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ABSTRACT

This research aimed to elucidate the mechanisms through which the Zuogui Jiangtang Shuxin formula (ZGJTSXF)
alleviates diabetic cardiomyopathy (DCM) using a combined approach of serum pharmacochemistry, network
pharmacology, and experimental validation.Following oral administration of ZGJTSXF in rats, serum compounds
were analyzed using UPLC-Q-Exactive-Orbitrap-MS. A network linking bioactive components of ZGJTSXF to
DCM-associated targets was established with Cytoscape. Functional enrichment analyses, including Gene
Ontology and KEGG pathway assessments, were performed to identify critical molecular targets and signaling
pathways. DCM model mice were treated with ZGJTSXF, and the predicted key pathways were validated through
gPCR and Western blot assays.Analysis identified 78 serum compounds, including flavonoids, peptides,
nucleosides, organic acids, phenylpropanoids, alkaloids, phenanthrenequinones, iridoids, phenols, and saponins.
Network pharmacology indicated that ZGJTSXF may influence targets such as ALB, TNF, AKT1, GAPDH,
VEGFA, EGFR, SRC, CASP3, MAPK3, JUN, and modulate the PI3BK/AKT pathway in DCM. Administration of
ZGJTSXF improved glucose metabolism, cardiac function, and myocardial tissue structure in DCM mice.
Importantly, ZGJTSXF reduced cardiomyocyte apoptosis, which correlated with activation of the PI3K/AKT
signaling pathway and increased levels of anti-apoptotic proteins Bcl-2 and Bcl-xL.These findings provide
evidence that ZGJTSXF exerts cardioprotective effects in DCM via PI3K/AKT pathway activation and inhibition
of apoptosis. The study also identifies the potential bioactive constituents responsible, offering a basis for future
development of ZGJTSXF-based therapies for diabetic cardiomyopathy.
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Introduction

Diabetic cardiomyopathy (DCM) is a distinct cardiac disorder characterized by structural and functional
abnormalities of the heart caused by diabetes mellitus (DM), independent of other cardiovascular risk factors [1].
According to the 10th edition of the International Diabetes Federation (IDF) Diabetes Atlas, approximately 537
million adults currently suffer from diabetes worldwide, and this number is projected to reach 700 million by 2045
[2]. With the rising prevalence of DM, the occurrence of DCM is also increasing. Studies indicate that DCM
represents a leading cause of mortality among diabetic patients, accounting for roughly 50-80% of deaths in this
population [3]. The pathogenesis of DCM is multifactorial, involving systemic metabolic disturbances,
mitochondrial dysfunction, oxidative stress, microvascular impairment, inflammation, and adverse cardiac
remodeling [4]. Despite advances in treatment, effective therapies remain limited [5]. While medications such as
metformin can manage hyperglycemia, they carry risks including renal impairment, lactic acidosis in cases of
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accumulation, and contraindications in certain comorbid conditions [6, 7]. Consequently, there is a pressing need
for novel, effective, and safe therapeutic strategies for DCM.

Traditional Chinese Medicine (TCM) offers unique advantages due to its multi-component, multi-target, and
multi-pathway characteristics, making it a promising approach for preventing and managing DM and its
complications, including DCM [8]. Additionally, TCM is increasingly valued for its efficacy, affordability, and
minimal side effects [8]. Zuogui Jiangtang Shuxin formula (ZGJTSXF), developed by Professor Chen Da Shun
at Hunan University of Traditional Chinese Medicine, is composed of nine herbs, including Panax ginseng C. A.
Meyer, Astragalus membranaceus (Fisch.) Bunge, Rehmannia glutinosa (Gaetn.) Libosch. ex Fisch. et Mey.,
Pueraria lobata (Willd.) Ohwi, Cornus officinalis Sieb. et Zucc., Salvia miltiorrhiza Bunge, Coptis chinensis
Franch., Ophiopogon japonicus (Linn. f.) Ker-Gawl., and Crataegus pinnatifida Bge. ZGJTSXF is traditionally
used to nourish Yin, benefit Qi, invigorate blood circulation, and remove toxins. Previous studies from our group
demonstrated that ZGJTSXF improves glucolipid metabolism, reduces serum inflammatory factors, and protects
the myocardium via anti-lipid peroxidation effects in MKR mice with type 2 diabetes [9, 10]. Nevertheless, the
precise bioactive constituents and mechanisms by which ZGJTSXF exerts cardioprotective effects in DCM remain
unclear, limiting its broader clinical application.

Given the complexity of TCM, it is widely accepted that only components absorbed into the bloodstream
contribute to therapeutic effects [11]. Advanced analytical methods are therefore essential to uncover the
interactions between TCM components and biological networks. Ultra high-performance liquid chromatography
coupled with high-resolution mass spectrometry (UPLC-Q-Exactive-Orbitrap-MS) offers high sensitivity,
resolution, and accuracy, making it a powerful tool for identifying TCM compounds [12]. Network pharmacology
combines systems biology, pharmacology, computational biology, and network analysis to investigate interactions
among drugs, targets, and diseases, providing a framework to decode complex TCM mechanisms [13]. Integrating
UPLC-Q-Exactive-Orbitrap-MS with network pharmacology and bioinformatics allows systematic elucidation of
the material basis and therapeutic mechanisms of TCM formulations.

In this study, we applied UPLC-Q-Exactive-Orbitrap-MS to identify active components in the serum of rats
administered ZGJTSXF and integrated these findings with network pharmacology to predict potential targets.
Gene and pathway enrichment analyses were further conducted to explore therapeutic mechanisms. Finally, a
DCM mouse model was employed to validate the predicted biological pathways in vivo. This combined in silico
and experimental approach (Figure 1) provides a comprehensive understanding of ZGJTSXF’s material basis and
mechanisms of action in treating DCM, offering insights for its clinical use and the development of novel therapies
for diabetic cardiomyopathy.
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Figure 1. A schematic representation shows the outlines on studying the potential molecular mechanisms of
action of Zuogui Jiangtang Shuxin formula (ZGJTSXF). The main active compounds of ZGJTSXF were
identified by UPLC-Q-Exactive-Orbitrap-MS analysis of medicated rat serum. The potential targets for
ZGJTSXF in treating DCM were also identified through analysis of multiple databases. The common targets
were subjected to in silicon network pharmacology (C-T network and PPI network) analysis and pathway
enrichment analysis. The mouse DCM model was established to experimentally validate the predicted targets
and pathways through multiple cellular and molecular approaches.

The workflow of this study illustrates the approach used to investigate the potential molecular mechanisms
underlying the effects of Zuogui Jiangtang Shuxin formula (ZGJTSXF). Active compounds absorbed into the
bloodstream after oral administration of ZGJTSXF were identified using UPLC-Q-Exactive-Orbitrap-MS.
Putative therapeutic targets for diabetic cardiomyopathy (DCM) were predicted by integrating data from multiple
databases. Shared targets were further analyzed using in silico network pharmacology, including compound-target
and protein-protein interaction (PPI) networks, followed by functional and pathway enrichment analyses. Finally,
the predicted mechanisms were validated in a DCM mouse model through molecular and cellular experiments.
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Materials and Methods

Experimental animals

Male Sprague-Dawley rats (average weight 240 + 10 g) were obtained from Hunan SJA Laboratory Animal Co.,
Ltd. MKR mice, carrying a dominant-negative 1GF-1 receptor in skeletal muscle as originally developed by
Fernandez et al. [14], were provided by Dr. Derek LeRoith from the NIH Diabetes Research Center (Bethesda,
MD, USA). Animals were housed under standard conditions (22 + 2 °C, 50 + 10% humidity) with free access to
food and water in a specific pathogen-free facility at Hunan University of Traditional Chinese Medicine.
Homozygous MKR mice were bred in-house, and their offspring were used for experiments. All protocols
complied with the Basel Declaration and NIH guidelines, and were approved by the Ethics Committee of Hunan
University of Chinese Medicine (Approval No. ZYFY20201229).

Serum collection and UPLC-Q-Exactive-Orbitrap-MS analysis

ZGJTSXF was procured from the herbal pharmacy of the First Affiliated Hospital of Hunan University of
Traditional Chinese Medicine. Rats were randomly assigned to two groups: control (0.9% saline, n=10) and
treatment (57.81 g/kg ZGJTSXF, n=10), with the dose corresponding to five times the clinical equivalent based
on standard animal dose conversion [15]. The formulation was administered orally once daily for seven
consecutive days. After a 12-hour fast, blood was collected via the abdominal aorta two hours post-administration.
Serum was separated by centrifugation (12,000 rpm, 10 min, 4 °C). For analysis, 300 pL of serum was mixed with
900 uL methanol, vortexed for 10 minutes, centrifuged at 12,000 rpm for 15 minutes, and the supernatant was
used for UPLC-Q-Exactive-Orbitrap-MS detection.

Chromatographic separation was performed on a Waters Xbridge BEH C18 column (2.1 x 100 mm, 2.6 um) at
40 °C, with a flow rate of 0.3 mL/min and 10 pL injection volume. The mobile phase consisted of 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B), with the following gradient: 0-1.5 min, 2% B; 1.5-20
min, 2-45% B; 20-27 min, 45-95% B; 27-32 min, 95% B; 32-32.1 min, 95-2% B; 32.1-35 min, 2% B. Mass
spectrometry data were acquired in positive and negative electrospray ionization modes, and processed using
Xcalibur 4.3 and Compound Discoverer 3.2 (Thermo Fisher Scientific, USA).

Identification of potential targets and network construction

To determine potential targets of absorbed ZGJTSXF compounds, their SMILES structures were retrieved from
PubChem and analyzed with SwissTargetPrediction (http://www.swisstargetprediction.ch/). DCM-related targets
were collected from DisGeNET (https://www.disgenet.org/), NCBI Gene (https://www.ncbi.nIm.nih.gov/), and
GeneCards (https://www.genecards.org/). Overlapping targets were used to construct a compound-target network
in Cytoscape v3.7.2.

Protein-Protein Interaction (PPI) network

Shared targets were uploaded to the STRING database (https://string-db.org/cgi/input.pl) with “Homo sapiens”
as the species and a minimum combined score >0.4. The resulting PPI network was visualized in Cytoscape, and
network topology was analyzed using Network Analyzer. Genes with degree values exceeding twice the network
average were designated as core targets.

Gene Ontology (GO) and KEGG pathway enrichment analysis

The overlapping targets of ZGJTSXF and DCM were subjected to functional enrichment analyses using the R
packages ClusterProfiler, DOSE, and Pathview, following the developers’ protocols. Gene Ontology (GO)
enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were conducted
to identify key biological processes and signaling pathways associated with ZGJTSXF’s therapeutic effects
against DCM, with a significance threshold of p < 0.05.

Ethical considerations

All data utilized in this study were obtained from publicly accessible databases, including PubChem, Swiss Target
Prediction, DisGeNET, NCBI-gene, GeneCards, and STRING. Since these resources provide open-access
datasets for scientific research, formal ethics approval was not required. The Ethics Review Committee of the
First Affiliated Hospital of Hunan University of Traditional Chinese Medicine confirmed that the study was
exempt from ethical review.
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Animal model and treatment protocols

Thirty male MKR mice (8 weeks old) were randomly allocated into five groups (n=6 per group): 1) DCM model
group (DCM), 2) metformin treatment group (Met), 3) low-dose ZGJTSXF (ZGJTSXFL), 4) medium-dose
ZGJTSXF (ZGJTSXFM), and 5) high-dose ZGJTSXF (ZGJTSXFH). DCM was induced by feeding mice a high-
fat diet (60% kcal from fat; Jiangsu Xietong, XTHF60) for four weeks, followed by intraperitoneal injection of
1% streptozotocin (STZ; Sigma Aldrich, USA) at 40 mg/kg/day for five consecutive days, dissolved in citrate
buffer (pH 4.5). Fasting blood glucose (FBG) levels were monitored regularly to confirm diabetes development.
An additional six age- and sex-matched C57BL/6 mice served as healthy controls (CON).

The human therapeutic dose of ZGJTSXF was converted to equivalent mouse doses based on body surface area
[15]. Treatment groups received daily gavage for four weeks as follows: Met group, 0.25 g/kg/day metformin
(CSPC OUYI Pharmaceutical, China); ZGJTSXFL, 16.84 g/kg/day ZGJTSXF; ZGJTSXFM, 33.67 g/kg/day
ZGJTSXF; ZGJTSXFH, 67.34 g/kg/day ZGJTSXF. CON and DCM groups received an equal volume of distilled
water. After the final administration, mice were fasted for 12 h before tail vein blood collection, and FBG levels
were measured using a GT-1980 glucose meter (Aikelai Medical Electronics, China). All procedures were
approved by the Animal Ethical Committee of Hunan University of Chinese Medicine.

Glucose Tolerance Test (GTT)

One week prior to the end of treatment, glucose tolerance was evaluated. Mice were fasted overnight and
administered a 2 g/kg glucose solution via oral gavage. Blood samples were collected from the tail vein at 0, 30,
60, and 120 minutes post-glucose load. Glucose concentrations were measured using a GT-1980 glucometer and
compatible test strips (Sinocare Inc., Changsha, China). The area under the curve (AUC) for glucose response
was calculated using the trapezoidal method.

Echocardiography

Cardiac function was assessed using a VINNO 6 high-resolution ultrasound system (23 MHz probe, Vinno
Corporation, Suzhou, China). Mice were anesthetized with 1.5% isoflurane in a 95% oxygen/5% CO. mixture,
and thoracic hair was removed the day prior. M-mode images were acquired from parasternal short-axis views,
and left ventricular ejection fraction (EF) and fractional shortening (FS) were calculated.

Histological analysis

After echocardiography, mice were sacrificed, and heart tissues were collected, with portions stored at =80 °C. A
subset was fixed in 4% paraformaldehyde, then transferred to 10% neutral-buffered formalin for 48 h at room
temperature. Tissues were paraffin-embedded, sectioned at 5 um, and stained with hematoxylin and eosin (H&E)
to evaluate cardiac morphology under a light microscope (Motic, China).

TUNEL Assay

Myocardial apoptosis was assessed using the TUNEL kit (KGA704; KGI Biotechnology, Nanjing, China)
according to the manufacturer’s instructions. Nuclei were counterstained with DAPI, and apoptotic cells exhibited
red fluorescence. Six high-power fields per sample were analyzed to calculate the apoptotic index (Al = apoptotic
cells/total nucleated cells x 100%).

Quantitative Real-Time PCR (QRT-PCR)
Total RNA from tissues and cells was extracted using a Total RNA Extraction Kit (Foregene, China), followed
by cDNA synthesis using RT Easy Il (with gDNase) kit (Foregene, China). qRT-PCR was performed using SYBR
Green | Master Mix (Foregene, China) on a LightCycler 96 instrument (Roche, Germany). GAPDH was used as
the internal control, and relative gene expression was calculated using the 2"AACt method. Primer sequences were
as follows:

e PI3K: F 5’-CCGGAGGATGAAGCCACGCA-3’; R 5’-CAGGGCCGTTTCCGGTGTCT-3’

e AKT: F5-TAACGGACTCGGGCTGT-3’; R 5>-TTCTCGTGGTCCTGGTTGT-3’

e BclxL: F 5’-TCTTCTCCTTTGGCGGGGCA-3’; R 5°>-CAAGGGGCGGACACACAAGG-3’

e BCL-2: F 5’-GCCTCTACGGCCCCTTGTCG-3’; R 5’-CTCGCGGTGAAGGGCGTCAG-3’

e GAPDH: F 5>-ACTCTTCCACCTTCGATGCC-3’; R 5>-TGGGATAGGGCCTCTCTTGC-3’
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Western blot analysis

Heart samples were homogenized in lysis buffer (Biyuntian Biotech, China) and centrifuged at 12,000 rpm for 10
minutes at 4°C to obtain the protein-containing supernatant. Protein concentrations were determined using the
BCA assay kit (Biyuntian Biotech). Equal amounts of protein were separated on 10% SDS-PAGE gels and
transferred onto PVVDF membranes. Membranes were blocked with 5% BSA in TBST (1x Tris-buffered saline
with 0.1% Tween-20) for 1 hour at room temperature, then incubated overnight at 4°C with primary antibodies.
After washing three times with TBST, membranes were incubated with HRP-conjugated secondary antibodies for
1 hour at room temperature. Chemiluminescent signals were detected using an ECL substrate kit (Biosharp Life
Science, China) and visualized on X-ray films. Band intensities were quantified using ImageJ (NIH, USA).
Primary antibodies used included PI3K p85 alpha (60225-1-1g), AKT (10176-2-AP), BCL2 (12789-1-AP), Bcl-
XL (26967-1-AP), phospho-AKT Ser473 (28731-1-AP) from Proteintech (Wuhan, China), as well as anti-PI3K
p85 alpha (phospho Y607, ab182651) and GAPDH (EPR16891) from Abcam (Shanghai, China).

Statistical analysis

Data are expressed as mean + SD. For datasets following a normal distribution and equal variance, group
comparisons were performed using one-way ANOVA, while paired t-tests were used for pre- and post-treatment
comparisons. Non-parametric data were analyzed using the Kruskal-Wallis or Wilcoxon rank tests. Differences
were considered statistically significant at p < 0.05. All statistical analyses were performed with SPSS 22.0 (IBM,
USA).

Identification of active compounds in medicated rat serum by UPLC-Q-Exactive-Orbitrap-MS

To investigate the active components of ZGJTSXEF, rats were administered the formula, and serum samples were
collected for UPLC-Q-Exactive-Orbitrap-MS analysis. The total ion chromatograms revealed distinct chemical
profiles in medicated serum compared to controls, representing potential bioactive compounds absorbed into the
bloodstream (Figure 2). A total of 78 compounds were identified (Table 1) and categorized into flavonoids, small
peptides, nucleosides, organic acids, phenylpropanoids, alkaloids, phenanthrenequinones, iridoids, phenols, and
saponins. These compounds were considered the key active constituents of ZGJTSXF and were selected for
subsequent target prediction and network pharmacology analysis.

Table 1. Identification of Blood-Entry components from ZGJTSXF in serum of rats
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Figure 2. Total ion chromatography of the blood-entry compounds of ZGJTSXF in the positive and negative
ion mode by UHPLC-Q-Orbitrap-MS.

Total ion chromatography and network analysis of ZGJTSXF blood-entry compounds

The total ion chromatograms of ZGJTSXF blood-absorbed components were acquired in both positive and
negative ion modes using UHPLC-Q-Orbitrap-MS (Figure 2). To explore the molecular targets of these
compounds, we analyzed the 78 identified serum-absorbed constituents using multiple databases. The SMILES
strings for each compound were submitted to the PubChem database and analyzed with Swiss Target Prediction,
which yielded 827 predicted protein targets (note: one compound lacked a SMILES entry and five compounds
had no predicted targets).

In parallel, 1,357 candidate targets associated with diabetic cardiomyopathy (DCM) were collected by querying
the DisGeNET, NCBI-gene, and GeneCards databases. By intersecting the predicted compound targets with
DCM-associated targets, 228 overlapping proteins were identified as potential mediators of ZGJTSXF’s
therapeutic effects in DCM. These 228 targets, together with the 78 blood-entry compounds, were used to
construct a compound-target interaction network. The resulting network consisted of 319 nodes and 1,491 edges,
visually illustrating the complex interactions between ZGJTSXF components and their putative targets (Figure
3).
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Figure 3. The component-target network of ZGJTSXF in the treatment of DCM.

Protein-Protein Interaction (PPI) network analysis of ZGJTSXF targets

The 228 shared targets were uploaded to the STRING database to construct a protein-protein interaction (PPI)
network. Targets lacking any interactions were removed from the analysis. The resulting PPI data were imported
into Cytoscape for visualization, where nodes represented individual target proteins and edges indicated
interactions between them. Edge color and thickness corresponded to the combined interaction score, and nodes
were arranged in six concentric circles according to their degree values (Figure 4).

In this network, the average node degree was calculated as 32. Proteins with a degree value exceeding twice the
average were defined as core targets. Using this criterion, 29 key proteins were identified, including ALB, TNF,
AKT1, GAPDH, VEGFA, EGFR, SRC, CASP3, MAPK3, JUN, PPARG, STAT3, ESR1, MMP9, HRAS, ERBB2,
CXCL8, MTOR, PTGS2, SIRT1, PPARA, MAPK1, ACE, BCL2L1, IL2, MMP2, ICAM1, PTPRC, and
NFKBIA. These core targets were considered the most relevant mediators for ZGJTSXF in treating DCM.
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Figure 4. The PPI network was constructed using the common targets to predict core target proteins of
ZGJTSXF. The color and thickness of the configuration edge follow the combine_score to continuously
change, and finally the target genes were laid out into six concentric circles according to the node degree. The
degree of the target gene node is between 21-32; the degree of the node in the fourth layer is between 33 and
40; the degree of the node in the third layer is between 41 and 60; the degree of the node in the second layer
is between 60 and 100; and the degree of the node in the innermost layer is between 33 and 40. The larger the
value of the parameter Degree in the figure, the larger the shape of the corresponding node and the darker the
color.

PPI network construction and core target identification

A protein-protein interaction (PPI1) network was generated using the shared targets to identify key proteins
potentially regulated by ZGJTSXF (Figure 4). In the network, nodes represented target genes, and edges
represented interactions, with edge color and thickness corresponding to the combined interaction score. Nodes
were organized into six concentric layers based on their degree values: nodes in the outermost layer had degrees
of 21-32, the fourth layer 33-40, the third layer 41-60, the second layer 60-100, and the innermost layer 33—40.
Node size and color intensity increased with higher degree values, highlighting the most connected and potentially
influential targets.

Gene Ontology (GO) and KEGG pathway enrichment analysis

GO enrichment analysis was performed to investigate the biological roles, cellular localization, and molecular
functions of the identified targets. A total of 2,845 GO terms were significantly enriched, including 2,550
biological processes (BP), 181 molecular functions (MF), and 114 cellular components (CC). Analysis of
biological processes indicated involvement in nutrient response, protein secretion, and protein localization to the
extracellular region. For cellular components, targets were mainly enriched in membrane rafts, membrane
microdomains, general membrane regions, and glutamatergic synapses. Molecular function enrichment
highlighted activities such as endopeptidase activity, protein serine/threonine kinase activity, and protein tyrosine
kinase activity (Figure 5a).
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Figure 5. GO enrichment and KEGG pathway analysis identified critical pathways associated with
ZGJTSXF. (a) The top 10 enrichment items of Biological Process, Molecular Function and Cellular
Components from GO enrichment analysis. (b) The top 35 pathways of KEGG pathway analysis.

GO and KEGG pathway analysis highlighted key biological pathways of ZGJTSXF
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GO enrichment and KEGG pathway analyses were performed to elucidate the biological processes and signaling
pathways potentially regulated by ZGJTSXF (Figure 5). In GO enrichment, the top 10 terms were identified for
biological processes, molecular functions, and cellular components (Figure 5a).

KEGG pathway enrichment analysis, commonly used to investigate functions and signaling networks of
differentially expressed genes, revealed 185 pathways [16]. The most significantly enriched pathways included
lipid and atherosclerosis, PI3K-AKT signaling, cAMP signaling, Kaposi’s sarcoma-associated herpesvirus
infection, hepatitis B, and apoptosis. The top 35 pathways, ranked by P value, were visualized in a pathway
diagram (Figure 5b), emphasizing the critical roles of the PI3K/AKT signaling and apoptosis pathways in
ZGITSXF’s action.

ZGJTSXF reduced fasting blood glucose and improved glucose tolerance in DCM mice

To experimentally validate the predictions from the in silico network pharmacology analysis, the therapeutic
effects of ZGJTSXF were evaluated in a DCM mouse model. Fasting blood glucose (FBG) levels were first
assessed. As expected, FBG levels in the DCM model group were significantly elevated compared with the control
group (P<0.01). After four weeks of treatment, mice in the metformin group and all ZGJTSXF-treated groups
exhibited significantly lower FBG levels than the untreated DCM group (P<0.01). Among the ZGJTSXF-treated
groups, the medium-dose group (ZGJTSXFM) showed the greatest reduction in FBG compared with the low- and
high-dose groups, with the difference reaching statistical significance (P<0.01) (Table 2). These results confirm
that ZGJTSXF effectively lowers FBG in DCM mice.

Table 2. Fasting blood glucose levels before and after treatment in all groups of mice

Group Time FBG (mmol/L)
Before treatment 4.33+0.142
CON
After treatment 4.,42+0.255
Before treatment 16.11+0.599%
DCM
After treatment 16.20+0.799%
M Before treatment 16.09+0.396
et
After treatment 9.56+0.2574 4
Before treatment 16.09+0.629
ZGJTSXFL
After treatment 12.95+0.7614 4
Before treatment 16.16+0.199
ZGJTSXFM
After treatment 9.58+0.2024 A**AA
Before treatment 15.77+0.566
ZGJTSXFH
After treatment 13.02+0.2584 4

Notes: #P<0.01, compared with the CON group; 44P<0.01, compared with the DCM group; **P<0.01, compared with the ZGJTSXFL
group; 24P<0.01, compared with the ZGJTSXFH group.

We next assessed the effects of ZGJTSXF on oral glucose tolerance in DCM mice. As shown in Table 3, following
glucose administration, blood glucose levels in the DCM group were significantly higher at all time points
compared with the control group (P<0.01). Treatment with metformin and the medium-dose ZGJTSXF group
(ZGJITSXFM) markedly reduced the glucose increase in DCM mice (P<0.01). The low-dose (ZGJTSXFL) and
high-dose (ZGJTSXFH) groups also significantly attenuated the blood glucose rise at the 60-minute mark
(P<0.01). All treatment groups showed a significant reduction in the area under the curve (AUC) compared with
the DCM group (P<0.01). Among the ZGJTSXF-treated groups, the medium-dose group demonstrated the
strongest improvement in oral glucose tolerance, with a statistically significant advantage over the low- and high-
dose groups (P<0.01). Overall, these findings indicate that ZGJTSXF effectively enhances oral glucose tolerance
in DCM mice.

Table 3. Oral glucose tolerance test results in all groups of mice
Group OMin 30Min 60Min 120Min AUC (mmol*h/L)
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CON 4.36+0.285 11.92+1.555 7.25+1.455 5.44+0.458 15.21+0.858
DCM 16.65+0.83% 30.97+1.901% 30.65+1.853# 20.88+2.491% 53.08+2.133#
Met 9.64+0.2564 4 25.05+1.61744 16.66+1.94144 10.96+0.16744 32.91+1.53144
ZGJTSXFL 12.88+0.695 30.74+1.587 21.9742.12944 14.02+0.241 42.08+2.18544
ZGIJTSXFM 0.82+0.2424 26.31+1.754AAx*00 17 7242 5494 Ax* 11.03+0.2164 34.42+2.204 A%=0A
ZGJTSXFH 12.94+0.382 30.57+3.944 19.78+3.0674 4 14.19+0.450 40.45+3.9664 4

Notes: #P<0.01, compared with the CON group;44P<0.01,4P<0.05, compared with the DCM group; **P<0.01, compared with the
ZGJTSXFL group; 24P<0.01, compared with the ZGJTSXFH group.

ZGJTSXF Administration Enhanced Cardiac Function and Ameliorated Myocardial Histology in DCM Mice

We further investigated the effects of ZGJTSXF on cardiac function using echocardiography in DCM mice. As
illustrated in Figures 6a—6c¢, mice in the DCM group exhibited significantly decreased left ventricular ejection
fraction (LVEF) and left ventricular fractional shortening (LVFS) compared with the control group. Importantly,
treatment with metformin and all doses of ZGJTSXF (low, medium, and high) significantly improved both LVEF
(Figure 6¢) and LVFS (Figure 6¢) (P<0.01). Moreover, the medium-dose ZGJTSXF group (ZGJTSXFM)
showed significantly greater improvements in LVEF and LVFS than both the low-dose (ZGJTSXFL) and high-

dose (ZGJTSXFH) groups (P<0.01).
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Figure 6. Illustrates the effects of ZGJTSXF on cardiac function and myocardial histology in DCM mice.
Panels a—c display echocardiographic assessments across different groups. (a) Representative M-mode
echocardiograms. (b) Left ventricular fractional shortening (FS). (c) Left ventricular ejection fraction (EF).
Statistical significance: ##P<0.01 versus CON; A A P<0.01 versus DCM; **P<0.01 versus ZGJTSXFL;
AAP<0.01 versus ZGJTSXFH. (D) Histopathology of myocardial tissues by H&E staining (scale bar, 20 pm):
(a) CON; (b) DCM; (c) Met; (d) ZGJTSXFL; (e) ZGJTSXFM; (f) ZGJTSXFH. Green arrow indicates
cardiomyocyte hypertrophy, red arrow shows small focal inflammatory infiltration, blue arrow denotes
vacuolar degeneration, and yellow arrow highlights capillary basement membrane thickening.

Histological analysis revealed that myocardial tissue in the CON group exhibited normal structure, with evenly
sized nuclei, well-arranged ventricular wall and papillary muscle cells, and intact morphology without
pathological alterations. In contrast, the DCM group displayed interstitial widening, cardiomyocyte hypertrophy
(green arrow), inflammatory infiltration (red arrow), vacuolar degeneration (blue arrow), capillary basement
membrane thickening (yellow arrow), and coagulative necrosis. Treatment with metformin or ZGJTSXF
significantly alleviated these pathological changes, with the medium-dose ZGJTSXF group (ZGJTSXFM)
showing the most pronounced improvement (Figure 6d). These findings indicate that ZGJTSXF administration
enhances myocardial structure and function in DCM mice.

Next, we evaluated whether ZGJTSXF could modulate cardiomyocyte apoptosis and the PI3K-AKT signaling
pathway. TUNEL staining demonstrated a markedly higher cardiomyocyte apoptosis rate in the DCM group
compared to CON (P<0.01) (Figures 7a and 7b). Administration of metformin or ZGJTSXF at all doses
significantly reduced apoptosis (P<0.01). Among the ZGJTSXF-treated groups, the medium-dose group
(ZGIJTSXFM) exhibited the lowest apoptosis rate (P<0.01 and P<0.05), although none of the ZGJTSXF groups
surpassed the anti-apoptotic effect of metformin (Figure 7b).

ZGITSXFL ZGITSXFM ZGITSXFH
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Figure 7. shows TUNEL staining results evaluating apoptosis in mouse myocardial tissues. (a)
Representative images of cardiomyocyte apoptosis (scale bar, 20 um). (b) Quantification of the
cardiomyocyte apoptosis rate for each group (n=6 per group). Statistical significance: ##P<0.01 versus CON;
A AP<0.01 versus DCM; **P<0.01, *P<0.05 versus ZGJTSXFM.

To validate the predicted effects of ZGJTSXF on the PI3K-AKT signaling and apoptosis pathways, mRNA and
protein expression levels of PI3K, AKT, Bcl-2, and Bcl-xL were measured using gPCR and Western blotting
(Figure 8). Compared with CON, DCM mice showed significantly lower mRNA levels of PI3K (Figure 8a),
AKT (Figure 8b), Bcl-2 (Figure 8c), and Bel-xL (Figure 8d) in myocardial tissues (P<0.01). Following 4 weeks
of treatment, both the Met and ZGJTSXFM groups exhibited markedly increased mRNA levels of PI3K, AKT,
Bcl-2, and Bcl-xL compared with the DCM group (P<0.01). In the ZGJTSXFH group, PI3K, AKT, and Bcl-xL
expression levels were significantly elevated relative to DCM, though Bcl-xL showed no significant change.
Western blot results (Figure 8e) largely mirrored the mRNA findings. Both Met and ZGJTSXF treatments
significantly restored the p-PI3K/PI3K (Figure 8f) and p-AKT/AKT (Figure 8g) ratios, which were suppressed
in DCM mice (P<0.05). Protein levels of Bcl-2 (Figure 8h) and Bcl-xL (Figure 8i) were significantly higher in
the Met and ZGJTSXFM groups compared with DCM (P<0.05). Among ZGJTSXF-treated groups, the medium-
dose group (ZGJTSXFM) demonstrated the most pronounced increase in Bcl-2 and Bcl-xL expression, with
statistical significance versus the low- and high-dose groups (P<0.01). Overall, these results indicate that
ZGJTSXF mitigates cardiomyocyte apoptosis and activates the PI3BK-AKT signaling pathway in DCM mouse
myocardial tissues.
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Figure 8. The expression levels of PI3K-AKT pathway molecules and apoptosis-related molecules in mouse
myocardial tissues were quantitated. (a—d) The mRNA levels of PI3K (a), AKT (b), Bcl-2 (c), and Bcl-xL (d)
in mouse myocardial tissues of the indicated groups were quantitated by gPCR. n=6 for each group;
##P<0.01, Compared with the CON group; A A P<0.01, compared with the DCM group; **P<0.01,
compared with the ZGITSXFL group; AAP<0.01, compared with the ZGJTSXFH group. (e—i) The protein
levels of phosphorylated PI3K (p-PI13K; (f), phosphorylated AKT (p-AKT; (g), Bcl-2 (h), and Bel-xL (i) in
mouse myocardial tissues of the indicated groups were quantitated by Western blot assay. Representative
images of Western blot bands are shown (e), and the relative expressions were summarized. n=6 for each
group; ##P<0.01, compared with the CON group; n=6 for each group; A AP<0.01, AP<0.05, compared with
the DCM group.

Diabetic cardiomyopathy (DCM) is a major complication of diabetes mellitus and a leading cause of death in
diabetic patients.1,4 Its development involves multiple proteins, pathways, and complex mechanisms, making
single-target drugs insufficient for effective treatment.1,4 ZGJTSXF, with its multi-component and multi-target
characteristics, has demonstrated promising therapeutic effects in DCM.9,10 In this study, we found that
ZGJTSXF improved blood glucose levels and mitigated diabetic cardiomyocyte injury by inhibiting apoptosis,
aligning with the holistic and synergistic principles of Traditional Chinese Medicine (TCM). However,
conventional pharmacological approaches are insufficient to fully clarify the active components and mechanisms
of ZGJTSXF. To address this, we applied an integrated approach combining serum pharmacochemistry and
network pharmacology, followed by experimental validation, to systematically explore the compounds and
mechanisms of ZGJTSXF in DCM. Our findings indicate that ZGJTSXF protects the myocardium in DCM by
regulating the PISK/Akt pathway and reducing cardiomyocyte apoptosis.

Through UPLC-Q-Exactive-Orbitrap-MS analysis of rat serum after ZGJTSXF administration, we identified 78
main active compounds. These compounds have been reported to exert beneficial effects in various diseases.
Flavonoids, including puerarin, daidzin, luteolin, calycosin-7-O-p-D-glucoside, calycosin, and formononetin,
were the most abundant and are known to alleviate DCM and other cardiovascular complications through anti-
hyperglycemic [17] anti-hyperlipidemic, [18] antioxidant, [19] anti-inflammatory, [20] and anti-apoptotic [21]
activities. Small peptides such as N-acetyl-D-leucine, Cyclo(leucylprolyl), and N-acetyl-L-phenylalanine can
modulate biological activity, prevent oxidative stress, and reduce inflammation, thereby helping prevent diabetes
[22]. Organic acids, including gallic acid and sorbic acid, possess antioxidant, antimicrobial, and anticancer

163



Tanaka and Sato, Mechanistic Insights into Zuogui Jiangtang Shuxin Formula for Diabetic Cardiomyopathy: An Integrated
Serum Pharmacochemistry and Network Pharmacology Study

properties, and gallic acid can reduce inflammation, oxidative stress, and diabetes-induced hypotension by
increasing plasma miR-24 and miR-126 levels [23]. Phenylpropanoids like rosmarinic acid, salvianolic acid A,
and salvianolic acid B also exert protective effects in diabetic or obese animal models [24-27]. These findings
highlight the multi-component nature of ZGJTSXF and support its advantage in regulating multiple targets and
pathways.

Network pharmacology further identified multiple potential targets and signaling pathways for ZGJTSXF, with
apoptosis and the PI3K-AKT pathway being particularly relevant. Cardiomyocyte apoptosis is a critical event in
DCM pathogenesis, regulated by complex molecular mechanisms.1,5 Modulating apoptotic pathways can
effectively reduce cardiomyocyte death. The PI3K/Akt signaling pathway plays a key role in cell survival,
apoptosis, and proliferation. Activation of this pathway reduces cardiomyocyte apoptosis and myocardial injury,
while its inhibition has the opposite effect [28-30]. Phosphorylation of upstream kinases, such as PDK1, triggers
Akt activation, providing survival signals and counteracting apoptotic stimuli.32 This process involves the balance
between pro-apoptotic and anti-apoptotic proteins [31].

The Bcl-2 family of proteins regulates apoptosis, including pro-apoptotic members (BAK, BAX, BAD) and anti-
apoptotic members (Bcl-2, Bel-xL) [32]. Increased apoptosis correlates with reduced expression of anti-apoptotic
proteins Bcl-2 and Bcl-xL [33]. In our study, ZGJTSXF treatment upregulated Bcl-2 and Bcl-xL expression in
myocardial tissues, indicating reduced apoptosis. Moreover, ZGJTSXF activated the PI3K/Akt signaling pathway,
which was associated with increased levels of these anti-apoptotic proteins (Figure 9). These results are consistent
with previous studie [28-30] and support a strong link between PI3BK-AKT pathway activation and inhibition of
cardiomyocyte apoptosis.
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Figure 9. ZGJTSXF inhibits cardiomyocyte apoptosis by regulating PI3K/Akt signaling pathway

We employed spontaneous nonobese T2DM MKR mice fed a high-fat diet to establish the DCM model, as MKR
mice are considered one of the most suitable animal models for investigating T2DM and its complications [34].
In this study, fasting plasma glucose levels in the model group were markedly elevated compared with the control
group. Subsequent histological examination and echocardiographic assessments further confirmed that the DCM
model was successfully created. Metformin, the positive control drug and a biguanide derivative, is known for its
strong glucose-lowering activity and is widely recommended as a first-line therapy for type 2 diabetes mellitus
[35]. Previous research demonstrated that metformin improves several clinical parameters and reduces
cardiovascular events in Chinese patients with type 2 diabetes compared with lifestyle modification alone [36].
Additionally, Zhang et al. reported that metformin provides cardioprotective benefits by attenuating myocardial
structural injury, inhibiting cardiomyocyte apoptosis, and suppressing inflammatory responses in both in vivo and
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in vitro settings [37]. Metformin can regulate the expression of multiple biomarkers and signaling cascades,
including AMPK, endothelial nitric oxide synthase (eNOS), NF-«kB, and the PI3K/AKT pathways, thereby
exerting anti-inflammatory, anti-apoptotic, and antioxidant effects [38].

In this investigation, we observed that both the Met and ZGJTSXF treatment groups alleviated cardiomyocyte
hypertrophy, vacuolar degeneration, inflammatory cell infiltration in the myocardial interstitium, thickening of
the capillary basement membrane, and myocardial fibrosis associated with diabetic cardiomyopathy, ultimately
improving cardiac function. Based on predictions from network pharmacology analysis, we concentrated on the
PI3K/AKT signaling pathway in exploring the mechanisms by which ZGJTSXF mitigates myocardial apoptosis
in diabetic cardiomyopathy. Our findings revealed that ZGJTSXF activated the PI3K/AKT pathway and
modulated the expression of Bcl-2 and Bcl-xL proteins in a manner comparable to metformin. Notably, the
medium-dose ZGJTSXF group displayed better therapeutic efficacy across several parameters than the high-dose
group, suggesting that excessive dosing may induce potential side effects.

This study has certain limitations. First, our investigation of ZGJTSXF’s anti-apoptotic effects relied solely on
mouse myocardial tissues. Given the difficulty of obtaining human cardiac samples, clinical trials have yet to
begin, indicating that further efforts are needed to enhance the translational relevance of these findings. In future
work, we aim to conduct randomized controlled clinical studies. Second, we did not assess the dynamic alterations
in the PIBK/AKT and apoptosis pathways in cardiomyocytes of DCM mice following ZGJTSXF treatment.
Moreover, since tissue samples were collected only after a 4-week intervention, both short-term and long-term
effects of ZGJTSXF require more thorough investigation.

Conclusion

In this study, we elucidated the active constituents and molecular mechanisms of ZGJTSXF against DCM using
an integrated approach that combined UPLC-Q-Exactive-Orbitrap analysis, network pharmacology, and
experimental validation. A total of 78 components of ZGJTSXF were identified and incorporated into network
pharmacological analysis. By experimentally confirming the hub targets and key signaling pathways predicted
through network pharmacology, we demonstrated that ZGJTSXF exerts protective effects on diabetic
cardiomyopathy by inhibiting cardiomyocyte apoptosis and restoring PI3BK/AKT signaling in mouse myocardial
tissue. These findings provide new insights into the development of ZGJTSXF-based therapeutics and support its
potential clinical application in the treatment of DCM. Furthermore, our study highlights that integrating network
pharmacology with experimental validation is a powerful strategy for clarifying the multi-target and multi-
pathway mechanisms characteristic of traditional Chinese medicine formulas.
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