvent. PH parameters were measured,
and tissue samples were collected on the 28th day
following the monocrotaline injection. No animals
were excluded from analyses or outcome assess-
ments in this study.

Transthoracic Echocardiography
Transthoracic  echocardiography in  rats was
performed using the Vevo 2100 system (VisualSonics)
equipped with a 30-MHz transducer probe. The
rats were anesthetized with 5% isoflurane inhalation
and maintained at 2% to 3% isoflurane during the
examination. Then, the rats were placed supine on a
homeothermic plate and shaved over the precordial
region. PA acceleration time and ejection time were
measured, and the ratio of PA acceleration time to PA
ejection time was calculated as an indirect index of the
PH.



G20z ‘9 Isnbny uo Aq Bio'sjeulnofeye//:dny wouy pepeoumoq

Ye et al

Assessment of Right Ventricular

Systolic Pressure and Right Ventricular
Hypertrophy

In accordance with our prior descriptions, RV systolic
pressure (RVSP) and RVH were measured.”>'® To
summarize, a needle filled with heparinized saline was
linked to a pressure transducer and inserted through the
diaphragm into the RV. The RVSP was then recorded
and measured with the PowerlLab data acquisition
system (AD Instruments) and LabChart 7.2 software.
Next, the animals were euthanized and subjected to
RVH measurements. The RV was separated from the
left ventricle (LV) and septum to determine the weight
and calculate the Fulton index (RV/LV +septum).

Assessment of Morphology and Histology
Following the assessment of hemodynamics, the pul-
monary circulation was perfused with ice-cold PBS
via the right ventricle, and major tissues, including the
heart, liver, spleen, lungs, and kidneys, were collected
for subsequent experimentation. The middle lobes of
the right lung were fixed in 4% paraformaldehyde for
24 hours at 4°C, followed by dehydration in a 30%
sucrose solution for 48 hours, and subsequently em-
bedded in optimal cutting temperature compound.
Cross-sections of 10 um thickness were prepared
using a freezing microtome (HM525 NX, Thermo Fisher)
and stained with hematoxylin and eosin to visualize the
wall thickness of small pulmonary vessels. Pulmonary
vascular remodeling was evaluated by quantifying the
degree of medial wall thickening in small pulmonary
vessels with external diameters ranging from 25 to 100
um. The extent of medial wall thickness was expressed
as the ratio of medial area to cross-sectional area and
analyzed using Imaged software. To determine the
level of muscularization, 40 to 60 small PAs (20-50
um in diameter) were examined per mouse or rat, with
muscularization expressed as the ratio of nonmuscu-
lar, partially muscular, and fully muscular vessels to the
total number of vessels. All counts and measurements
were conducted in a blinded manner.

Immunofluorescence Staining

The immunofluorescence staining procedure was con-
ducted as follows: lung cryosections were allowed to
air dry for 10 minutes at room temperature, followed
by rehydration in PBS for 15 minutes at the same tem-
perature. Cells cultured on glass coverslips were fixed
with 4% paraformaldehyde in PBS for 15 minutes, and
subsequently washed with PBS. Permeabilization of
the samples was achieved using 0.3% Triton X-100/
PBS for 15 minutes, followed by blocking with 3% BSA
for 1 to 2 hours. The samples were then incubated with
appropriate primary antibodies overnight at 4 °C. Post
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incubation, samples were washed twice with 0.1%
Triton-PBS and incubated with suitable fluorescently
labeled secondary antibodies for 1 to 2 hours in the
dark at room temperature. All antibodies were diluted
in a blocking buffer composed of PBS with 3% BSA.
Subsequently, the samples were counterstained with
DAPI to visualize nuclei and mounted using an anti-
fluorescence quenching mounting medium. Imaging
was conducted using a fluorescence microscope
(Olympus, Tokyo, Japan), and fluorescence data were
analyzed using Imaged software. The antibodies used
in this study are listed in Table S1.

TUNEL Staining

The One Step TUNEL Apoptosis Assay Kit (Beyotime,
C1088) was used for TUNEL (terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling)
staining following instructions. Briefly, lung cryosections
were fixed with 4% paraformaldehyde for 30 to 60
minutes, washed with PBS twice (10 minutes each),
and permeabilized with 0.5% Triton X-100 in PBS for
5 minutes at room temperature. The sections were
then incubated with 100 uL TUNEL reaction mixture
at 37°C for 60 minutes. After washing with PBS, the
nuclei were stained with DAPI, and the slides were
mounted with an antifade mounting medium. Finally,
the samples were observed under a fluorescence
microscope.

Serum Biomarker Molecules of Liver and
Kidney Functions

Blood samples were obtained via heart puncture at the
time of euthanization and centrifuged to collect serum.
Serum aspartate transaminase, alanine transaminase,
total bilirubin, and creatinine levels were measured with
an automatic biochemistry analyzer 7100 (Hitachi).

Cell Culture

Primary PASMCs were harvested from the PAs of
rats and patients with PH, and then identified by
immunofluorescence staining with a-SMA (alpha-
smooth muscle actin) as previously described.'*'S All
experiments involving PASMCs were conducted at
passages 3 to 6, with cells serum starved for 12 hours
before experimentation.

RNA-Sequencing

PAs were isolated from the left lobe of lung tissue
in both the monocrotaline group (n=4) and the
monocrotaline+Huaier group (n=4). Rat PASMCs
(RPASMCs) were treated with or without Huaier (2
mg/mL) under PDGF (platelet-derived growth factor)
conditions for 48 hours (n=4 for each group). Total RNA
was extracted from PAs or RPASMCs using RNAiso
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Plus (TaKaRa, #9109, Japan) in conjunction with
chloroform. For RNA sequencing (RNA-seq), the RNA
samples underwent sequencing by Lianchuan Biotech
(Hangzhou, China) and were subsequently analyzed
using the OmicStudio tools accessible at https:/www.
omicstudio.cn/tool. DESeg2 was used for statistical
analysis of differential expression. Differentially
expressed genes were defined as log2 fold changes
>1 or <1, with the Benjamini-Hochberg adjusted P
values (false discovery rate) <0.05.

Network Pharmacology

The active small-molecule compounds of Huaier and
their target genes were analyzed using the HERB da-
tabase (https:/herb.ac.cn/), a high-throughput exper-
iment- and reference-guided database of traditional
Chinese medicine. A total of 4 chemical compounds
were extracted from the database. The GeneCards da-
tabase (https:/www.genecards.org/), OMIM diseases
database (https://omim.org/) and Therapeutic Target
Database (https:/db.idrblab.net/ttd/) were used to
gather the information of human target genes related to
PH. Using the STRING database (https://string-db.org/
), the protein—protein interaction network of the identi-
fied Huaier target genes in PH was analyzed and visual-
ized using Cytoscape software (version 3.10.3).

The molecular structures of rutin, kaempferol, glucu-
ronic acid, and genistein obtained from the PubChem
database were brought into Chem3D for energy min-
imization and geometric optimization. The crystal
structures of Hifla (PDB code: 4H6J), Nrf2 (PDB code:
2171), and NF-xB (PDB code: 1MY7) proteins were ob-
tained from the PDB website. Molecular docking was
simulated using AutoDock 1.5.7. It makes sense to cal-
culate binding energies of <0 kcal/mol. PyMOL 2.6.0
software was used to map 3-dimensional chemical
bonds and amino acid residues.

Cell Viability Assay

The viability of RPASMCs was determined using the
Cell Counting Kit-8 (Beyotime, C0039) according to the
manufacturer’s instructions. The cells were seeded in
96-well plates and treated with different concentrations
of Huaier extract. At the indicated time points, 10uL of
Cell Counting Kit-8 solution diluted in 90 uL DMEM were
added in each well and the cultures were incubated at
37°C for 90 minutes. The optical density values were
measured by a spectrophotometer at 450 nm.

Cell Cycle and Apoptosis Analysis

Cell apoptosis was detected with Annexin V-FITC/PI
Apoptosis Detection Kit (Liankebio, AP101). Briefly,
RPASMCs were seeded in 6-well plates and cultured
overnight. The cells were subjected to various experi-
mental conditions for 48 hours, with those incubated
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in fresh culture medium serving as the control group.
Subsequently, the cells were harvested, rinsed with
PBS solution, and gently resuspended in 250 uL of
binding buffer. To this suspension, 5 uL of Annexin
V-FITC and 10 uL of propidium iodide were added,
followed by incubation in the dark for 5 minutes. A
total of 10000 cells from each experimental group
were analyzed using a FACS Calibur flow cytometer
(BD Biosciences), and the data were processed with
Flowdo software version 10.8.1. This procedure was
replicated across at least 3 independent experiments.

Cell cycle analysis was conducted using the Cell Cycle
and Apoptosis Analysis Kit (Beyotime, C1052) in accor-
dance with the manufacturer’s instructions. RPASMCs
from the various treatment groups were fixed with cold
70% ethanol at 4 °C overnight. The fixed cells were then
collected and resuspended in PBS containing propid-
ium iodide and RNase A, followed by incubation at room
temperature in the dark for 30 minutes. DNA content
was quantified using a FACS Calibur flow cytometer, and
the distribution of cells across different cell cycle phases
was determined using ModFit software version 5.0.

Cell Proliferation and Wound Healing
Assay
Cell proliferation was detected using a Cell-Light EdU
Apollo567 In Vitro Kit (RiboBio, C10310-1) according to
the manufacturer’s instructions. Cells were incubated
with 10uM EdU for 4 hours before fixation with 4% para-
formaldehyde. After permeabilization with 0.5% Triton
X-100, the cells were stained with Apollo567 and DAPI.
Images were taken with an Olympus fluorescence mi-
croscope and further analyzed using Imaged software.
Cell migration capacity was measured by wound
healing assay. PASMCs were seeded into 6-well plates
cultured with different treatment and a line wound was
scratched by a 1 mL pipette tip. The wounds were ob-
served at 0, 6, 12, and 24 hours with a microscope.
Finally, the width of scratches was measured and mi-
gration distance was calculated by Imaged. Wound
healing rate was computed using the formula: Wound
healing rate=[(wound width at O hours)—(wound width
at each time point)]/(wound width at 0 hours)x100%.

DNA Damage Assessment by Comet
Assay

DNA damage was evaluated using the Comet Assay
Kit (Beyotime, C2041M). Initially, agarose-coated slides
were prepared by embedding cells at a concentration
of 1x10* cells/mL in 0.7% low melting point agarose.
These slides were then immersed in a lysis solution for
12 hours at 4°C. Subsequently, the slides were care-
fully removed and submerged in a rinse solution (com-
prising 1mM EDTA, 200mM NaOH, pH ~13) at room
temperature for 20 to 60 minutes. Electrophoresis was
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performed in the same solution for 20 to 30 minutes
at a voltage of 0.75 to 1 V/cm. Finally, the slides were
neutralized and stained with propidium iodide for 10 to
20 minutes, followed by observation under a fluores-
cence microscope. The percentage of Tail DNA was
calculated to determine the Tail/Head DNA ratio for in-
dividual cells using Imaged software.

Intracellular Reactive Oxygen Species,
L-Lactate, Superoxide Dismutase,
Glutathione Peroxidase-Px, Glutathione,
and Mmalondialdehyde Assays

The intracellular reactive oxygen species (ROS) levels
were assessed using a ROS detection kit (Beyotime,
S0033S). A concentration of 10 uM DCFH-DA was
added to each well of the culture plate, followed by a
30-minute incubation period in the dark. Imaging was
conducted using the EVOS™ XL inverted microscope.
The levels of L-lactate (Beyotime, S0208S), SOD (su-
peroxide dismutase; Beyotime, S0101S), total GSH-Px
(glutathione peroxidase; Beyotime, S0059S), total GSH
(glutathione; Beyotime, S0052) and malondialdehyde
(Beyotime, S0131S) in RPASMCs were estimated ac-
cording to the manufacturer’s instructions.

Mitochondrial Imaging

Mitochondria were stained by Mito-Tracker Red
CMXRos (Beyotime, C1035) according to the
manufacturer’s instructions. Mitochondrial images were
obtained by an Olympus fluorescence microscope and
the mitochondrial network morphology was analyzed
by FIJI with Mina plug-in.

RNA Extraction and Quantitative Real-
Time Polymerase Chain Reaction

Total RNA was extracted from cultured RPASMCs
using TriZol reagent (TaKaRa, #9109, Japan) accord-
ing to the manufacturer’s protocol. RNAs were quanti-
fied using a NanoDrop 2000 instrument (ThermoFisher)
and converted to cDNA by reverse transcription using
the TransScript One-Step gDNA Removal and cDNA
Synthesis SuperMix Kit (abm, G592). Quantitative poly-
merase chain reaction was performed using the Blastag
Green 2X gPCR MasterMix (abm, G891) on a Quantagene
225 real-time polymerase chain reaction system (Kubo,
China). For relative quantification of target gene mRNA
expression, normalization was performed against -actin
expression using the comparative 224t method. The
primers used in this study are listed in Table S2.

Western Blotting

Western blotting was performed as previously de-
scribed.'® Briefly, total proteins in tissues or cells were
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extracted in ice-cold RIPA (Beyotime, PO013C) buffer
containing pierce protease inhibitors (Thermo Fisher
Scientific, A32953) and PMSF (Beyotime, ST507).
Protein concentration was measured using the BCA
Protein Assay Kit (Beyotime, P0011). Samples were
combined with 5x SDS loading buffer, subjected to
boiling for 8 minutes, and then resolved on 8% to 12%
SDS-polyacrylamide gels. Subsequently, proteins were
transferred onto a PVDF membrane (Millipore). The
membranes were blocked with either 5% nonfat milk
or 3% BSA solution TBS containing 0.1% Tween 20 for
1 to 2 hours, followed by an overnight incubation with
primary antibodies at 4°C. The following day, mem-
branes were washed three times with TBS containing
0.1% Tween-20 for 10 minutes each and incubated with
horseradish peroxidase-conjugated secondary anti-
bodies for 1 hour at room temperature. Finally, protein
bands were visualized using a chemiluminescence de-
tection system (Tanon), and relative protein levels were
quantified through ImagedJ densitometry analysis. The
antibodies used in this study are listed in Table S1.

Statistical Analysis

Statistical analyses were conducted using Prism
9.0 (GraphPad Software). Data are expressed as
the mean+SE, with in vitro experiments conducted
and analyzed across a minimum of 3 independent
replicates. To compare the means between 2
groups, the Levene’s test was employed to assess
the homogeneity of variance. An unpaired 2-sided
Student’s t test was used when equal variance was
confirmed; otherwise, Welch'’s t test assuming unequal
variance was applied. For comparisons involving >2
groups, the Brown-Forsythe test was used to evaluate
variance homogeneity. If equal variance was observed,
a 1-way ANOVA was conducted, followed by a post
hoc analysis using the Bonferroni method to adjust for
multiple comparisons. In cases of unequal variance, a
Welch ANOVA was performed, followed by a post hoc
analysis using the Tamhane T2 method. Correlation
analyses between PA transcripts and RVSP and right
ventricle/(LV+septum) were performed using Pearson’s
correlation coefficient. Statistical significance was
defined as P<0.05. Randomization and blinded
analyses were implemented wherever possible.

RESULTS

Huaier Alleviated Pulmonary Vascular
Remodeling in Experimental Rodent PH
Models

To assess the effects of Huaier on PH in vivo, we ini-
tially established a hypoxia induced PH mouse model.
Mice were exposed to hypoxia, and oral administration
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of Huaier began 2weeks after this exposure.
Treatment was administered daily for 14 consecu-
tive days, and the mice were euthanized at 28days
(Figure 1A). The RVSP and right ventricle/(LV+septum)
were significantly increased in the hypoxia group
compared with the normoxia group, confirming the
successful establishment of PH animal model. After
14 days of oral Huaier administration, there was a
marked reduction in RVSP and RVH compared with
the hypoxia group (Figure 1B and 1C). Subsequently,
pulmonary vascular remodeling was evaluated by
measuring the wall thickness ratio and musculariza-
tion. Hematoxylin and eosin and immunofluorescence
staining revealed that the small PAs in the hypoxia
group exhibited thicker vessel walls, whereas Huaier
treatment mitigated these pathological changes in the
lungs. Furthermore, Huaier significantly reduced the
muscularization of PAs in hypoxia-induced PH mice
(Figure 1D). Additionally, the SMC proliferation ob-
served in the hypoxia group was diminished in mice
treated with Huaier, as indicated by the number of
PCNA (proliferating cell nuclear antigen) positive cells
per PA (Figure 1E and 1F). Tissue TUNEL staining and
immunofluorescence analysis of cleaved caspase 3
indicated a near absence of apoptotic cells surround-
ing the thickened vasculature in the PAs of the hypoxia
group. Conversely, Huaier-treated mice exhibited an
increase in TUNEL- and cleaved caspase-3-positive
cells compared with the hypoxia group (Figure 1E
through G; Figure S1A). Histopathological analysis
indicated that no clear or readily detectable patho-
logical changes were observed in the major organs of
hypoxia-induced PH mice following Huaier treatment
(Figure S1B). These results indicated that Huaier could
ameliorate hypoxia-induced PH in mice without lead-
ing to observable side effects.

The monocrotaline-induced rat PH model is frequently
used to study a severe condition of PH. To further sub-
stantiate the therapeutic effects of Huaier on severe
pathological pulmonary vascular remodeling following
the onset of PH, we next employed the monocrotaline-
induced rat PH model (Figure S2A). Our findings indi-
cated that rats administered monocrotaline exhibited
reduced weight gain, attributed to decreased activ-
ity and foraging behavior. Conversely, rats receiving
Huaier treatment demonstrated significant mitigation
of these conditions, evidenced by a notable increase
in weight gain compared with the monocrotaline group
(Figure S2B). The administration of monocrotaline oc-
casionally leads to animal fatality due to significant
advance of pulmonary vascular remodeling and heart
failure. We found that 2 rats in the monocrotaline
group succumbed post model establishment; notably,
there were no fatalities in the Huaier treatment group
(Figure S2C). These results suggest that Huaier extract
significantly enhanced the quality of life and survival
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in the monocrotaline-induced rat PH model. As an-
ticipated, Huaier significantly attenuated the elevated
RVSP and RV hypertrophy compared with monocro-
taline treatment alone (Figure 2A and 2B). Additionally,
it also improved the PA acceleration time/PA ejection
time, as measured by echocardiography (Figure 2C).
Histological analysis demonstrated that Huaier re-
duced pulmonary vascular remodeling and decreased
the percentage of PCNA-positive cells in small PAs in
the monocrotaline-induced rat PH model (Figure 2D
through E). A significant increase in cleaved caspase-
3-positive and TUNEL-positive vascular cells was also
observed in the PAs of the monocrotaline+Huaier group
compared with the monocrotaline group (Figure 2E
through G; Figure S2D). Furthermore, histopathologi-
cal analysis revealed no significant pathological lesions
in the major organs of monocrotaline-induced PH rats
following Huaier treatment (Figure S3A). Additionally,
serum biochemical parameters reflecting liver and kid-
ney function were assessed. Apart from a reduction
in total bilirubin levels in the Huaier treatment group,
no significant differences were observed in aspartate
transaminase, alanine transaminase, and creatinine
levels between the monocrotaline and monocro-
taline+Huaier groups (Figure S3B). These findings
indicate that Huaier effectively mitigated pulmonary
vascular remodeling and enhanced RV function in the
monocrotaline-induced PH model without observable
side effects, suggesting favorable drug safety while
treating PH.

Huaier Targets PASMCs to Mitigate
Pulmonary Vascular Remodeling

To determine the reason that Huaier alleviates PH, we
further found that there was a significant upregula-
tion of the cell cycle inhibitor P27 and a downregu-
lation of proliferation markers cyclin D1 (Ccnd1) and
Pcna in the PAs of monocrotaline-induced PH rats
treated with Huaier (Figure 3A). To further elucidate
the mechanisms underlying the beneficial effects of
Huaier on PH, RNA-seq was performed in the PAs
of rats from both the monocrotaline group and the
monocrotaline+Huaier treatment group. Heatmap and
hierarchical clustering analyses of the RNA-seq data
revealed a clear distinction between the monocrota-
line and monocrotaline+Huaier groups (Figure 3B).
Our analysis identified 66 differentially expressed
genes (log2FC[>1 with false discovery rate adjusted
P value<0.05) in the PAs of monocrotaline-induced
rats treated with Huaier extract compared with those
treated with monocrotaline alone (Figure S4A). To
evaluate functional enrichment, we performed a Kyoto
Encyclopedia of Genes and Genomes pathway analy-
sis using gene set enrichment analysis (GSEA). The
GSEA of the biological functions indicated significant
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upregulated enrichment in pathways pertinent to the
cytoskeleton in muscle cells, vascular smooth mus-
cle contraction, and mitochondrial electron transport
(NADH to ubiquinone) (Figure 3C and 3D).
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Using the HERB database, we identified 4 active com-
ponents in Huaier: genistein, glucuronic acid, kaemp-
ferol, and rutin. In order to understand the bioactive
components of Huaier and the effect on their target



G20z ‘9 Isnbny uo Aq Bio'sjeulnofeye//:dny wouy pepeoumoq

Ye et al From Traditional Medicine to Modern Applications

Figure 1. Huaier extract alleviates chronic hypoxia-induced PH in mice.

A, Schematic representation of Huaier extract treatment in hypoxia-induced PH mouse model. B, Representative images and
quantification of the RVSP in normoxia, hypoxia and hypoxia+Huaier groups. C, The weight ratio of RV/(LV+S) in each group. D,
Representative images of H&E staining and a-SMA (green) immunofluorescence staining of the pulmonary vascular vessels, and
quantification of vascular medial thickness as well as the proportion of non-, partially, or fully muscularized PAs. E, Representative
images of immunofluorescence staining of lung tissues for a-SMA (green) and PCNA (red), as well as a-SMA (green) and CIl-Cas3 (red)
were shown. F, The number of PCNA-positive cells was quantified in each of the PAs. G, Quantitative analysis of the number of Cl-
Cas3-positive cells in pulmonary vascular vessels. n=8 mice per group. Data are presented as mean+SE; P values were determined by
1-way ANOVA with Bonferroni post hoc test (B, D, and G) and Welch ANOVA with Tamhane T2 post hoc test (C and F). **P<0.01 and
***P<0.001 vs normoxia group; #P<0.05, ##P<0.01 and ###P<0.001 vs hypoxia group. Scale bars=20 um. Cl-Cas3 indicates cleaved
caspase-3; CSA, cross-sectional area; H&E, hematoxylin and eosin; HPX, hypoxia; NRX, normoxia; PAs, pulmonary arteries; PCNA,
proliferating cell nuclear antigen; PH, pulmonary hypertension; RV/(LV+S), the ratio of right ventricle to left ventricle wall plus septum;

RVSP, right ventricular systolic pressure; and a-SMA, a-smooth muscle actin.

genes, we subsequently investigated the genes af-
fected by these small-molecule compounds and 147
genes were identified, enabling the construction of
a component-target network (Figure S4B). Further
cross-referencing these with 1142 PH-related genes
from GeneCards, OMIM, and Therapeutic Target
Databases identified 70 overlapping genes as poten-
tial Huaier targets in PH (Figure 3E). Additionally, the
protein—protein interaction network analysis revealed
complex interactions among these genes and further
demonstrated that the key targets of Huaier against PH
are primarily associated with inflammatory factors and
Hifla (Figure S4C). The results of the biological pro-
cess functional enrichment analysis showed that these
genes were significantly enriched in the regulation of
SMC proliferation and cellular response to oxidative
stress (Figure 3F). These data suggested that Huaier
may improve pulmonary vascular remodeling by tar-
geting proliferating SMCs.

Huaier Suppressed Classical Complement
Activation and Cytokine Signaling

A growing body of preclinical and clinical research
on PH has highlighted the critical role of inflamma-
tion in the pathogenesis of the disease.!” Elevated lev-
els of various cytokines and chemokines have been
observed in both animal models of PH and human
patients. Notably, the extent of perivascular inflam-
mation in PH correlates with pulmonary hemodynam-
ics, vascular alterations, and clinical outcomes.’®'®
Hence, we investigated how Huaier affected the in-
flammatory/cytokine signaling pathway in our RNA-
seq data of PAs. GSEA of Kyoto Encyclopedia of
Genes and Genomes and Gene Ontology pathways
revealed that the cytokine—cytokine receptor interac-
tion, chemokine signaling pathway, and complement
and coagulation cascade were downregulated after
Huaier treatment in monocrotaline-induced PH rat PAs
(Figure S5A-C). Correlation heatmaps further demon-
strated that the expression levels of several transcripts
within the cytokine and chemokine pathways were
associated with RVSP and RVH (Figure S5D). Given

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405

that the complement system facilitates cytokine and
chemokine release,”® we assessed the transcript lev-
els related to the complement/coagulation pathway.
Correlation analysis revealed a significant association
between C2, C3, C9, and IgllT with both RVSP and
right ventricle/(LV+septum) (Figure S5E). These find-
ings suggest that Huaier may downregulate the ex-
pression of genes related to the complement system
and reduce the levels of proinflammatory cytokines
and chemokines, potentially mitigating the inflamma-
tory response in PH.

Huaier Inhibited the Proliferation,
Migration and Phenotypic Switching of
PASMCs

The phenotypic switching of PASMCs is critical in the
progression of pulmonary vascular remodeling during
PH development.®?! To investigate the mechanisms
underlying the potential beneficial effects of Huaier
on PH, we next focused on the in vitro analysis of
PASMCs. Huaier inhibited the activity of RPASMCs in
the presence of PDGF, with an inhibitory concentration
50 of 7.559 mg/mL (Figure S6A). Based on this
inhibitory concentration 50 value, concentrations of 1,
2, 4, and 6 mg/mL of Huaier were employed in further
experimental analysis. Cell Counting Kit-8 assays
indicated that RPASMCs proliferation was increased in
the PDGF group and diminished by Huaier treatment
(Figure 4A). To examine the regulatory effects of Huaier
on the proliferation and migration of RPASMCs, we
exposed these cells to Huaier at concentrations of
1, 2, 4, and 6 mg/mL in the presence of PDGF. Our
findings indicated that PDGF significantly enhanced
the proliferation and migration of RPASMCs, whereas
Huaier treatment markedly inhibited proliferation and
significantly delayed wound closure in a concentration-
dependent manner (Figure 4B through D). Given that
cell proliferation is governed by cell cycle regulation,
cell cycle analysis demonstrated that Huaier induced
cell cycle arrest at the G2 phase (Figure 4E through
F). Furthermore, annexin V-FITC and propidium iodide
double-staining assays, conducted via flow cytometry,
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were employed to assess apoptosis rates following
48 hours of exposure to Huaier extract. The results
showed that both early and late apoptosis rates were
increased in a concentration-dependent manner in

RPASMCs (Figure 4F through G). Western blot analysis
revealed that PDGF increased the proteins levels of
Pcnaand Ccnd1 while reducing P27 protein expression
in RPASMCs, whereas Huaier treatment effectively

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405
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Figure 2. Huaier extract alleviates monocrotaline-induced PH in rats.

A, Representative images and quantification of the RVSP in Con, monocrotaline, and monocrotaline+Huaier groups. B, The weight
ratio of RV/(LV+S) in each group. C, Representative images of echocardiography showing parasternal short-axis views and pulsed-
wave Doppler traces from the RV outflow tract in rats and quantification of PAT/PET. D, Representative images of H&E staining and
a-SMA (green) immunofluorescence staining of the pulmonary vascular vessels, and quantification of vascular medial thickness and
proportion of non-, partially, or fully muscularized PAs. E, Representative images of immunofluorescence staining of lung tissues
for a-SMA (green) and PCNA (red), as well as a-SMA (green) and CI-Cas3 (red) were shown. F, The number of PCNA-positive cells
was quantified in each PAs. G, Quantitative analysis of the number of CI-Cas3-positive cells in pulmonary vascular vessels. n=6-8
rats per group. The data are presented as mean+SE; P values were determined by 1-way ANOVA with Bonferroni post hoc test
(A-D, F-G) and Welch ANOVA with Tamhane T2 post hoc test (D, for proportion of nonmuscularized PAs). ***P<0.001 vs Con group;
#P<0.05, ##P<0.01 and ###P<0.001 vs monocrotaline group. Scale bars=20 um. Cl-Cas3 indicates cleaved caspase-3; Con, control;
CSA, cross-sectional area; H&E, hematoxylin and eosin; MCT, monocrotaline; PAs, pulmonary arteries; PAT/PET, pulmonary artery
acceleration time/pulmonary artery ejection time; PCNA, proliferating cell nuclear antigen; PH, pulmonary hypertension; RV/(LV+S), the
ratio of right ventricle to left ventricle wall plus septum; RVSP, right ventricular systolic pressure; and a-SMA, a-smooth muscle actin.

reversed these alterations (Figure 4H). In addition,
Huaier was also found to inhibit both proliferation
and migration of human PASMCs treated with PDGF
(Figure S7), as well as PH-PASMCs (Figure S8).

Huaier Suppressed Glycolysis by
Inhibiting the Hifla Signaling Pathway in
PASMCs

To elucidate the molecular mechanisms underlying the
effects of Huaier extract on PASMCs in the pathogen-
esis of PH, we performed RNA-seq analysis to identify
potential targets of Huaier. We prepared samples of
RPASMCs treated with PDGF alone and PDGF+Huaier,
and subjected them to transcriptome sequencing analy-
sis. A total of 1850 genes exhibited differential expres-
sion patterns, with changes >2-fold and an adjusted
P value of <0.05 (Figure S9A). Hierarchical clustering
was used to delineate the distinct RNA profiles between
the 2 groups (Figure S9B). The top 30 GSEA results,
ranked by enrichment score, are shown in Figure S9C.
These results primarily indicated enrichment in pathways
related to glycolysis, cytokine activity, and immune re-
sponse, which play critical regulatory roles in the pro-
liferation and migration of PASMCs. According to the
RNA-seq data, genes associated with cell differentiation
were upregulated, whereas those involved in the positive
regulation of cell migration, cell population proliferation,
and several receptor-related genes were downregu-
lated (Figure S9D-F). Furthermore, both GSEA and
heatmap analyses revealed significant downregulation
of genes involved in the Hif signaling pathway and gly-
colysis in RPASMCs treated with Huaier (Figure 5A and
5B; Figure S9G). PASMCs demonstrate enhanced prolif-
eration under PH conditions, relying heavily on glycolysis
to sustain their elevated proliferation rates. Hifla plays a
crucial role in regulating glycolytic metabolism.?? Lactate,
the end product of glycolysis, serves as a biomarker for
glycolytic activity. Consequently, we quantified the levels
of L-lactate in RPASMCs treated with Huaier at concen-
trations of 1 mg/mL and 4 mg/mL. The findings indicated
that Huaier reduced lactate levels in a dose-dependent

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405

manner (Figure 5C). Western blot analysis further re-
vealed that PDGF upregulated the expression of Hiflax
and several glycolytic enzymes, including Pgk1 (phos-
phoglycerate kinase 1), Hk2 (hexokinase 2), and Pfkfb3
(6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
3). Conversely, Huaier treatment mitigated these effects
(Figure 5D; Figure S10A). Additionally, quantitative real-
time polymerase chain reaction results demonstrated
that Huaier significantly downregulated the expression
of various glycolytic genes (Figure 5E). Molecular dock-
ing studies suggested that the bioactive constituents of
Huaier (rutin, kaempferol, glucuronic acid, and genistein)
could directly bind to Hifla (Figure 5F). These findings
indicate that Huaier plays a potential role in the treatment
of PH by inhibiting the Hifla signaling pathway.

Huaier Improved Oxidative Stress by
Activating Nrf2 Signaling Pathway in
PASMCs

Oxidative stress, a characteristic feature of PH, exerts a
substantial impact on pulmonary vascular remodeling
by promoting cellular proliferation and migration.?® The
GSH metabolic pathway functions as a crucial defense
mechanism against oxidative stress. In RPASMCs treated
with Huaier, transcriptomic analysis revealed a significant
upregulation of the GSH metabolic pathway (Figure 6A).
The Nrf2 signaling pathway is pivotal in mediating cellular
defense against oxidative stress. A heatmap was con-
structed to illustrate the elevated transcription levels of
Nrf2 target genes in the Huaier-treated group (Figure 6B).
Consequently, we further investigated the effects and
regulatory mechanisms of Huaier in the context of PDGF-
induced oxidative stress in RPASMCs. Huaier treatment
led to a significant decrease in Keap1 (Kelch-like ECH-
associated protein 1) levels, a known suppressor of Nrf2.
Furthermore, Huaier enhanced the expression of Nrf2 and
its downstream targets, Hmox1 (heme oxygenase 1) and
Gpx4 (glutathione peroxidase 4), in RPASMCs (Figure 6C;
Figure S11A). The activation of the Nrf2 pathway was fur-
ther confirmed by immunofluorescence staining, indicat-
ing a pronounced activation of this pathway (Figure 6D).
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Concurrently, Huaier effectively inhibited the excessive
production of ROS induced by PDGF (Figure 6E). We as-
sessed SOD activity, GSH-Px enzyme activity, GSH levels,
and malondialdehyde levels in RPASMCs. The findings

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405

demonstrated that Huaier significantly upregulated the
expression of antioxidant enzymes (SOD, GSH-Px, and
GSH) and reduced the expression of the PDGF-induced
lipid peroxidation product (malondialdehyde) (Figure 6F).
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Figure 3. Huaier extract mitigates pulmonary vascular remodeling through the suppression of PASMCs proliferation, as
evidenced by RNA sequencing analysis of PAs.

A, Representative immunoblots and relative densitometric analysis of Pcna, Ccnd1, and P27 protein expression in PAs; 3-actin was
used to verify equivalent loading (n=8). B, Heatmap representing the differential gene expression patterns of PAs between Huaier
extract treated group and untreated group (n=4). C, The top 30 KEGG pathways enriched were performed by GSEA based on RNA
sequencing profiles. D, GSEA enrichment plots based on RNA sequencing profiles of PAs show that Huaier extract treatment results in
the upregulation of the cytoskeleton in muscle cells pathway, the vascular smooth muscle contraction pathway, and the mitochondrial
electron transport (NADH to ubiquinone) pathway. E, Venn diagram of the identified Huaier-targeted genes in PH shows 70 potential
target genes. F, Biological process functional enrichment analysis of the identified Huaier-targeted genes in PH by GO analysis. The
data are presented as mean+SE; P values were determined by 1-way ANOVA with Bonferroni post hoc test (A). ***P<0.001 vs Con
group; ###P<0.001 vs monocrotaline group. Ccnd1 indicates CyclinD1; Con, control; FDR, false discovery rate; GO, Gene Ontology;
GSEA, gene set enrichment analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; MCT, monocrotaline; NES, normalized
enrichment score; PAs, pulmonary arteries; PASMCs, pulmonary artery smooth muscle cells; PCNA, proliferating cell nuclear antigen;

and PH, pulmonary hypertension.

Oxidative stress is directly linked to mitochondrial dysfunc-
tion. By using MitoTracker, we found that Huaier treatment
could increase mitochondrial networks (Figure S11B).
Molecular docking simulations of Huaier’s small molecule
compounds with Nrf2 revealed binding energies of —7.8,
-6.4, -5.0, and -6.3 kcal/mal, suggesting spontane-
ous binding interactions (Figure S11C). Collectively, these
findings suggest that Huaier alleviates oxidative stress in-
duced by PDGF in RPASMCs.

Huaier Inhibited the NF-xB Pathway and
Relieved Inflammation in PASMCs

The NF-xB pathway is integral to the processes
of dedifferentiation, proliferation, and migration of
PASMCs.?*?>  Transcriptome GSEA of PAs from
monocrotaline-induced rats and PDGF-treated
PASMCs demonstrated a downregulation of the NF-
xB pathway following Huaier treatment (Figure S12A;
Figure 7A). This finding was corroborated by Western
blot analysis, which indicated that Huaier inhibited
both the phosphorylation and nuclear translocation
of p65 in PDGF-treated PASMCs (Figure 7B and 7C;
Figure S13A). Additionally, our research suggests
that Huaier may modulate the NF-xB pathway by
suppressing IKK (inhibitor of kB kinase) phosphorylation
(Figure S12B). Furthermore, heatmap analysis revealed
that Huaier extract downregulated the transcription
of proinflammatory genes (Figure S14A). The anti-
inflammatory properties of Huaier were substantiated
through the quantification of proinflammatory mediators
(Figure 7E; Figure S14B). Molecular docking studies
revealed that the 4 compounds present in Huaier
exhibited strong binding affinity with the target protein,
with binding energies of <-5 kcal/mol (Figure 7D).
Altogether, these findings imply that Huaier modulates
the NF-xB pathway and mitigates inflammation.

Huaier Inhibited DNA Damage in
RPASMCs

Recent evidence highlights the role of impaired
DNA damage response mechanisms in conferring

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405

resistance to apoptosis and promoting a proliferative
phenotype in PH-PASMCs.?® Our observations indicate
that Huaier treatment significantly reduced the protein
levels of y-H2ax and decreased the pRPA32/RPA32
(phospho-replication protein A 32/replication protein
A 32) ratio in PDGF-induced PASMCs (Figure S15A).
Furthermore, the fluorescence intensity of y-H2ax was
diminished in PDGF-stimulated RPASMCs following
Huaier treatment, compared with untreated PDGF-
stimulated RPASMCs (Figure S15B). The comet
assay revealed PDGF-induced comet formation in
RPASMCs, whereas Huaier treatment resulted in a
significant reduction in tail length across (Figure S15C).
These data suggest that Huaier effectively mitigates
the DNA damage burden. PH is characterized by
elevated levels of inflammatory cytokines, such as
TNF-a (tumor necrosis factor alpha), IL-6 (interleukin-6),
and PDGF, which promote DNA damage, as well as
oxidative stress that induces DNA damage through
base oxidation and deamination.?” Therefore, the anti-
inflammatory and antioxidant properties of Huaier may
attenuate PDGF-induced DNA damage in RPASMCs.

DISCUSSION

At present, the majority of pharmacological interven-
tions for PH employed in clinical settings are single-
target treatments with limited effect in improving
symptoms but not able to reverse pulmonary vascular
remodeling. In accordance with the traditional para-
digm of “1 disease, 1 target, 1 therapeutic agent,” the
inhibition of a single disease pathway may prompt the
body to activate alternative related pathways to pre-
serve disease homeostasis. Consequently, for diseases
like PH, which are characterized by complex causes,
single-target drugs often struggle to effectively dis-
rupt the disease’s comprehensive regulatory network.
Traditional Chinese Medicine (TCM) has emerged as
a prominent area of research within the domain of PH
therapeutics, primarily due to its unique advantages in
multicomponent synergy and multitarget regulation.
Its pharmacological properties, characterized by low
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toxicity, minimal side effects, and cost-effectiveness,
align well with the requirements for the long-term
management of chronic cardiopulmonary diseases.®
However, the integration of TCM into mainstream PH
management presents both challenging and promising
future directions.

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405

Recent studies have provided substantial evidence
supporting the appropriateness of TCM and natural
products for treating PH across various animal mod-
els. For instance, research conducted by Wang et al.
demonstrated that Dan-Shen-Yin granules could pre-
vent the progression of PH in a hypoxia-induced mouse

14
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Figure 4. Effect of Huaier extract on proliferation, migration, and phenotype switching of RPASMCs.

A, Cell viability of RPASMCs treated with Huaier extract was determined using the Cell Counting Kit-8 assay. B, Representative images
of EdU (red) incorporation reflecting RPASMCs proliferation (scale bars=100 um), and cell migration was evaluated through wound-
healing assays at 0 and 24 hours (scale bars=500 um). C, Quantification of EdU-positive cells in (B). D, Quantification of wound closure
in (B). E, Quantitative analysis of cell cycle distribution in (F). F, Representative images of cell cycle and apoptosis analysis by flow
cytometry. G, Quantitative analysis of cell apoptosis in (F). H, Western blot analysis was used to detect the protein expression levels of
Pcna, Ccnd1 and P27, normalized to f-actin. For (B)—(H), RPASMCs were treated with gradient concentrations of Huaier extract (0, 1,
2, 4, and 6 mg/mL) for 48 hours under PDGF stimulation (20 ng/mL). The results are representative of 3 to 5 separate experiments. The
data are presented as meanzSE; P values were determined by 1-way ANOVA with Bonferroni post hoc test (A, G, and H) and Welch
ANOVA with Tamhane T2 post hoc test (C, D). “P<0.05, **P<0.01, and ***P<0.001 vs PDGF group. Con indicates control; PDGF, platelet-

derived growth factor; and RPASMCs, rat pulmonary artery smooth muscle cells.

model and mitigate pulmonary vascular remodeling
by inhibiting STAT3 (signal transducer and activator
of transcription 3)/HIF-1a/VEGF (vascular endothelial
growth factor) and FAK (focal adhesion kinase)/AKT
signaling pathways.?® Luo et al. demonstrated that
Coptidis Rhizoma effectively inhibits the proliferation
of PASMCs and pulmonary vascular remodeling in
experimental PH models by suppressing the expres-
sion of MAPK1 (mitogen-activated protein kinase 1),
NOX4 (NADPH oxidase 4), and CYP1B1.2° Similarly,
Chen et al. reported that resveratrol confers protection
against PH by modulating nitric oxide (NO) metabolism,
inflammatory responses, and PASMCs proliferation.3°
Song et al. indicated that luteolin significantly reverses
pulmonary vascular remodeling in PH rats by inhib-
iting the aberrant proliferation of PASMCs, achieved
through the downregulation of the protein expressions
of COX1 (cyclooxygenase-1), 5-LOX (5-lipoxygenase),
12-LOX, and 15-LOX, thereby affecting the levels of
metabolites in the arachidonic acid pathway.®' In addi-
tion, recent studies have demonstrated that genistein
and curcumol could inhibit PASMCs proliferation and
pulmonary vascular remodeling by regulating HIF-1at/
NOX4 pathway and AKT/GSK3p (glycogen synthase
kinase-3 beta) signaling pathway respectively.3233
However, in contrast to Western medicine, which is
characterized by drugs with clearly defined composi-
tional structures, TCM encounters several challenges
in the context of clinical trials. A primary challenge is
the inherent complexity of TCM formulations, which
typically comprise multiple herbs and compounds that
interact in intricate and often synergistic ways. This
complexity poses significant difficulties in establish-
ing standardized dosages and evaluating the efficacy
and safety of TCM treatments in a manner that is di-
rectly comparable to the evaluation processes used
for Western pharmaceuticals. Moreover, the variability
in the quality and composition of ingredients poses
another challenge. Without strict quality control, the
therapeutic effects seen in clinical trials can vary, com-
plicating the assessment of TCM’s effectiveness.3
Fortunately, Huaier, as a new anticancer medication,
has been approved by the National Medical Products
Administration to be used alone or in combination
with conventional therapy for the treatment of various

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405

cancers. It is currently used in treating primary liver
cancer, and large-scale clinical trials for gastric can-
cer, breast cancer, and other malignant tumors have
shown no safety issues.” Given the similarities between
the pathological mechanisms of cancer and PH, such
as abnormal cell proliferation and metabolic repro-
gramming, Huaier presents a promising candidate for
PH treatment. However, its therapeutic potential in PH
remains largely unexplored. Here, we demonstrated
that Huaier treatment effectively reversed the patho-
logical phenotypic switch in PASMCs, as evidenced
by the suppression of hyperproliferation and the resto-
ration of apoptotic homeostasis. Furthermore, chronic
intragastric administration of Huaier in both hypoxia-
induced mouse models and monocrotaline-induced
rat models resulted in significant amelioration of es-
tablished experimental PH. This was indicated by im-
proved pulmonary hemodynamics, such as reduced
RVSP, decreased pulmonary vascular remodeling,
and enhanced RV function. Importantly, these thera-
peutic effects were achieved without any observable
adverse effects and also seem to improve monocro-
taline induced hepato- and renal toxicity, highlighting
the favorable safety profile of Huaier in the manage-
ment of PH.

In this study, we further demonstrated that Huaier
effectively inhibits the proliferation of PASMCs by tar-
geting multiple regulatory pathways. Mechanistically,
Huaier significantly activated the Nrf2 signaling path-
way while inhibiting the NF-xB and Hifla signaling
pathways, thereby suppressing glycolysis, oxidative
stress, and inflammation, which ultimately contribute to
PASMCs proliferation. The orderly progression of gly-
cometabolism is fundamental to maintaining vascular
function. However, under the influence of PH-inducing
factors, intracellular metabolic reprogramming tends
to shift from oxidative phosphorylation to glycolysis,
a phenomenon known as the Warburg effect. This
shift preferentially supports the rapid proliferation of
PASMCs. Increasing evidence highlights the role of
glycolysis in the pathogenesis of PH.3% Animal models
of PH demonstrate increased glycolytic activity, which
facilitates the proliferation of PASMCs, pulmonary
vascular remodeling and RVH. Hifla has been impli-
cated in the promotion of glycolysis across various
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cancer types through the upregulation of numerous
glycolytic genes. Elevated levels of Hifla have been
detected in thickened PAs, and inhibition of Hif1a has
been shown to reduce pulmonary vascular remod-
eling.®® Importantly, we found that the treatment of

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405

Huaier was able to suppress Hifla expression and
exert antiglycolytic effects on PH-PASMCs. This was
evidenced by the downregulation of glycolysis-related
genes, including Pgk1, Prkl, Pgam1, Hk2, and Pfkfb3,
among others.
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Figure 5. Huaier extract inhibits PDGF-induced glycolysis in RPASMCs by suppressing Hif1a signaling pathway.

A, GSEA enrichment plots based on RNA-sequencing profiles of RPASMCs showing Huaier extract treatment result in the down-
regulation of the Hifla signaling pathway. B, Clustering heatmap of glycolysis related genes in the RNA-sequencing data between
PDGF and PDGF+Huaier treated RPASMCs (n=4). C, L-lactate levels in RPASMCs exposed to varying concentrations of Huaier extract
(0, 1, and 4 mg/mL). D, Protein expression levels of Hif1a, Pgk1, Hk2, and Pfkfb3 were determined by Western blot analysis. Gapdh or -
actin served as a control to confirm equal loading. E, Relative mMRNA expression of key enzymes involved in glycolysis. F, Visualization
of binding modes between Huaier extract related ingredients and Hif1a by molecular docking analysis. The results are representative
of 3 to 5 separate experiments. The data are presented as mean+SE; P values were determined by 1-way ANOVA with Bonferroni
post hoc test (C-E). *P<0.05, **P<0.01, and ***P<0.001 vs PDGF group. Con indicates control; FDR, false discovery rate; GSEA, gene
set enrichment analysis; Hif1a, hypoxia-inducible factor 1-alpha; PDGF, platelet-derived growth factor; and RPASMCs, rat pulmonary

artery smooth muscle cells.

Oxidative stress and inflammation have been widely
implicated in the progression of PH in numerous stud-
ies.3537%8 Here we demonstrated that Huaier signifi-
cantly reduced cytosolic ROS in PH-PASMCs, while
enhancing the nuclear translocation of Nrf2 and in-
creasing the expression of Nrf2, Hmox1, and Gpx4. As
a transcription factor, Nrf2 plays a pivotal role in main-
taining redox homeostasis by regulating the expression
of detoxification enzymes and antioxidant proteins,
thereby safeguarding cells against oxidative and in-
flammatory damage. Consequently, the mechanism
by which Huaier reduces cytosolic ROS likely involves
the activation of Nrf2, which is vital for managing oxi-
dative and electrophilic stress responses and results
in the downregulation of NADPH oxidase activities.
Moreover, the activation of Nrf2 leads to increased NO
levels and decreased superoxide production.®® Huaier
further enhances NO production by augmenting the
activity of inducible NO synthase.*® Consequently,
Huaier may exert its therapeutic effects against PH by
upregulating NO production. This finding suggests that
Huaier’s pharmacological action against PH does not
depend only on altering PASMCs phenotypes. In vitro
and preclinical studies suggest that oxidative stress
contributes to the development of PH and underscore
the therapeutic potential of antioxidants.' However,
clinical research findings remain inconsistent.*> The
paradoxical effects of oxidative stress in PH appear to
be dependent on the disease stage. During the early
phase of PH, increased oxidative stress is associated
with reduced antioxidant activity, which promotes the
proliferation of PASMCs and contributes to the patho-
genesis of PH. Antioxidant intervention at this stage
may mitigate the extent of subsequent adaptive pulmo-
nary vascular remodeling.*® In contrast, in advanced
PH, hyperproliferative and apoptosis-resistant cells en-
hance intracellular antioxidant levels to counterbalance
excessive ROS production and oxidative damage. The
administration of exogenous antioxidants at this stage
may inadvertently enhance adaptive antioxidant re-
sponses, thereby accelerating cell cycle progression
and proliferation, and exacerbating vascular remodel-
ing. Therefore, a comprehensive understanding of the
stage-specific roles of oxidative stress is crucial for

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405

optimizing antioxidant therapy. Given the multifactorial
nature of PH pathophysiology, monotherapy targeting
oxidative stress is inadequate; thus, a combinatorial
therapeutic strategy is essential. Based on previous
research and our current findings, we hypothesize that
Huaier may influence PH and pulmonary vascular re-
modeling through multifaceted regulation, extending
beyond simple antioxidative stress.

Furthermore, inflammatory cytokines play a crucial
role in NF-xB signaling and are essential for the pro-
liferation of PASMCs and vascular remodeling.®” Qur
findings indicate that Huaier treatment effectively sup-
presses the expression of several cytokines, including
IL-1a, IL-1B, IL-6, TNF-a, Ccl2, Ccl5, and Ccl7, among
others. This suggests that the anti-inflammatory prop-
erties of Huaier may represent a primary mechanism of
its therapeutic action. The complement system signifi-
cantly contributes to the development and progression
of PH by perpetuating inflammation and promoting
pulmonary vascular remodeling. Research has shown
that complement activation, particularly involving the
C8 component, plays a role in the inflammatory pro-
cesses underlying PH.** In our study, transcriptome
enrichment analysis of PAs revealed a significant de-
crease of components in Huaier treatment group as
compared with controls, suggesting that Huaier treat-
ment may also exert its effects through the inhibition of
complement activation.

The physical alterations associated with vascu-
lar remodeling in PH encompass endothelial cell dis-
ruption in the tunica intima, hypertrophy of PASMCs
in the tunica media, and fibroblast stimulation in the
tunica adventitia, along with the activation of perivas-
cular macrophages. Among these changes, the pro-
liferation of PASMCs plays a pivotal role. In our study,
both transcriptome enrichment analysis of pulmonary
arteries and the analysis of the active components
of Huaier indicated a regulatory effect on PASMCs
proliferation and contraction. Another critical pro-
cess contributing to pulmonary vascular remodeling
is the epithelial-to-mesenchymal transition of endo-
thelial cells, characterized by a complex array of bio-
logical and biochemical alterations. Huaier has been
demonstrated to inhibit the epithelial-to-mesenchymal
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transition process by downregulating the expression of Huaier treatment can suppress the proliferation and
twist and LC83 in gastric and breast cancer, respec- epithelial-to-mesenchymal transition of pulmonary
tively.*® Importantly, our findings also suggest that  microvascular endothelial cells (data not shown). In

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405 18



G20z ‘9 Isnbny uo Aq Bio'sjeulnofeye//:dny wouy pepeoumoq

Ye et al From Traditional Medicine to Modern Applications

Figure 6. Huaier extract inhibits PDGF-induced oxidative stress in RPASMCs by promoting Nrf2 signaling pathway.

A, GSEA enrichment plots showing Huaier extract treatment in RPASMCs result in the upregulation of the glutathione metabolic
process. B, Clustering heatmap of oxidative stress related genes in the RNA-sequencing data between PDGF and PDGF+Huaier treated
RPASMCs (n=4). C, Protein expression levels of Nrf2, keap1, hmox1 and Gpx4 in RPASMCs. -actin was used as a loading control. D,
Representative fluorescence images depict the expression of Nrf2 (red) and DAPI (blue) across various groups, and quantification of
Nrf2 nuclear translocation in RPASMCs (scale bars=100 um). E, ROS production in RPASMCs was measured by DCFH-DA fluorescent
staining (scale bars=100 um). F, The content of SOD, GSH-Px, GSH and MDA in PASMCs. The results are representative of 3 to 5
separate experiments. The data are presented as mean+SE; P values were determined by 1-way ANOVA with Bonferroni post hoc
test (C and F) and Welch ANOVA with Tamhane T2 post hoc test (D, E and F for GSH-Px). *P<0.05, **P<0.01, and ***P<0.001 vs PDGF
group. Con indicates control; FDR, false discovery rate; GSEA, gene set enrichment analysis; GSH, glutathione; GSH-Px, glutathione
peroxidase; MDA, malondialdehyde; NADPH, nicotinamide adenine dinucleotide phosphate; Nrf2, nuclear factor erythroid 2-related
factor 2; PDGF, platelet-derived growth factor; RPASMCs, rat pulmonary artery smooth muscle cells; ROS, reactive oxygen species;

and SOD, superoxide dismutase.

the pathogenesis of PH, dysregulation of the innate
immune system can lead to immune deficiency and
persistent chronic inflammation, which subsequently
promotes endothelial cell dysfunction and the prolif-
eration of PASMGs, ultimately culminating in vascular
remodeling. Research has indicated that Huaier pos-
sesses the ability to modulate macrophage polar-
ization, thereby inhibiting the polarization toward the
M2 phenotype while enhancing phagocytic activity.*®
Furthermore, a recent study demonstrated that Huaier
regulates cancer immunity in triple-negative breast
cancer by suppressing cancer-associated fibroblasts,
underscoring its critical role as an effective adjuvant
agent in immunotherapy.*” Nevertheless, the potential
role of Huaier in regulating the function of fibroblasts
and perivascular macrophages during the develop-
ment of PH remains to be elucidated.

Numerous studies have demonstrated that Huaier
can inhibit tumor cell proliferation, induce tumor cell
apoptosis, and suppress tumor angiogenesis, while
also exhibiting significant immunomodulatory  ef-
fects. Huaier granule, recognized for its potent broad-
spectrum antitumor properties, has been approved for
clinical use in China. However, the elucidation and iso-
lation of the specific bioactive components responsible
for its therapeutic efficacy pose significant challenges
due to the its highly complex composition. To date,
4 bioactive constituents have been identified from
Huaier, including rutin, kaempferol, glucuronic acid,
and genistein. These compounds exhibit tumoricidal
cytotoxicity and immunoregulatory properties, collec-
tively contributing to the antitumor pharmacological
effects of Huaier.” The construction of a component-
target network showed that 147 genes were affected
by these small-molecule compounds. Molecular dock-
ing studies have demonstrated that the bioactive con-
stituents of Huaier exhibit a strong binding affinity to
target proteins, including Hifla and NF-xB, among
others, with binding energies <-5 kcal/mol. Despite
these computational predictions, the possibility of al-
ternative regulatory mechanisms cannot be dismissed.
Notably, the activation of Nrf2 by Huaier may occur via

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405

phosphorylation mediated by PERK/PKR (protein ki-
nase R like kinase/protein kinase R), rather than through
direct activation of Nrf2.4¢ Additionally, the inhibitory
effects of Huaier on the NF-xB pathway, whether fa-
cilitated by TNF-a or other chemokine agents, neces-
sitate further validation. Our findings also indicate a
significant reduction in the expression of several cell
receptor-related genes following Huaier treatment.
These genes, including ltgab, Notch3, Vcam1, Nirp3,
Cmkir1, and Tlr7, are known to be markedly upregu-
lated in PASMCs under PH conditions. Although our
current data do not directly elucidate the binding in-
teractions between Huaier’s active components and
specific receptors, they lay a solid groundwork for
future target discovery. Subsequent research should
prioritize the isolation of bioactive monomers and use
biophysical techniques, such as surface plasmon res-
onance, or genetic methodologies, such as knockout
studies, to resolve these mechanistic ambiguities.

In this study, our findings indicate that Huaier inhibits
the proliferation of PH-PASMCs in a dose-dependent
manner through its antiglycolytic, anti-inflammatory,
and antioxidant properties. These protective effects
are likely mediated by the inhibition of the Hifla and
NF-xB pathways, as well as the activation of the Nrf2
signaling pathway. Consistently, Huaier treatment ef-
fectively ameliorated both hypoxia-induced PH in mice
and monocrotaline-induced PH in rats. Altogether,
Huaier is a potential therapeutic medicine with mul-
titarget characteristics to prevent the progression of
pulmonary vascular remodeling in rodent models of
PH, suggesting its potential as a promising therapeutic
agent for patients with clinical PH.

There are several limitations to our study. A pri-
mary limitation is the unresolved identification of the
specific bioactive constituents in Huaier that are re-
sponsible for its antipulmonary vascular remodel-
ing effects. However, the assessment of the whole
extract aligns with traditional medicinal practices,
which emphasize the synergistic effects of multiple
components as the foundation for therapeutic effi-
cacy, thereby preserving clinical relevance. Building
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on our preclinical validation of Huaier’s efficacy, fu-
ture research should focus on bioactivity-guided
fractionation to identify the specific antiremodeling
compounds and elucidate their pharmacodynamic

J Am Heart Assoc. 2025;14:e041405. DOI: 10.1161/JAHA.125.041405

interactions. Additionally, new therapeutic strategies
for PH should demonstrate incremental benefits over
the optimized regimen of currently approved thera-
pies.®® Consequently, future studies could investigate
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Figure 7. Huaier extract inhibits PDGF-induced activation of NF-xB signaling pathway in RPASMCs.

A, GSEA enrichment plots based on RNA-sequencing profiles of RPASMCs showing Huaier extract treatment result in the downregulation
of the NF-xB signaling pathway. B, Western blot analysis of p65 and p-p65(S536), normalized to -actin. C, Representative images
and quantification of p65 (green) immunofluorescence staining in RPASMCs (scale bars=100 um). D, RT-qPCR was used to verify the
mRNA levels of inflammation-related genes in RPASMCs. E, Molecular docking simulation of Huaier extract ingredients with NF-xB.
The results are representative of 3 to 5 separate experiments. The data are presented as mean+SE; P values were determined by 1-
way ANOVA with Bonferroni post hoc test (B-D). “P<0.05, **P<0.01, and ***P<0.001 vs PDGF group. Con indicates control; FDR, false
discovery rate; GSEA, gene set enrichment analysis; NF-xB, nuclear factor xB; PDGF, platelet-derived growth factor; RPASMCs, rat

pulmonary artery smooth muscle cells; and RT-gPCR, real-time quantitative polymerase chain reaction.

the efficacy of Huaier extract in combination with
other agents, such as tadalafil, to enhance treatment
outcomes for PH. Moreover, it is crucial to compare
the efficacy of Huaier treatment with these agents in
forthcoming studies. Lastly, it is important to note that
the animal studies conducted in this research used
male mice, despite the fact that PH disproportionately
affects women. In contemporary basic biomedical re-
search on PH using animal models, male subjects are
predominantly employed to eliminate the confound-
ing effects of physiological cycles, hormones such
as estrogen, and other potential variables that could
influence the disease, as was the case in our study.

However, it is crucial to consider the role of sex and
sex differences in the pathological mechanisms, dis-
ease susceptibility, prognosis, and treatment efficacy
of PH. Future research should incorporate both sexes
to provide a more comprehensive understanding of
these factors. Although our study has demonstrated
the therapeutic effects of Huaier on PH, significant
advancements are necessary before it can be ap-
plied clinically. The question of whether Huaier ex-
hibits comparable therapeutic effects in humans, as
observed in animal models, remains unanswered,
therefore clinical trials are imperative to resolve this
uncertainty.
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Figure 8. A schematic diagram of the molecular mechanisms studied in this research.
GSH indicates glutathione; GSH-Px, glutathione peroxidase; IL, interleukin; MDA, malondialdehyde; NF-xB, nuclear factor xB; PDGF,

platelet-derived growth factor; ROS, reactive oxygen species; SOD,
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superoxide dismutase; and TNF-a, tumor necrosis factor alpha.
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CONCLUSIONS

In summary, the results of this study demonstrate that
Huaier extract activates the Nrf2 signaling pathway
while inhibiting the NF-xB and Hifla signaling path-
ways. This multitarget action of Huaier contributes to
its protective roles against oxidative stress, glycolysis,
and inflammation, collectively inhibiting the proliferation
of PASMCs and thus ameliorating PH (Figure 8).
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