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Purpose: The underlying causes of pulmonary arterial hypertension (PAH) often remain obscure. Addressing PAH with effective
treatments presents a formidable challenge. Studies have shown that Hydroxysafflor yellow A (HSYA) has a potential role in PAH,
While the mechanism underlies its protective role is still unclear. The study was conducted to investigate the potential mechanisms of
the protective effects of HSYA.

Methods: Using databases such as PharmMapper and GeneCards, we identified active components of HSYA and associated PAH
targets, pinpointed intersecting genes, and constructed a protein-protein interaction (PPI) network. Core targets were singled out using
Cytoscape for the development of a model illustrating drug-component-target-disease interactions. Intersection targets underwent
analysis for Gene Ontology (GO) functions and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment. Selected
components were then modeled for target interaction using Autodock and Pymol. In vivo validation in a monocrotaline-induced PAH
(MCT-PAH) animal model was utilized to substantiate the predictions made by network pharmacology.

Results: We associated HSYA with 113 targets, and PAH with 1737 targets, identifying 34 mutual targets for treatment by HSYA.
HSYA predominantly affects 9 core targets. Molecular docking unveiled hydrogen bond interactions between HSYA and several PAH-
related proteins such as ANXAS, EGFR, SRC, PPARG, PGR, and ESRI.

Conclusion: Utilizing network pharmacology and molecular docking approaches, we investigated potential targets and relevant human
disease pathways implicating HSYA in PAH therapy, such as the chemical carcinogenesis receptor activation pathway and the cancer pathway.
Our findings were corroborated by the efficacious use of HSYA in an MCT-induced rat PAH model, confirming its therapeutic potential.
Keywords: network pharmacology, molecular docking, hydroxy-safflower yellow A, pulmonary arterial hypertension

Introduction

Pulmonary arterial hypertension (PAH) is a chronic and progressive disorder marked by high pressures in the pulmonary arteries,
which can lead to serious health consequences and decreased patient survival." The 6th World Symposium on Pulmonary
Hypertension and subsequent updates to the 2022 guidelines have revised the hemodynamic definition of PAH to enhance
diagnosis and treatment modalities. These guidelines now specify that normal pulmonary vascular resistance (PVR) should not
exceed 2 Wood Units (WU), and differentiate pre-capillary PAH as having a PVR greater than 2 WU. A mean pulmonary artery
pressure over 20 mm Hg coupled with a PVR above 2 WU are the updated criteria for diagnosing PAH. Patients diagnosed with
PAH exhibit sustained pulmonary artery pressure, which contributes to detrimental structural alterations and a rise in resistance
within the pulmonary vascular system—a phenomenon known as pulmonary vascular remodeling.>* As a result, the right
ventricle faces a heightened workload that, without appropriate adaptation of the pulmonary arteries, triggers an escalation in PVR
and ultimately progresses toward heart failure.>® The complexity of PAH’s pathophysiology, often exacerbated by its association
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with other health conditions, and a rising incidence and prevalence of idiopathic and hereditary forms—estimated at 5 to 25 cases
per million individuals—present significant obstacles in clinical management.” Although a study of 2967 US patients showed
improved 1, 3, 5, and 7-year survival rates at 91%, 85%, 68%, and 49% respectively, PAH remains a grave concern with a heavy
symptom burden and poor long-term prognosis, emphasizing the urgency for advanced research into the pathogenic mechanisms
driving PAH.®® Despite progress in our understanding and treatment of this condition, current therapies fall short in halting the
relentless progression of pulmonary vascular remodeling.

With an increasing understanding of the pathogenic mechanism of PAH and potential targets for drug treatment, many
drugs are constantly emerging. Management primarily relies on pulmonary vasodilator drugs to lower blood pressure.
However, the application of these medications is constricted due to their serious side effects. To give an example, the main
adverse effects of endothelium receptor antagonists are hepatotoxicity, anemia, and edema,'® and adverse effects of
phosphodiesterase inhibitors are mainly headaches, epistaxis, flushing, and dyspepsia;'' moreover, adverse effects of most
prostanoids are pain or erythema at the site when given subcutaneously and their common side effects include headache,
nausea, rash, and diarrhea.'”> Meanwhile, approved treatments for PAH mainly target imbalances in pulmonary vasoactive
pathways, which primarily enhance pulmonary vasodilation with weak effects on pulmonary vascular remodeling.'
Currently, Chinese herbal extracts are gradually becoming a research hotspot in recent years for their diverse bioactivities.

Safflower is a traditional Chinese herb that consists of the dried flowers of the Compositae plant safflower, which is native to
Central Asia.'* At present, injectable Safflower extract is widely used for the treatment of cerebrovascular and cardiovascular
diseases,'” and has been approved to treat angina pectoris by the State Food and Drug Administration since 2005.'°
Hydroxysafflor yellow A (HSYA) is the main chemical component of safflower, which has been demonstrated to possess a
number of pharmacological activities. HSYA plays an important role acting on cardiovascular and cerebrovascular disease'’ for
its anti-inflammatory and antioxidant properties'® and inhibitory effect of thrombin generation.'® A vitro study demonstrated that
HYSA possesses vascular relaxation effects on rat pulmonary artery by activating the Kv channel in pulmonary artery smooth
muscle cells (PASMCs),” inhibition effect on vascular smooth muscle cells proliferation and migration through different signal
pathway.>! Furthermore, the administration of HSYA phytosomes via intervaginal space injection decreased the deposition of
collagen in the lungs of mice.** Subsequent work further corroborated that HSYA protects against hypoxic-induced pulmonary
hypertension by reversing the remodeling of the pulmonary artery through inhibiting the proliferation and hypertrophy of
PASMCs,* and attenuating the development of MCT-induced PAH by inhibiting vascular remodeling, decreasing vascular
wall thickness and the degree of muscularization.”*

Despite the existing literature highlighting the potential of HSYA as a therapeutic agent in ameliorating PAH, a thorough
understanding of its modulatory mechanisms is currently absent. Network pharmacology stands at the forefront of biomedical
research for unraveling the biological intricacies of diseases, facilitating the prediction of efficacious drug targets, and identifying
critical biomarkers for a host of diseases and syndromes.”>?® This emergent discipline also enables the elucidation of the core
mechanisms of action for small molecular entities by constructing comprehensive “compound-disease-gene-target” networks.
Accordingly, our investigation is meticulously designed to systematically explore the primary targets and the corresponding
mechanisms through which HSYA exerts its effects on PAH. Leveraging the combined strengths of network pharmacology and
molecular docking, we aim to demystify the molecular underpinnings by which HSYA modulates PAH, with the postulations
rigorously validated via experimental methodologies.

Materials and Methods

Screening of Active Ingredient Targets of HSYA
HSYA was retrieved from the Traditional Chinese Medicine Systems Pharmacology Database (TCMSP, https://old.
tcmsp-e.com/tcmsp.php), and its corresponding SDF file was downloaded. Within the PharmMapper database (https://

pubchem.ncbi.nlm.nih.gov/), the SDF file of HSYA was uploaded, and target files were retrieved with a constraint of a fit

score above 0.6. This step yielded a prediction of 113 potential targets. The targets were further processed for their gene

names using UniProt (http://www.uniprot.org/).
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Identification of PAH-Associated Targets

The GeneCards database (http://www.genecards.org/)”’ was queried for “pulmonary hypertension” to extract associated

targets, setting a relevance score threshold of 5.2. A total of 1737 disease-related targets were retrieved.

Determination of Overlapping Targets Between HSYA and PAH
An intersection of HSYA and PAH targets was identified through the Venny 2.1.0 tool (https://bioinfogp.cnb.csic.es/tools/venny/
index.html),”® and a Venn diagram was generated to visualize the shared potential targets. The study protocol, including the use of

human public domain data, was reviewed and approved by the Research Ethics Committee of Xinxiang Medical University.

Construction of PPl Network and Isolation of Core Targets
HSYA-PAH intersecting targets were input into the STRING database (https://cn.string-db.org/) for protein-protein interaction

(PPI) analysis” “Homo sapiens” was selected as the reference organism for PPI network construction, and results were exported
in TSV format. This network data was imported into Cytoscape 3.9.1, where the “Network Analyzer” plugin helped identify core
targets by setting the cut-off for degree centrality (DC), betweenness centrality (BC), and closeness centrality (CC) at values >
their respective mean values. This led to the identification of nine core targets, including Epidermal Growth Factor Receptor
(EGFR), SRC proto-oncogene, non-receptor tyrosine kinase (SRC), Peroxisome Proliferator Activated Receptor-Gamma
(PPARG), Endothelial Nitric Oxide Synthase (NOS3), Glutathione S-transferase P1 (GSTP1), Human Annexin A5 (ANXAS),
Recombinant Human Progesterone Receptor (PGR), Estrogen Receptor 1 (ESR1), and Heat Shock Protein (HSP90AAL).

GO Functional and KEGG Pathway Enrichment Analysis

For functional insights, the core targets were input into the DAVID database (https://david.ncifcrf.gov/tools.jsp) for GO

and KEGG pathway enrichment analysis. GO annotations span Biological Process (BP), Cellular Component (CC), and
Molecular Function (MF) categories. The top 20 BP, top 15 CC, and top 20 MF terms, along with KEGG pathways, were
selected based on gene enrichment significance and then visualized as bubble charts using the online platform
Bioinformatics (https://www.bioinformatics.com.cn/).

Molecular Docking Studies

To corroborate the predicted interactions, molecular docking was performed with nine key targets, including EGFR,
FRC, and PPARG. HSYA’s 2D structure was sourced from PubChem and then converted to its 3D form using
ChemBio3D Ultra (https://www.chemdraw.com.cn/xiazai.html). The protein structures were downloaded from the

Protein Data Bank (https://www.rcsb.org/), followed by pre-processing of the ligand and receptor using AutoDock
Tools (https://autodock.scripps.edu/).>*>!
Visualization of the docked complexes was accomplished using PyMOL (https://pymol.org/2/).

Molecular docking was completed with the aid of AutoDock Vina.

Animals and Treatments

Fifty 8-week-old male Sprague-Dawley rats were acquired from SPF (Beijing) Biotechnology Co., Ltd. (Identification
No. SCXK Jing 2019-0010, License No. SCXK (Beijing) 2019-0010). All rats were sustained in an environmentally
controlled facility featuring a temperature range of 22-26°C, 55+5% relative humidity, and a 12-hour light/dark cycle.
Following a one-week acclimatization period, the rats were deemed suitable for experimental procedures. All procedures
were executed in strict accordance with the National Institutes of Health guidelines for the care and use of laboratory
animals (NIH Publications No. 8023, revised 1978), and received approval from the Animal Care and Use Committee of
Xinxiang Medical University (Approval No. XYLL-20230268, dated March 10, 2023).

Monocrotaline-Induced Pulmonary Hypertension Model

Monocrotaline (MCT) with >98% purity (Catalog No. C2401) was purchased from SIGMA. HSYA was obtained from
Shanghai Yuanye Bio-Technology Co., LTD (Catalog No. S26799-1g, purity > 90%). The rats were randomly divided
into four groups: (i) control group (n = 10), (ii) HSYA group (n = 10), (iii) MCT group (n = 15), which received a single
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subcutaneous injection of 60 mg/kg MCT at the cervical region, and (iv) MCT+HSYA group (n = 15), which were
administered daily oral doses of HSYA (220 mg/kg) subsequent to MCT injection for four weeks. Right ventricular
function was evaluated using multiple echocardiographic parameters and invasive hemodynamic measurements. Under
deep anesthesia with 0.1-0.2 mL of 3% PT-barbital per 100g body weight, we harvested the hearts and tibias of the rats
prior to humane euthanasia. The weight of the right ventricle was measured relative to the body weight, tibial length, and
the combined weight of the left ventricle plus the septum. Tissues collected for histopathological analysis were fixed in
polyformaldehyde, with other samples flash-frozen and preserved at —80°C. The Xinxiang Medical University Animal
Care and Use Committee’s standards were firmly adhered to for all animal-related procedures.

Echocardiographic Assessment

At the study’s culmination, the animals were lightly anesthetized with 2% ether and subjected to comprehensive echocardio-
graphic analysis using the VEVO 2100 system with a 30 MHz probe (VisualSonics, Ontario, Canada). Stable echocardiographic
acquisitions allowed for the precise quantification of pulmonary arterial time (PAT), pulmonary ejection time (PET), right
ventricular wall thickness (RVWT), tricuspid annular plane systolic excursion (TAPSE) among other significant parameters.

Right Ventricular Systolic Pressure (RVSP) Measurement

With animals under deep anesthesia, the right external jugular vein was cannulated with a heparin-preloaded PE catheter
connected to a pressure transducer (TaiMeng, Chengdu, China). The catheter was delicately inserted to gauge right
ventricular systolic pressure (RVSP), with real-time pressure waveforms allowing accurate determination.

Tissue Sampling

After the RVSP evaluation, the animals were euthanized under deep anesthesia and their hearts excised. Right ventricular
hypertrophy was quantified through weight ratios including right ventricular weight to the total heart weight (RV/(LV+S)) and
right ventricular weight to tibial length (RV/TL). Lung tissue samples and pulmonary artery segments were also harvested,
with some immediately frozen at —80°C and others fixed in 4% paraformaldehyde for histopathological examination.

Morphological Staining

Lung tissues were fixed for 16 hours in 4% paraformaldehyde, dehydrated sequentially in an alcohol gradient, and
embedded in paraffin. Tissue sections (4 pm thick) underwent hematoxylin-eosin (HE) and Masson’s or Van Gieson’s
(VGQ) staining. Examination of staining patterns was conducted with an Olympus light microscope (Olympus, Japan).

Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis
Total RNA was extracted from the lung tissues of MCT-treated rats using Trizol reagent (NCM Biotechnology, China).
RNA concentration was normalized to 100 ng/uL and reverse-transcribed to cDNA, followed by PCR amplification with
a specific kit (KR0501, Codonx Life Sciences) and 2xTaq PCR MasterMix (G3304, Servicebio). The PCR products were
resolved by 1% agarose gel electrophoresis in TAE buffer, visualized, and documented with a gel imaging system. The
data analysis employed Image J software, with results reported as ratios of target gene mRNA to GAPDH mRNA. The
primer sequences for the genes are as follows (forward primer, F; reverse primer, R):

rattus-ANXAS-F: GAACTTACTCCTGGCTGT CGTGAAG

rattus- ANXAS5-R: TCAGTCATCCTCCTCCACAG

rattus-SRC-F: ACCTCCCGCACGCAATTCAAC

rattus-SRC-R: CATCCACACCTCTCCGAAGCAAC

rattus-PGR-F: GCTACGGTGGAGGTGGAGGAG

rattus-PGR-R: GCGTGGTTCAGAGGCAGAATGG

rattus-EGFR-F: CACTACGCCGCCTGCTTCAAG

rattus-EGFR-R: TGGACAGTGGAGGTCAGACAGATG

rattus-PPARG-F: CTGCGGAAGCCCTTTGGTGAC

rattus-PPARG-R: GTGCTCTGTGACAATCTGCCTGAG
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rattus-ESR1-F: ACTGTGCTGTGTGTAACGACTATGC
rattus-ESR1-R: CTGACGCTTGTGCTTCAACATTCTC

Statistical Analysis

The data are presented as mean + standard Error of Mean (SEM). Group comparisons were conducted using unpaired
T-tests (between two groups) or one-way ANOVA (where applicable), with SPSS software version 19.0 (Systat Software,
San Jose, CA, USA) enlisted for statistical computations. A P-value of less than 0.05 was regarded as indicative of
statistical significance.

Results
Network Analysis of PAH Compounds and Identification of Hub Genes

A comprehensive Venn diagram analysis conducted on the designated platform identified 34 intersecting genes between
the known targets of HSYA and PAH, as depicted in Figure 1A. These 34 genes constituted the preliminary target pool
for subsequent investigations. Utilizing the STRING database, PPI networks for these genes were constructed (see
Figure 1B). Network and attribute files generated from the analysis were then imported into Cytoscape to construct a
sophisticated drug-ingredient-target-disease network, demonstrated in Figure 1C. Here, core targets appear in blue, the
disease is indicated by a red arrow, and active ingredients are represented with an orange triangle. For further refinement,
the imported STRING TSV data was subjected to analysis using the Network Analyzer plugin within Cytoscape 3.9.1.
Targets exhibiting DC, BC, and CC greater than or equal to the mean value were considered core, leading to the creation
of a core target network map (see Figure 1D). The intensity of color correlates with the degree of target interconnected-
ness. Nine genes were ultimately designated as hub genes shared by HSYA and PAH, including EGFR, SRC, PPARG,
NOS3, GSTP1, ANXAS, PGR, ESR1, and HSP90AAL.

HSYA-PAH Enrichment Analysis

Elucidating the therapeutic mechanism of HSYA for PAH was achieved by subjecting the core targets to the DAVID
database, from which GO data pertaining to BP, CC, and MF were extracted. Predominant GO categories were visualized
in histograms (Figure 2), showcasing the top 20 BPs, 15 CCs, and 20 MFs, based on gene enrichment’s extent and
statistical significance. In the GO-BP category, key areas of activity included positive regulation of protein kinase B
signaling, negative regulation of apoptosis, and response to estrogen (Figure 2A). For GO-CC, core targets were
principally localized to the cytoplasm, nucleus, nucleoplasm, and perinucleolar regions (Figure 2B), while in GO-MF,
primary activities such as nitric oxide and enzyme regulatory functions, ATPase binding, among others were noted
(Figure 2C).

Pathway data garnered from the DAVID database facilitated the creation of a KEGG pathway classification summary
diagram available on the Bioinformatics platform. The KEGG pathway enrichment encompassed 23 distinct pathways,
predominantly involving human disease pathways such as the chemical carcinogenesis receptor activation and the cancer
pathways (Figure 3).

Molecular Docking: Enhancing Specificity and Detailing Interaction Dynamics
In-depth molecular docking was conducted between HSYA and the nine essential core receptor proteins, revealing
intricate details of their molecular interactions presented in Table 1. In the docking results, the minimum binding
affinities of HSYA with ANXAS5, SRC, PGR, EGFR, PPARG, and ESR1 were —7.8, —8.0, —8.4, —6.8, 7.1, and —7.0
kcal/mol, respectively. The binding energies, a pivotal indicator of ligand-receptor affinities, were considered robust at
values below —5 kcal/mol. Higher absolute values of the binding energies implied more substantial hydrogen bond
formations, suggesting a more stable ligand-receptor complex. Notably, HSYA demonstrated the most potent binding
energy with the PGR, recorded at —8.4 kcal/mol, suggesting a significantly stable interaction.

Closer observation of the molecular docking outcomes through the PyMOL visualizations (Figure 4) highlighted
multiple hydrogen bond formations as a commonality among the successful docking conformations. As shown in
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Figure | The “drug-ingredient-target” interaction network of HSYA on PAH treatment by pharmacologic analysis. (A) The intersection of the above drug targets and the
disease targets; (B) PPl map generated from the STRING database among 34 genes; (C) drug-ingredient-target-disease network of HSYA; (D) PPl network processed by
cytoscape software. The darker the color, the greater correlation of the targets.

Figure 4A, HSYA combined with the GLN3 of ANXAS in the form of hydrogen bonds. Similarly, in Figure 4B, HSYA
interacted with the PHE150 of SRC via hydrogen bonds. Furthermore, as depicted in Figure 4C, HSYA combined with
both the SER898 and PHE905 of PGR in the form of hydrogen bonds. Figure 4D demonstrated that HSYA engaged in
hydrogen bonding with the residues of ARG776, GLN791, and LYS852 of SRC. Likewise, as illustrated in Figure 4E,
HSYA established a hydrogen bond with the ARG234 of PPARG. Lastly, Figure 4F indicated that HSYA combined with
the GLU20 and TYP48 of ESRI in the form of hydrogen bonds. These visual mappings illuminated the spatial
configurations and interaction sites, showing how the active components of HSYA formed hydrogen bonds at specific
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vertical axis is the name of each pathway.

amino acid residues, further stabilizing the drug-target complex and suggesting high specificity of the interaction. This
detailed molecular insight underscores the potential of HSYA in modulating key protein functions implicated in PAH,
providing a strong impetus for ongoing therapeutic exploration and development.

HSYA Attenuated MCT-Induced RVSP Increases and Improved Right Ventricular

Function in PAH Rats

Four weeks post-administration of MCT, the pulmonary arterioles in rats developed significant thickening when
compared with the normotensive control group, evidenced by a marked increase in wall thickness percentage (WT%)
and wall area percentage (WA%), indicative of pulmonary arteriole remodeling. This remodeling resulted in increased
vascular resistance and heightened strain on the right ventricle, contributing to right ventricular hypertrophy.

Table | The Molecular Docking of HSYA and the Proteins ANXAS, SRC,
PGR, EGFR, PPARG, ESRI

Ligands | Receptor Proteins | PDB Entry | Binding Energy (kcal/mol)
HSYA ANXA5 2x02 7.8
SRC Ifmk -8.0
PGR Isqn -84
EGFR Ixkk —6.8
PPARG 6ms7 7.1
ESRI 7baa -7.0
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Figure 4 Molecular docking PYMOL image of key genes and HYSA. 3D molecular docking model of 6 key genes with HYSA. Gray, red, white, Orange, and purple stick
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genes. A to F represents key genes such as ANXAS, SRC, PGR, EGFR, PPARG, ESRI.

When compared to the control group, the body weight of rats in the MCT group was obviously lowered. However, the
body weight of rats in the MCT+HSYA group was higher than that in the MCT group (Figure 5A), which indicates the
beneficial role of HSYA on MCT-induced PAH. Furthermore, Rats in the MCT group developed a significant elevation of
RVSP, RV/(LV + S), and RV/tibial length in comparison to those in the control group, indicating that the development of
RV hypertrophy and PAH model was built successfully (Figure 5B and C). However, those variations were significantly
attenuated by HYSA. Additionally, echocardiographic Doppler assessments (Figure S5E-J) showed pronounced
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Figure 5 The effect of HSYA on RVSP and RV function in PAH rats. (A) The Body weight of rats; (B) Statistical Results of RVSP in rats; (C) The ratio of RV weight to left
ventricular+ventricular septal weight (RV/(LV+S)) in rats; (D) The ratio of RV weight to tibial length (RV/TL) in rats; (E) Pulmonary artery blood flow acceleration time (red)
(PAT), Pulmonary artery ejection time (white) (PET), Right Ventricular Wall Thickness (RYWT) and Tricuspid annular plane systolic excursion (brown) (TAPSE) in rats were
measured by echocardiograms in Doppler model; (F-J) Statistical Results of PAT, PET, PAT/PET, RVWT and TAPSE in (E). All values were expressed as mean+SEM. n=10,
*#P<0.01 vs control, #P<0.05, ##P<0.01 vs MCT.

abnormalities in the PAT, PET, PAT/PET, RVAW, and TAPSE in MCT-induced PH rats, similarly, these indices of right
ventricular function in the MCT+HSYA rats closely resembled those of the control group, suggesting that HSYA can
reduce the pathological progression of PAH.
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HSYA Alleviated Pulmonary Vascular Remodeling and Collagen Deposition in MCT-
Induced PAH Rats

Morphological evaluations through HE, Masson’s trichrome, and VG staining elucidated significant enhancements in
pulmonary vascular wall thickness and perivascular collagen fibrosis in the MCT rat model relative to controls. In
contrast, PAH rats treated with HSYA exhibited similar histopathological features to the control rats, indicating a
therapeutic effect of HYSA (Figures 6A-F). Additionally, the analysis of right ventricular remodeling and collagen
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Figure 6 The effect of HSYA on pulmonary vascular remodeling and collagen deposition in lung tissues of PAH rats. (A) Morphological analysis was performed by HE
staining in lung tissue; (B) Quantification of the ratio of pulmonary artery wall thickness to vessel diameter in (A); (C) Masson staining in lung tissue; (D) Quantification of
the fibrosis area in (C); (E) VG staining in lung tissue; (F) Quantification of the fibrosis area in (E). All values were expressed as mean+SEM. n=10, **P<0.01 vs control,
##P<0.01 vs MCT.
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deposition (Figure 7) highlighted increased markers of hypertrophy and fibrosis in the MCT group when compared to the
control group, however, this variation was attenuated significantly in the HSYA-treated PAH rats, signaling an improve-
ment in cardiac pathology comparable to control (Figures 7A-F).
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Figure 7 The effect of HSYA on right ventricular remodeling and collagen deposition in cardiac tissues of PAH rats. (A) HE staining in right ventricle; (B) Mean
cardiomyocyte area in (A); (C) Interstitial Masson staining in right ventricle; (D) Relative area of interstitial fibrosis in (C); (E) Perivascular VG staining in right ventricle; (F)
Relative area of perivascular fibrosis in (E). All values were expressed as mean+SEM. n=10, **P<0.01 vs control, ##P<0.01 vs MCT.
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Figure 8 The effects of HSYA on genes expression in lung tissues of PAH rats. (A) Representative images of nucleic acid electrophore diagram via RT-PCR. (B) Quantitative
analysis of (A). All values were expressed as mean+SEM. n=10, *P<0.05, **P<0.01 vs control, ##P<0.01 vs MCT.

HSYA Mitigated Right Ventricular Remodeling and Collagen Deposition in MCT-

Induced PAH Rats
We next evaluate the efficacy of HSYA on right ventricular changes in MCT-induced PAH. As shown in Figure 7A and

B, representative images of HE staining and quantitative analysis of the mean cardiomyocyte area showed that HYSA
effectively attenuated MCT-induced myocardial hypertrophy. Similar changes were observed in the right ventricular
fibrosis. As revealed by interstitial Masson staining (Figure 7C and D) and perivascular Masson staining (Figure 7E and
F), a significant elevation of interstitial fibrosis and perivascular fibrosis were observed in the right ventricle of MCT-
treated, which was markedly decreased by the treatment of HYSA. Thus, the above observations demonstrated that
HYSA attenuates right ventricular remodeling and fibrosis in MCT-induced PAH rats.

HSYA Exerted Protect Role on PAH Through Regulating the Expression of ANXADS,

SRC, PGR, EGFR, PPARG, and ESR

To further clarify the mechanism of HY SA on PAH, we detected hub genes expression patterns. As shown in Figure 8A and B,
the expression of ANXAS, SRC, PGR, PPARG, and ESR was downregulated, while the expression of EGFR was upregulated
in lung tissues. However, this change could be reversed by HYSA, suggesting the restorative capacity of HSYA. Importantly,
there were no significant alterations in the expression of these genes between the HSYA-treated group and the control group,
indicating a minimal effect of HYSA on gene expression in normal rats.

Discussion

Multiple studies have demonstrated that HSYA plays a vital protective role against hypoxia-induced pulmonary
hypertension” and MCT-PAH,** effectively reversing the remodeling of the pulmonary artery and attenuating right
ventricular hypertrophy. To delve deeper into the effects of HSYA on PAH, we conducted a network pharmacology
analysis to uncover the underlying mechanisms. Our findings highlight several critical targets influenced by HSYA in
PAH, including proteins such as ESR1, HSP90AA1, NOS3, EGFR, PPARG, SRC, ANXAS, GSTPI, and PGR. These

2 and are involved in key

proteins localize to cytosolic-nuclear interfaces, membranes, and the pericellular matrix,
biological processes such as protein kinase B signaling regulation, the negative regulation of apoptotic processes,
estrogen responses, and ATPase interactions. They are implicated in pathways that mirror cancer biology, such as

carcinogenesis receptor activation, hinting at a therapeutic anti-PAH potential for HSYA.
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KEGG pathway enrichment analysis further revealed that the central hub genes are distributed across 23 distinct
pathways, mainly pertaining to human diseases, including receptor activation in chemical carcinogenesis and cancer-related
pathways. This suggests functional parallels between vascular cells in PAH and neoplastic diseases.*® To elucidate the
protective role of these hub targets in HSYA’s action against PAH, we performed molecular docking studies. The docking
results indicated that 6 out of the 9 key targets, namely ESR1, EGFR, PPARG, SRC, ANXAS, and PGR, exhibit covalent
binding to HSYA. A universally recognized concept in molecular docking is that the lower the binding energy, the greater
the affinity of the compound for its target.** Docking simulations suggest that ANXAS, SRC, PGR, EGFR, PPARG, and
ESR1 have significant binding interactions with HSYA, particularly PGR, which showed the most stable binding.

To verify our computational predictions, we conducted extensive experimental studies. The results from animal models
confirmed that the MCT-induced PAH successfully replicated the disease’s hallmarks, such as vascular remodeling,
collagen accumulation in lung tissues, and right ventricular restructuring. In line with previous findings,”**> HSYA exerted
a protective effect, ameliorating vascular remodeling, reducing collagen deposition, and improving cardiac function. Our
multidisciplinary investigation thus substantiates the therapeutic potential of HSYA in the management of PAH.

To further elucidate the role of pivotal hub genes in PAH, we assessed the expression of these genes in the lung tissues of rat
models using RT-PCR. Intriguingly, all hub target genes, including ANXAS, SRC, PGR, EGFR, PPARG, and ESR1, exhibited
abnormal expression in the lungs of rats with PAH. This phenomenon was notably reversed following HYSA treatment.

ANXAS, a widely expressed intracellular protein that binds specifically to phosphatidylserine, may impact cellular
signaling, inflammation, and fibrosis processes.>®>” Its anti-inflammatory and anticoagulatory activities are well-
documented.*® SRC, belonging to the SRC family kinases, plays a pivotal role in modulating signaling pathways in
response to environmental changes at the cellular level.* Previous research highlighted that Src phosphorylation at
Tyr416 increased concomitant with pulmonary artery pressure in a rat model,* and the Src kinase-EGFR-NADPH
oxidase signaling axis is critical for pulmonary hypertension progression under chronic hypoxia.*' Notably, our findings
showed a decrease in SRC expression in PAH rats, which contrasts with prior studies, prompting us to investigate Src
phosphorylation in future research.

As for PGR, a nuclear receptor that modulates numerous target genes, clinical observations suggest a higher survival
rate in women despite a greater prevalence of PAH as compared to men.** Yet, animal studies indicated milder symptoms
in females across hypoxia and MCT models43, and even the development of PAH in specific transgenic mouse
strains.**** The indispensable role of PGR in the antiproliferative effects of progesterone on PASMCs has been
previously established.*> Our study corroborates this notion, showing reduced PGR expression in PAH rats and how
HYSA can counteract this change.

The EGFR, a part of the ERBB family of receptor tyrosine kinases, orchestrates numerous biological functions such
as cell proliferation.*® Despite the controversial role of EGFR in PAH—with evidence linking it to chronic hypoxia-
induced pulmonary vasoconstriction,*’ antagonists of EGFR have been demonstrated to be effective in inhibiting
vascular cell proliferation in both cell culture and various animal PAH models.**>° Our results are consistent with the
view that EGFR upregulation occurs in PAH and HYSA treatment can reverse this trend.

Moreover, PPARG deficiency has been implicated in the pathogenesis of PAH, and the therapeutic restoration of
PPARG function is known to mitigate PH in preclinical models.”'~? The inhibitory effects of FGF21 on hypoxia-induced
PASMC proliferation and migration, mediated by PPARG upregulation, further affirm PPARG’s central role in PAH.>*>*

ESRI1, or estrogen receptor, which regulates genes involved in growth, metabolism, reproduction, and other functions,
also has a notably higher expression in PASMCs from female PAH patients than males.”> Remarkably, both ERa’® and
ERPB>7® are seen as exerting a protective effect against PH, potentially synergizing to ameliorate the condition.’**° In line
with these findings, ESR1 expression was down-regulated in PAH rats and subsequently normalized by HYSA treatment.

In a word, our study confirms that HSYA has a therapeutic impact on PAH by modulating the expression of ANXAS,
SRC, PGR, EGFR, PPARG, and ESR1. However, the detailed mechanisms by which these genes modulate PAH have yet
to be fully delineated and warrant more extensive future investigations.
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Conclusion

This study harnessed the combined power of cutting-edge network pharmacology and precise molecular docking
techniques to pinpoint crucial molecular targets and pathways implicated in pulmonary hypertension. Substantiation of
these targets was achieved through meticulous experimental validation. Our results, particularly the upregulation of key
genes such as ANXAS, SRC, PGR, PPARG, ESR1 and downregulation of EGFR following HSYA treatment in a PAH rat
model, contribute meaningful insights that could revolutionize drug discovery efforts. They hold significant promise for
forging fresh exploratory avenues and clinical interventions in the realm of pulmonary hypertension, potentially
heralding a new dawn in therapeutic modalities.
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