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Abstract

Background

Diabetes cardiomyopathy (DCM) is a prevalent complication of diabetes, character-
ized by a multifaceted pathogenesis. Zhilong Huoxue Tongyu Capsule (ZL), a tradi-
tional Chinese medicine, is extensively employed for the treatment of cardiovascular
diseases. Thus, this study aimed to comprehensively explore the mechanism of
action of ZL on DCM.

Method

Network pharmacology approaches were applied to predict the potential path-

ways and targets of ZL on DCM. Then, a DCM model mouse was constructed and
divided into a control group, DCM group, DCM +ZL group, SB203580 group, and
DCM+R group. The DCM+ZL group was administered 6.24g/kg/d ZL via gavage, the
SB203580 group was given 1 mg/kg/d SB203580 (p38MAPK inhibitor) via intraperi-
toneal injection, the DCM + R group received 4 mg/kg/d rosiglitazone via gavage, and
the control group and DCM group were given equal volume of physiological saline by
gavage. The intervention period lasted for 6 weeks to verify these key targets.

Result

Network pharmacology analyses identified 45 active ingredients in ZL linked to 719
potential targets, forming an herbal compound-target network. Screening of data-
bases revealed 1032 DCM-related targets, with MAPK14, TNF, FOS, AKT1, and
IL-10 emerging as key hub genes from PPI network analysis. Additionally, enrichment
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analysis indicated that the candidate targets were enriched in response to the
MAPK signaling pathway. Finally, in vivo studies in DCM mice demonstrated that
ZL significantly mitigated myocardial fibrosis and down-regulated the expression of
p-P38MAPK, TNF-a, a-SMA, and Collagen-I proteins in myocardial tissue.

Conclusion

Our results collectively indicated that ZL can effectively ameliorate diabetes cardio-
myopathy, possibly by modulating the P38MAPK signaling pathway.

Introduction

As is well documented, diabetes mellitus is a prevalent metabolic disease world-
wide and has emerged as a significant global public health challenge. According
to the latest projections by the International Diabetes Federation (IDF), the current
prevalence of diabetes among adults is approximately 10.2%. It is estimated that
the global diabetic population will reach 578 million by 2035 and 700 million by
2045 [1]. Diabetic cardiomyopathy is defined as a type of cardiomyopathy distin-
guished by structural and systolic-diastolic dysfunction of the heart in individuals
with diabetes, excluding comorbidities such as hypertension, coronary artery
disease, and valvular heart disease [2]. Epidemiological studies have established
a close association between diabetes and heart failure. Indeed, findings from the
Framingham study indicate that compared to non-diabetic individuals, diabetic
men have a 2.4-fold higher risk of heart failure, while women have a staggering
5-fold higher risk [3]. Existing evidence suggests that the progression of DCM is
associated with myocardial cell hypertrophy and fibrosis, as well as the activation
of neurohumoral mechanisms such as hyperglycemia, metabolic disorders, insulin
resistance, the renin-angiotensin-aldosterone system (RAAS), and the sympathetic
nervous system (SNS). Moreover, the accumulation of free fatty acids (FFAs),
impaired calcium homeostasis, and the depletion of glucose transporter proteins
further exacerbate myocardial cell damage [4-8].

Despite significant advances in modern medicine for the treatment of diabetes and
its complications, the complex pathogenesis of DCM, involving multiple intertwined
systems and factors, renders its therapeutic strategies challenging and limited [9].

At present, the treatment of DCM primarily relies on angiotensin-converting enzyme
inhibitors, angiotensin receptor blockers, aldosterone receptor antagonists, calcium
channel blockers, beta-blockers, statins, cardiac glycosides, and sodium-dependent
glucose transporters 2 (SGLT-2) inhibitors [10,11]. Notably, these drugs partially
inhibit ventricular remodeling and alleviate symptoms of heart failure. However,
these medications are typically associated with adverse effects, predominantly act
on single targets, and may lead to interactions and contraindications when used in
combination. Besides, patient compliance is generally poor, limiting their therapeutic
efficacy. Therefore, there is a pressing need to identify new therapeutic mechanisms
for myocardial fibrosis, conducting in-depth clinical research, and developing specific
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anti-fibrotic drugs. In this regard, traditional Chinese medicine (TCM) demonstrates unique advantages. Specifically, TCM
formulations typically have minimal side effects, diverse components, multi-target effects, and multi-pathway regulatory
mechanisms and have been universally used in early disease treatment [12,13]. In recent years, research on the use of
traditional Chinese medicine in the prevention and treatment of DCM has garnered considerable attention, emerging as a
focal point in international academic investigations.

ZL is primarily composed of the roots of huangqi (English name: Astragalus), the dried whole animal of dilong (English
name: Earthworm), the stem/twig of daxueteng (English name: Sargentgloryvine), the stem/twig of guizhi (English name:
Cassia), and the dried whole animal of shuizhi (English name: Leech) in a ratio of 8:4:4:3:1 [14,15]. Earlier studies indi-
cated that it exhibits anti-inflammatory, anti-apoptotic, anti-necrotic, and anti-atherosclerotic effects and has been widely
utilized in the treatment of cardiovascular and cerebrovascular diseases [16—18]. Nonetheless, its preventive effect and
mechanism of action on DCM remain elusive, warranting further investigation.

This study utilized network pharmacology methods, integrating multiple database resources, to thoroughly investigate
the therapeutic targets and potential mechanisms of ZL in the treatment of dilated cardiomyopathy (DCM). Key therapeutic
targets were identified by identifying the active components of ZL and DCM-related targets. Additionally, GO and KEGG
enrichment analyses were performed to reveal their biological functions and interaction networks. Ultimately, the role of ZL
was validated in a mouse model of DCM to support targeted therapeutic strategies for the management of DCM.

Materials and methods
Collection of active compounds of ZL and their potential targets

Using the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, https://tcmspw.
com/tcmsp.php), we retrieved the active ingredients of “huangqi”, “quizhi’, and “daxueteng” in ZL capsule. By setting the
screening criteria as an oral bioavailability (OB) 2 30% and a drug-likeness (DL) index>0.18, we obtained the correspond-
ing targets [19,20]. Since TCMSP does not include animal-derived medicinal ingredients, we searched for the compo-
nents of the animal medicines “shuizhi” and “dilong” in the Bioinformatics analysis tools for the molecular mechanisms of
traditional Chinese medicine (Batman-TCM, http://bionet.ncpsb.org.cn/batman-tcm/), using a significance level of P<0.05
as the screening criterion. After obtaining the corresponding targets, the names of these targets were then standardized

using the UniProt database (https://www.uniprot.org) [21].

Screening of potential targets for DCM

The search term “diabetic cardiomyopathy” was used to identify targets in the GeneCards database (https://www.gen-
ecards.org/) with a relevance score of > 10 [22]. Moreover, the OMIM database (https://www.omim.org/) [23], Pharmgkb
(https://www.pharmgkb.org/) [24], and the DrugBank database (https://go.drugbank.com/) was utilized to retrieve relevant
data [25]. Duplicate targets were eliminated to acquire diabetic cardiomyopathy-related targets.

Constructing the database of intersecting drug-disease target genes

To identify the intersected DCM gene targets intervened by ZL active ingredients, the “Venn” editing package within R4.2.2
software was utilized to establish the intersection between the drug targets of ZL and the disease targets of DCM.

Constructing the drug-target network interactions

To scientifically rationalize the relationship between compounds and predicted overlapping targets, we utilized Cytoscape
v3.9.1 (https://cytoscape.org/) to construct a comprehensive drug-target network interactions model. Within this network,
compounds exhibiting high degree values are identified as pivotal bioactive compounds critical for the therapeutic man-
agement of DCM.
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Construction and analysis of the protein-protein (PPI) interaction network

Overlapping targets of DCM and ZL bioactive compounds were imported into the STRING database (https://string-db.org/)
[26], with the species set to “Homo sapiens” and interactions 2 0.9 as the minimum threshold. Following this, the acquired
PPI data were imported into Cytoscape v3.9.1 in “tsv” format for network construction. Using R 4.2.2 software to obtain
core targets. Core targets are filtered based on the following topological parameters, including betweenness centrality
(BC), closeness centrality (CC), degree centrality (DC), eigenvector centrality (EC), network centrality (NC), and local
average connectivity (LAC). The values of these parameters indicate the importance and influence of the relevant nodes
in the network. The cutoff value is set as the median. The network topology of the PPI network was then assessed using
the CytoNCA plugin to further identify and filter the core and key targets within the network [27]. Six key indices were com-
puted, namely, betweenness centrality (BC), closeness centrality (CC), degree centrality (DC), eigenvector centrality (EC),
network centrality (NC), and local average connectivity (LAC). Higher quantitative values of the parameters indicate higher
importance of the nodes in the network. The target node with all 6 parameters above the corresponding median in the PPI
network is selected to construct the new PPI network.

GO and KEGG pathway enrichment analysis

GO and KEGG enrichment analyses were performed using R4.2.2 software and the “cluster Profiler” and “enrich-
plot” packages. The data obtained from KEGG pathway enrichment analysis were uploaded to an online data analysis
and visualization platform (https://www.cnsknowall.com/) for further visualization. q<0.05 was considered statistically
significant.

Constructing drug-target-pathway networks

To establish the drug-target-pathway network, we employed Cytoscape v3.9.1 to construct the interaction relationships
among ZL bioactive compounds, intersecting targets, and the top 20 KEGG pathways. In this constructed network, nodes
represent bioactive compounds, targets, and pathways, whereas edges depict the interactions among these three entities.

Molecular docking

To establish a molecular docking framework, we downloaded the two-dimensional (2D) structures of core drug ligands
from the PubChem database (https://pubchem.ncbi.nim.nih.gov/) and converted them into three-dimensional (3D) struc-
tures using Chem3D software, subsequently transforming them into “PDB” format as ligands with PyMOL [28]. We then
searched the Protein Data Bank (https://www.rcsb.org/) for core proteins associated with DCM-related genes and pre-
pared them for docking using AutoDockTools by adding hydrogen atoms, calculating charges, and eliminating free water
molecules, designating them as macromolecules. Docking grid boxes were constructed for each target protein’s binding
sites and saved in “pdbqt” format. AutoDock Vina software was utilized to perform the molecular docking [29]. PyMOL
was employed for visualization [30]. Detailed information on protein targets, their PDB IDs, and central coordinates (x, v,
z-centre) is provided in Table 1.

Table 1. Information on protein targets and their center coordinates.

Target protein PDB ID Centre coordinates (x, y, z centre) Grid box size

MAPK14 2FST 11.675, 5.162, 17.925 X=40, Y=40, Z=40
TNF 1NCF 21.259, 14.649, 34.769 X=40, Y=40,Z=40
AKT1 3096 6.29, -7.942, 17.261 X=40,Y=40,Z=40

https://doi.org/10.1371/journal.pone.0323745.t001
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Experimental validation
Drug preparation

ZL was processed in the preparation room of the Traditional Chinese Medicine Hospital of Southwest Medical University,
with the Sichuan medical institution preparation number 20180216. Rosiglitazone Tablets, specifications of 4 mg * 7 tab-
lets * 2, bearing the national drug approval number H20030569, provided by Chengdu Hengrui Pharmaceutical Co.,Ltd.

Animals

Male SPF C57BL/6J mice, aged 6 weeks and weighing 19-21g, were procured from Chongging Tengxin Biotechnology
Co., Ltd. (Animal Generation Certificate of Conformity No. SCXK (Beijing) 2019—-0010). All mice were housed under
standard conditions, with a 12 h light/dark cycle, a temperature of 20-26°C, a humidity level of 40—60%, and provided with
ad libitum access to food and water. This study was approved by the Animal Experiment Ethics Committee of Southwest
Medical University (Approval No: SWMU20230081).

DCM animal model

All the mice were adaptively fed for 1 week and then randomly divided into a control group and an experimental group.
Those in the experimental group were intraperitoneally injected with streptozotocin (STZ, Solarbio, S8050-100mg) at a
dose of 55mg/(kg-d) for 5 consecutive days [31]. STZ was dissolved in a 0.1 mol/L citric acid-sodium citrate buffer solution
with a pH of 4.0-4.5 to prepare a 1% solution, which was freshly prepared and used. The control group was simultane-
ously injected with an equivalent volume of citric acid-sodium citrate buffer solution. After one week, the fasting blood
glucose levels of mice were measured through tail vein blood sampling. A fasting blood glucose level of mice reaching

or exceeding 16.7 mmol/L, accompanied by symptoms such as polydipsia and polyuria, confirmed the successful estab-
lishment of the Type 2 Diabetes Mellitus (T2DM) model. Following the successful construction of the T2DM model, mice
in the experimental group were maintained on a high-fat diet (Base 66.6%, sucrose 20%, lard 10%, cholesterol 2.5%,
sodium cholate 1%, fat content ratio 35%, and total heat 3.95 kcal/g) for 12 weeks to induce the Diabetic Cardiomyopathy
(DCM) model. H&E staining displayed that myocardial fibers were intact and evenly distributed in the Con group, whereas
cardiomyocytes were hypertrophied and myocardial fibers were unevenly distributed in the DCM group, indicating the
successful construction of the DCM model.

Animal grouping and drug administration

The experimental mice were randomly assigned to four groups: DCM, DCM+ZL, SB203580 (P38MAPK inhibitor), and
DCM-+rosiglitazone (DCM +R), with each group comprising eight mice. Specifically, the DCM +ZL group received ZL

(6.24 g/kg/d) via gavage [32]; SB203580 was intraperitoneally administered at a dose of 1 mg/kg/d in the SB203580 group
[33], while a suspension of rosiglitazone at a dose of 4 mg/kg/d was given by gastric gavage in the DCM+R group [34].
The control (n=8) and DCM groups were administered an equivalent volume of 0.9% normal saline by gavage. This pro-
cedure was performed once daily for six consecutive weeks. Following the final administration, all mice were anesthetized
via intraperitoneal injection of 1% pentobarbital sodium and subsequently euthanized. The heart tissues were excised and
either fixed in 4% paraformaldehyde or stored at -80°C for future experiments.

Hematoxylin and Eosin (H&E) and Masson staining

The left ventricular myocardial tissue was fixed with 4% paraformaldehyde for 24 h, routinely dehydrated, paraffin-
embedded, and then sectioned to a thickness of 3 um. Next, these sections were subjected to H&E and Masson staining
and then observed under a light microscope.
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Real-time fluorescence quantitative polymerase chain reaction (RTg-PCR) detection

The left ventricular myocardial tissue was harvested from mice, and total RNA was extracted using TRIzol reagent (Invitro-
gen, 15596026). RNA concentration and purity were assessed, and subsequently, the total RNA was reverse-transcribed
into cDNA using an RT kit (Toyobo, FSQ-201). This cDNA served as a template for amplification under the following
reaction conditions: pre-denaturation at 95°C for 60 seconds, followed by a cycling reaction consisting of 95°C for 15
seconds, 60°C for 15 seconds, and 72°C for 45 seconds, repeated for a total of 40 cycles. Subsequently, the Ct value was
determined through general dissolution curve (95°C for 15 seconds, 60°C for 60 seconds, and 95°C for 15 seconds) using
a PCR instrument. Relative expression levels were determined utilizing the 2-2 2% method, with GAPDH serving as an
internal reference control. The primer sequences for GAPDH, TNF-a, a-SMA, and Collagen-I are listed in Table 2.

Western blot analysis

20mg of the left ventricular myocardial tissue was weighed, washed with pre-cooled PBS 3 times to remove blood stains,
and placed in a 2mL EP tube. Next, 200 uL RIPA lysis solution (Beyotime, P0013B) and 2L protease inhibitor PMSF
(100mM) (Servicebio, G2008-1ML) and 2 yL phosphorylated protease inhibitors (Servicebio, G2007-1ML) was introduced
into the tube, and a high-speed, low-temperature tissue grinder was employed for homogenization. The tube was then
placed in an ice bath for 30 min, followed by centrifugation at 4°C and 12000 r/min for 10 min. Afterward, the supernatant
was collected, and the BCA protein concentration measurement kit was used to determine protein concentration. Prior to
electrophoresis, the protein samples were denatured by mixing with 2x Laemmli loading buffer (absin, abs9237), followed
by boiling at 100°C for 10 min and cooling to room temperature. 20 ug of protein was loaded for electrophoresis (SDS-
PAGE, 5% and 10% separator gel), and the protein was transferred onto the membrane, which was blocked with 5% BSA
sealing solution (Solarbio, SW3015-100ml) at room temperature for 1h. Thereafter, the membrane was incubated with pri-
mary antibodies against p-P38MAK (1:1,000, ab195049, Abcam), P38MAK (1:1,000, ab170099, Abcam), TNF-a (1:2,000,
AF7014, Affinity), and GAPDH (1:2,000, GB12002, Servicebio) overnight at 4°C. Then, the membrane was rinsed with 1x
TBST buffer (Solarbio, T1085-500ml) 5 times, the membrane was rinsed with TBST buffer 5 times, followed by incubation
with goat anti-rabbit IgG (1:40,000, S0001, Affinity) conjugated with horseradish peroxidase (HRP) at room temperature
for 2 hours. Finally, the membrane was washed 5 times, and protein bands were visualized using a chemiluminescent
ECL kit (Affinity, kf8005). Bands were densitometrically analyzed using Image J software (National Institutes of Health,
USA).

Immunofluorescence analysis

Paraffin sections were routinely deparaffinized and rehydrated in water, followed by antigen retrieval and delineation with
a histochemical pen. Subsequently, a drop of tissue autofluorescence quencher was added, and the sections were incu-
bated at room temperature for 30 minutes. Following blocking with goat serum, the sections were incubated with primary

Table 2. Primer sequences for real-time RTq-PCR.

Symbol Primer sequence (Forward, Reverse)
GAPDH Forward: GGACCTCATGGCCTACATGG
TNF-a Reverse: TAGGGCCTCTCTTGCTCAGT
Collagen-I Forward: GGTGCCTATGTCTCAGCCTCTT
a-SMA Reverse: GCCATAGAACTGATGAGAGGGAG

Forward: ACAGTCGCTTCACCTACAGC
Reverse: TTCGATGACTGTCTTGCCCC
Forward: GTCCCAGACATCAGGGAGTAA
Reverse: TCGGATACTTCAGCGTCAGGA

https://doi.org/10.1371/journal.pone.0323745.t002
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antibodies against p-P38MAK (1:200, AF4001, Affinity), TNF-a (1:200, ab220210, Abcam), a-SMA (1:200, AF1032,
Affinity), and Collagen | (1:200, AF7001, Affinity) overnight at 4°C. They were then washed with PBS and incubated with
species-specific secondary antibodies (labeled with CY3) corresponding to the previously used primary antibodies for 50
minutes at room temperature. After PBS washing, DAPI stain was applied, and the sections were incubated for 10 minutes
in the dark at room temperature. Thereafter, tissue autofluorescence quencher B was added, and the sections were incu-
bated for an additional 5 minutes in the dark at room temperature. Finally, the sections were rinsed with water, mounted
with an antifluorescence quenching sealant, and observed under a fluorescence microscope (Leica DM500, Japan).

Statistical analysis

All data were presented as mean +standard (SD) and analyzed and visualized using GraphPad Prism 9.4.1. Statistical
comparisons were conducted using One-way ANOVA followed by Tukey’s test. p < 0.05 was considered statistically
significant.

Results
Active ingredients and predicted targets of ZL

A total of 45 active ingredients of Zhilong Huoxue Tongyu Capsule were identified through screening in the TCMSP and
BATMAN-TCM databases. Among them, there are 17 components from huangqi, 6 components from guizhi, 13 com-
ponents from shuizhi, 7 components from dilong, and 4 components from daxueteng. daxueteng and guizhi share two
common components. After standardizing the target names through the UniProt database, we obtained predicted targets,
among which there were 197 targets for huangqi, 52 targets for guizhi, 48 targets for Daxueteng 286 targets for dilong,
and 342 targets for shuizhi. After removing duplicates, a total of 719 predicted targets were obtained. (Fig 1). The active
ingredients corresponding to the targets of each drug are detailed in Table 3.
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Fig 1. The active ingredients-targets diagram of ZL capsule The red circle represents the drug name, the magenta hexagon denotes the target of
huangqi (HQ), the purple quadrilateral represents the target of guizhi (GZ), the green triangle denotes the target of dilong (DL), the orange hexagon indi-
cates the target of shuizhi (SZ), the light green square represents the target of daxueteng (DXT), and the gray inverted triangle represents the common
target of all drugs. The central blue rhombus represents the gene target.

https://doi.org/10.1371/journal.pone.0323745.9001
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Table 3. The active ingredients for drug’s corresponding targets.

Herb MOL ID Molecule name OB (%) DL
huangqi MOL000211 Mairin 55.38 0.78
MOL000239 Jaranol 50.83 0.29
MOL000296 hederagenin 36.91 0.75
MOLO000033 (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17- [(2R,5S)-5- 36.23 0.78
MOL000354 propan-2-yloctan-2-yl]-2,3,4,7,8,9,11,12,14,15,16,17-dodecahy- 49.6 0.31
MOL000371 dro-1H-cyclopenta [a]phenanthren-3-ol 53.74 0.48
MOLO000378 isorhamnetin 74.69 0.3
MOL000379 3,9-di-O-methylnissolin 36.74 0.92
MOL000380 7-O-methylisomucronulatol 64.26 0.42
MOL000387 9,10-dimethoxypterocarpan-3-O-3-D-glucoside 31.1 0.67
MOL000392 (6aR,11aR)-9,10-dimethoxy-6a,11a-dihydro-6H-benzofurano 69.67 0.21
MOL000417 [3,2-c]chromen-3-ol 47.75 0.24
MOL000422 Bifendate 41.88 0.24
MOLO000433 formononetin 68.96 0.71
MOL000439 Calycosin 49.28 0.62
MOL000442 kaempferol 39.05 0.48
MOLO000098 FA 46.43 0.28
isomucronulatol-7,2’-di-O-glucosiole
1,7-Dihydroxy-3,9-dimethoxy pterocarpene
quercetin
guizhi MOL001736 (-)-taxifolin 60.51 0.27
MOLO000358 beta-sitosterol 36.91 0.75
MOL000359 sitosterol 36.91 0.75
MOL000492 (+)-catechin 54.83 0.24
MOL000073 ent-Epicatechin 48.96 0.24
MOL004576 taxifolin 57.84 0.27
MOL011169 Peroxyergosterol 44.39 0.82
daxueteng MOL007920 meso-1,4-Bis-(4-hydroxy-3-methoxyphenyl)-2,3-dimethylbutane 31.32 0.26
MOL000359 sitosterol 36.91 0.75
MOLO000358 beta-sitosterol 36.91 0.75
MOL000096 (-)-catechin 49.68 0.24
MOL007923 2-(4-hydroxyphenyl)ethyl (E)-3-(4-hydroxyphenyl)prop-2-enoate 93.36 0.21
dilong Crocin p<0.05
Gardenoside p<0.05
Ursolic Acid p<0.05
Geniposide p<0.05
Dulcitol p<0.05
Gardnerilin A p<0.05
D-Mannitol p<0.05
Enoxaparin p<0.05
Crocetin p<0.05
Heparin p<0.05
Nadroparin p<0.05
D-Mannoheptulose p<0.05
L-Galactoheptulose p<0.05
shuizhi Xanthine p<0.05
Guanidine p<0.05
Guanosine p<0.05
Xanthinin p<0.05
4-Guanidino-1-Butanol p<0.05
Hyrcanoside p<0.05
Cholesterol p<0.05
https://doi.org/10.1371/journal.pone.0323745.t003
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Collection of target genes associated with DCM

A total of 4524 targets were identified from the GeneCards database, with 609 targets having a relevance score of = 10.
Furthermore, 474 targets were sourced from the OMIM database, 46 targets from the PharmGkb database, and 2 from
the DrugBank database. After de-duplication, a total of 1023 disease-related targets were obtained (Fig 2A).

Screening of potential targets for ZL treatment of DCM

Utilizing the “Venn” package in R4.2.2 software, the drug targets of ZL were intersected with the disease-related targets of
DCM, yielding a total of 115 overlapping targets for the treatment of DCM with ZL. This finding suggests potential thera-
peutic applications of ZL for DCM (Fig 2B).

The drug-target network interactions

To illustrate the relationship between compounds and predicted overlapping targets, we utilized Cytoscape to construct a
drug-target network interactions. 115 potential targets and 45 biologically active compounds were entered into Cytoscape to
construct a network of biologically active targets. The network analyzer was used to identify the number of nodes and edges in
the network. The constructed network has 166 nodes and 298 edges (Fig 3). The greater the degree of bioactive compounds, the
greater the size of the node.The highest levels of bioactive compounds in ZL against DCM were Quercetin, Crocetin, Kaempferol,
Guanidine, Formononetin and 7-O-methylisomucronulatol, which were associated with 50, 27, 19, 18, 13 and 13 genes respec-
tively. It clearly demonstrates the potential of these bioactive compounds to be key components of ZL for the treatment of DCM.

Construction of the PPI network and screening of Hub targets

In order to analyze the function between known and predicted proteins, the identified 115 intersecting targets were
incorporated into the String website to construct a PPI network. The connecting lines between the nodes in the graph

GeneCards OMIM

Drug Disease

DrugBan ~ T >PharmGkb

Fig 2. Identification of the core targets for ZL against DCM. (A) Compilation (A) Compilation of DCM-related predicted targets. (B) Venn diagram
depicting the intersection of targets associated with ZL and those related to DCM.

https://doi.org/10.1371/journal.pone.0323745.9002
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Fig 3. The drug-target network interactions for ZL against DCM. The The drug-target network comprises 166 nodes and 298 edges. The blue
diamond-shaped nodes represent potential targets of DCM. Within the blue square nodes, HQ stands for huangqi, GZ for Guizhi, SZ for shuizhi, DL for
dilong, DXT for daxueteng, and CF represents the common component shared by guizhi and daxueteng. The external magenta-colored nodes reflect the
45 bioactive substances of ZL. The larger the node size, the greater the degree of the bioactive compound within the network.

https://doi.org/10.1371/journal.pone.0323745.9003

represent interactions between targets, with colors signifying interactions and a higher number of connecting lines
denoting closer interactions. In the constructed network, there were 115 nodes and 234 edges, with an average node
degree of 4.07 and an average local clustering coefficient of 0.394. In addition, the PPI data in tsv format were down-
loaded and imported into Cytoscape v3.9.1 software. Next, CytoNCA was employed to perform a topological analysis

of the network, and the R language procedures were executed twice. The criteria for the first round of screening were
BC>56.237406235, CC>0.355855856, DC>4, EC>0.054580923, LAC>1.2, NC>2, whereas the second round used
criteria of BC>6.246031746, CC>0.571428571, DC>5, EC>0.232877061, LAC>1.6, NC>2. Finally, a total of three core
targets were identified, namely MAPK14, TNF and AKT1 as presented in Table 4 and Fig 4.

GO and KEGG enrichment analyses

GO and KEGG analyses were performed on the 115 intersecting targets utilizing the “cluster Profiler” and “enrichplot”
package in R 4.2.2 software, the filtering condition was g-value <0.05. The GO analysis revealed 2616 biological pro-
cesses (BP), predominantly enriched in responses to oxygen levels, decreased oxygen content, and hypoxia, among

others. Furthermore, 50 cellular components (CC) were enriched, primarily including membrane rafts, vesicle lumens, and

Table 4. Target parameters of ZL in the treatment of DCM.

Gene Betweenness Closeness Dgree Eigenvector LAC Network
MAPK14 42.47936508 0.695652174 9 0.395042151 2.444444444 5

TNF 38.51904762 0.695652174 9 0.395984441 2.444444444 5.416666667
AKT1 23.64126984 0.592592593 7 0.283565849 2 4.166666667

https://doi.org/10.1371/journal.pone.0323745.t004
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https://doi.org/10.1371/journal.pone.0323745.9004

membrane microregions. Additionally, 156 molecular functions (MF) were enriched, related to receptor-ligand activity, sig-
naling receptor activator activity, and DNA-binding transcription factor binding, among others. Finally, Selected the first 10
results to display (Fig 5A). Meanwhile, a total of 168 KEGG pathways were enriched. The top 20 pathways were selected
to plot Sankey bubble plots, and the filtering condition was g-value <0.05 (Fig 5B). The KEGG pathway enrichment anal-
ysis demonstrated significant enrichment of the common targets in the MAPK, PI3K-Akt, AGE-RAGE, and IL-17 signaling
pathways. We used Cytoscape v3.9.1 to construct a drug-target-pathway network between ZL bioactive compounds,
cross-targets and the top 20 KEGG pathways (Fig 5C). The network consists of 182 nodes and 655 edges. We Visualized
the MAPK signaling pathway (hsa04010) in KEGG enrichment analysis using the “pathview” package in R4.2.2 (Fig 6).

Molecular docking

To validate the network pharmacology findings, molecular docking was used to assess the binding affinity between the
screened compounds and the targets. Molecular docking simulations were performed based on three Hub genes and poten-
tial bioactive compound ligands (Quercetin, Kaempferol, Crocetin, Guanidine, Formononetin, 7-O-methylisomucronulatol)
obtained from the PPI network. The binding energies (kcal/mol) of each compound ligand for all the selected targets are
shown in Table 5. In addition, three representative models were selected for visualization (Fig 7). A lower intermolecular
binding energy implies a higher binding affinity between molecules. Generally speaking, when the binding energy is below -1.2
kcal/mol, it is often considered indicative of good binding activity between the molecules [35].

H&E staining and Masson staining

H&E staining results illustrated that in the control group, the myocardial structure appeared normal, with an orderly
arrangement of myocardial fibers and no evidence of swelling or rupture. In comparison to the control group, mice in the
DCM group exhibited myocardial hypertrophy, accompanied by a disorganized arrangement of myocardial fibers. How-
ever, in the DCM+ZL, SB203580, and DCM+ R groups, the degree of myocardial hypertrophy and fiber disarray was
improved to varying degrees compared to the DCM group. Masson'’s trichrome staining results revealed the absence of
blue-stained collagen fibers in the myocardial interstitium of mice in the control group. In contrast, a higher amount of
blue-stained collagen fibers was observed in the myocardial interstitium of mice in the DCM group compared to the control
group. Furthermore, in the DCM+ZL, SB203580, and DCM +R groups, the presence of blue-stained collagen fibers in the
myocardial interstitium was reduced to varying degrees compared to the DCM group (Fig 8). Taken together, these results
demonstrated that ZL can mitigate DCM-induced myocardial fibrosis, thereby exerting protective effects on the heart.
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Fig 5. GO and KEGG pathway enrichment analyses. (A) (A) Top 10 results from GO enrichment analysis in Biological Process (BP), Cellular Compo-
nent (CC), and Molecular Function (MF). (B) Sankey diagram of KEGG pathways for analysis of ZL targets in DCM therapy. The left rectangle represents
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Orange circles represent the bioactive components of ZL, blue diamonds represent cross-targets, and green triangles represent the top 20 KEGG

pathways..

https://doi.org/10.1371/journal.pone.0323745.9005

RT-qPCR

To investigate the impact of ZL on the expression of TNF-a, a-SMA, and collagen-l mRNA in the myocardial tissue of
DCM mice, RT-gPCR was carried out to assess the mRNA expression levels in the myocardial tissue of mice from various
groups. On the one hand, the mRNA expression levels of TNF-a, a-SMA, and Collagen-l were higher in the DCM group
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Table 5. The binding energy (kcal/mol) of each phytoligand against all the selected targets.
Phytoconstituent name MAPK14 TNF AKT1
Quercetin -8.4 7.4 -9.8
Kaempferol -8.3 -7.1 -9.5
Crocetin -6.8 -6.0 -8.5
Guanidine -3.5 -3.5 -4.1
Formononetin -8.4 -6.8 -10.2
7-O-methylisomucronulatol -6.7 -71 -8.4
https://doi.org/10.1371/journal.pone.0323745.t005
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Fig 7. Molecular docking results for the main chemical components of ZL.

https://doi.org/10.1371/journal.pone.0323745.9007

Con

DCM+ZL SB203580

H&E

Masson

Fig 8. Effect of ZL on myocardial histopathologic changes in DCM mice. H H&E staining analysis and Masson staining analysis of the effect of ZL
on myocardial tissue in DCM mice (X200).

https://doi.org/10.1371/journal.pone.0323745.9008

(P<0.01) compared to the control group. On the other hand, the expression levels of TNF-a, a-SMA, and Collagen-I were
significantly lower in the DCM +ZL, SB203580, and DCM +R groups compared to the DCM group (P<0.01, Fig 9A).

Western blot analysis

To investigate the effects of ZL on the expression of p-P38MAPK and TNF-a proteins in the myocardial tissues of DCM
mice, Western blot analysis was performed. The results exposed that compared to the control group, the protein levels of
p-P38MAPK and TNF-a were significantly higher in the myocardial tissues of DCM mice (P<0.01). In contrast, compared
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Fig 9. ZL up-regulates the expression of p-P38MAPK, TNF- a, a-SMA, and Collagen-l in DCM cardiomyocytes. (A) The relative (A) The relative
mRNA expression level of TNF-a (A1), a-SMA (A2), Collagen-I (A3). (B - C) Western blot analysis of p-P38MAPK (C1), TNF-a (C2). Data are presented
as means+SD, from 3 independent experiments. (*P < 0.05, **P < 0.01 compared with the control group; #P < 0.05, ##P < 0.01 compared with the DCM
group, n = 3).

https://doi.org/10.1371/journal.pone.0323745.9009

to the DCM group, the expression levels of p-P38MAPK and TNF-a proteins were significantly lower in the DCM+ZL
group, SB203580 group, and DCM+R group (P<0.01, Fig 9B-9C).

Immunofluorescence analysis

Immunofluorescence analysis was performed to examine the protein expression levels of p-P38MAPK, TNF-a, a-SMA,
and Collagen-I in the myocardial tissues of mice in each group. As anticipated, the results showed that the protein levels
of p-P38MAPK, TNF-a, a-SMA, and Collagen-I in the myocardial tissues of the DCM group were significantly higher com-
pared to the control group. Meanwhile, the protein expression levels of p-P38MAPK, TNF-a, a-SMA, and Collagen-I were
significantly lower in the DCM+ZL, SB203580, and DCM + R groups compared to the DCM group (P<0.01, Fig 10A-10E).
These findings collectively suggested that the treatment of DCM with ZL may be associated with the downregulation of
these inflammatory and fibrosis-related markers.
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Fig 10. The effect of ZL on myocardial tissue fibrosis in DCM mice. (A) Immunofluorescence analysis of p-P38MAPK expression in DCM mice
(X400). (B) Immunofluorescence analysis of TNF-a expression in DCM mice (X400). (C) Immunofluorescence analysis a-SMA expression in DCM

mice (X400). (D) Immunofluorescence analysis of Collagen-I expression in DCM mice (X400). (E-H) Quantitative analysis of immunofluorescence of
p-P38MAPK, TNF-a, a-SMA, and Collagen-I expression in myocardial tissue. Data are presented as means+SD, from 3 independent experiments. (*P <
0.05, **P < 0.01 compared with the control group; #P < 0.05, ##P < 0.01 compared with the DCM group, n = 3).

https://doi.org/10.1371/journal.pone.0323745.9010

Discussion

Despite significant advances in the treatment of DCM, its intricate and complex pathogenesis has resulted in a scarcity of
interventions that can produce significant therapeutic effects. Traditional Chinese medicine, with its unique advantages of
multiple components, targets, and pathways, has shown promising therapeutic effects for DCM. To the best of our knowl-
edge, this is the first study to uncover the cardioprotective effects of ZL in a DCM mouse model, specifically highlighting
its efficacy in alleviating myocardial fibrosis. Furthermore, a protein-protein interaction network was constructed for ZL in
the treatment of DCM, and an in-depth pathway enrichment analysis was conducted. Importantly, the results of the animal
experiments preliminarily validated the key targets of ZL in the treatment of DCM, providing valuable insights for unravel-
ing the therapeutic mechanisms of ZL on DCM.

DCM is a complication of diabetes, with myocardial fibrosis being its primary pathological mechanism. Herein, signifi-
cant collagen accumulation and fibrosis were observed in the myocardium of mice with diabetic cardiomyopathy. However,
treatment with ZL resulted in a marked improvement and reversal of these pathological changes. According to a previ-
ous study, ZL can modulate the PISK-AKT and AGE-RAGE signaling pathways, leading to the upregulation of the anti-
inflammatory factor IL-10 expression and concomitant downregulation of the expression of the pro-inflammatory factors
Cox-2 and the adhesion molecule ICAM-1. This protective effect of ZL against hypertension-induced myocardial fibrosis
enhances myocardial structure and function [32]. ZL, in combination with atorvastatin, can inhibit the activation of the
NF-kB/NLRP3 signaling pathway and limit the release of p-NF-kB, NLRP3, caspase-1, IL-13, and IL-18, thereby alleviat-
ing vascular inflammation and significantly attenuating atherosclerosis in rabbits [36]. Interestingly, ZL effectively allevi-
ates vascular endothelial cells in atherosclerosis by regulating the miR-30b-5p/NLRP3 axis and significantly reduces the
AS-related mRNA expression levels of NLRP3, ASC, Caspase 1, IL-1 3, and IL-18 [17]. Our study conjointly demonstrates
that ZL can down-regulate the expression of p-P38MAPK, TNF-a, a-SMA, and Collagen-I, thereby relieving myocardial
fibrosis in mice with DCM, consistent with the findings of earlier studies.

P38MAPK is an integral component of the mitogen-activated protein kinase (MAPK) signaling pathway, encompass-
ing four homologous proteins: P38a (also known as MAPK14), P38, P38y, and P386 [37]. Of note, this pathway can be
activated by various inflammatory stimuli, including tumor necrosis factor (TNF) and interleukin-1 [38]. Previous studies
have demonstrated that the p38MAPK signaling pathway is intimately associated with diabetic cardiomyopathy, myocar-
dial interstitial fibrosis, cardiomyocyte apoptosis, oxidative stress, and microvascular pathology [39]. In diabetic conditions,
abnormal activation of p38MAPK is observed, and inhibiting its activity may delay the progression of diabetic cardiomy-
opathy [40]. Notably, in mouse models of diabetic cardiomyopathy, elevated expression levels of TNF-a and p-P38MAPK
were noted. Suppression of the p38MAPK pathway by nesfatin-1 has been reported to ameliorate diabetic-induced
cardiac damage [41]. In diabetic cardiomyopathy, factors such as hyperglycemia and insulin resistance may exacerbate
inflammatory responses. Meanwhile, inflammation can cause degeneration and necrosis of cardiomyocytes, impair the
function of vascular endothelial cells, and activate and proliferate fibroblasts, eventually leading to myocardial interstitial
fibrosis [42]. TNF-a emerges as a pivotal inflammatory cytokine that plays a determinant role in inflammatory responses.
Prior research evinced that TNF-a mediates multiple pathological processes in the myocardium through inflammatory
reactions [43]. Specifically, TNF-a promotes inflammatory damage in tissues by activating upstream MKK3 and MKK4,
thereby facilitating the phosphorylation and subsequent damage of the p38MAPK signaling pathway [44]. It is worthwhile
emphasizing MK2 and MK3 double-knockout down-regulates both TNF synthesis and P38MAPK expression levels in
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mice [45]. Studies unveiled that inhibiting p38MAPK activity in diabetic cardiomyopathy mouse models effectively lowers
the levels of inflammatory cytokines such as TNF-q, IL6, IL1-, and TGF-1 in myocardial tissue, thus improving the left
ventricular function of DCM mice [33]. Herein, network pharmacology analysis identified the MAPK signaling pathway as
one of the critical pathways in the therapeutic effect of ZL on DCM, with P38MAPK and TNF-a emerging as key targets.
Our findings corroborated the phosphorylation of P38MAPK and the upregulated expression of TNF-a in DCM mice.
Administration of ZL suppressed the activation of P38MAPK and the expression of its upstream inflammatory factor, TNF-
a. Our results suggest that ZL's effects on DCM are associated with the P38MAPK signaling pathway.

Alpha-smooth muscle actin (a-SMA) is a cytoskeletal protein and a well-established marker of myofibroblasts. In
response to cardiac tissue damage or inflammatory stimuli, fibroblasts can differentiate into myofibroblasts and express
a-SMA [46]. Noteworthily, myofibroblasts in cardiac tissue secrete and synthesize high amounts of extracellular matrix
(ECM) [47]. Collagen Type | (Collagen-l) is the most abundant protein in the ECM of nearly all human tissues, including
the myocardium [48]. Excessive deposition of collagen and ECM in damaged hearts leads to myocardial fibrosis, disrupt-
ing myocardial structure and impairing cardiac function [49]. Studies have shown that a significant reduction in the expres-
sion levels of a-SMA and Collagen-I in fibroblasts and proliferative scar tissue can be achieved by inhibiting the activity
of p38MAPK [50]. This suggests that p38MAPK plays a critical role in regulating the synthesis of these fibrotic-related
proteins, and thus, inhibiting its activity may serve as a promising anti-fibrotic therapeutic strategy. This study noted that
ZL administration downregulated the expression of a-SMA and Collagen-I in diabetic cardiomyopathy mice, thereby allevi-
ating myocardial fibrosis and preserving cardiac function.

Conclusion

This research identified a close association between P38MAPK and DCM. Activation of the P38MAPK signaling path-
way significantly aggravated inflammation and fibrosis in DCM cardiomyocytes. However, ZL administration ameliorated
myocardial damage in DCM, with its effects partially mediated by the P38MAPK signaling pathway. Future studies are
necessitated to elucidate the detailed mechanisms of ZL in the treatment and prevention of DCM. Nevertheless, our study
identified ZL as a potential strategy for the prevention and treatment of DCM, warranting further investigation.

Supporting information
S1. Data.
(XLSL)

S$2. Raw images.
(PDF)

S3. RPDF.
(PDF)

Author contributions

Conceptualization: Li Dong, Fang Yang, Gang Luo, Hao-ling Chen, Si-jin Yang.

Data curation: Li Dong, Fang Yang, Gang Luo, Meng-nan Liu, Dan Wu, Hao-ling Chen, Si-jin Yang.
Formal analysis: Li Dong, Fang Yang, Gang Luo, Dan Wu, Si-jin Yang.

Funding acquisition: Li Dong, Gang Luo, Si-jin Yang.

Investigation: Li Dong, Fang Yang, Gang Luo, Meng-nan Liu, Shan Li, Si-jin Yang.

Methodology: Li Dong, Fang Yang, Gang Luo, Meng-nan Liu, Shan Li, Si-jin Yang.

PLOS One | https://doi.org/10.137 1/journal.pone.0323745 May 15, 2025 18721



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323745.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323745.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323745.s003

PLO\Sﬁ\\.- One

Project administration: Li Dong, Gang Luo, Meng-nan Liu, Ping Liu, Si-jin Yang.

Resources: Li Dong, Gang Luo, Meng-nan Liu, Ping Liu, Si-jin Yang.

Software: Li Dong, Fang Yang, Gang Luo, Meng-nan Liu, Ping Liu, Dan Wu, Hao-ling Chen, Shan Li, Si-jin Yang.

Supervision: Li Dong, Gang Luo, Meng-nan Liu, Si-jin Yang.

Validation: Li Dong, Fang Yang, Gang Luo, Ping Liu, Dan Wu, Hao-ling Chen, Si-jin Yang.

Visualization: Li Dong, Fang Yang, Gang Luo, Si-jin Yang.

Writing — original draft: Fang Yang.

Writing — review & editing: Li Dong, Fang Yang, Si-jin Yang.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K, Duncan BB, et al. IDF Diabetes Atlas: Global, regional and country-level diabetes
prevalence estimates for 2021 and projections for 2045. Diabetes Res Clin Pract. 2022;183:109119. https://doi.org/10.1016/j.diabres.2021.109119
PMID: 34879977

Rubler S, Dlugash J, Yuceoglu YZ, Kumral T, Branwood AW, Grishman A. New type of cardiomyopathy associated with diabetic glomerulosclerosis.
Am J Cardiol. 1972;30(6):595-602. https://doi.org/10.1016/0002-9149(72)90595-4 PMID: 4263660

Garcia MJ, McNamara PM, Gordon T, Kannel WB. Morbidity and mortality in diabetics in the Framingham population. Sixteen year follow-up study.
Diabetes. 1974;23(2):105—11. https://doi.org/10.2337/diab.23.2.105 PMID: 4359625

Belke DD, Larsen TS, Gibbs EM, Severson DL. Altered metabolism causes cardiac dysfunction in perfused hearts from diabetic (db/db) mice. Am J
Physiol Endocrinol Metab. 2000;279(5):E1104-13. https://doi.org/10.1152/ajpendo.2000.279.5.E1104 PMID: 11052966

Goyal BR, Mehta AA. Diabetic cardiomyopathy: pathophysiological mechanisms and cardiac dysfuntion. Hum Exp Toxicol. 2013;32(6):571-90.
https://doi.org/10.1177/0960327112450885 PMID: 23174745

Lebeche D, Davidoff AJ, Hajjar RJ. Interplay between impaired calcium regulation and insulin signaling abnormalities in diabetic cardiomyopathy.
Nat Clin Pract Cardiovasc Med. 2008;5(11):715-24. https://doi.org/10.1038/ncpcardio1347 PMID: 18813212

Poornima IG, Parikh P, Shannon RP. Diabetic cardiomyopathy: the search for a unifying hypothesis. Circ Res. 2006;98(5):596—605. https://doi.
org/10.1161/01.RES.0000207406.94146.c2 PMID: 16543510

Rodrigues B, Cam MC, McNeill JH. Metabolic disturbances in diabetic cardiomyopathy. Mol Cell Biochem. 1998;180(1-2):53—-7. PMID: 9546630

Lorenzo-Almords A, Cepeda-Rodrigo JM, Lorenzo O. Diabetic cardiomyopathy. Rev Clin Esp (Barc). 2022;222(2):100—11. https://doi.org/10.1016/.
rceng.2019.10.012 PMID: 35115137

Huang K, Luo X, Liao B, Li G, Feng J. Insights into SGLT2 inhibitor treatment of diabetic cardiomyopathy: focus on the mechanisms. Cardiovasc
Diabetol. 2023;22(1):86. https://doi.org/10.1186/s12933-023-01816-5 PMID: 37055837

Lee W-S, Kim J. Diabetic cardiomyopathy: where we are and where we are going. Korean J Intern Med. 2017;32(3):404-21. https://doi.
org/10.3904/kjim.2016.208 PMID: 28415836

Liu C, Ma R, Wang L, Zhu R, Liu H, Guo Y, et al. Rehmanniae Radix in osteoporosis: A review of traditional Chinese medicinal uses, phytochemis-
try, pharmacokinetics and pharmacology. J Ethnopharmacol. 2017;198:351-62. https://doi.org/10.1016/j.jep.2017.01.021 PMID: 28111216

Zhu B, Zhang Q-L, Hua J-W, Cheng W-L, Qin L-P. The traditional uses, phytochemistry, and pharmacology of Atractylodes macrocephala Koidz.: A
review. J Ethnopharmacol. 2018;226:143—67. https://doi.org/10.1016/j.jep.2018.08.023 PMID: 30130541

LiuM, PuY, GuJ, He Q, Liu Y, Zeng Y, et al. Evaluation of Zhilong Huoxue Tongyu capsule in the treatment of acute cerebral infarction: A sys-
tematic review and meta-analysis of randomized controlled trials. Phytomedicine. 2021;86:153566. https://doi.org/10.1016/j.phymed.2021.153566
PMID: 33940333

Mazhar M, Yang G, Mao L, Liang P, Tan R, Wang L, et al. Zhilong Huoxue Tongyu Capsules Ameliorate Early Brain Inflammatory Injury Induced
by Intracerebral Hemorrhage via Inhibition of Canonical NFk{ Signalling Pathway. Front Pharmacol. 2022;13:850060. https://doi.org/10.3389/
fphar.2022.850060 PMID: 35431931

Liang P, Mao L, Ma Y, Ren W, Yang S. A systematic review on Zhilong Huoxue Tongyu capsule in treating cardiovascular and cerebrovascular
diseases: Pharmacological actions, molecular mechanisms and clinical outcomes. J Ethnopharmacol. 2021;277:114234. https://doi.org/10.1016/j.
jep.2021.114234 PMID: 34044079

Liu M, Luo G, Liu T, Yang T, Wang R, Ren W, et al. Zhilong Huoxue Tongyu Capsule Alleviated the Pyroptosis of Vascular Endothelial Cells Induced
by ox-LDL through miR-30b-5p/NLRP3. Evid Based Complement Alternat Med. 2022;2022:3981350. https://doi.org/10.1155/2022/3981350 PMID:
35126599

PLOS One | https://doi.org/10.1371/journal.pone.0323745 May 15, 2025 19/21



https://doi.org/10.1016/j.diabres.2021.109119
http://www.ncbi.nlm.nih.gov/pubmed/34879977
https://doi.org/10.1016/0002-9149(72)90595-4
http://www.ncbi.nlm.nih.gov/pubmed/4263660
https://doi.org/10.2337/diab.23.2.105
http://www.ncbi.nlm.nih.gov/pubmed/4359625
https://doi.org/10.1152/ajpendo.2000.279.5.E1104
http://www.ncbi.nlm.nih.gov/pubmed/11052966
https://doi.org/10.1177/0960327112450885
http://www.ncbi.nlm.nih.gov/pubmed/23174745
https://doi.org/10.1038/ncpcardio1347
http://www.ncbi.nlm.nih.gov/pubmed/18813212
https://doi.org/10.1161/01.RES.0000207406.94146.c2
https://doi.org/10.1161/01.RES.0000207406.94146.c2
http://www.ncbi.nlm.nih.gov/pubmed/16543510
http://www.ncbi.nlm.nih.gov/pubmed/9546630
https://doi.org/10.1016/j.rceng.2019.10.012
https://doi.org/10.1016/j.rceng.2019.10.012
http://www.ncbi.nlm.nih.gov/pubmed/35115137
https://doi.org/10.1186/s12933-023-01816-5
http://www.ncbi.nlm.nih.gov/pubmed/37055837
https://doi.org/10.3904/kjim.2016.208
https://doi.org/10.3904/kjim.2016.208
http://www.ncbi.nlm.nih.gov/pubmed/28415836
https://doi.org/10.1016/j.jep.2017.01.021
http://www.ncbi.nlm.nih.gov/pubmed/28111216
https://doi.org/10.1016/j.jep.2018.08.023
http://www.ncbi.nlm.nih.gov/pubmed/30130541
https://doi.org/10.1016/j.phymed.2021.153566
http://www.ncbi.nlm.nih.gov/pubmed/33940333
https://doi.org/10.3389/fphar.2022.850060
https://doi.org/10.3389/fphar.2022.850060
http://www.ncbi.nlm.nih.gov/pubmed/35431931
https://doi.org/10.1016/j.jep.2021.114234
https://doi.org/10.1016/j.jep.2021.114234
http://www.ncbi.nlm.nih.gov/pubmed/34044079
https://doi.org/10.1155/2022/3981350
http://www.ncbi.nlm.nih.gov/pubmed/35126599

PLO\Sﬁ\\.- One

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Wang L, Ren W, Wang L, Mao L, Mazhar M, Zhou C, et al. Exploring the Ferroptosis Mechanism of Zhilong Huoxue Tongyu Capsule for the
Treatment of Intracerebral Hemorrhage Based on Network Pharmacology and In Vivo Validation. Evid Based Complement Alternat Med.
2022;2022:5033135. https://doi.org/10.1155/2022/5033135 PMID: 36199551

Ru J, Li P, Wang J, Zhou W, Li B, Huang C, et al. TCMSP: a database of systems pharmacology for drug discovery from herbal medicines. J
Cheminform. 2014;6:13. https://doi.org/10.1186/1758-2946-6-13 PMID: 24735618

Xu X, Zhang W, Huang C, Li Y, Yu H, Wang Y, et al. A novel chemometric method for the prediction of human oral bioavailability. Int J Mol Sci.
2012;13(6):6964—82. https://doi.org/10.3390/ijms 13066964 PMID: 22837674

UniProt Consortium T. UniProt: the universal protein knowledgebase. Nucleic Acids Res. 2018;46(5):2699. https://doi.org/10.1093/nar/gky092
PMID: 29425356

Safran M, Dalah |, Alexander J, Rosen N, Iny Stein T, Shmoish M, et al. GeneCards Version 3: the human gene integrator. Database (Oxford).
2010;2010:bag020. https://doi.org/10.1093/database/bag020 PMID: 20689021

Amberger JS, Bocchini CA, Schiettecatte F, Scott AF, Hamosh A. OMIM.org: Online Mendelian Inheritance in Man (OMIM®), an online catalog of
human genes and genetic disorders. Nucleic Acids Res. 2015;43(Database issue):D789-98. https://doi.org/10.1093/nar/gku1205 PMID: 25428349

Barbarino JM, Whirl-Carrillo M, Altman RB, Klein TE. PharmGKB: A worldwide resource for pharmacogenomic information. Wiley Interdiscip Rev
Syst Biol Med. 2018;10(4):e1417. https://doi.org/10.1002/wsbm.1417 PMID: 29474005

Wishart DS, Feunang YD, Guo AC, Lo EJ, Marcu A, Grant JR, et al. DrugBank 5.0: a major update to the DrugBank database for 2018. Nucleic
Acids Res. 2018;46(D1):D1074-82. https://doi.org/10.1093/nar/gkx1037 PMID: 29126136

Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The STRING database in 2021: customizable protein-protein networks,
and functional characterization of user-uploaded gene/measurement sets. Nucleic Acids Res. 2021;49(D1):D605—12. https://doi.org/10.1093/nar/
gkaa1074 PMID: 33237311

Tang Y, Li M, Wang J, Pan Y, Wu F-X. CytoNCA: a cytoscape plugin for centrality analysis and evaluation of protein interaction networks. Biosys-
tems. 2015;127:67-72. https://doi.org/10.1016/j.biosystems.2014.11.005 PMID: 25451770

Jain NK, Tailang M, Chandrasekaran B, Khazaleh N, Thangavel N, Makeen HA, et al. Integrating network pharmacology with molecular dock-
ing to rationalize the ethnomedicinal use of Alchornea laxiflora (Benth.) Pax & K. Hoffm. for efficient treatment of depression. Front Pharmacol.
2024;15:1290398. https://doi.org/10.3389/fphar.2024.1290398 PMID: 38505421

Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell DS, et al. AutoDock4 and AutoDockTools4: Automated docking with selective
receptor flexibility. J Comput Chem. 2009;30(16):2785-91. https://doi.org/10.1002/jcc.21256 PMID: 19399780

Seeliger D, de Groot BL. Ligand docking and binding site analysis with PyMOL and Autodock/Vina. J Comput Aided Mol Des. 2010;24(5):417-22.
https://doi.org/10.1007/s10822-010-9352-6 PMID: 20401516

Xu W, Peng R, Chen S, Wu C, Wang X, Yu T, et al. Ranunculus ternatus Thunb extract attenuates renal fibrosis of diabetic nephropathy via inhibit-
ing SMYD2. Pharm Biol. 2022;60(1):300-7. https://doi.org/10.1080/13880209.2022.2030759 PMID: 35142600

Tingfu Y, Mengnan L, Gang L, Yan L, Li W, Sijin Y. Mechanism of Zhilong Huoxue Tongyu Capsules against Hypertensive Myocardial Fibrosis
Based on Network Pharmacology and Experimental Verification. Pharmacology and Clinics of Chinese Materia Medica. 2023;39(2):23-9(in Chi-
nese). https://doi.org/10.13412/j.cnki.zyyl.20220519.002

Westermann D, Rutschow S, Van Linthout S, Linderer A, Blicker-Gartner C, Sobirey M, et al. Inhibition of p38 mitogen-activated protein kinase
attenuates left ventricular dysfunction by mediating pro-inflammatory cardiac cytokine levels in a mouse model of diabetes mellitus. Diabetologia.
2006;49(10):2507-13. https://doi.org/10.1007/s00125-006-0385-2 PMID: 16937126

Yan GH, Zhou G, Bin YW. Effect of rosiglitazone on myocardial fibrosis in diabetic cardiomyopathy mice. Chin J Clin Pharmacol. 2021;37(21):2917-
9,28. https://doi.org/10.13699/j.cnki.1001-6821.2021.21.013

Gao Y, Shang B, He Y, Deng W, Wang L, Sui S. The mechanism of Gejie Zhilao Pill in treating tuberculosis based on network pharmacology and
molecular docking verification. Front Cell Infect Microbiol. 2024;14:1405627. https://doi.org/10.3389/fcimb.2024.1405627 PMID: 39015338

Liu M, Wang R, Chen M, Hu Z, Han M, Mazhar M, et al. Zhilong Huoxue Tongyu capsule inhibits rabbit model of hyperlipidemia and atherosclero-
sis through NF-kB/NLRP3 signaling pathway. Heliyon. 2023;9(11):€20026. https://doi.org/10.1016/j.heliyon.2023.e20026 PMID: 38027979

Krens SFG, Spaink HP, Snaar-Jagalska BE. Functions of the MAPK family in vertebrate-development. FEBS Lett. 2006;580(21):4984-90. https://
doi.org/10.1016/j.febslet.2006.08.025 PMID: 16949582

Kumar S, Boehm J, Lee JC. p38 MAP kinases: key signalling molecules as therapeutic targets for inflammatory diseases. Nat Rev Drug Discov.
2003;2(9):717-26. https://doi.org/10.1038/nrd1177 PMID: 12951578

Falcao-Pires |, Leite-Moreira AF. Diabetic cardiomyopathy: understanding the molecular and cellular basis to progress in diagnosis and treatment.
Heart Fail Rev. 2012;17(3):325-44. https://doi.org/10.1007/s10741-011-9257-z PMID: 21626163

Wang S, Ding L, Ji H, Xu Z, Liu Q, Zheng Y. The Role of p38 MAPK in the Development of Diabetic Cardiomyopathy. Int J Mol Sci.
2016;17(7):1037. https://doi.org/10.3390/ijms17071037 PMID: 27376265

Fan Z, Dong J, Mu Y, Liu X. Nesfatin-1 protects against diabetic cardiomyopathy in the streptozotocin-induced diabetic mouse model via the p38-
MAPK pathway. Bioengineered. 2022;13(6):14670-81. https://doi.org/10.1080/21655979.2022.2066748 PMID: 35818327

PLOS One | https://doi.org/10.1371/journal.pone.0323745 May 15, 2025 20/ 21



https://doi.org/10.1155/2022/5033135
http://www.ncbi.nlm.nih.gov/pubmed/36199551
https://doi.org/10.1186/1758-2946-6-13
http://www.ncbi.nlm.nih.gov/pubmed/24735618
https://doi.org/10.3390/ijms13066964
http://www.ncbi.nlm.nih.gov/pubmed/22837674
https://doi.org/10.1093/nar/gky092
http://www.ncbi.nlm.nih.gov/pubmed/29425356
https://doi.org/10.1093/database/baq020
http://www.ncbi.nlm.nih.gov/pubmed/20689021
https://doi.org/10.1093/nar/gku1205
http://www.ncbi.nlm.nih.gov/pubmed/25428349
https://doi.org/10.1002/wsbm.1417
http://www.ncbi.nlm.nih.gov/pubmed/29474005
https://doi.org/10.1093/nar/gkx1037
http://www.ncbi.nlm.nih.gov/pubmed/29126136
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1093/nar/gkaa1074
http://www.ncbi.nlm.nih.gov/pubmed/33237311
https://doi.org/10.1016/j.biosystems.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25451770
https://doi.org/10.3389/fphar.2024.1290398
http://www.ncbi.nlm.nih.gov/pubmed/38505421
https://doi.org/10.1002/jcc.21256
http://www.ncbi.nlm.nih.gov/pubmed/19399780
https://doi.org/10.1007/s10822-010-9352-6
http://www.ncbi.nlm.nih.gov/pubmed/20401516
https://doi.org/10.1080/13880209.2022.2030759
http://www.ncbi.nlm.nih.gov/pubmed/35142600
https://doi.org/10.13412/j.cnki.zyyl.20220519.002
https://doi.org/10.1007/s00125-006-0385-2
http://www.ncbi.nlm.nih.gov/pubmed/16937126
https://doi.org/10.13699/j.cnki.1001-6821.2021.21.013
https://doi.org/10.3389/fcimb.2024.1405627
http://www.ncbi.nlm.nih.gov/pubmed/39015338
https://doi.org/10.1016/j.heliyon.2023.e20026
http://www.ncbi.nlm.nih.gov/pubmed/38027979
https://doi.org/10.1016/j.febslet.2006.08.025
https://doi.org/10.1016/j.febslet.2006.08.025
http://www.ncbi.nlm.nih.gov/pubmed/16949582
https://doi.org/10.1038/nrd1177
http://www.ncbi.nlm.nih.gov/pubmed/12951578
https://doi.org/10.1007/s10741-011-9257-z
http://www.ncbi.nlm.nih.gov/pubmed/21626163
https://doi.org/10.3390/ijms17071037
http://www.ncbi.nlm.nih.gov/pubmed/27376265
https://doi.org/10.1080/21655979.2022.2066748
http://www.ncbi.nlm.nih.gov/pubmed/35818327

PLO\S\% One

42.

43.

44.

45.

46.

47.
48.

49.

50.

Zhang X-J, Han X-W, Jiang Y-H, Wang Y-L, He X-L, Liu D-H, et al. Impact of inflammation and anti-inflammatory modalities on diabetic cardio-
myopathy healing: From fundamental research to therapy. Int Immunopharmacol. 2023;123:110747. https://doi.org/10.1016/}.intimp.2023.110747
PMID: 37586299

Ono K, Matsumori A, Shioi T, Furukawa Y, Sasayama S. Cytokine gene expression after myocardial infarction in rat hearts: possible implication in
left ventricular remodeling. Circulation. 1998;98(2):149-56. https://doi.org/10.1161/01.cir.98.2.149 PMID: 9679721

Navarro-Gonzalez JF, Mora-Fernandez C. The role of inflammatory cytokines in diabetic nephropathy. J Am Soc Nephrol. 2008;19(3):433—42.
https://doi.org/10.1681/ASN.2007091048 PMID: 18256353

Winston BW, Chan ED, Johnson GL, Riches DW. Activation of p38mapk, MKK3, and MKK4 by TNF-alpha in mouse bone marrow-derived macro-
phages. J Immunol. 1997;159(9):4491-7. https://doi.org/10.4049/jimmunol.159.9.4491 PMID: 9379049

Angelini A, Trial J, Ortiz-Urbina J, Cieslik KA. Mechanosensing dysregulation in the fibroblast: A hallmark of the aging heart. Ageing Res Rev.
2020;63:101150. https://doi.org/10.1016/j.arr.2020.101150 PMID: 32846223

Kurose H. Cardiac Fibrosis and Fibroblasts. Cells. 2021;10(7):1716. https://doi.org/10.3390/cells10071716 PMID: 34359886

McCabe MC, Saviola AJ, Hansen KC. Mass Spectrometry-Based Atlas of Extracellular Matrix Proteins across 25 Mouse Organs. J Proteome Res.
2023;22(3):790-801. https://doi.org/10.1021/acs.jproteome.2c00526 PMID: 36763087

Liu M, Lépez de Juan Abad B, Cheng K. Cardiac fibrosis: Myofibroblast-mediated pathological regulation and drug delivery strategies. Adv Drug
Deliv Rev. 2021;173:504-19. https://doi.org/10.1016/j.addr.2021.03.021 PMID: 33831476

LiY, Zhang W, Gao J, Liu J, Wang H, Li J, et al. Adipose tissue-derived stem cells suppress hypertrophic scar fibrosis via the p38/MAPK signaling
pathway. Stem Cell Res Ther. 2016;7(1):102. https://doi.org/10.1186/s13287-016-0356-6 PMID: 27484727

PLOS One | https://doi.org/10.1371/journal.pone.0323745 May 15, 2025 21/21



https://doi.org/10.1016/j.intimp.2023.110747
http://www.ncbi.nlm.nih.gov/pubmed/37586299
https://doi.org/10.1161/01.cir.98.2.149
http://www.ncbi.nlm.nih.gov/pubmed/9679721
https://doi.org/10.1681/ASN.2007091048
http://www.ncbi.nlm.nih.gov/pubmed/18256353
https://doi.org/10.4049/jimmunol.159.9.4491
http://www.ncbi.nlm.nih.gov/pubmed/9379049
https://doi.org/10.1016/j.arr.2020.101150
http://www.ncbi.nlm.nih.gov/pubmed/32846223
https://doi.org/10.3390/cells10071716
http://www.ncbi.nlm.nih.gov/pubmed/34359886
https://doi.org/10.1021/acs.jproteome.2c00526
http://www.ncbi.nlm.nih.gov/pubmed/36763087
https://doi.org/10.1016/j.addr.2021.03.021
http://www.ncbi.nlm.nih.gov/pubmed/33831476
https://doi.org/10.1186/s13287-016-0356-6
http://www.ncbi.nlm.nih.gov/pubmed/27484727

