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Abstract

Background: Shenzao dripping pill (SZDP) is empirically prescribed for treating
cardiac diseases. Nevertheless, there is a lack of comprehensive knowledge regarding
the underlying mechanisms contributing to its therapeutic effects. The objective of
this study is to investigate the underlying mechanism of SZDP against chronic
myocardial ischemia (CMI) in a rat model. Methods: In this study, we utilized
electrocardiographic and echocardiographic detection along with pathological tissue
analysis to evaluate the efficacy of SZDP. The integration of network pharmacology
and metabolomics was conducted to investigate the mechanisms. Molecular docking
and molecular dynamics simulations were used to validate the binding energy
between the compounds of SZDP and the associated targets. Results: The results
showed that SZDP was able to improve T wave voltage, reverse CMI abnormalities in
ejection fraction and fractional shortening, and restore histopathological heart
damage. Metabolomics results indicated that disturbances of metabolic profile in CMI
rats were partly corrected after SZDP administration, mainly affecting purine
metabolism. 13-Docosenamide may be the potential metabolic biomarker of the
therapeutic application of SZDP for CMI. Integrating network pharmacology and
metabolomics, thiopurine S-methyltransferase (TPMT), xanthine
dehydrogenase/oxidase (XDH), bifunctional purine biosynthesis protein ATIC (ATIC),
and cytochrome p450 1A1 (CYP1A1l) were identified as possible targets of SZDP to
exert therapeutic effects by enhancing the metabolic levels of L-Tryptophan,
Deoxyribose 1-phosphate and Phosphoribosyl formamidocarboxamide. Conclusion:
SZDP has a therapeutic effect on CMI by regulating metabolite levels, acting on the
targets of TMPT, XDH, ATIC, and CYP1A1l, and reducing cardiomyocyte injury and
myocardial fibrosis.

Keywords: chronic myocardial ischemia; metabolomics; network pharmacology;
serum metabolites; Shenzao dripping pill
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Highlights
13-Docosenamide was the potential metabolic biomarker of the
therapeutic application of Shenzao dripping pill for chronic
myocardial ischemia. Shenzao dripping pill can enhance the
metabolic levels of L-Tryptophan, Deoxyribose 1-phosphate and
Phosphoribosyl formamidocarboxamide to treat chronic
myocardial ischemia. Thiopurine S-methyltransferase (TPMT),
xanthine dehydrogenase/oxidase (XDH), bifunctional purine
biosynthesis protein ATIC (ATIC), and cytochrome p450 1A1
(CYP1A1) were identified as possible targets of Shenzao dripping
pill to exert therapeutic effects on chronic myocardial ischemia.

Medical history of objective
Ischemic heart disease is classified as “Xiongbi” in traditional
Chinese medicine theory, and its symptoms resemble heart pain
and chest distress. Shenzao dripping pill, a medical prescription
derived from traditional Chinese medicine Suhexiang pill that
comes from Su Shen Liang Fang and was co-authored by Shi Su
and Kuo Shen (1075 C.E.), treats the condition known as “Xiongbi
through the modulation of Qi and eliminating blood stasis
(enhancing body vital energy, hemodynamic flow, and dissipating
blood clots).

”

Background

One of the leading causes of cardiovascular disease death is ischemic
heart disease, a significant public health concern with a high
incidence that seriously threatens people’s health and closely
correlates with cardiac dysfunction [1]. Chronic myocardial ischemia
(CMI) is mainly caused by atherosclerosis of the coronary arteries with
myocardial hypoxia. CMI is harmful to cardiomyocytes and reduces
the function of the heart, which induces myocardial infarction,
myocardial fibrosis, and heart failure [2, 3]. CMI is classified as
“Xiongbi” in traditional Chinese medicine (TCM) theory, and its
symptoms resemble heart pain and chest distress. “Qi” is the strength
to empower the whole body. According to TCM, “Qi deficiency” and
“blood stasis” are the leading causes of “Xiongbi”, and therefore, the
treatment approach focuses on regulating Qi to reduce pain and
encouraging blood circulation to eradicate blood stasis.

Although the hard work of searching for and developing effective
medicines to improve CMI is ongoing worldwide, mortality and
morbidity continue to increase [4, 5]. The use of TCM in improving
CMI is effective, adequate, and satisfactory. Differing from chemically
synthesized medications with adverse drug responses, TCM has the
features of multi-ingredient and multi-target [6-8]. TCM can offer
many advantages as a therapeutic strategy to prevent or improve CMI
[9-11]. Shenzao dripping pill (SZDP) is a clinical-empirical Chinese
medicine for heart disease treatment. SZDP comprises six specific
herbs, namely Choerospondiatis Fructus (Guangzao), Salviae
Miltiorrhizae Radix et Rhizoma (Danshen), Ginseng Radix et Rhizoma
(Renshen), Dalbergiae Odoriferae Lignum (Jiangxiang), Styrax
(Suhexiang), and Borneolum (Bingpian) [12]. According to TCM
theory, SZDP can regulate Qi, relieve pain, and promote blood
circulation. In addition, the six herbs that make up SZDP contain
medicinal components that have been shown to improve CMI. Recent
investigations have shed light on the therapeutic properties of SZDP’s
constituents, predominantly encompassing organic acids, flavonoids,
and saponins, in relation to the cardiovascular system. Some
researchers have discovered that total flavonoids in Choerospondias
Axillaris can improve arrhythmic and CMI [13, 14].
Protocatechualdehyde, caffeic acid, salvianolic acid C, and other
components in Salviae Miltiorrhizae Radix et Rhizoma have protective
effects of anti-inflammatory and immune regulation on the
cardiovascular system. Besides, ferulic acid and salvianolic acid B can
work together to enhance angiogenesis and inhibit platelet
aggregation [15, 16]. Similarly, Ginseng Radix et Rhizoma, Dalbergiae
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Odoriferae Lignum, Styrax, and Cinnamomum camphora all possess
therapeutic components that aid in the treatment of CMI [17-21].
Additionally, we identified the potential therapeutic components of
SZDP in our prior study [22, 23]. However, the pharmacological
effects and underlying metabolic mechanisms of SZDP are still
unknown.

Metabolomics has emerged as a valuable tool for assessing
metabolite trends and reflecting in vivo physiological changes. This
approach holds promise for predicting, diagnosing, and gaining
insights into the mechanisms of treating cardiovascular disease
[24-26]. Among the various analytical techniques employed in
metabolomics, liquid chromatography-mass spectrometry (LC-MS)
stands out due to its exceptional resolution and sensitivity, enabling
more precise metabolite identification. Network pharmacology is a
widely used approach to exploring the potential mechanism of action
of TCM [27-29]. The aim of this investigation was to screen out the
active ingredients of SZDP and build a drug-ingredient-target-disease
network map utilizing network pharmacology for exploration of the
potential molecular mechanisms of SZDP treating CMI. Furthermore,
we identify changes in biomarker expression associated with SZDP
therapy in CMI rats, explore potential metabolic pathways, and
examine the impact of SZDP on CMI-related metabolic disorders from
a metabolomics perspective. Finally, the underlying mechanisms of
SZDP against CMI were elucidated by combining network
pharmacology and Metabolomics. These investigations will offer a
crucial theoretical foundation for the clinical application of SZDP.

Methods

Animals and experimental design

The Center of Laboratory Animals’ animal ethics committee of Boji
Pharmaceutical Co., Ltd. (Guangzhou, China) approved the animal
studies that were carried out for this study with the registration
number JACUC-N2106-PD. The animal experiments were performed in
accordance  with the Technical Guidelines for General
Pharmacological Research on Chinese Medicines and Natural
Medicines in China. Specific pathogen-free male rats (age 6-8 weeks
and weight 180-240 g) were procured from Hunan Silaikejingda
Laboratory Animal Co., Ltd. (Changsha, China) in the Sprague-Dawley
strain with the approval number SCXK-Xiang-2019-0004. The animals
were kept in a specific pathogen-free grade laboratory, maintaining a
temperature range of 20 to 30 °C and humidity between 55 to 70%.
The rats were also given unlimited access to food and water and a
12-h cycle of light and darkness. The CMI rat model was established
by ligating the coronary artery. Following an acclimation period, the
rats were randomly assigned to various groups for the experiment,
including the control group (n = 9), the Sham-operated group (n =
10), the CMI model group (n = 11), the Carvedilol group (n = 10),
the low dose of the SZDP administration group (n = 10), the high
dose of the SZDP administration group (n = 11).

Materials and reagents

SZDP was provided by Boji Pharmaceutical Co., Ltd. (product batch
number 20201228; Guangzhou, China). Carvedilol was procured from
Shandong Qilu Pharmaceutical Group Co., Ltd. (batch number
0H0214D26; Jinan, China). CMC-Na was bought from Sinopharm
Chemical Reagent Co., Ltd. (product batch number 20191216;
Shanghai, China). Zoletil 50 was purchased from Virbac S.A. (product
batch number BN7VU4A; Carros, France). Xylazine Hydrochloride
Injection was purchased from Jilindunhua ShenDa Animal
Pharmaceutical Co., Ltd. (product batch number 20210301; Dunhua,
China). Lidocaine Hydrochloride injection was obtained from Guangxi
Yuyuan Pharmaceutical Co., Ltd. (product batch number 20201106;
Qinzhou, China). HE staining solution was obtained from Wuhan
Servicebio Biotechnology Co., Ltd. (product number G1076-500ML;
Wuhan, China). Masson’s trichrome Staining solution was obtained
from Wuhan Servicebio Biotechnology Co., Ltd. (product number
G1006-100ML; Wuhan, China). 2,3,5-Triphenyltetrazolium chloride
(TTC) was obtained from Sigma-Aldrich (St. Louis, MO, USA).
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Aspartate aminotransferase (AST), creatine phosphokinase (CK), and
lactate dehydrogenase (LDH) activity assay kits were obtained from
Ningbo Meikang Biotechnology Co., Ltd. (product number MS1231,
MS2062, MS2252; Ningbo, China).

Drug administration

During the experimental period of 28 days, rats in the control, model,
and sham groups were given a solution of 0.5% CMC-Na; in the
Carvedilol group was administered 10 mg/kg Carvedilol; in the low
dose of the SZDP group was administered 167 mg/kg SZDP; and in the
high dose of the SZDP group was administered 500 mg/kg SZDP. After
the anterior descending branch was ligated, all rats were subjected to
intragastric administration once daily for 28 days.

Electrocardiographic and echocardiographic analysis

After a duration of 4 weeks of treatment, electrocardiograms (ECGs)
were conducted. The 1-min surface lead II ECG data was recorded and
analyzed by the BL-420F biological signal acquisition and analysis
system. All rats underwent transthoracic echocardiography under a
mixture of Xylazine Hydrochloride Injection (2 mg/kg) and Zoletil 50
(10 mg/kg) anesthesia to assess the impact of SZDP on the structure
and function of the heart by utilizing the ultrasound B-scanner (system
MyLab40HD by Esaote, Genova, Italy) with an 18-MHz transducer.
Measurements of the thickness of the wall and chamber diameters
were used to compute the left ventricle’s ejection fraction (EF) and
fractional shortening (FS).

Biochemical indicator measurement

Blood was collected and stood for 30 min at room temperature. Then,
the blood was subjected to centrifugation at 3,000 rpm and 4 °C for 10
min. The serum was collected to detect AST, LDH, and CK activities.
Commercial kits were used to measure LDH and CK activities
following the instructions.

Histopathological examination

The procedure for hematoxylin and eosin staining (HE) staining was as
follows: after the dissection of the heart, samples were washed with
saline and promptly preserved with a 10% neutral buffered formalin
solution. After the samples were then embedded in paraffin wax, slices
(4 um in thickness) were cut and dewaxed with xylene and ethanol.
The slices were stained with hematoxylin stain after being washed
with distilled water. Then, the slices were washed with distilled water,
and the nucleus was stained with 1% hydrochloric acid. A solution of
lithium carbonate was used to enhance the staining of the nucleus.
The eosin dye solution was used to stain the slices. The slices were
placed in different concentrations of alcohol for dehydration. Finally,
all slices were coverslipped with a neutral mounting medium resin.
The grading scheme for cardiomyocyte injury was as follows: 0 = not
present, 1 = minimal (< 5%), 2 = slight (5-10%), 3 = moderate
(11-20%), and 4 = high (> 30%).

The procedure for Masson’s trichrome staining was as follows:
paraffin slices were dewaxed with xylene and ethanol. Distilled water
was used for washing the slices. Lapis lazuli blue dye solution and
hematoxylin were used to stain the slices. After rinsing with water, the
slices were treated with 1% hydrochloric acid and alcohol, followed
by washing. Then, the slices were stained with a ponceau acid fuchsin
dye solution and treated with 1% phosphomolybdic acid, bright green,
1% glacial acetic acid, ethanol, and xylenes. Finally, all slices were
coverslipped with a neutral mounting medium resin. The percentage
of myocardial fibrosis was performed by Image-Pro Plus 6.0.

The procedure of TTC staining was as follows: Hearts were removed
and frozen at —80 °C for 10 min. Then, the hearts were cut into Imm
sections and incubated with 2% TTC for 30 min at 37 °C. Finally, all
sections were fixed with 10% formaldehyde.

Network pharmacology analysis

The TCMSP (https://old.tcmsp-e.com/tcmsp.php) database was used
to obtain the active components and targets of SZDP with scores of
drug-like activity = 0.18 and oral bioavailability = 30%. The SEA
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(https://sea.bkslab.org/) database was used to screen the targets of
the components of SZDP in the blood in our prior study. CMI-related
targets were searched from the TTD (https://www.db.idrblab.net/ttd/
), GeneCards (https://www.genecards.org/), PharmGkb (https://www
.pharmgkb.org/), DisGeNET (https://www.disgenet.org/), OCMIM
(https://www.ncbi.nlm.nih.gov/omim), and DrugBank (https://www.
drugbank.ca/). The Venn diagram was used to find the common
targets from SZDP component-related targets and CMI-related targets.
The common targets were input to the STRING database
(https://string-db.org/) to establish the protein-protein interaction
(PPI) network. The analysis was limited to “Homo sapiens” as the
species, and a confidence threshold of 0.4 was applied to guarantee
the precision of the outcomes. Then, the PPI network file was
imported into Cytoscape (v3.10.0) to screen the core targets using the
CytoNCA tool. The “SZDP-herbs-components-targets-CMI” network
was constructed using Cytoscape. The GO and KEGG pathway
enrichment analyses were performed using common targets.

Serum sample pretreatment for metabolomic analysis

The serum samples were retrieved from the refrigerator at —80 °C and
placed on crushed ice until the samples were thawed at a low
temperature. To precisely precipitate the protein in each 200 pL
aliquot of a serum sample, 600 pL of acetonitrile was added, and the
mixture was thoroughly mixed for 1 min. Then, the mixture was
subjected to centrifugation at 13,000 rpm and 4 °C for 15 min. The
supernatant was collected and evaporated to dryness with nitrogen.
Methanol (100 pL) was added, and the reconstituted mixture was
vortexed and centrifuged at 13,000 rpm and a temperature of 4 °C for
15 min. The resulting supernatant was collected for further analysis.
To assess the repeatability and stability of this experiment, quality
control (QC) samples were collected from each test sample and
pretreated with the same process as the test samples.

UHPLC-Q-Exactive Orbitrap-MS analysis

The experiment was conducted using a U3000 UHPLC-Q-Exactive
Orbitrap MS (Thermo Fisher Scientific Corp., Waltham, MA, USA)
equipped with an ACQUITY UPLC BEH C18 column (2.1 mm X 100
mm, 1.7 um). The solvents A and B comprised the mobile phase,
composed of water with 0.1% (volume ratio) formic acid and
acetonitrile. The gradient program was as follows: 0-2 min, 5% B; 2-5
min, 5%-50% B; 5-6 min, 50% B; 6-18 min, 50%-100% B. The
column was balanced for 4 min before running the sample. The
column temperature was kept at 40 °C, and the flow rate was fixed at
0.4 mL/min. Each sample run involved injecting 5 pL. Mass
spectrometry was set to positive and negative ion switching modes
using an electrospray ionization source at 350 °C. The specific MS
conditions were established: the sheath gas flow rate was 55 arb.
Units; the auxiliary gas flow rate was 15 arb. Units with a temperature
of 200 °C; the electrospray voltage was 3.5 kV in positive ion mode
and — 3.8 kV in negative ion mode.

Metabonomic data processing and analysis

All original data underwent various processing steps utilizing the
Compound Discoverer software 3.0. These pretreatment procedures
included peak alignment, peak extraction, and normalization. Key
parameters such as retention time, peak intensity, and mass charge
ratio were obtained. Subsequently, the processed data were imported
into SIMCA-P software (version 14.1) for analysis using principal
components analysis (PCA) and orthogonal partial least squares
discriminant analysis (OPLS-DA). The validity of the OPLS-DA models
was assessed using permutation tests (200 permutations). The
significant differential metabolites were obtained using variable
importance in projection (VIP) and Student’s t-test (P-value) with a
threshold of VIP > 1 and P < 0.05. The differential metabolites were
identified by matching with the Human Metabolomes Database
(https://www.hmdb.ca) and were imported into MetaboAnalyst
(https://www.metaboanalyst.ca/) to analyze metabolic pathways.

Molecular docking analysis and molecular dynamics (MD)
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simulations

AutoDock Tools (version 1.5.7) and PyMOL were used for molecular
docking and visual analysis. The structure of SZDP compounds was
obtained from PubChem and optimized to the minimum energy state
by Chem3D. The targets were obtained from the Protein Data Bank
database (https://www.rcsb.org/). An adequate docking box wrapped
around the active pocket was to cover the protein after removing the
organic and solvent. The binding energy was assessed by AutoDock
Vina.

MD simulations were performed with GROMACS using the
CHARMM36 and AMBER force fields. Ligand topology was obtained
from PubChem and Chem3D. Protein topology was generated in the
Protein Data Bank database. The ligands and proteins need to be
parameterized separately, and the ligands are assigned base
coordinates based on the positions documented in the RCSB. The
protein-ligand complex was placed in the box after charge-balancing
ions containing water molecules. Energy minimization was performed
before the simulations began. Production simulations were performed
for 100 ns. A time step length of 2 fs was used for all simulations.

Statistical analysis

The statistical analysis was performed on the data, which were
expressed as mean *+ SD. Compared with the T test, single-factor
variance analysis, or two-factor variance analysis, and TuKey
inspection were performed by GraphPad Prism 9.0. A P-value less than
0.05 was regarded as statistically significant.

Results

Evaluation of the CMI model and treatment effect of SZDP

The electrocardiography results indicated that the T wave in the sham
and control groups maintained a horizontal position (Figure 1A). In
contrast, the T wave voltage recorded in the model group showed a
significant downward shift, close to 0.2 mV, confirming the successful
establishment of the CMI model. Following the administration of

SZDP, the T wave voltage rose compared to the model group. It
approached the same level as in the control group and was close to the
levels observed in the Carvedilol group. This suggested that SZDP
effectively treated CMI. A quantitative echocardiography analysis was
carried out to assess the CMI model and validate the therapeutic
impact of SZDP on CMI rats (Figure 1B). The EF and FS indexes were
not significantly different in the Sham group compared to the control
group. The Sham group’s EF and FS indices did not differ substantially
from the control group’s EF and FS indices. However, the model
group’s EF and FS index reduction levels were noticeably higher than
those of the Sham group, indicating evident cardiomyocyte damage
(Figure 1C, 1D). In contrast to the model group, the SZDP-H group
therapy significantly improved these indicators, suggesting that it can
improve heart function in rats with CMI.

Biochemical indicator measurement results

AST, LDH, and CK were selected for measurement, and no significant
differences were found in myocardial function with comparison
among multiple groups (Supplementary Figure S1).

SZDP improved histological injury of myocardium in CMI rats

Myocardial fibrosis was obvious in rats after modeling, and the
anterior wall of the myocardium was thinned, and the results of TTC
staining could not reflect the results of the SZDP efficacy well
(Supplementary Figure S2), so the myocardial infarction area
calculation was not carried out for this index. The H&E-stained heart
sections of the control and sham groups exhibited myocardial cells
arranged regularly with normal cell morphology and had well-defined
boundaries with ample cytoplasm (Figure 2A). Conversely, the results
of the model group showed local serious necrobiosis and intercellular
bleeding, accompanied by a large amount of inflammatory cell
infiltration. Similar to what was seen in the Carvedilol group, the
degree of inflammatory cell infiltration, intercellular hemorrhage, and
cardiomyocyte injury all decreased after SZDP treatment (Figure 2C).
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Figure 1 The ECG and echocardiography detection of rats. (A) Representative ECGs of rats in six groups. (B) Representative M-mode ultrasonic
image in short-axis view of echocardiographic assay. (C) Reduction of EF (%). (D) Reduction of FS (%). Data are shown as Mean * SD, (n = 9-11).
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P < 0.001 vs Model group. SZDP, Shenzao dripping pill; EF, ejection fraction; FS, fractional shortening.
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Figure 2 Representative results of pathologic changes in heart tissues. (A) H&E staining (Scales bar = 100 pm, magnification X 100). (B)
Masson staining (Scales bar = 100 pm, magnification X 100). (C) Scores measurement of cardiomyocyte injury (n = 6). (D) Quantification of
myocardial fibrotic area by Masson staining (n = 6). ***P < 0.001 vs Sham group, P < 0.05, "P < 0.01 vs Model group. SZDP, Shenzao dripping

pill; HE, hematoxylin and eosin staining.

The results demonstrated that the CMI model had been successfully
established and that the symptoms of CMI in rats were significantly
diminished following SZDP administration.

CMI can result in necrosis of the myocardium and the breaking of
myocardial fibers, which are then replaced by collagen fibers in the
interstitial spaces, leading to myocardial fibrosis. Masson staining is
commonly used to differentiate collagen fibers from myocardial fibers.
The findings of the study indicated that the control group did not
exhibit any damage to the cardiac tissue, with well-arranged
myocardial fibers and an absence of collagen fibers. The Sham group
displayed partial fibrosis, but only a small amount of collagen was
present in the deeper layers, likely due to partial damage to the
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myocardial surface during the chest opening procedure and
inflammation caused by bleeding damage from threading, resulting in
fibrosis in a limited area of the myocardium. The outer portion of the
myocardial wall in the model group showed extensive myofibrosis,
myocardial cell arrangement disorder, severe myocardial fiber lysis,
and the presence of a few scattered erythrocytes in the intercellular
space (Figure 2B). The Carvedilol group demonstrated a remarkable
improvement in the distribution of collagen fibers compared to the
model group. The SZDP-H group exhibited similar degrees of progress
to the Carvedilol group, proving its effect in inhibiting myocardial
fibrosis. The SZDP-L group showed more severe myocardial fibrosis
than the SZDP-H group but less fiber lysis than the model group
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(Figure 2D). Overall, all dosage groups of SZDP exhibited varying
degrees of improvement in myocardial fibrosis.

Methods validation of untargeted metabolomics analysis

The QC samples were analyzed to confirm the method’s
reproducibility and the reliability of the data. The result of the base
peak intensity chromatogram showed that the response intensity and
retention time of chromatographic peaks from QC samples exhibited a
significant overlap (Supplementary Figure S3A). The PCA plot
illustrated a close clustering of QC samples in both positive and
negative modes. These findings confirmed the excellent repeatability
and stability of the instrument analysis throughout the experiment
(Supplementary Figure S3B, S3C).

Multivariate statistical analysis of metabolomics data

PCA was utilized to find the overall difference between the datasets of
the groups. The PCA score plot showed that all groups were not clearly
separated from each other (Supplementary Figure S4A, S4B), but there
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was a partial trend, prompting the need for further analysis using
OPLS-DA. OPLS-DA was employed to further distinguish metabolites
and identify potential biomarkers from the comparison of the SZDP-H
group, model group, and sham group. The OPLS-DA patterns across
various serum samples showed significant separations between the
Model and Sham groups in both positive and negative ion modes
(Figure 3A, 3C), suggesting that CMI modelling disturbed rats’ normal
physiological metabolism and indicating that the establishing CMI
model was successful at the metabolic level. The effectiveness of SZDP
treatment in correcting the metabolic profiles in CMI rats was
demonstrated by a clear separating trend between the SZDP-H and
Model groups (Figure 3E, 3G), suggesting that administering the
medium dose of SZDP changed the biochemical metabolism of CMI
rats. The R2 and Q2 parameters were used to validate the OPLS-DA
model’s performance and accuracy. The results of the permutation
tests (200 permutations) suggested that the OPLS-DA models were not
overfitting and had reliable applicability (Figure 3B, 3D, 3F, 3H).
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Figure 3 The Score plot of OPLS-DA and permutation test results. (A) OPLS-DA scores plot of Sham and Model groups in positive mode. (B)
permutation test of positive mode of Sham and Model groups in positive mode (R2X = 0.99, R2Y = 1, Q2 = 0.428). (C) OPLS-DA scores plot of
Sham and Model groups in negative mode. (D) permutation test of Sham and Model groups in negative mode (R2X = 0.514, R2Y = 0.999, Q2 =
0.66). (E) OPLS-DA scores plot of SZDP-H and Model groups in positive mode. (F) permutation test of SZDP-H and Model groups in positive mode
(R2X = 0.81, R2Y = 0.999, Q2 = 0.0347). (G) OPLS-DA scores plot of SZDP-H and Model groups in negative mode. (H) permutation test of
SZDP-H and Model groups in negative mode (R2X = 0.59, R2Y = 1, Q2 = 0.512). SZDP, Shenzao dripping pill.
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Identification of potential biomarkers and metabolic pathways
enrichment analysis

The values of VIP > 1 and P < 0.05 are used to assess the potential
biomarkers between groups in the OPLS-DA analysis of metabolomics.
The online database at HMDB (https://www.hmdb.ca) was used to
screen the potential biomarkers by matching accurate mass and
MS/MS fragment information within a 10 ppm error value. According
to the above identification conditions, 17 differential metabolites as
the potential biomarkers between the Sham and Model groups were
identified, and 38 differential metabolites between the SZDP-H and
Model groups were identified. Detailed differential metabolite results
were summarized in Table 1, 2. Heatmap visualization showed the
change in relative peak area levels of 55 differential metabolites

(Figure 4A). Further observation showed that 10 differential
metabolites were up-regulated in CMI rats, while 7 differential
metabolites were down-regulated compared with the Sham group.
And 32 differential metabolites were up-regulated by SZDP, while 6
differential metabolites were down-regulated compared with the
model group. 13-Docosenamide was the common significant
differential metabolite in the sham, model, and SZDP-H groups.
However, we found that 5 candidate biomarkers were restored after
SZDP administration, suggesting that the 6 metabolites in the sham,
model, and SZDP-H groups exhibited the “high-low-high” or
“low-high-low” trends, including Quinaldic acid, Estrone glucuronide,
Leucylproline, 2,4,12-Octadecatrienoic acid, 6-Keto-decanoylcarnitine
(Supplementary Figure S5).

Table 1 Identification results and information of blood biomarkers in CMI rats

No. (rfl?;l) m/z VIP Compound name Formula HMDB ID ﬁfggi St;ilrrlrcli
1 5.98 352.2246 1.21 Prostaglandin E2 CyoH3,05 HMDB0001220 1+
2 3.86 173.0476 1.29 Quinaldic acid C,H,;NO, HMDBO0000842 1
3 17.09 337.3339 15.01 13-Docosenamide C,,H sNO HMDB0244507 V
4 14.77 333.3027 1.58 2,4,12-Octadecatrienoic acid C,,H3oNO HMDB0032033 V
5 11.01 507.3684 3.75 LysoPC(P-18:0/0:0) CasH5NOGP HMDB0013122 r
6 10.30 570.3512 1.08 Ganodermic acid P2 C3,Hs500; HMDB0035292 V
7 10.29 569.3473 1.88 LysoPC(22:5(4Z,7Z,10Z,13Z,16Z)/0:0) C3oHs,NO,P HMDB0010402 V
8 1.12 228.1472 1.04 Leucylproline C;;H,0N,04 HMDBO0011175 N
9 6.23 370.2352 1.74 Thromboxane B2 CyoH3406 HMDB0003252 T
10 5.99 370.2350 2.74 Prostaglandin G1 CyoH3406 HMDBO0013039 1+
11 5.66 430.2019 2.56 Armillarilin Cy4Ha00, HMDB0031673 r
12 4.84 188.0133 9.78 p-Cresol sulfate C;Hg0,S HMDB0011635 T
13 4.78 446.1969 1.23 Estrone glucuronide Cy4H304 HMDB0004483 T*
14 4.77 329.4317 1.04 6-Keto-decanoylcarnitine C,,H3NO; HMDB0013202 1
15 19.67 326.1911 2.01 4-Dodecylbenzenesulfonic acid Cy5H30058 HMDBO0059915 V
16 1.09 252.0841 1.63 Deoxyinosine C10H12N,O4 HMDBO0000071 V
17 0.89 650.5341 1.34 SM(d18:0/12:0) C35H,5N,O6P HMDB0012084 1

Compared with Sham group, P < 0.05, "P < 0.01. SZDP, Shenzao dripping pill; VIP, variable importance in projection.

Table 2 Identification results and information of blood biomarkers after SZDP administration

No. (IE:;I) m/z VIP Compound name Formula HMDB ID g;aDr;g/iv::;:li
1 619 3481335  1.08 Diphenyl(2,4,6-trimethylbenzoyl) CayH, 05P HMDB0247372 r
phosphine oxide

2 6.19 312.1569 3.21 Propamidine C,,H,0N,0, HMDB0256810 1
3 6.19 358.1623 1.05 Xemilofiban C1sHN,0, HMDB0259927 (.
1-(4-O-beta-D-glucopyranosyl-3-methox .

4 6.13 454.2925 2.58 yphenyl)-3,5-dihydroxydecane CysH,4,0, HMDB0303085 1
Methyl (3x,10R)-dihydroxy-11-

5 5.83 398.1546 1.55 " decege_ o5, diynoateyl O—gl}l./lcosi i C1oH200 HMDB0040896 1
6 5.83 388.1260 1.38 Aranidipine C15H,N,0, HMDB0248563 1
7 5.83 330.1675 7.04 tetranor-PGFM C16H,60; HMDB0258925 (.
8 5.82 366.1440 2.19 Tryptophan 2-C-mannoside C,,H,,N,0, HMDB0240296 [
9 5.82 393.1631 2.07 Erlotinib Cy,H,3N,0, HMDB0014671 1
10 5.77 465.3084 1.24 Glycocholic acid Cy6H43NOg HMDB0000138 1
11 5.62 214.0292 3.20 Deoxyribose 1-phosphate CsH,,0,P HMDB0001351 .
12 5.30 366.0405 1.62 Phosphoribosyl formamidocarboxamide C,oH15N,0,P HMDB0001439 [
13 5.26 344.1465 3.45 Melibiitol C1,H401, HMDB0006791 [
14 5.20 346.1625 2.40 Arginyl-glycyl-aspartic acid C1,H,,N,Og HMDB0248572 [
15 5.10 462.1159 1.29 Kaempferide 7-glucoside Cy,H,0y, HMDB0038455 [

(2S,38,4S,5R)-3,4,5-Trihydroxy-6-(5-
16 5.06 326.1361 1.38 methyl-2-propan-2-ylphenoxy) C16H2,0; HMDBO0255323 1
oxane-2-carboxylic acid

17 4.96 380.1234 1.58 3-O-Methylglycyrol Ca2H005 HMDB0033883 (.
18 4.96 344.1467 6.12 Melibiitol C,H,,01, HMDB0006791 .
19 4.96 407.1424 1.85 N-Desmethyl Topotecan Cy,H, N,O5 HMDB0255119 [
20 4.79 248.0715 1.28 2-(5’-methylthio) pentylmalate C10H605S HMDB0304052 1
21 4.71 407.1425 1.10 N-Desmethyl topotecan Cy,H,N,O5 HMDB0255119 [
22 4.37 371.1034 1.10 Triaminophenyl phosphate C,gH,4N;0,P HMDB0259149 T
23 6.29 406.2716 1.12 Alfaprostolum C4H3505 HMDB0248132 1
24 4.54 150.0502 4.22 L-Xylulose CsH,005 HMDB0000751 1
25 4.54 178.0450 3.78 L-Gulonolactone CeH,00¢ HMDB0003466 1
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Table 2 Identification results and information of blood biomarkers after SZDP administration (continued)

RT Ch trend
No. (min) m/z VIP Compound name Formula HMDB ID SZaDI;’g/iV[tI;ZZI
26 4.35 371.1034 1.60 Aciclovir CgH; N0, HMDBO0014925 1
27 4.22 150.0502 1.99 D-Xylulose CsH,,05 HMDBO0001644 1
28 3.14 204.0897 14.01 L-Tryptophan C;,H;,N,0, HMDB0000929 1
29 2.78 288.1019 1.84 Vanillyl mandelic acid Ci6H1605 HMDBO0259761 1
2-(4-Hyd: -3-ph henyl .
30 232 2580915  2.00 (4-Hydroxy-3-phenoxyphenyl) CisH140, HMDB0246633 1
propanoic acid
31 17.09 337.3339 8.24 13-Docosenamide Cy,H,sNO HMDB0244507 1
32 13.12 537.3786 1.66 LysoPE(0:0/22:0) C,;HssNO,P HMDBO0011490 1
33 12.47 316.2399 2.12 Sbeta-Pregnane-3,20-dione C,H3,0, HMDB0247019 f*
34 11.50 330.2555 1.16 7,10,13,16,19-Docosapentaenoic acid Cy,H3,0, HMDB0247288 1
35 10.48 863.5636 1.35 PC (20:2(11Z,14Z)/PGJ2) C4sHg,NO, P HMDBO0287174 1
36 10.33 303.2276 1.83 Bornaprolol C1oHy0NO, HMDBO0249349 )
PC (20:5(7Z,9Z,11E,13E,177)- "
37 10.30 837.5480 2.86 C4HgoNO; P HMDB0289808
30H(5,6,15)/P-18:1(9Z)) AorisoTe !
38 0.82 103.1000 2.36 2-Amino-3-methyl-1-butanol CsH1,NO HMDB0244984 |
Compared with Model group, P < 0.05, P < 0.01, P < 0.001. SZDP, Shenzao dripping pill; VIP, variable importance in projection.
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Figure 4 The pathway enrichment analysis and heatmap of identified differential metabolites. (A) Heatmap of identified differential
metabolites. (B) Pathway enrichment analysis between the Sham and Model groups. (C) Pathway enrichment analysis between the SZDP-H and
Model groups. SZDP, Shenzao dripping pill.
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Metabolic pathway enrichment analysis was performed by
MetaboAnalyst 4.0 for the differential metabolites. In the Sham and
Model groups, there were three differential pathways (Figure 4B),
including Arachidonic Acid Metabolism, Estrone Metabolism, and
purine metabolism. Between the SZDP-H group and Model group,
there were six differential pathways (Figure 4C), including Purine
Metabolism, Pentose Phosphate Pathway, Galactose Metabolism,
Pyrimidine Metabolism, Tryptophan Metabolism, and Bile Acid
Biosynthesis. The metabolic pathway of Purine Metabolism was
regulated in both CMI model and SZDP administration groups,
suggesting that SZDP may affect this pathway for the treatment of
CMI.

The network pharmacology study of SZDP against CMI

A total of 132 active components were obtained from six herbs of
SZDP using the TCMSP database and SEA database. In addition, a total
of 1,049 targets of the active components were obtained. A total of
7,170 CMI-related targets were obtained from the TDD, GeneCards,
PharmGkb, DisGeNET, OCMIM, and DrugBank databases. Using the
Venn online tool to match the CMlI-related targets with the
SZDP-related targets, 479 common targets were obtained
(Supplementary Figure S6A). To create a PPI network map, the 479
targets were inputted into the String analysis tool (Supplementary
Figure S6B). Then, the 479 targets were calculated with topological
parameters of centrality for betweenness, closeness, degree,
eigenvector, local average, and network. Then, a total of 31 key
targets of SZDP treatment of CMI satisfied more than twice the median
values of six parameters (Supplementary Figure S6C). To better
demonstrate the connection between drugs and disease targets, we
constructed an SZDP-herbs-compounds-targets-CMI network diagram
(Figure 5A). In the GO enrichment analysis, a total of 157 items

related to cell component (CC), 392 items related to molecular
function (MF), and 3030 biological processes (BP) were identified. The
results were performed by a ranking based on the P value, and the top
10 entries in BP, CC, and MF were shown (Figure 5B). The results
showed that SZDP acted through various biological processes and
molecular mechanisms, such as response to oxygen and nutrient
levels, vascular process in the circulatory system, regulation of blood
circulation, and oxidoreductase activity. According to the analysis of
KEGG items, the top 30 pathways with the highest correlation were
determined, signaling pathways such as Lipid and atherosclerosis and
Fluid shear stress and atherosclerosis were mainly involved (Figure
5C). In this study, The KEGG analysis indicated that SZDP may
improve the symptoms of CMI by mainly regulating lipid and
atherosclerosis pathways to reduce lipid accumulation and promote
blood circulation.

Integrated analysis of metabolomics and network pharmacology
A total of 48 common metabolic targets were screened from the sham
versus model and SZDP versus model groups using enrichment
analysis in MBRole 3.0. Combined with the 479 targets predicted by
network pharmacology, TPMT, XDH, ATIC, and CYP1A1l were found
to be four intersecting targets among the metabolic target, SZDP
target, and CMI target categories (Figure 6A). To further reveal the
relationship between metabolites, components, and targets, a
“component-targets-metabolites” network was established (Figure
6B). There were 12 components and 3 differential metabolites
associated with 4 key targets of TPMT, XDH, ATIC, and CYP1Al. The
three key differential metabolites, Phosphoribosyl

formamidocarboxamide, Deoxyribose 1-phosphate, and L-Tryptophan
were up-regulated after SZDP administration (Supplementary Figure
S7).
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Figure 5 The network pharmacology study of SZDP against CMI. (A) SZDP-herbs-components-targets-MI network diagram, purple triangle node
represented SZDP, blue rectangle nodes represented herbs, green diamond nodes represented compounds, orange circular nodes represented genes,
and red V node represented MI. GO function (B) and KEGG pathway (C) enrichment analysis of SZDP-CMI targets. SZDP, Shenzao dripping pill;
CMI, chronic myocardial ischemia; BP, biological process; CC, cell component; MF, molecular function.
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Figure 6 Discovery of potential targets between network pharmacology and metabolomic analysis. (A) Venny analysis of common targets
from network pharmacology and serum metabolomic analysis. Blue elliptical involved SZDP targets, red elliptical involved CMI targets, orange
elliptical involved Sham vs Model targets, green elliptical involved Sham vs Model targets. (B) Components-targets-metabolites relationship
network. Dark green nodes represented components, light blue nodes represented genes, dark blue nodes represented differential metabolites.
SZDP, Shenzao dripping pill; CMI, chronic myocardial ischemia; TPMT, thiopurine S-methyltransferase; XDH, xanthine dehydrogenase/oxidase;
ATIC, bifunctional purine biosynthesis protein ATIC; CYP1A1l, cytochrome p450 1A1.

Molecular docking confirmed that SZDP acted on key targets
According to the relationship network, TPMT, XDH, ATIC, and
CYP1A1 were identified as the main targets of SZDP in the treatment
of CMI. To further validate this, molecular docking was conducted on
the four targets and their corresponding components to predict
binding energy. In general, a binding energy less than —5.0 kcal/mol
is considered a good affinity [30]. The results showed that all twelve
components had strong binding ability to the relevant key targets
(Figure 7A). Obviously, TPMT versus ferulic acid, XDH versus
quercetin, ATIC versus benzoyl glycine, and CYP1A1 versus quercetin
exhibited the strongest binding ability, thereby necessitating a visual
analysis of these results (Figure 7B).

MD simulations revealed components-targets interactions

MD simulation was performed to further investigate the stability of
the TPMT-ferulic acid, XDH-quercetin, ATIC-benzoyl glycine, and
CYP1Al-quercetin complexes (Figure 8A). The root mean square
deviation (RMSD) was performed to assess differences and changes in
structure and evaluate the stability of the complexes (Figure 8B). The
RMSD fluctuation range of the ATIC-benzoyl glycine complex was
approximately 0.60 A, the TPMT-ferulic acid complex was
approximately 0.18 A, and the XDH-quercetin and CYP1A1l-quercetin
complexes were approximately 0.25 A. These results suggested that
ferulic acid, quercetin, and benzoyl glycine exhibited strong stability
upon binding to these key targets. Root mean square fluctuation
(RMSF) was used to analyze the movement of amino acids. The RMSF
values of the four complexes were relatively low, mostly kept at 0.1 to
0.6 A (Figure 8C). The fluctuations of the TPMT-ferulic acid complex
were relatively small compared with the others, so its relative stability
was higher. The surface visualization conformations of the complexes
in 100 ns during the period of MD simulation were displayed (Figure
8D), indicating that ferulic acid, quercetin, and benzoyl glycine
remained at the center of the TPMT, XDH, ATIC, and CYP1A1 binding
sites until the simulations were completed, suggesting there were
stable interactions in the 4 complexes.

Discussion
CMI has become one of the most significant threats to human life

because it reduces the function of the heart and induces myocardial
infarction, myocardial fibrosis, and heart failure. Carvedilol belongs to

Submit a manuscript: https://www.tmrjournals.com/tmr

the third class of B-receptor blockers, which can dilate blood vessels
and inhibit apoptosis to protect the heart after ischemia [31].
Carvedilol was the positive control medicine that provided a reliable
prerequisite for the experimental system. However, some adverse
reactions will occur after Carvedilol administration [32]. The
development of other anti-CMI drugs is valuable for patients who need
to discontinue Carvedilol when adverse reactions occurred. TCM is
preferred for the advantages of treatment by multi-target and
multi-pathways. SZDP, as an empirical prescription to treat CMI, can
regulate Qi, relieve pain, and promote blood circulation in the theory
of TCM. The electrocardiography results demonstrated that the CMI
model was successfully established and that the therapeutic effect of
SZDP, as evidenced by ST-segment depression after modelling and ST
elevation after SZDP administration, The left ventricle plays a
dominant role in the pumping function of the heart, and the coronary
ligation can lead to myocardial ischemia, even infarction in the left
ventricle. The EF and FS indexes can reflect the left ventricle’s
pumping function. The echocardiography findings showed that SZDP
administration significantly reduced the cardiac damage of CMI rats.
The EF and FS indexes were reduced with significant differences in the
model group, and the SZDP administration could significantly
improve the reduction of EF and FS index as well as the positive
medicine. Generally, AST, LDH, and CK are selected for acute
myocardial injury measurements. However, no significant changes
appeared in these biochemical indicators, possibly because of the
compensatory response that would occur in a long-term model of
myocardial infarction. After 28 days of myocardial ischemia, some
cardiomyocytes died after ischemia and hypoxia, and fibroblasts
secreted collagen fibers to replace the dead cardiomyocytes.
Myocardial fibrosis was obvious, and the anterior wall of the
myocardium was thinned, so it was not suitable to use TTC staining to
analyze it. Myocardial infarction area calculated by TTC staining is the
gold index for detection in acute myocardial infarction, but our study
was a long-term myocardial infarction model, and the results of TTC
staining could not reflect the results of the SZDP efficacy well, so the
myocardial infarction area calculation was not carried out for this
index. The HE and Masson staining results indicated that SZDP could
decrease the degree of inflammatory cell infiltration, intercellular
hemorrhage, cardiomyocyte injury, and myocardial fibrosis in CMI
rats, showing similar results to those of positive control groups, which
demonstrated SZDP may confer a cardioprotective effect to CMI.

10


https://orcid.org/0000-0002-6444-7595
https://orcid.org/0000-0002-6538-8689
https://doi.org/10.53388/TMR20210606235

ARTICLE

Traditional Medicine Research 2024;9(11):62. https://doi.org/10.53388/TMR20240229002

A

Salvianic acid A

luteolin=—

salvianolic acid F—

Protocatechuic acid

Benzoyl glycine=]
Caffeic acid—

Ferulic acid
Prunetin =
Olibergin A
Gallic acid

quercetin =]

kaempferol =

1 1
TPMT XDH ATIC CYPIAl

0

B

LE-91

TRP-29

AL

_—

1

As..m)/}-

ARG-1332

LEV1212

GLv-739

TPMT-Ferulic acid

I

O

urs2e6

ATIC—Benzoyl glycine

XDH-quercetin

SER122

CYP1Al-quercetin
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Metabolomics analysis revealed that SZDP effectively regulated six
metabolites, and 13-Docosenamide was the common significant
differential metabolite in the sham, model, and SZDP-H groups.
13-Docosenamide is a fatty acid amide and improves the imbalance of
the hypothalamus-pituitary-adrenal axis [33]. The disorders of the
hypothalamus-pituitary-adrenal axis lead to the increased changes in
myocardial oxygen consumption and myocardial cell injury [34, 35].
Our results showed that the level of 13-Docosenamide was
significantly decreased in model rats, and SZDP significantly reversed
this change, suggesting that 13-Docosenamide may be the potential
metabolic biomarker of the therapeutic application of SZDP for CMIL.
Network pharmacology was used to explore the possible mechanism
of SZDP on CMI. In GO and KEGG analyses, SZDP regulated various
biological processes and molecular mechanisms. Lipid and
atherosclerosis and Fluid shear stress and atherosclerosis were
identified as the important pathways, suggesting that SZDP may
regulate these pathways to reduce lipid accumulation and promote
blood circulation to treat CMI. Molecular docking results showed that
the 12 key components can bind well with 4 key targets, suggesting
that these key components were the effective ingredients of SZDP on
treating CMI. The MD simulation results verified that there were
robust interactions between the key targets and components. The
mechanism underlying the treatment of CMI could be attributed to the
binding of these active components to key targets, which therefore
affects their activities and influences the production of downstream
metabolic products.

Quercetin is a flavonoid that has anti-inflammatory,
anti-coagulative, and anti-proliferative properties. Quercetin has been
demonstrated that it can limit infarct size and prevent intramyocardial
hemorrhage in clinical studies [36]. Additionally, it has been revealed
that quercetin has prominent effects on ameliorating heart damage
under myocardial ischemia conditions through different pathways
[37, 38]. In our study, we found that quercetin had strong binding
abilities to XDH and CYP1A1l. Quercetin can regulate the activity of
XDH to restore oxidative stress injury and reverse myocardial
remodeling after myocardial ischemia [39]. Besides, quercetin can
induce CYP1Al expression [40]. Benzoyl glycine is significantly
associated with left ventricular hypertrophy (LVH), and several
pathophysiological mechanisms in LVH can lead to myocardial
ischemia [41-43]. However, a causal relationship between benzoyl
glycine and LVH is still unknown, and further work is required to
confirm these findings. Ferulic acid is a polyphenolic compound that
has cardioprotective effects [44]. Ferulic acid can modulate purine
metabolism, improve oxidative stress, promote glutathione (GSH)
production, and ameliorate myocardial infarction [45, 46].

Purine metabolism acted as the common metabolic pathway of
SZDP in treating CMI in metabolomics. Purine metabolites can
promote cell survival and proliferation by providing cells with the
necessary energy and cofactors [47]. Purine nucleotides and their
metabolites in vivo will increase significantly with the increment in
myocardial energy consumption [48]. In purine metabolism,
deoxyinosine is catalyzed to produce hypoxanthine and deoxyribose
1-phosphate. In our experiments, we found that the level of
deoxyinosine decreased after CMI modeling, and the level of
deoxyribose 1-phosphate increased significantly after SZDP
administration. The results suggested that the consumption of
deoxyinosine increased in the state of CMI, and the conversion of
deoxyinosine to hypoxanthine and deoxyribose 1-phosphate could be
promoted after the administration of SZDP. Quercetin can regulate the
expression of XDH, which is able to catalyze the oxidation of
hypoxanthine to xanthine and then further catalyze the oxidation of
xanthine to uric acid [39, 49]. Uric acid has protective effects on CMI
[50]. A study has demonstrated that the metabolites of the purine
metabolism pathway, including xanthine, hypoxanthine, and uric
acid, can inhibit the activity of acetylcholinesterase (AChE) [51].
AChE inhibition has cardioprotective actions that can reduce the risk
of CMI and death from cardiovascular diseases [52, 53]. Additionally,
the elevation of the 13-Docosenamide level had a positive correlation
with AChE inhibition [54]. Thus, acting on XDH may be one of the
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mechanisms by which SZDP exerts its anti-CMI effects. Phosphoribosyl
formamidocarboxamide (FAICAR) is one of the metabolites in purine
metabolism. ATIC is a bifunctional enzyme that catalyzes the last two
steps of purine biosynthesis [55]. The reaction between FAICAR and
5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) is regulated
by ATIC [56]. AICAR has been used to treat and protect against
cardiac ischemic injury [57, 58]. In our study, we noted that the level
of FAICAR in rats increased significantly after SZDP administration,
suggesting that SZDP can likely play a role in the treatment of CMI by
indirectly affecting the level of AICAR through its action on ATIC.

The enhancement of the level of Tryptophan is correlated with the
activation of CYP1A1l [59, 60]. Higher levels of Tryptophan were
inversely associated with mortality and fatal cardiovascular disease
[61]. Our study notes that the L-Tryptophan levels in serum were
markedly increased after SZDP administration, suggesting that SZDP
may treat CMI by enhancing the levels of L-Tryptophan via the action
of CYP1A1. CYP1A1 participates in the metabolism of fatty acids [62].
Meanwhile, TPMT alters S-adenosylmethionine consumption and
consequently GSH synthesis that preserves fatty acid metabolism [63,
64]. Fatty acid oxidation is critical in myocardial energy generation,
contributing to 40-80% of the heart's energy source [65]. To
compensate for the lack of energy supply to the heart, fatty acid
concentrations may significantly increase in ischemia and hypoxia
conditions [66]. In our experiment, the levels of downstream
metabolites of fatty acids, including 7,10,13,16,19-Docosapentaenoic
acid, PC (20:2(11Z,147Z)/PGJ2), and PC
(20:5(7Z,9Z,11E,13E,177)-30H(5,6,15)/P-18:1(9Z)), were notably
decreased after SZDP treatment. This indicated that SZDP can likely
improve fatty acid metabolic abnormalities to treat CMI by targeting
CYP1A1l and TPMT. Glucose metabolism disorder is one of the
abnormal metabolisms when suffering from CMI. The Pentose
phosphate pathway is one of the essential components of glucose
metabolism. Some researchers have discovered that glucose becomes
the primary energy source for myocardial energy metabolism during
ischemic heart diseases [67, 68]. In this study, SZDP can regulate the
production of deoxyribose 1-phosphate from the pentose phosphate
pathway to improve the productive efficiency of glucose metabolism
and relieve the insufficiency of myocardial energy, indicating that this
may also be one of the mechanisms by which SZDP treats CMI.

In this study, we utilized pharmacodynamics, network
pharmacology, and metabolomics to explore the anti-CMI effect of
SZDP. We also used molecular docking technology to confirm the
strong affinity of SZDP’s pharmacodynamic components with the four
key targets. However, the expression of related proteins remains
unclear. In-depth molecular biology research on the mechanism of
genes and proteins regulated by SZDP will be considered in the future
to establish a further scientific basis for the anti-myocardial ischemic
effect of SZDP.

Conclusions

This study explored the mechanism of SZDP in treating CMI using
network pharmacology and metabolomics. SZDP could notably treat
CMI caused by a blockage of coronary arteries and showed a similar
protective effect as positive administration. 13-Docosenamide may be
the potential metabolic biomarker of the therapeutic application of
SZDP for CMI. The beneficial effects of SZDP in treating CMI were
associated with up-regulating metabolite levels of Phosphoribosyl
formamidocarboxamide, Deoxyribose 1-phosphate, and L-Tryptophan.
TPMT, XDH, ATIC, and CYP1Al may be the potential modulated
targets in the treatment of CMI by SZDP. This study provides
knowledge and a theoretical basis for further research on the
mechanism of SZDP against CMI, supporting a reference for the
application of SZDP in treating CMI.
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