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Herbal medicine, like Polygonatum sibiricum, is gaining attention for its potential in treating myocardial ischemia. Comprehensive
research on its molecular interplay is essential for its development as a therapeutic agent. The aim is to investigate the molecular
mechanisms by which Polygonatum sibiricum ameliorates myocardial ischemia. The study involves a thorough database exploration,
molecular docking, and the use of both in vivo and in vitro models for detailed assessment. The role of the HIF-1a pathway is particularly
emphasized. Identification of 11 principal components and 23 core proteins, with a dominant role of HIF-1a, was achieved. A notable
improvement in myocardial conditions, attributable to Polygonatum sibiricum, was observed. Polygonatum sibiricum improves
myocardial ischemic injury by augmenting mitochondrial activity and enhancing the HIF-1a pathway.
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sibiricum; UPLC-Q/TOF/MS

1. Introduction

Myocardial ischemic injury is a significant cardiovascular
disease that has a profound impact on patients and cannot be
disregarded [1]. The main challenge in treating this con-
dition is the imbalance between oxygen supply and demand
in myocardial cells, necessitating immediate intervention to
prevent myocardial necrosis [2]. Nevertheless, despite timely
treatment, patients generally have a bleak prognosis, since
myocardial ischemia (MI) can result in severe complications
including myocardial infarction and heart failure [3].
Cardiovascular disease poses a significant health challenge
worldwide, and traditional Chinese medicine presents
a promising treatment approach [4]. In particular, Polygo-
natum sibiricum has been found to possess several beneficial

biological activities for maintaining cardiovascular health [5].
Polygonatum sibiricum has the potential to stabilize coronary
arteries, alleviate cardiac stress, and lower the risk of cardio-
vascular disease [6]. Furthermore, it can additionally combat
cardiovascular diseases through mechanisms such as anti-
oxidation and lipid reduction [7]. The characteristics of this
plant highlight its potential significance in managing cardio-
vascular health and guiding future research and development
[8]. In the future, Polygonatum sibiricum could potentially see
expanded usage as an adjuvant treatment and preventative
measure for cardiovascular diseases [9].

Protecting mitochondria has a significant impact on im-
proving myocardial ischemic injury [10]. The proper func-
tioning of the heart relies on the optimal condition of
mitochondria since they act as the primary energy source for
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cardiac cells [11]. Ensuring proper mitochondrial function helps
prevent or alleviate various complications arising from MI.
Additionally, it can enhance the overall efficacy of heart disease
treatment and contribute to patients’ potential for recovery [12].

The research conclusion indicates that Polygonatum
sibiricum, a Chinese medicinal herb, can safeguard mito-
chondrial function by activating the HIF-la pathway. This
finding establishes novel treatment targets and highlights the
potential therapeutic value of Polygonatum sibiricum in
managing myocardial ischemic injury. This finding suggests
that Polygonatum sibiricum could be used as a drug for treating
cardiovascular diseases. It is believed to improve mitochondrial
function in cardiac cells, thereby alleviating damage and of-
fering improved treatment options for patients.

2. Materials and Methods

2.1. Active Ingredients and Target Screening of Rhizoma
Polygonati. The active chemical components of Polygonatum
sibiricum were screened using three databases: the HERB
database (https://herb.ac.cn/), TCMSP database (https://old.
tcmsp-e.com/tcmsp.php), and BATMAN-TCM database
(https://bionet.ncpsb.org.cn/batman-tcm/). The keyword “Po
lygonatum sibiricum” was used for the screening process. In the
HERB database, Lipinski’s five rules (MW < 500, miLogP < 5,
nOHNH <5, and nOH<10) were employed as screening
criteria. In the TCMSP database, oral bioavailability
(OB>30%) and drug-likeness (DL >0.18) were used as the
screening parameters. In the BATMAN-TCM database,
Score > 20 and adjusted p_value < 0.05 were adopted as criteria
to select representative chemical constituents of Polygonatum
sibiricum. The resulting samples were analyzed using the
SwissTargetPrediction ~ database  (https://www.swisstarg
etprediction.ch/) after nontargeted components and dupli-
cate active ingredients were removed. Targets for these active
compounds were determined by setting the threshold to the top
15 [13, 14]. The selection of the threshold (top 15) is based on
the design principles of the SwissTargetPrediction database,
which are determined by the algorithm’s predictive accuracy
and actual test results [15].

2.2. Collection of Targets Related to MI. To identify target
genes associated with MI, searches were conducted in the
DISGeNET database  (https://www.disgenet.org/), the
OMIM database (https://omim.org/), and the GeneCards
database (https://www.genecards.org/) using the keyword
“Myocardial Ischemia”. The retrieved target genes were
integrated, and duplicate values were removed [16].

2.3. This Study Aims to Identify Potential Targets for Polyg-
onatum sibiricum in the Treatment of MI. The potential
target genes associated with the active compounds in Pol-
ygonatum sibiricum were matched with relevant target genes
for MI using R language (R version 3.6.3). This process
enabled the identification of overlapping genes between the
two sets, indicating potential target genes for Polygonatum
sibiricum in the treatment of MI. A Venn diagram illus-
trating the intersection of these genes was generated.
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2.4. Development of the Potential Target Network for Polyg-
onatum sibiricum (Rhizoma Polygonati) and Its Active In-
gredients in MI. Cytoscape 3.8.2 software was employed to
construct a network revealing the correspondence between
Polygonatum sibiricum, MI, active ingredients, and potential
target sites. The constructed network was subsequently
subjected to topological analysis. Nodes with higher degree
values were identified as indicating greater effectiveness of
the corresponding active ingredients [16].

2.5. The Construction of Protein-Protein Interaction (PPI)
Networks and the Screening of Core Targets. The potential
targets of Polygonatum sibiricum in the treatment of MI were
imported into the STRING online database (https://string-
db.org/). The species was set as Homo sapiens, the confidence
score was set to > 0.4, and free targets were hidden to
construct the PPI network of potential targets. PPI network
data were imported into Cytoscape software (version 3.8.2)
for topological analysis. The CytoHubba plugin was utilized
to filter core targets based on their node degree.

2.6. Gene Ontology (GO) Functional Enrichment Analysis and
Kyoto Encyclopedia of Genes and Genomes (KEGG) Signal
Pathway Analysis. GO enrichment and KEGG pathway en-
richment analyses were conducted on the obtained core target
genes using the Bioconductor platform and R language. A
significance cutoff of p <0.05 was applied. GO enrichment
analysis encompasses analyses of biological process (BP),
molecular function (MF), and cellular component (CC), ul-
timately unveiling the major cellular functions and signaling
pathways affected by the core targets [17].

2.7. Molecular Docking. The molecular docking was per-
formed using the selected core targets and the target
compounds with high degree values. The crystal structures of
the core proteins were downloaded from the Protein Data
Bank [18]. The structures of the active compound com-
pounds were obtained from the PubChem database and
converted into three-dimensional structures using
Chem3DUltra 14.0 software, followed by energy minimi-
zation using the MM2 algorithm. The target protein re-
ceptor, ERK, was prepared using PyMOL software by
dehydrating and removing organic molecules. The target
protein receptor molecules were then processed for hy-
drogenation and charge calculation using AutoDockTools
1.5.6. The compound and target protein receptor were
converted into pdbqt files, and appropriate box centers and
grid parameters were set. Finally, Vina 1.1.2 was executed to
evaluate the molecular docking and calculate the docking
energy values [19].

2.8. Animal Testing Drug Formulation. Polygonatum sibir-
icum was obtained from Beijing Putian Tongchuang Bio-
technology Co., Ltd (Batch number: 121341-201705) and
identified as Polygonatum sibiricumn (Polygonatum cyrtonema
Hua.), a plant belonging to the Liliaceae family. The dried
rhizomes were used for the study. The ethanol extract of
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Polygonatum sibiricum was prepared by soaking the plant
material in 50% ethanol (sample to solvent ratio of 1:10, w/v)
for 30 min, followed by a warm infusion (45°C) for 1h. The
mixture was then filtered, and the residue was subjected to
a second warm infusion using distilled water at 45°C for 1h.
The resulting filtrate was collected using four layers of gauze,
and the ethanol was completely removed by rotary evaporation.
The obtained extract was concentrated into a thick paste,
freeze-dried, and stored at —80°C for further use [20]. For the
animal experiments, the freeze-dried powder of Polygonatum
sibiricum was dissolved in water at a concentration of 2 g/mL.
The doses were calculated using the equivalent dose conversion
method from the book “Pharmacological Experimental
Methodology” edited by Professor Xu Shuyun. The oral dose
for adults was 0.3 g/lkg/day, and for rats, the oral dose was
2 g/kg/day. The low and high doses were set as 0.5 and 2 times
the medium dose, respectively, resulting in animal doses of 1.0,
2.0, and 4.0 g/kg/day [21].

Isoproterenol (ISO), purchased from Sigma-Aldrich
(6078-56-4, Sigma-Aldrich, Shanghai, China), was admin-
istered to the animals at 40 mg/kg/day. Compound Danshen
Dripping Pills (CDDP) were purchased from Tasly Phar-
maceutical Group Co., Ltd. (Batch number 710950111,
Tianjin, China) and administered to the animals at a dose of
73 mg/kg/day [22, 23].

2.9. High-Performance Liquid Chromatography-Tandem
Mass Spectrometry (HPLC-MS/MS). Preparation of Plant
Extract: Dry Polygonatum sibiricum rhizomes were ground
into a fine powder. A quantity of 0.5g of this powder was
ultrasonically extracted with 10 mL methanol (MeOH) at
room temperature for 1h. The extract was evaporated and
redissolved in 1.5 mL of MeOH, followed by the addition of
3.5 mL of water to make a 30% MeOH solution (5 mL total).
Elution was conducted using 30% and 80% MeOH/H,O
solutions.

Standard solutions of neoliquiritin, digitalis glycoside,
timosaponin, sibiricoside, and rhamnose were prepared at
a concentration of 0.50 mg/mL in water to serve as controls.

HPLC-MS/MS analysis was performed using an
LCMS-8040 triple quadrupole LC/MS/MS mass spectrom-
eter equipped with a YMC-Triart C18 column (3.0 um,
150 x 20 mm) maintained at 35°C. The flow rate was set at
0.2 mL/min, with 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B) as mobile phases. Gradient
elution was carried out from 20% to 70% B over 40 min,
followed by 100% B for 10 min. The column was equilibrated
for 15 min prior to injection. A sample volume of 4 uL was
injected for qualitative analysis.

Detection and Quantification: The mass spectrometer
was operated in both positive and negative ion modes with
a scan range of 100-1600 m/z. ESI parameters were set with
an interface voltage of 4.5kV (positive mode) and -3.5kV
(negative mode), a drying gas at 15L/min, and a drying
temperature of 350°C. Equal volumes of sample and stan-
dard solutions were analyzed to determine the content of
active components by peak area comparison.

2.10. Construction and Grouping of Rat MI Model. Male
Sprague Dawley (SD) rats, weighing 200-250g and aged
8-9 weeks, were obtained from Beijing Weitonglihua Ex-
perimental Animal Technology Co., Ltd (Catalog number:
101, Beijing, China) and housed at a temperature of 23 + 2°C
and a relative humidity of 50 + 10% under SPF conditions.
The rats were given ad libitum access to water and fed
a standard diet. The Institutional Animal Ethics Committee
has approved the experimental protocol and animal use plan
(NO. SCXK 2020-017). After 1 week of acclimation feeding,
the rats were randomly assigned to six groups, with six rats
in each group. These groups were the control group, model
group (ISO), low-dose Polygonatum sibiricum group
(DHJ +1SO), medium-dose Polygonatum sibiricum group
(MH]J +1SO), high-dose Polygonatum sibiricum group
(HHJ +1SO), and positive drug CDDP control group
(CDDP +ISO).

The corresponding medication was administered via
continuous gastric lavage for 7 days, with a lavage volume of
10mL-kg™', once daily. On the sixth day, one hour after
gastric lavage, all groups, except the control group, received
an intraperitoneal injection of ISO (40 mg/kg/day) dissolved
in physiological saline for two consecutive days. This in-
jection was given to induce an acute MI model in rats. The
control group was given an equivalent volume of physio-
logical saline injection. Twenty-four hours after the final
injection of ISO, all rats were anesthetized using in-
traperitoneal injection of sodium pentobarbital solution
(50 mg/kg) (Cat. No: MERCK: P11011, Beijing Zhijie Fan-
gyuan Technology Co., Ltd., Beijing, China). Blood samples
were obtained from the abdominal aorta and then centri-
fuged at 3000 rpm for 15 min at 4°C. The resulting serum was
collected for biochemical and metabolomics analysis. The
rats were euthanized using a 5% sodium pentobarbital so-
lution (150 mg/kg). Subsequently, the heart was extracted for
pathological and biochemical studies [22].

2.11. Measurement of Cardiac  Electrophysiological
Parameters. After the final administration of drugs, rats
were anesthetized with a sodium pentobarbital solution
(50mg/kg) intraperitoneally. Electrocardiogram (ECG)
measurements of limb lead II were performed using the
PowerLab system (ADInstruments Pty Ltd). Changes in the
ST segment were recorded as indicators of rat cardiac
activity [24].

2.12. Heart-to-Weight Ratio. Following the euthanasia of the
rats, the hearts were collected and rinsed with physiological
saline. Subsequently, the weight of the hearts was de-
termined using a precise balance. The rats’ weight was
monitored daily throughout the entire experimental
process [24].

2.13. Biochemical Analysis. The serum levels of the following
were measured using automated standardization procedures
(Roche Hitachi 917/747, Mannheim, Germany): creatine



kinase isoenzyme MB (CK-MB) (HI197-1-1, Nanjing,
China), cardiac troponin I (cTnl) (H149-2-1, Nanjing,
China), aspartate transaminase (AST) (C010-2-1, Nanjing,
China), lactate dehydrogenase (LDH) (A020-2-2, Nanjing,
China), interleukin-1p (IL-1B) (H002-1-1, Nanjing, China),
and tumor necrosis factor-a (TNF-a) (H052-1-1, Nanjing,
China). Detection of oxidative stress-related indicators in
myocardial tissue included superoxide dismutase (SOD)
(A001-3-2, produced in Nanjing), malondialdehyde (MDA)
(A003-3-1, produced in Nanjing), and glutathione (GSH)
(A006-2-1, produced in Nanjing), among others [25, 26].

2.14. H&E Staining. Following dissection, the harvested
heart was rinsed with precooled PBS, and any remaining
moisture was gently absorbed using clean filter paper. The
tissue was then fixed in 4% paraformaldehyde for at least
24h. Subsequently, a gradient dehydration process was
performed, followed by embedding the tissue in paraffin for
sectioning. Sudan III staining was carried out as follows: To
deparaffinize the tissue sections, the slices were subjected to
the following sequence: xylene treatment for 10 min, ab-
solute ethanol treatment for 5min, 95% ethanol treatment
for 5min, 85% ethanol treatment for 5min, 70% ethanol
treatment for 5 min, and a final rinse with distilled water for
5min. Staining was then performed by treating the sections
with hematoxylin for 4min, followed by a 10-min rinse
under running tap water. Differentiation was achieved with
a quick 3-s treatment using hydrochloric acid-ethanol so-
lution, followed by another 10-min rinse with tap water to
restore a blue coloration. The sections were subsequently
treated with eosin for 25s to 1 min. Finally, the slides were
dehydrated, cleared, and mounted for examination and
analysis under a microscope [24].

2.15. TTC Staining Is Employed for the Detection of the Area of
Mpyocardial Infarction in Rats. The transverse heart slices,
which were 2 mm thick, were incubated with 1% TTC dye
(2273GR005, BioFroxx, Switzerland) at 37°C for 20 min.
Subsequently, the slices were fixed using 4% para-
formaldehyde. Normal cardiac tissue, which refers to non-
infarcted areas, is characterized by a red appearance,
whereas abnormal cardiac tissue, indicating infarcted areas,
exhibits a light gray coloration. The heart sections were
imaged using a camera, and the infarct size was measured
using Image] 1.6 software [24].

2.16. Examination of Mitochondrial Morphology in Rat
Mpyocardial Cells via Transmission Electron Microscopy.
Samples were collected within 3 min after euthanizing the
rats. Subsequently, the heart tissue was removed, washed,
and sliced into 2 x 2 mm sections. These sections were fixed
in electron microscopy fixative for 2h at room temperature
and subsequently stored and transported at 4°C. Sub-
sequently, the cells were embedded in 1% agarose, dehy-
drated, and then sectioned into ultra-thin slices (70 nm
thickness) using an ultramicrotome. Double staining was
performed with 3% uranyl acetatecitrate, followed by
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staining with ethanol for slicing for 15min. Images were
captured in Japan using a Hitachi HT7700 transmission
electron microscope [24].

2.17. Mitochondrial Enzyme Detection. Succinate de-
hydrogenase (SDH) and malate dehydrogenase (MDH) are
essential enzymes in the mitochondria’s tricarboxylic acid
cycle, and their activity reflects mitochondrial function.
Tissue samples were prepared by creating a 10% tissue
homogenate using a physiological saline solution. The ac-
tivity of mitochondrial enzymes was assessed using SDH
(mlsw_E0558, mlBio, China) and MDH (JK-E2376, Crystal
Antibio, China) assay kits as per the manufacturer’s
instructions [24].

2.18. TUNEL Technique for Detecting Apoptosis in Rat
Cardiomyocytes. Apoptosis of rat cardiomyocytes was
detected in situ by staining the sections using the TUNEL
assay kit (11684817910, Roche, Switzerland) following the
standard operational procedures. Following the staining
process, five independent fields were randomly chosen on
each slide and observed under an immunofluorescence
microscope.

Photographs were captured to observe apoptosis of
cardiomyocytes in the myocardial tissue of rats. The apo-
ptosis rate (%) of rat cardiomyocytes in each group was
calculated by dividing the number of TUNEL-positive cells
in rat cardiomyocytes by the total number of cardiomyocytes
and multiplying by 100% [24].

2.19. Cell Culture and Screening. H9c2 rat myocardial cells
(catalog number BFN60804388) obtained from the Cell Bank
of the Chinese Academy of Sciences were cultured in DMEM/
high-glucose medium (catalog number SH30243.01, HyClone,
Logan, Utah, USA). The culture medium was supplemented
with 10% fetal bovine serum (catalog number 16140089, Gibco,
NYC, USA) and 1% penicillin-streptomycin (catalog number
15070063, Gibco, NYC, USA) and incubated at 37°C in a hu-
midified incubator with 5% CO,. When the cell reaches 80%
confluency, they were subjected to experimental treatments.

In the experiment, the optimal dosage of Polygonatum
sibiricum was determined through a pre-experiment. The
cell experiment was subsequently divided into three
groups. The control group (Control) treated H9c2 cells
with PBS (the same amount as ISO) for 24 h. The model
group (ISO) exposed H9c2 cells to 50 uM ISO for 24 h.
The Polygonatum sibiricum +1SO group (ISO + HJ) pre-
treated H9c2 cells with 2.0 mg/mL Polygonatum sibiricum
for 1h, followed by incubation with 50 uM ISO for
24h [24].

2.20. MTT Assay. Each group of cells was inoculated into
a 96-well culture plate at a density of 5 x 10° cells per well in
100 pL of medium containing 10% FBS. After H9c2 cells had
fully adhered to the wall, they were treated with the cor-
responding drugs for 24h. Subsequently, 20 uL of MTT
solution (0.5 mg/mL) was added to each well and incubated
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at 37°C and 5% CO, for 4h. The cell supernatant was re-
moved, and 200 pL of dimethyl sulfoxide (DMSO) was
added to each well. The plate was placed on a low-speed
shaker for 10 min, and the absorbance value (OD) at 490 nm
was measured using an enzyme-linked immunosorbent
assay (ELISA) reader. Each experimental setting consists of
six parallel holes, independently repeated three times. For
analysis, the relative proliferation rate compared to the
control was utilized [24].

2.21. Cell Transfection. Cell transfection is categorized into the
following groups: si-NC group (transfection sequence in cells:
5'-UAGCGACTAAACATCAATTT-3'), si-HIFla-#1 group
(transfection sequence in cells: 5'-CACAGGGAAAGCGAG
TGGTTGGT-3'), and si-HIFla-#2 group (transfection se-
quence in cells: 5'-GCUGUUCACUAAAGUGGAAUC-3).
Transfection was conducted using LipofectamineTM 3000
transfection reagent (L3000-008, Invitrogen, CA, USA). The
silencing efficiency of these two si-HIFla sequences was de-
tected using Western blot after 48 h of transfection. All plas-
mids were obtained from Shanghai Hanheng Biotechnology
Co., Ltd,, in Shanghai, China. They were used at a concen-
tration of 50 ng/mL [27-29].

2.22. Intracellular LDH Activity Detection. The rate at which
LDH is released is employed to analyze the extent of cellular
damage. Inoculate H9¢2 cells into a 6-well plate at a density
of 1 x 10° cells per well. Following a 24-h treatment of H9c2
cells with the respective drugs, LDH activity levels were
quantified using the BCA method. The instructions provided
in the reagent kit (A020-2-2, Nanjing Jiancheng) were fol-
lowed for the quantification process [24].

2.23. ROS Detection. Fluorescent probes, such as
DCFH-DA and DHE, were utilized to quantify the
presence of reactive oxygen species (ROS) in cells. H9c2
cells were inoculated into a 6-well plate at a density of
1 x 10° cells per well. Following drug treatment, H9c2 cells
were incubated with 10 uM DCFH-DA (S0033S, Beyo-
time, China) and 5uM DHE (50063, Beyotime, China) at
37°C in a dark environment for 30 min. The observation
was conducted using a fluorescence microscope. After
that, the relative fluorescence intensity was measured
using Image] 1.6 software [24].

2.24. Analysis of Mitochondrial Membrane Potential. The
mitochondrial membrane potential was evaluated using the
provided method and the mitochondrial membrane po-
tential assay kit (Rh123) (62669-70-9; Sigma-Aldrich, USA).
HOc2 cells were seeded at a density of 1 x 10° cells per well on
a 96-well plate. The cells were then treated with the ap-
propriate drugs for 24 h, followed by incubation at 37°C in
the dark for 30 min. Finally, the cells were washed twice with
PBS. The staining conditions were observed using a fluo-
rescence microscope, and the fluorescence intensity was
measured using Image] 1.6 software [25].

2.25. Apoptosis Assay by Anmexin V-FITC/PI Staining.
The V-FITC/PI Cell Apoptosis Detection Kit (556547, BD
Biosciences, NJ, USA) was utilized to detect apoptosis in
H9¢2 cells. Each group of cells (1 x 10° cells per well) was
inoculated into a 6-well plate. After the H9¢2 cells were
incubated with the respective drug for 24 h, the cells were
collected and stained in the dark at room temperature for
15min. The staining solution contained 5uL of V-FITC,
a membrane-associated protein, and 10uL of PI. Sub-
sequently, flow cytometry analysis was conducted using the
FACSCalibur flow cytometer (catalog number: 342973, USA
BD) according to the manufacturer’s instructions. The upper
right quadrant corresponds to late apoptotic cells, while the
lower right quadrant corresponds to early apoptotic
cells [25].

2.26. Detection of Ca’*. H9c2 cells were inoculated at
a density of 1 x 10° cells per well into a 6-well plate. The cells
underwent treatment with the respective medication for
24h. Following that, they were stained in the dark at
a temperature of 5°C for 1h using 3 uM Fluo-3 AM (Sigma-
Aldrich, USA, 46393). The fluorescence intensity of Fluo-3
was measured using a flow cytometer [25].

2.27. Western Blot. The heart tissue and cells were digested
using RIPA lysis buffer (P0013B, Beyotime Biotechnology,
Shanghai, China). Protein concentration was determined
using the BCA method (P0010, Bi Yun Tian, Shanghai,
China). The proteins were loaded onto a polyacrylamide gel
and transferred onto a PVDF membrane (IPVHS85R, Mil-
lipore, Darmstadt, Germany) using the wet transfer method.

The membranes were incubated with primary anti-
bodies, including rabbit anti-Bcl-2 (ab196495, 1:1500,
Abcam, UK), rabbit anti-HIFla (SAB5701087, 1:2000,
Sigma-Aldrich, USA), rabbit anti-HO-1 (ab68477, 1:10,000,
Abcam, UK), rabbit anti-Bax (2772, 1:1000, Cell Signaling
Technology, USA), rabbit anti-C-caspase-3 (9661, 1:1000,
Cell Signaling Technology, USA), and rabbit anti-p-actin
(AF5003, 1:5000, Beyotime, China), in 5% BSA at room
temperature for 1h. The membranes were then incubated
overnight at 4°C.

Following the washing step, the slides were incubated
with a goat anti-rabbit IgG secondary antibody conjugated
with HRP (ab6721, 1:5000, Abcam, UK) for 2h. The
membrane was washed thrice with TBST for 5min each,
then detected using a chemiluminescence analyzer. Protein
quantification analysis was conducted using Image] 1.6
software. Grayscale values of each protein were compared to
the ratio of the internal control, P-actin, for protein
quantification. Each experiment is repeated thrice [27, 30].

2.28. Based on UPLC-Q-TOF/MS Metabolomics Analysis.
To extract serum, 100 uL of serum was mixed with 1000 uL of
extraction solution (methanol: acetonitrile =2:2:1, v/v) and
vortexed thoroughly. The mixture was subjected to three
cycles of continuous sonication in an ice bath for 10 min,
followed by 1min of liquid nitrogen exposure. Afterward,



the sample was incubated at —20°C for 1 h and centrifuged at
4°C and 3000 rpm for 15 min. The resulting supernatant was
collected and dried using nitrogen blow at a purge flow rate
of 15L/min. Subsequently, 100 uL of a 50% acetonitrile—
water solution (acetonitrile = 1:1, v/v) was added to the dried
residue and vortexed for 30s. The solution underwent
10 min of sonication in an ice bath, followed by centrifu-
gation at 4°C and 3000 rpm for 15 min. The supernatant was
collected and stored for further analysis.

Plasma metabolomic analysis was performed using
a UPLC-Q-TOF/MS system (Agilent 1290 Infinity II LC,
6545 UHD Accurate-Mass Q-TOF/MS). Chromatographic
analysis was conducted with a C18 column (2.1 x 100 mm,
1.8 um; Agilent, USA). The injection volume was set to 5 pL,
with the column maintained at 40°C, and the flow rate set at
0.4 mL/min. The mobile phase consisted of an aqueous
solution containing acetonitrile and 0.1% formic acid. The
gradient elution program initiated at 5% B for 2min,
gradually increasing from 5% B to 95% B over 12 min, and
then maintaining 95% B for an additional 2 min.

For mass spectrometry, both positive and negative ion
modes were applied. The ionization voltage was set at
5500V, with a capillary temperature of 550°C, a spray gas
flow rate of 50 psi, and an auxiliary heating gas flow rate of
60 psi. To prevent overfitting, orthogonal partial least
squares discriminant analysis (OPLS-DA) was conducted
alongside a 100-permutation test to analyze the pre-
processed data. Metabolites were classified as differential
metabolites (DMs) if they satisfied the conditions of a VIP
score > 1 and a p-value < 0.05 in the OPLS-DA model.
Furthermore, metabolites with a fold change > 2 or < 0.5
and a p-value < 0.05 in Student’s f-test underwent uni-
variate analysis and were designated as final DMs. Relevant
metabolic pathways were identified using MetaboAnalyst
[31, 32].

2.29. Principal Component Analysis (PCA) and OPLS-
DA. OPLS-DA was conducted to further explore the po-
tential mechanistic roles of Polygonatum sibiricum in the
treatment of MI. Metabolomic data obtained from the
HPLC-MS/MS experiments were normalized to minimize
noise and eliminate interference, ensuring data accuracy and
reliability.

Subsequently, PCA was performed using SIMCA-P 14.1
software. PCA, an unsupervised multivariate statistical
method, reduced the dimensionality of high-dimensional
data, transforming it into a lower dimensional space to
reveal variations and group distributions within the dataset.
Following PCA, OPLS-DA analysis was carried out using
SIMCA-P 14.1 software. As a supervised multivariate sta-
tistical method, OPLS-DA segregated systematic variations
within the data into classification-related and unrelated
components, incorporating classification information to
maximize intergroup differences. Model parameters were
optimized, and model effectiveness was evaluated through
cross-validation. Variable importance in projection (VIP)
values were calculated to identify the metabolites contrib-
uting most significantly to group classification.
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2.30. Statistical Analysis. Statistical analysis was performed
using GraphPad Prism 9 software (GraphPad Software,
USA) in this study. The measurement data are presented as
the mean + standard deviation. After assessing normality
and equality of variances, a paired t-test is employed for
between-group comparison if the data follow a normal
distribution and exhibits equal variances. In cases involving
multiple between-group comparisons, one-way analysis of
variance or repeated measures analysis of variance is applied.
A p value of less than 0.05 indicates statistical significance.

3. Results

3.1. Multitarget Therapeutic Potential of Polygonatum sibir-
icum in MI: An Integrated Network Pharmacology Approach.
To investigate potential targets of Polygonatum sibiricum for
the treatment of MI, we retrieved the active chemical
components of Polygonatum sibiricum from the HERB
database, TCMSP database, and BATMAN-TCM database.
Subsequently, we conducted a screening of these chemical
components. A total of 21 active ingredients of Polygonatum
sibiricum were identified in the HERB database, while in the
TCMSP database and the BATMAN-TCM database, 8 and 5
active ingredients of Polygonatum sibiricum were identified,
respectively. After eliminating duplicate entries from the
filtered results of these three databases, we identified 31
chemical components of Polygonatum sibiricum (Table SI).

Next, we utilized the SwissTargetPrediction database to
screen for target proteins corresponding to each compound,
using a threshold of the top 15. This analysis yielded a total of
213 targets. The genes related to MI were sourced from the
DISGeNET, OMIM, and GeneCards databases, yielding 756,
48, and 1165 target genes, respectively. After eliminating
duplicates, 1742 MI-related target genes were acquired. We
conducted a Venn analysis using R language to identify
potential target genes associated with myocardial infarction
for the active components of Polygonatum sibiricum. We
obtained 60 overlapping target genes, as shown in
Figure 1(a).

Subsequently, the active ingredients and overlapping
targets were imported into Cytoscape 3.8.2 to construct
a drug-ingredient-disease—target network for Polygonatum
sibiricum treatment of MI (Figure 1(c)). After conducting
network topology analysis, the median values of Between-
ness, Closeness, and Degree for the compound were de-
termined to be 0.009, 0.387, and 7, respectively. Among these
compounds, 11 of them, namely, C2, C3, C5, C8, C15, C20,
C21, C22, C25, C26, and C29, have the potential to interact
with more than 7 targets, which suggests that they may serve
as the primary active components in the treatment of MI
with Polygonatum sibiricum. Moreover, we imported these
60 potential target genes into the STRING database to
construct the PPI network (Figure 1(b); Figure 1(d)).

The core PPI network has been identified through to-
pological analysis. We established filtering criteria for gene
selection using the medians of Betweenness, Closeness, and
Degree (0.005, 0.46, and 6.5, respectively) as thresholds.
Ultimately, we identified 23 genes that play a crucial role in
treating MI with Polygonatum sibiricum. These genes
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FIGURE 1: Potential targets and active ingredients of Polygonatum sibiricum for the treatment of myocardial ischemia. Note: (a) Venn
diagram showing the potential targets in Polygonatum sibiricum involved in treating myocardial ischemia. (b) Interaction target frequency
of the intersecting targets (Degree > 6.5). (c) Network diagram of the drug-ingredient-disease-target interactions for Polygonatum
sibiricum in the treatment of myocardial ischemia, where green represents the active ingredients of Polygonatum sibiricum and blue
represents the intersecting targets with myocardial ischemia. (d) PPI network analysis of the intersecting targets to identify core targets, with
yellow indicating the core targets. The size of the circles represents the Degree values of the targets, with larger circles indicating higher

Degree values.

represent the key targets in Polygonatum sibiricum’s treat-
ment of ML

Next, we conducted an enrichment analysis of GO and
KEGG pathways on the identified 23 key target genes. Three
categories of projects were identified in the GO results: 1318
BPs, 105 MFs, and 36 CCs. We visualized the top 10
pathways based on their p value (Figures 2(a) and 2(b)). The
results of the KEGG analysis showed that these targets were
enriched in a total of 65 pathways. We selected the top 20
pathways for visualization based on their p values
(Figures 2(c) and 2(d)). These pathways include the HIF-1
signaling, relaxation, and VEGF signaling pathways, among
others. These findings suggest that Polygonatum sibiricum
contains multiple effective components that could exert their
action on MI through various signal pathways.

The results above suggest that Polygonatum sibiricum
exerts therapeutic effects on MI by coordinating multiple
components and targets.

3.2. Molecular Docking Validates the Efficacy of Key Active
Components in Polygonatum sibiricum for Targeting Core
Pathwaysin MI. To validate the predicted results of network
pharmacology, we chose the five most enriched pathways in
the KEGG database and the 12 core targets with the highest
Degree rankings as receptors. As ligands, we utilized 11 main
active ingredients (Degree greater than 6.5) selected through
drug-component-disease-target screening. The AutoDock
Vina software validated molecular docking by docking 12

core targets with 11 major active compounds. When the
binding energy is below 0kJ/mol, it is understood that
protein molecules bind and interact spontaneously. More-
over, lower binding energy contributes to a more stable
molecular conformation [33].

The results of molecular docking (Figure 3(a); Table S2)
indicate that the binding energies between the main active
components and the core target range from —2.3 kcal-mol ™’
to —11.4kcal-mol™", suggesting favorable binding activities
between the main active components of Polygonatum
sibiricum and the core target. The predicted results could be
considered relatively reliable.

Seven docking complexes with relatively low binding en-
ergies (all less than —9kJ/mol) were selected for visualization
(Figures 3(b), 3(c), 3(d), 3(e), 3(f), 3(g), 3(h)). These seven
docking combinations included MAPK1 with neoliquiritin,
HIF-1a with neoliquiritin, CYP19A1 with digitalis glycoside,
PPARA with digitalis glycoside, LDHA with digitalis glycoside,
HIF-1a with digitalis glycoside, and EGFR with digitalis gly-
coside. It indicates that neoliquiritin and digitalis glycoside are
critical components in Polygonatum sibiricum’s treatment of
MI. Furthermore, HIF-1a could form stable conformations
with neoliquiritin and digitalis glycoside, implying that HIF-1a
may be a target for Polygonatum sibiricum in treating MI.

Furthermore, we conducted an analysis and identifica-
tion of the chemical characteristics of Polygonatum sibiricum
using HPLC-MS/MS. Specifically, dry rhizomes were ground
into a fine powder, extracted with methanol, and analyzed
using an LCMS-8040 triple quadrupole LC/MS/MS mass
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FIGURE 2: Bioinformatics analysis of key signaling pathways in treating myocardial ischemia with Polygonatum sibiricum. Note: (a) Bar
graph showing GO functional annotation analysis of core targets. (b) Bubble graph showing GO functional annotation analysis of core
targets. (c) Bar graph showing KEGG pathway enrichment analysis. (d) Circular graph showing KEGG enrichment analysis of core targets.

spectrometer with a YMC-Triart C18 column. The flow rate
was set at 0.2 mL/min with gradient elution from 20% to 70%
acetonitrile over 40 min, followed by 100% acetonitrile for
10 min. Detection was conducted in both positive and
negative ion modes with a scan range of 100-1600 m/z, and
the ESI parameters included an interface voltage of 4.5kV
(positive) and —3.5kV (negative), a drying gas flow rate of
15L/min, and a drying temperature of 350°C. The analysis
revealed that neoliquiritin, digitalis glycoside, timosaponin,
sibiricoside, and rhamnose are active components present in
Polygonatum sibiricum (Figures S1A and S1B, Table S3).
These mass spectrometry analysis results further validate
that HIF-1a may be a key target for the treatment of MI
using Polygonatum sibiricum.

3.3. Therapeutic Efficacy of Rhizoma Polygonati in Amelio-
rating ISO-Induced MI in Rats: Comparative Analysis With
Positive Control Drug CDDP. To assess the therapeutic impact
of Rhizoma Polygonati on MI, we induced a rat model of MI by
intraperitoneally injecting ISO (Figure 4(a)). CDDP is a tradi-
tional Chinese medicine pill developed using modern, high-tech
methods. It is notable for its stability, positive therapeutic effects,
minimal adverse reactions, and ability to alleviate gastrointes-
tinal irritation. CDDP is frequently employed in the treatment
of ischemic heart disease. Numerous studies have corroborated
the effects of CDDP, including the expansion of coronary ar-
teries, increased blood flow, enhanced vascular smooth muscle
cell function, and improved peripheral circulation. Thus, we
selected CDDP as the positive drug for our study [22].
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FIGURE 3: Bioinformatics analysis of key targets in the treatment of myocardial ischemia with Polygonatum sibiricum. Note: (a) Circular
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control group. *p<0.01,

The ECG is a highly sensitive indicator of ischemic
myocardial changes. In rats, when the myocardium is
damaged or necrotic, the ST segment of the ECG exhibits
abnormal alterations. The deviation in the ST segment
could be utilized as a quantitative measure of ischemia
[34]. After the final administration, standard echocardi-
ography was performed on the rats in each Group 24h
later at room temperature. Figure 4(b) demonstrates that
rats induced with the ISO-induced MI model exhibited an
ST-segment elevation compared to the Control group, as
the ECG shows.

Conversely, the ECG of rats in the Polygonatum sibir-
icum treatment group and the positive drug group revealed
a reduction of the ST segment compared to the ISO group.
Cardiac hypertrophy in rats with a MI model was analyzed
by comparing the heart-to-body weight ratio. The results

s sk ok

P <0.001 compared to the

revealed an increase in the heart-to-body weight ratio in the
ISO group. In contrast, the Polygonatum sibiricum treatment
group and the positive drug group showed a decrease in the
heart-to-body weight ratio compared to the ISO group
(Figure 4(c)). These results suggest that Codonopsis pilosula
can potentially treat ISO-induced electrocardiographic ab-
normalities and inhibit ISO-induced cardiac hypertrophy
dose-dependently.

Increased levels of cardiac biomarkers in the serum,
including CK-MB, LDH, AST, and cTnl, are crucial in-
dicators for diagnosing acute MI [35]. In normal circum-
stances, the serum levels of creatine kinase and
inflammatory factors are typically low. Following MI or
necrosis, cellular rupture occurs, causing the diffusion of
intracellular enzymes into the bloodstream. This results in an
elevation of myocardial enzyme levels in the blood [36].
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To assess the impact of Polygonatum sibiricum on
myocardial ischemic injury, we quantified the concentration
of cardiac enzymes (CK-MB, AST, cTnl, and LDH) and
inflammatory factors (IL-1p and TNF-a) in the serum. The
experimental results revealed an increase in CK-MB, AST,
cTnl, LDH, IL-1f, and TNF-a levels in the serum of rats in
the ISO group compared to the control group. The Polyg-
onatum sibiricum treatment group successfully reversed the
expression levels of the factors above compared to the ISO
group and exhibited a consistent trend similar to that of the
positive drug group, as illustrated in Figures 4(d), 4(e), 4(f),
4(g), 4(h), 4().

This finding suggests that Rhizoma Polygonati could
effectively suppress the abnormal elevation of serum bio-
chemical indicators induced by ISO, demonstrating a dose-
dependent response.

3.4. Protective Mechanisms of Polygonatum sibiricum in
Ameliorating 1SO-Induced Myocardial Damage and Oxida-
tive Stress: Focus on Cellular and Mitochondrial Integrity.
To enhance the understanding of the protective effect of
Polygonatum sibiricum on myocardial tissue, we conducted
HE staining and TTC staining on heart tissue from rats. The
results revealed that the ISO group exhibited pathological
damage to the myocardial tissue of rats, including extensive
myocardial infarction, compared to the control group. In
comparison with the ISO group, the Polygonatum sibiricum
treatment group exhibited a relatively intact and clear
structure of myocardial cells, as well as a reduction in the
area of myocardial infarction and an improvement in
myocardial damage (Figures 5(a) and 5(b)). Subsequently,
the levels of oxidative stress in the heart tissue were evaluated
using DHE staining and by measuring MDA, SOD, and GSH
levels.

The results demonstrated that the fluorescence intensity
of ISO-induced DHE (dihydroethidium) was higher in rat
myocardial cells compared to the control group. Addi-
tionally, the expression of MDA was elevated, while the
expression of SOD and GSH was reduced. Compared to the
ISO group, the DHE treatment group with Polygonatum
sibiricum exhibited a weaker fluorescence intensity, which
counteracted the observed changes in these factors
(Figures 5(c) and 5(d)). These findings suggest that Polyg-
onatum sibiricum can decrease ISO-induced cardiac pa-
thology and oxidative stress damage, and this effect appears
to be dose-dependent.

Mitochondria are crucial organelles responsible for
energy production and are extensively distributed within
myocardial cells. Oxidative stress in the heart makes mi-
tochondria vulnerable to attack by ROS, resulting in mi-
tochondrial dysfunction and impacting the onset and
progression of myocardial infarction [24].

To verify the protective effect of Polygonatum sibiricum
on mitochondria, transmission electron microscopy was
employed to examine the ultrastructure of cardiac myocyte
mitochondria (Figure 5(e)). The findings suggest that the
ISO group demonstrated mitochondrial swelling, ridge
rupture, and dissolution into vesicles compared to the
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control group. Compared to the ISO group, the Polygonatum
sibiricum treatment group exhibited lower ultrastructural
damage in the myocardial mitochondria. Furthermore, we
assessed the activity of mitochondrial enzymes in the cardiac
tissue. The ISO group exhibited lower SDH and MDH ac-
tivity levels than the control group. Compared to the ISO
group, SDH and MDH activities were increased in the
Polygonatum sibiricum treatment group (Figure 5(f)). This
result suggests that Polygonatum sibiricum may protect the
mitochondrial structure and maintain its function in
myocardial cells, with a relationship that depends on the
dosage.

These findings suggest that Polygonatum sibiricum can
potentially protect the mitochondrial structure of car-
diomyocytes and preserve their function. This protection
may inhibit the pathological damage and oxidative stress
induced by ISO.

3.5. Dose-Dependent Inhibition of Cardiomyocyte Apoptosis
by Polygonatum sibiricum Through Regulation of HIF-1o and
Associated Proteins. In addition, we utilized TUNEL
staining to identify apoptosis of myocardial cells in cardiac
tissue. The results demonstrated an increase in the apoptosis
index of rat myocardial cells in the ISO group compared to
the control group. The Polygonatum sibiricum treatment
group demonstrated a decrease in the myocardial cell ap-
optosis index (Figure 6(a)) compared to the ISO group. We
conducted a Western blot analysis to assess apoptosis-
related proteins Bax, C-caspase-3, and Bcl-2 expression
levels in cardiac tissue. The results are shown in Figures 6(b)
and 6(c).

The results demonstrated that the ISO group exhibited
an increase in the expression of Bax and C-caspase-3 pro-
teins, accompanied by a noteworthy decrease in the ex-
pression of Bcl-2 protein compared to the control group.
Compared to the ISO group, the group treated with Pol-
ygonatum sibiricum exhibited a substantially reduced ex-
pression of Bax and C-caspase-3 proteins, whereas the
expression of Bcl-2 protein increased. These results indicate
that Rhizoma Polygonati Odorati can inhibit apoptosis in
ISO-induced myocardial cells, and its effect depends on the
dosage. Previous literature reports have demonstrated that
HIF-1a regulates myocardial cell apoptosis through multiple
pathways. For instance, the overexpression of HIF-1a could
enhance HO-1 expression and suppress oxidative stress-
induced damage in myocardial cells, ultimately mitigating
myocardial cell apoptosis [27, 30].

Analyzing the KEGG pathway using network pharma-
cology, we discovered that Polygonatum sibiricum can po-
tentially treat MI by regulating the HIF-la signaling
pathway. To determine the specific role of HIF-1a in treating
MI with Rhizoma Polygonati, we performed Western blot
analysis to measure the expression levels of both HIF-1a and
HO-1 in cardiac tissues. The results demonstrated increased
protein expressions of HIF-1a and HO-1 in the ISO group
compared to the control group. In the Polygonatum sibir-
icum treatment group, compared to the ISO group, the
expressions of HIF-la and HO-1 proteins were also
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FIGURE 5: Protective effect of Polygonatum sibiricum on myocardial ischemia induced by ISO in rats. Note: (a) H&E staining of rat heart
tissue (scale bar = 50 um). (b) TTC staining of heart tissue and percentage of infarct size. (c) DHE staining of heart tissue (scale bar = 50 pm)
and DHE fluorescence intensity. (d) MDA, SOD, and GSH activity in heart tissue. (e) Transmission electron microscopy of cardiac
mitochondria (scale bar: 1 um). (f) SDH and MDH activity in heart tissue. Quantitative data represented as Mean + SD, n=6. ***p < 0.001
compared to the control group. *p <0.05, *p <0.01, “**p < 0.001 compared to the ISO group.

increased (Figure 6(d)). It suggests that Polygonatum
sibiricum can enhance the expression of HIF-1a and HO-1,
which positively correlates with dosage.

In summary, the results above demonstrate the in-
hibitory effects of Polygonatum sibiricum on cardiomyocyte
apoptosis. The mechanism underlying this effect may be
associated with regulating the HIF-1a pathway.

3.6. In Vitro Validation of Polygonatum sibiricum’s Protective
Effects on MI: Mitochondrial Integrity, Cell Viability, and HIF-
la Pathway Regulation. Additional evidence supporting the
protective effects of Rhizoma Polygonati on mitochondrial
function and myocardial ischemic injury has been acquired
through in vitro cell experiments. In our in vivo animal

experiments, we discovered that Rhizoma Polygonati extract
protects against MI. This effect is likely attributed to the
extract’s ability to safeguard mitochondrial energy meta-
bolism through the HIF-la pathway. To elucidate the
protective effect and mechanism of Polygonatum sibiricum
against MI, we utilized ISO-induced H9¢2 cells as an in vitro
cell model. Before conducting cell experiments, we pre-
determined the concentration of Polygonatum sibiricum to
be 2.0 mg/mL (Figure 7(a)).

The cell viability assay results demonstrated a decrease in
cell viability in the ISO group compared to the control
group. Furthermore, the Polygonatum sibiricum + ISO group
exhibited increased cell viability compared to the ISO group
(Figure 7(b)). The analysis of LDH release indicated that the
ISO group had a higher LDH release rate than the control
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group. Furthermore, the Polygonatum sibiricum + ISO group
showed a decrease in LDH release rate compared to the ISO
group (Figure 7(c)). Subsequently, we analyzed the alter-
ations in mitochondrial membrane potential, calcium (Ca*")
levels, and ROS levels in H9c2 cells. It was achieved by
corresponding staining techniques using Rh123, Fluo-3 AM,
DCFH-DA, and DHE.

The results demonstrated an increase in the fluorescence
intensity of Fluo-3 AM, DCFH-DA, and DHE in the ISO
group compared to the control group, whereas the fluo-
rescence intensity of Rh123 notably decreased. Additionally,
the Polygonatum sibiricum +ISO group exhibited a reversal
of these changes compared to the ISO group (Figures 7(d),
7(e), 7(f), 7(g)). These findings indicate that Polygonatum
sibiricum can potentially prevent Ca®* overload and preserve

P <0.001 compared to the control group. *p <0.05, *p < 0.01, **p < 0.001 compared to the ISO group.

mitochondrial structure by reducing ROS levels, thus pre-
venting mitochondrial dysfunction in cardiomyocytes.
Furthermore, we utilized the V-FITC/PI staining
method to examine apoptosis in H9c2 cells. The results
revealed a higher rate of cell apoptosis in the ISO group
compared to the control group. Conversely, the Polygo-
natum sibiricum +1SO group exhibited a reduction in cell
apoptosis compared to the ISO group (Figure 7(h)). The
protein imprinting method determined the expression levels
of Bax, C-caspase-3, and Bcl-2 in H9c2 cells. Compared to
the control group, the ISO group demonstrated an increase
in the expression of Bax and C-caspase-3 proteins, whereas
the expression of Bcl-2 was decreased. The Polygonatum
sibiricum + ISO group reverses the expression levels of these
proteins in comparison with the ISO group (Figure 7(i)).
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These findings indicate that Polygonatum sibiricum can  3.7. Knockdown of HIF-1a Validates Its Crucial Role in Pol-
inhibit ISO-induced myocardial cell apoptosis. ygonatum sibiricum-Mediated Protection Against Myocardial

Moreover, the protein imprinting method was used to  Ischemic Injury. To further validate the regulatory role of
further detect the expression of HIF-1a and HO-1 in H9c2 ~ HIF-1aq, we transfected si-HIF-1a to suppress the expression
cells. The results indicated that the ISO group exhibited of HIF-1a in H9¢2 cells (Figure 8(a)). Subsequently, we
higher expression levels of HIF-1a and HO-1 proteins than ~ examined the protective effect of Polygonatum sibiricum on
the control group. Compared to the ISO group, the Pol-  cardiac cells. The results of the cell viability and apoptosis
ygonatum sibiricum +1SO group demonstrated a greater = experiments indicate that, in comparison with the Polygo-
increase in the expression of HIF-la and HO-1 proteins  natum sibiricum +1SO +si-NC group, the Polygonatum

(Figures 7(j) and 7(k)). sibiricum +1SO + si-HIF-1a#1 group demonstrated a sub-
Consistent with the findings of prior in vitro experi-  stantial decrease in the viability of H9¢2 cells and a notable

ments, these experimental results further validate the in- increase in apoptosis (Figures 8(b) and 8(c)).

hibitory effect of Polygonatum sibiricum on myocardial cell The Western blot results demonstrated a decrease in the

apoptosis. The mechanism of action may be linked to the  expression of Bcl-2 compared to the Polygonatum
regulatory effect of the HIF-1a pathway. sibiricum +1SO + si-NC group, while the expression of Bax



Journal of Food Biochemistry 17

1.5 30 &
- a S =
g 10 I && H
£ 2
. & > j: Z2 20
Practn E oo E b EE £
<05 ° &
o 7 9 = &&& Z 2 15
z 5 3 = oy 5 0 <
: £ % 0.0 = 10
% DR o Polygonatum sibiricum + ISO + si-NC ° Po}ygonatum sﬂ;r‘xc-um +180 + st NC © Polygonatum s?bn?«,um + I%O + s NC .
“Polygonatum o Polygonaturn sibiricum + 150 + si-HIE-1a#1 o Polygonatum sibiricum + ISO + si-HIF-1a#1 © Polygonatum sibiricum + 18O + si-HIF-1a#1
sibiricum + SO + o Polygonatum sibiricum + ISO + si-HIF-1a#2
(a) (®) (c)
20 kDa
25 && 15 8
g &&&
Bdl-2 6kDa g 20 E , %6 e
Z 2 1 a
n 8 15 4 %'
C-Caspase-3 17 kDa 1 & && o 4
E £ I 3 9
; 1.0 S 05 i i
. S ) )
B-actin " 45kDa ™ 05 a b
3 .
I 0.0 0.0 0
E ki o Polygonatum sibiricum + ISO + si-NC o Polygonatum sibiricum + ISO + si-NC o Polygonatum sibiricum + ISO + si-NC
£ o Polygonatum sibiricum + ISO + si-HIF-la#l  © Polygonatum sibiricum + ISO + si-HIF-la#1  © Polygonatum sibiricum + SO + si-HIF-1a#1
Polygonatum
sibiricum + ISO +
Polygonatum sibiricum Polygonatum sibiricum Polygonatum sibiricum Polygonatum sibiricum
+1S0 +si-NC +1S0 + si-HIF-la#1 +150 + 5i-NC +1S0 + si-HIF-1a#1
< <
2 o 3 g
s s = =
s 5} Z z
a a
= =
o < E
ooy By @
= E E
= =
(e)
g 5 && 6 & ) 10 3 25 &
S 4 I g 2 08 3
= ) s
g3 g 3 06 && s -
< 5 S =1
2 i = e = 04 == e
D a2 < < s
z z = 02 g
i 2
0 0 0.0 10
© Polygonatum sibiricum + ISO + si-NC © Polygonatum sibiricum + ISO + si-NC © Polygonatum sibiricum + ISO + si-NC o Polygonatum sibiricum + ISO + si-NC
© Polygonatum sibiricum + ISO + si-HIFa#l o Polygonatum sibiricum + ISO + si-HIF-1a#1 o Polygonatum sibiricum + 1SO + si-HIF-la#1 ~ © Polygonatum sibiricum + ISO + si-HIF-1a#1
®
15 15 33kDa
- =
] £
RN N £ I 92 kDa
& g
< 5
705 705 -
2 ﬂ;&&& = &&& ‘ 45kDa
T E= d
0.0 0.0 3) =
© Polygonatum sibiricum + ISO + si-NC o Polygonatum sibiricum + ISO + si-NC % 3
© Polygonatum sibiricum + ISO + si-HIF-1a#1 o Polygonatum sibiricum + ISO + si-HIF-1a#1 - g
T

Polygonatum
sibiricum + ISO +

(g)

FiGure 8: Effects of si-HIF-1la transfection on H9¢2 cardiomyocytes. Note: (a) Transfection efficiency of si-HIF-1a#1 and si-HIF-1c#2.
(b) Proliferation of H9¢2 cardiomyocytes after si-HIF-1a transfection. (c) Apoptosis of H9¢2 cardiomyocytes after si-HIF-1a transfection.
(d) Western blot analysis and expression of Bcl-2, Bax, and C-caspase-3 proteins in si-HIF-1a-transfected H9¢2 cardiomyocytes. (e) Staining
of si-HIF-1a-transfected H9c2 cells with DCFH-DA, DHE, Rh123, and Fluo-3 AM (scale bar = 25 um). (f) Fluorescence intensity of DCFH-
DA, DHE, Rh123, and Fluo-3 AM in si-HIF-1la-transfected H9¢c2 cells. (g) Western blot analysis and expression of HIF-1a and HO-1
proteins in si-HIF-1a-transfected H9¢2 cardiomyocytes. Quantitative data are presented as Mean + SD, n = 6. Statistical comparisons were
made against the Polygonatum sibiricum + SO + si-NC group: ¥p < 0.05, ¥¥p <0.01, ¥*¥p < 0.001. Cell experiments were independently
repeated 3 times.



18

and C-caspase-3 was increased in the Polygonatum
sibiricum + ISO + si-HIF-1a#1 group (Figure 8(d)).

Subsequently, we analyzed the levels of Ca** using Fluo-
3 AM staining, the changes in mitochondrial membrane
potential using Rh123 staining, and the levels of ROS using
DCFH-DA and DHE staining in H9¢2 cells transfected with
si-HIF-1a. The results revealed that the fluorescence in-
tensity of Fluo-3 AM, DCFH-DA, and DHE increased in the
Polygonatum  sibiricum +1SO + si-HIF-1c#1 group com-
pared to the Polygonatum sibiricum +1SO +si-NC group.
However, the fluorescence intensity of Rh123 was reduced,
as observed in Figures 8(e) and 8(f). These findings suggest
that downregulating HIF-1a expression enhances the gen-
eration of ROS, augments the oxidative stress response, and
heightens mitochondria’s vulnerability to ROS attacks. Si-
multaneously, the rise in intracellular Ca®* induces mito-
chondrial dysfunction.

Furthermore, we assessed the expression of HIF-la and
HO-1 in H9c2 cells transfected with si-HIF-la through
a protein imprinting assay. The results indicated a reduction in
the expression levels of HIF-1a and HO-1 in the Polygonatum
sibiricum +1SO + si-HIF-10#1 group (Figure 8(g)) compared to
the Polygonatum sibiricum +1SO +si-NC group.

These findings suggest that Polygonatum sibiricum can
activate the HIF-la pathway, safeguard mitochondrial
function, and enhance myocardial ischemic injury caused
by ISO.

3.8. Metabolomics Insights Into Polygonatum sibiricum’s
Regulation of the Tricarboxylic Acid Cycle and Energy
Metabolism in MI. To investigate the metabolic mechanism
of Polygonatum sibiricum in treating MI, we conducted
a metabolomics study on rat plasma samples using UHPLC-
Q-TOF/MS technology.

PCA and OPLS-DA results demonstrate clear differen-
tiation between the ISO group (blue) and the control group
(green) in both positive and negative ion modes. Further-
more, the positive drug group (CDDH, red) and high-dose
Polygonatum sibiricum group (HJ, yellow) are also signifi-
cantly separate from the ISO group (Figures 9(a), 9(b), 9(c),
9(d), 9(e), 9(f), 9(g)). These findings suggest that ISO has
a notable impact on the metabolites in rats, and Polygonatum
sibiricum has the potential to alleviate this effect.

Furthermore, we employed one-way ANOVA to identify
potential biomarkers associated with the antimyocardial
ischemic  mechanism  of  Polygonatum  sibiricum
(Figure 9(h)). In total, 39 potential biomarkers were
screened, as shown in Table S4. Compared to the control
group, the levels of important metabolites associated with
the tricarboxylic acid cycle, including alpha-ketoglutarate,
fumarate, and succinylacetone, were diminished in the rat
plasma of the ISO group. Conversely, the levels of citrate and
malate were increased. These observations suggest that the
MI model disrupts the steady state of the tricarboxylic acid
cycle, leading to interference in the energy supply. Com-
pared to the ISO group, Polygonatum sibiricum effectively
restored the levels of the aforementioned potential bio-
markers. It indicates that Polygonatum sibiricum potentially
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maintains tricarboxylic acid cycle homeostasis by in-
tervening in these compounds, thereby ensuring energy
supply during myocardial ischemic conditions.

Additionally, we conducted a heatmap analysis (Fig-
ure 9(i)) to examine these potential biomarkers. The graph
clearly shows differences in plasma levels among them, thus
demonstrating their remarkable discriminatory ability. We
analyzed the metabolic pathways closely associated with
these 39 differential markers in detail (Figure 9(j)). Our
findings reveal the critical involvement of the tricarboxylic
acid cycle and amino acid metabolism pathways, specifically
relating to energy metabolism (including glutamine, glu-
tamate, alanine, and aspartate), in regulating MI.

The heart is the organ responsible for powering the
circulatory system, and its continuous functioning neces-
sitates adequate energy support. MI directly damages energy
metabolism [37]. The tricarboxylic acid cycle is an essential
process in energy metabolism that takes place in the mi-
tochondrial matrix. During the tricarboxylic acid cycle,
glucose is subjected to glycolysis, resulting in the production
of pyruvate. Subsequently, pyruvate undergoes conversion
to acetyl-CoA, which then enters the cycle. The active hy-
drogen produced by this cycle is ultimately converted into
a quantity of adenosine triphosphate (ATP) through oxi-
dative phosphorylation. ATP is the primary energy source
for aerobic respiration [38]. Polygonatum sibiricum can
potentially enhance myocardial ischemic injury by modu-
lating energy metabolism and preserving mitochondrial
functional homeostasis via the tricarboxylic acid cycle.

4. Discussion

This study comprehensively investigated the interaction
between 11 main active ingredients of the traditional Chi-
nese medicine Polygonatum sibiricum and 23 core target
proteins, including HIF-1a (Figure 10). This comprehensive
analysis unveils the diverse mechanisms by which Polygo-
natum sibiricum acts. It offers a novel theoretical foundation
for the management of myocardial ischemic injury and has
the potential to advance both research and treatment in the
cardiovascular disease field [39].

This study extensively investigates the protective effect of
Polygonatum sibiricum on MI, as well as its underlying
mechanisms [6]. Experimental data showed that Polygo-
natum sibiricum can effectively reverse the ISO-induced
abnormal changes in ECG and serum biomarkers by acti-
vating the HIF-1a pathway, thereby demonstrating its strong
cardioprotective effect [6]. Furthermore, Polygonatum
sibiricum has the ability to substantially decrease the size of
myocardial infarction, as well as enhance the pathological
condition of cardiac tissue. These findings further un-
derscore its therapeutic effectiveness in the treatment of MI
[6]. This series of discoveries not only supports the efficacy of
Polygonatum sibiricum in treating MI but also offers robust
evidence for its potential clinical applications [40].

This study highlights the significance of the HIF-la
pathway in the treatment of MI using Polygonatum sibiricum
[41]. The research findings suggest that HIF-1a plays a vital
role in the treatment of Polygonatum sibiricum. In this study,
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we also experimentally measured oxidative stress-related
indicators, such as SOD, MDA, GSH, and ROS levels, to
confirm that Polygonatum sibiricum can regulate the oxi-
dative stress pathway and thereby alleviate myocardial is-
chemic symptoms (Figures 5(c), 5(d), 8(e), 8(f)). Therefore,
it can be preliminarily concluded that the HIF-1a pathway
and oxidative stress pathway potentially interact in the
regulation of MI. Additionally, studies have shown [42] that
the flavonoid compound Latifolin can improve myocardial
inflammation via the HIF-1a/NF-kB/IL-6 signaling path-
way, thereby preventing myocardial infarction. Based on the
conclusions of this study, we propose that the HIF-1la
pathway may also interact with inflammation-related sig-
naling pathways in the regulation of myocardial diseases.
Moreover, the suppression of its expression substantially
diminishes the therapeutic efficacy of Polygonatum sibiricum
[41]. Furthermore, the study conducted an additional in-
vestigation on the correlation between Polygonatum sibir-
icum, myocardial energy metabolism, and mitochondrial
function. The findings elucidate the mechanisms by which
Polygonatum sibiricum enhances myocardial ischemic injury
recovery through the regulation of these BPs [21]. This study
elucidates the pivotal role of the HIF-la pathway in the
cardioprotective effects of Polygonatum sibiricum against MI
[43]. Our study revealed that the activation of the HIF-1a
pathway by Polygonatum sibiricum has a significant im-
provement in MI [41]. However, the therapeutic effect of

Polygonatum sibiricum is significantly limited when the
expression of HIF-1a is suppressed, thereby reaffirming the
crucial role of HIF-1a [41]. Further research has demon-
strated the effectiveness of Polygonatum sibiricum in com-
bating MI through the regulation of energy metabolism and
mitochondrial function. These findings form a solid foun-
dation for future research and applications of Polygonatum
sibiricum [21].

We confirmed that Polygonatum sibiricum has the ability
to inhibit oxidative stress damage and myocardial cell ap-
optosis induced by ISO [6]. This finding is in line with prior
research on the correlation between oxidative stress and cell
apoptosis [44]. The potential of Polygonatum sibiricum can
be attributed to the combined effects of its numerous active
ingredients, which lay the groundwork for further medicinal
development of the herb [45]. This study provides the initial
confirmation that Polygonatum sibiricum can protect mi-
tochondrial function through the activation of the HIF-1a
pathway [46]. Mitochondria, often referred to as the
“powerhouse” of cells, are known to have a crucial role in MI
as their function becomes impaired [47]. The protective
effect of Polygonatum sibiricum on mitochondria further
demonstrates its significance in the treatment of MI [48]. We
employed UPLC-Q/TOF-MS technology to carry out
metabolomics analysis, which provides a significant con-
tribution to the investigation of the mechanism of Polygo-
natum sibiricum [49]. Using metabolomics, we have
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FIGURE 10: Molecular mechanism diagram illustrating Polygonatum sibiricum activation of the HIF-1a pathway to improve myocardial

ischemic injury.

uncovered the correlation between Polygonatum sibiricum
and the management of MI, as well as its impact on energy
metabolism through the tricarboxylic acid cycle. These
findings contribute to a better comprehension of its
mechanism of action [50].

Although this study identified the HIF-1a pathway as
a key target for Polygonatum sibiricum in the treatment of
M]I, there exist numerous intersecting and complex signaling
pathways in biological systems, and the HIF-la pathway
may only be one of them. Considering the importance of the
HIF-1a pathway, future studies could explore combining
Polygonatum sibiricum with drugs targeting other related
pathways to achieve enhanced therapeutic effects. Further
investigation of other active components in Polygonatum
sibiricum is also warranted. While this study identified 11
major active components, Polygonatum sibiricum may
contain other undiscovered effective ingredients that merit
further research.

5. Conclusion

In this study, the potential therapeutic effects of Polygo-
natum sibiricum on MI were preliminarily validated using
a rat MI model. However, the model has limitations, such as

differences in pathophysiology between rats and humans.
Future research will adopt animal models that more closely
mimic human pathology and incorporate multiple models to
minimize bias. Gene-editing technology will be employed to
construct disease models, and their accuracy will be verified
by comparing gene expression and proteomics data with
human samples. Additionally, human cell-based micro-
physiological systems will be used to simulate organ func-
tion, and pharmacokinetic and pharmacodynamic models
will be developed to design precise dosing regimens.

To address potential biases in network pharmacology
predictions, future studies will optimize algorithms—such as
machine learning—and integrate multisource data to improve
prediction accuracy. These predictions will also be validated
using independent clinical datasets. Moreover, transparency
and reproducibility will be ensured by providing detailed re-
ports of data sources, analytical methods, and results. In
summary, this study offers novel perspectives and approaches
for the treatment of MI with Polygonatum sibiricum, providing
valuable insights for future research and clinical applications.
However, the signaling pathways and molecular mechanisms
explored in this study do not represent the entirety of MI’s
underlying mechanisms. Other unknown BPs may also be
involved, and these warrant further investigation.
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