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Abstract

Background

Acute myocardial infarction (AMI) induces profound metabolic disturbances that
aggravate cardiomyocyte injury and impair cardiac function. Modulating these
disturbances may provide novel strategies for myocardial protection. Cinnamomum
migao, a traditional ethnic medicinal herb for cardiovascular disorders, is historically
administered as a decoction. While previous studies have focused on its volatile oil
fraction, the cardioprotective effects and mechanisms of its water extract (CMW),
consistent with traditional use, remain insufficiently characterized.

Purpose



This study aimed to systematically evaluate the cardioprotective effects of CMW
against AMI and elucidate the underlying mechanisms associated with its metabolic
regulation.

Methods

A mouse AMI model was established by left anterior descending coronary artery
ligation. Cardioprotective effects of CMW were assessed via electrocardiography,
infarct size, serum biomarkers, and histopathology. LC-HRMS-based untargeted
metabolomics combined with AFADESI mass spectrometry imaging was employed to
characterize myocardial metabolic alterations and spatial distribution of key
metabolites. Serum pharmacochemistry, target prediction, and molecular validation
were further applied to explore potential mechanisms.

Results

CMW markedly attenuated AMI-induced myocardial injury, evidenced by reduced
infarct size, decreased serum biomarkers, and improved histopathology. Metabolomics
revealed that CMW reversed AMI-associated disturbances, with glycerophospholipid
metabolism identified as a key pathway. AFADESI imaging confirmed partial
normalization  of  phosphocholine,  lysophosphatidylcholine  (22:5), and
glycerophosphocholine distribution. Serum pharmacochemistry identified absorbed
constituents including chlorogenic acid, neochlorogenic acid, naringin, afzelin,
quercitrin, and norboldine. Molecular validation demonstrated that CMW activated
SRC/PI3K/AKT signaling and restored Bcl-2/Bax balance in AMI myocardium.
Conclusion

CMW  exerts cardioprotective effects against AMI by ameliorating
glycerophospholipid metabolic disturbances and activating SRC/PI3K/AKT-associated
signaling. Integration of untargeted and spatial metabolomics provides complementary
evidence for its metabolic regulatory actions, offering a modern pharmacological
interpretation of the traditional decoction use of Cinnamomum migao.

Key words
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1 Introduction

Acute myocardial infarction (AMI) is a critical cardiovascular emergency caused by abrupt
coronary artery occlusion, resulting in sustained ischemia-hypoxia and extensive cardiomyocyte
necrosis!!l. Clinically, AMI manifests as severe chest pain, chest tightness and palpitations, and is
associated with high morbidity and mortality, posing a major threat to public health!?], Current
therapeutic strategies, including percutaneous coronary intervention (PCI) and coronary artery
bypass grafting (CABG), aim to restore coronary reperfusion, but are often complicated by

postoperative adverse events and reperfusion injury!®> . Moreover, long-term pharmacotherapy with



antiplatelet agents, S-blockers, ACE inhibitors or statins, while beneficial, is constrained by several
limitations: single-target mechanisms, drug resistance, cumulative adverse reactions, and poor
tolerance in elderly or multi-morbid patients. These shortcomings highlight the urgent need for
novel, multi-target interventions that can complement existing therapies and reduce complications!>-
7

Traditional Chinese medicine (TCM) and ethnic herbal medicines, characterized by
multi-component and multi-target holistic regulation, have demonstrated promising efficacy in
cardiovascular diseasesl®l. Clinical evidence supports the use of herbal preparations such as
Shexiang Baoxin Pills and Compound Danshen Dropping Pills in perioperative intervention,
postoperative combined therapy and long-term rehabilitation of AMI patients!® . Importantly,
AMI is essentially a metabolic disorder: persistent ischemia-hypoxia disrupts cardiomyocyte
metabolic networks, particularly lipid metabolism, leading to progressive cardiac dysfunction.
Glycerophospholipid metabolic imbalance has been identified as a key driver of cardiomyocyte
injury, apoptosis and impaired tissue repair!!! 12, Thus, restoring myocardial metabolic homeostasis
has emerged as a novel therapeutic target for acute myocardial injury.

Cinnamomum migao, a distinctive ethnic medicinal resource from southwest China, has long
been used to dispel cold-dampness, promote qi, and relieve pain, and is traditionally applied for
coronary heart disease, angina pectoris and arrhythmial'3l. Previous pharmacological studies have
mainly focused on its volatile oil fraction, which exhibits anti-arrhythmic, anti-ischemic and
anti-hypoxia activities!'* 31, However, folk practice predominantly employs water decoction,
suggesting that bioactive constituents exist in aqueous extracts. Preliminary evidence indicates that
Cinnamomum migao water extract (CMW) reduces myocardial injury biomarkers and alleviates
pathological damage, yet systematic studies on its cardioprotective mechanisms remain scarce!'6l.
This mismatch between traditional decoction usage and volatile-oil-oriented research risks
overlooking non-volatile bioactive compounds and hinders rational utilization of limited natural
resources.

To address this gap, we hypothesized that CMW confers cardioprotection against AMI by
ameliorating glycerophospholipid metabolic disturbances and modulating pivotal signaling
pathways. To test this hypothesis, we established a mouse AMI model via left anterior descending

coronary artery ligation and adopted a comprehensive multi-omics strategy. Specifically, LC-HRMS



untargeted metabolomics was employed to capture global metabolic reprogramming, while
AFADESI mass spectrometry imaging provided tissue-level visualization of metabolite distribution,
enabling direct assessment of spatial heterogeneity in myocardial metabolic remodeling. This
integration of untargeted and spatial metabolomics represents a methodological innovation,
allowing simultaneous characterization of systemic metabolic regulation and localized metabolic
alterations within ischemic myocardium.

In parallel, serum pharmacochemistry was applied to identify absorbed constituents of CMW,
and network pharmacology combined with molecular validation was used to uncover mechanistic
pathways. This multi-layered design not only clarifies the metabolic regulatory effects of CMW but
also provides modern pharmacological evidence supporting the traditional decoction use of
Cinnamomum migao. By integrating metabolomics, spatial metabolomics, pharmacochemistry and
molecular biology, this study highlights both the technical and experimental innovations, offering
new insights into ethnic medicine-based cardioprotection and advancing the translational potential

of CMW in AMI therapy.

2 Materials and methods

2.1 Reagents

The chemicals were listed as follows: Compound Danshen Dripping Pills (CDDP) was
provided by TianShili Pharmaceutical Group Co., Ltd.(No.T231206); 2,2,2-tribromoethanol
(C2503300) and CMC-Na (I12116097) were purchased from Shanghai Aladdin Reagents Co., Ltd.;
0.9% Sodium Chloride Injection(E124070406) was purchased from Guizhou Kelun Pharmaceutical
Co., Ltd.; Brain Natriuretic Peptide (BNP) Assay Kit (ZC-38511), Creatine Kinase Isoenzyme (CK-
MB) Assay Kit (ZC-38269) and Troponin-I (cTnl) Assay Kit (ZC-38813) were purchased from
Shanghai Zhucai Biotechnology Co., Ltd.; Lactate Dehydrogenase (LDH) Kit (A020-2) was
purchased from Nanjing Institute of Biotechnology has been established.; 4% paraformaldehyde
(1950136) was purchased from Pinofei Biotechnology Co., Ltd.; Evans blue (C16929983) was
purchased from McClin Biochemical Technology Co., Ltd.; 2, 3, 5-TTC (T8170) was purchased
from Beijing SuoLarBio Technology Co., Ltd.; Suturelocking needle (240408) was purchased from

Ningbo Medical Suture Needle Co., Ltd.; Mass spectrometry-grade methanol (NO213443), formic



acid (NO205178) and Mass spectrometry-grade acetonitrile (NO194035) were purchased from
Thermo Fisher Scientific Inc.; Eastep® Super Total RNA Extraction Kit (0000649338) was
purchased from ProMerg (Beijing) Biotechnology Co., Ltd.; TB Green® Premix Ex Taq™ II
(A071194A) and Prime Scrip™ RT Master Mix (AQ11067A) were purchased from Baorui Medical
Biotechnology (Beijing) Co., Ltd.; RIPA lysate (G2002-100ML), 50xCocktail Protease Inhibitor
(G2006-250UL), BCA Protein Quantification Kit (G2026-200T), 10% PAGE Colorful Gel Ultra-
Rapid Preparation Kit (G2043-50T), PVDF membrane 0.45 pm (WGPVDF45), Super-High
Sensitivity ECL Chemiluminescence Kit (G2020-25ML), TBST buffer solution (G2150-1L),
Bovine Serum Albumin (BSA) (GC305010), 20xTris-EDTA Antigen Retrieval Solution (G1203)
and Histochemical Kit—-DAB Color Developer (G1212) were purchased from Servicebio.

The antibodies were listed as follows: HRP-conjugated goat anti-rabbit secondary antibody
(GB23303; Servicebio); Rabbit Monoclonal Antibody to Vinculin (GB111328; Servicebio); Rabbit
Monoclonal Antibody to PI3K (GB11525; Servicebio); Rabbit Monoclonal Antibody to AKT
(GB15689;Servicebio); Rabbit Monoclonal Antibody to p-AKT(GB150002;Servicebio); Rabbit
Monoclonal Antibody to SRC (GB152343; Servicebio); Rabbit Monoclonal Antibody to Bcl-2
(GB154380; Servicebio); Rabbit Monoclonal Antibody to Bax (GB15690; Servicebio); Rabbit
Monoclonal Antibody to p-PI3K (AF3242) and p-SRC (AF3162) were purchased from Jiangsu

Qinke Biological Research Center Co., Ltd.

2.2 Preparation of CMW

CMW extract was prepared as follows. Cinnamomum migao raw materials (6 kg) were
pulverized, immersed in 8-fold purified water for 30 min, and extracted by boiling for 1 h. After
filtration, residues were subjected to a second extraction with 8-fold purified water under identical
the same conditions. The combined filtrates were concentrated and lyophilized, resulting in a paste
yield of 17.68%. The dried extract powder was sealed and stored in a dry environment. For oral
gavage administration, the powder was suspended in 0.5% CMC-Na solution and ultrasonicated for
20 min. According to the 2019 Guizhou Provincial Quality Standard for Chinese Medicinal
Materials and Ethnic Medicines, the low-dose (CMWL) and high-dose (CMWH) groups were

administered at 723.99 and 2171.97 mg/kg, respectively.



2.3 Establishment of the AMI and treatment with CMW/ Compound Danshen Drop Pills['7- 18]

Specific pathogen-free male ICR mice aged 8 weeks were obtained from Changsha Tianqin
Biotechnology Co., Ltd. [certificate no. SCXK (Xiang) 2024-0023]. The mice were housed under
standard laboratory conditions (18-25 °C, 50%-70% relative humidity) and allowed to acclimatize
for one week before experimentation. One hundred mice were randomly assigned into five groups:
the SHAM, MOD, CDDP (119.89 mg/kg), CMWL, and CMWH groups. Mice in the SHAM, MOD,
CMWL, and CMWH groups received 0.5% CMC-Na as the vehicle control. Mice were anesthetized
intraperitoneally with tribromoethanol (20 mL/kg). The AMI model was established by permanent
ligation of the left anterior descending (LAD) coronary artery, whereas mice in the SHAM group
underwent the same surgical procedure without coronary artery ligation. Corresponding treatments
were administered by gavage (10 mL/kg) once daily for 7 consecutive days, beginning 24 h after
surgery. 24 h after the last gavage, mice were re-anesthetized with tribromoethanol for

electrocardiographic recording and subsequent tissues collection.

2.4 Electrocardiogram examination

Electrocardiographic recordings were obtained using a lead II electrocardiograph. Mice with
abnormal baseline electrocardiographic signals were excluded from subsequent analysis. For each
group, electrocardiographic signals were continuously recorded for 3-5 min. The successful
establishment of the AMI model was initially confirmed by comparing electrocardiographic changes
before and after surgery, the presence of ST-segment elevation and abnormal Q waves was used as
an indicator of successful AMI induction. At 24 h after the final administration, electrocardiographic

parameters were further analyzed to evaluate the protective effects of CMW treatment against AMI.

2.5 Cardiac histopathological examination

Mouse cardiac tissues were fixed in 4% paraformaldehyde for 24 h, followed by routine
histological processing, including dehydration, paraffin embedding, sectioning, hematoxylin and
eosin (H&E) staining, and mounting. Microscopic images were acquired at low magnification and
at 100 and 400x magnifications to assess myocardial structural alterations and inflammatory cell

infiltration.



2.6 Measurement of serum cardiac injury biomarkers

Serum samples from each group were collected and analyzed for the levels of lactate
dehydrogenase (LDH), creatine kinase-MB (CK-MB), cardiac troponin I (cTnl), and B-type
natriuretic peptide (BNP) using commercially available assay kits according to the manufacturers’

instructions.

2.7 Evans blue-TTC staining

A 2% Evans blue solution was slowly perfused through the ascending aorta to delineate the
non-risk myocardium. Once the myocardium was completely stained blue, hearts were rapidly
harvested and rinsed with normal saline. Each mouse heart was sectioned into five uniform
transverse slices, which were incubated with 1% triphenyltetrazolium chloride (TTC) solution for
30 min and rinsed with saline. Both sides of the slices were immediately photographed, and infarct

areas were quantified using ImagelJ software.

2.8 Untargeted metabolomics analysis of cardiac tissues

A 30-mg sample of mouse cardiac tissue was homogenized with 10 volumes of methanol
containing L-2-chlorophenylalanine (50 ng/mL) as the internal standard using a tissue homogenizer.
The homogenate was sonicated in an ice-water bath for 15 min, vortex-mixed for 2 min, and stored
at —20 °C for 30 min to facilitate protein precipitation. After centrifugation at 14000 rpm and 4 °C
for 10 min, the supernatant was collected, evaporated to dryness under a nitrogen stream,
reconstituted in 150 pL of 50% methanol, and centrifuged again under the same conditions. The
final supernatant was subjected to UHPLC-MS/MS analysis. A quality control (QC) sample was
prepared by pooling equal volumes (10 pL) of supernatant from each sample. Chromatographic
separation was performed on a Vanquish Horizon UHPLC system equipped with a Hypersil Gold
C18 column (2.1 mm x 150 mm, 1.9 pm). Mobile phases consisted of 0.1% formic acid in
acetonitrile (A) and 0.1% formic acid in water (B). The gradient elution profile was as follows: 98%
B at 0-3 min, 98-30% B at 3—6 min, 30-0% B at 6—17 min, 0% B at 17-19 min, 0-98% B at 19—
19.5 min, and 98% B at 19.5-21 min. The flow rate was 0.3 mL/min, the column temperature was
maintained at 40 °C, and the injection volume was 5 pL.

Mass spectra were acquired using a Q-Exactive Plus mass spectrometer equipped with an



electrospray ionization (ESI) source operated in both positive and negative ion modes with full
MS/ddMS? acquisition. The spray voltage was set at 3.5 kV in positive ion mode and 3.0 kV in
negative ion mode. The vaporizer temperature was maintained at 350 °C. The sheath gas flow rate
was set at 40 arb in positive ion mode and 38 arb in negative ion mode, while the auxiliary gas flow
rate was maintained at 10 arb. The capillary temperature was set at 320 °C. The mass range was m/z
100-1 500. Full MS and MS/MS resolutions were set at 70 000 and 15 000, respectively. Stepped
normalized collision energies (NCEs) were set at 20, 40, and 60. Raw data were processed by
Compound Discoverer 3.2 to generate a data matrix. Multivariate statistics were performed with

SIMCA 14.1 and MetaboAnalyst 6.0.

2.9 Spatial metabolomics analysis of cardiac tissues

After removal of surface blood residues and ventricular cavity contents, hearts were wrapped
in aluminum foil and immediately snap-frozen in liquid nitrogen. Frozen cardiac sections (12 um
thick) were prepared using a cryostat microtome. Spatial metabolic profiling was performed using
an AFADESI-MSI platform coupled with a Q-OT-qIT hybrid mass spectrometer. The spray solvent
was 80% acetonitrile, which was delivered at a flow rate of 0.005 mL/min. The capillary temperature
was set at 350 °C. The spray voltage was 4.5 kV, the spray pressure was 0.65 MPa, and the pumping
gas flow rate was 80 L/min. The mass scan range was set at m/z 80—1 000, with an automatic gain
control (AGC) target of 3 % 10¢. The spatial scanning step was set at 0.1 mm, and the mass resolution
was 70 000 at m/z 200. MSI acquisition was performed continuously with a scanning speed of 0.2
mm/s along the x-axis and a stage movement speed of 0.2 mm/s along the y-axis. All raw data were

converted and processed using Thermo File Converter and MassImager software, respectively.

2.10 Serum components analysis

Pooled drug-containing serum and blank serum samples were prepared by mixing equal volumes
(0.5 mL) of serum collected from the treatment and model groups, respectively. Aliquots of pooled
serum samples (100 pL drug-containing serum and 300 pL blank serum) were precipitated with four
volumes of methanol-acetonitrile (1:1, v/v). After vortex mixing for 3 min and ultrasonication for
15 min, samples were centrifuged at 14 000 rpm for 10 min. The supernatants were evaporated to

dryness under a nitrogen stream at 37 °C. The residues were reconstituted in methanol-acetonitrile



(1:1, v/v), centrifuged, and subjected to UHPLC-Q Exactive Plus MS analysis.

Chromatographic separation was performed on a Hypersil Gold C18 column (2.1 x 150 mm,
1.9 pm) using mobile phases consisting of 0.1% formic acid in acetonitrile (A) and 0.1% formic
acid in water (B). The gradient elution profile was as follows: 98—75% B at 0—4 min, 75% B at 4
14 min, 75-70% B at 14—17 min, 70-2% B at 17-22 min, 2% B at 22-24 min, 2-98% B at 24-24.5
min, and 98% B at 24.5-27 min. The flow rate was 0.25 mL/min, the column temperature was
maintained at 40 °C, and the injection volume was 5 puL. The mass spectrometry parameters were
identical to those described for the untargeted metabolomics analysis. The acquired spectra were
matched against databases and published literature using Xcalibur software, and compound

identities were further confirmed using authentic standards.

2.11 Network pharmacology analysis based on serum-absorbed components

An internal library of CMW-derived serum-absorbed components was established based on the
identification results obtained by UHPLC-Q Exactive Plus MS. Target prediction and database
screening were subsequently performed to identify potential therapeutic targets of CMW-derived
components and AMI-associated targets. After integrating target information and removing
duplicate targets, a Venn diagram was generated to identify overlapping targets. The intersection
targets were submitted to the STRING database for protein-protein interaction (PPI) network
analysis, and the resulting network data were imported into Cytoscape for visualization. Gene
Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

enrichment analyses of the intersection targets were performed using Metascape.

2.12 RT-qPCR analysis

Total RNA was extracted from mouse cardiac tissues using the Eastep® Super Total RNA
Extraction Kit . The extracted RNA was reverse-transcribed into complementary DNA (cDNA)
using a Prime Scrip™ RT Master Mix. Gene expression analysis was conducted with the TB Green®
Premix Ex Taq™ II. Data were analyzed using the relative quantification method, specifically the
AACt method. For each sample, the mean Ct value was calculated, and relative mRNA expression
levels were determined using the 2722t method. The primer sequences employed in this study are

presented in Table 1.



Table 1 Primers sequences in Mouse cardiac tissues

Genes Forward Reverse
LPCAT CCTGTATGCCAGCAATGTGAGG-3 TCAGCAGGCAAGCGAAGTTGTC
PLA2 CTGTCAGATGCACGACCGTTGT GAGCCTCATTGGACAGAAGGAG
GPAT GCAAGCACTGTTACCAGCGATC TGCAATCAGCCTTCGTCGGAAG-3
Lipinl TAAACGGAGCCGACACCTTGGA CCGTTGTCACTGGCTTGTTTGG
CCTa TCCTTCCAAAGTGCAGCGTTGC GCAGGCTTCTTCCATAGTCACC
vinculin CAGCCCAGATGCTTCAGTCA CGAACCTCAGCCTCATCGAA
SRC ACTGCCTCTCTGTATCCGACT TGTAGAAACCGCCGCTGTCCA
PI3K GTCCGTCCTGGAGAACTTGG TGAGGCGTTTCTGGATTGC
AKT CGCCTGCCCTTCTACAACCAG GCATGATCTCCTTGGCATCCTC
Bax GCTGGACATTGGACTTCCTC CTCAGCCCATCTTCTTCCAG
Bcl-2 GCTGGGGATGACTTCTCTCG CATGACCCCACCGAACTCAA
vinculin CAGCCCAGATGCTTCAGTCA CGAACCTCAGCCTCATCGAA
SRC ACTGCCTCTCTGTATCCGACT TGTAGAAACCGCCGCTGTCCA

2.13 Western blot analysis

Mouse cardiac tissues were homogenized in lysis buffer using a tissue homogenizer. The
supernatant was centrifuged, and the total protein concentration was determined using a BCA
protein assay kit. The protein sample was mixed with protein loading buffer and heated at 100 °C
for 10 min. Proteins were separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis.

The proteins were transferred onto PVDF membranes, which were blocked and incubated.
overnight at 4 °C with primary antibodies against p-SRC, SRC, p-PI3K, PI3K, p-AKT, AKT, Bcl-
2, and Bax. The following day, secondary antibodies were incubated at room temperature, and ECL
development was performed. The grayscale values of each protein band were analyzed using ImageJ
software. The relative expression levels of the target proteins were calculated using vinculin as an

internal control.

2.14 Immunohistochemical analysis

Immunohistochemical staining for p-SRC, SRC, p-PI3K, PI3K, p-AKT, AKT, Bcl-2, and Bax
was performed according to standard procedures. Sections of mouse cardiac tissues were baked,
deparaffinized in xylene, and hydrated in graded alcohols. The sections were then treated with 3%
H:0: to quench endogenous peroxidase activity. An appropriate amount of the corresponding

primary antibody was added to each section and incubated for 30 min. After washing with PBST, a



peroxidase-labeled sheep anti-mouse/rabbit IgG polymer was added to each section and incubated
at room temperature for 1 h. Sections were developed using freshly prepared 3,3'-diaminobenzidine
(DAB) chromogen solution. Positive cells were determined by measuring the integrated optical

density using ImageJ.

2.15 Statistical analysis

The results are expressed as the mean =+ standard deviation (mean = SD). Comparisons between
two groups were performed using Student’s t-test, whereas comparisons among multiple groups
were assessed by analysis of variance (ANOVA) using GraphPad Prism 8.0. A p-value of less than

0.05 was considered indicative of statistical significance.

3 Results

3.1 CMW ameliorates myocardial injury in AMI mice

After LAD coronary artery ligation, mice in the MOD group exhibited marked
electrocardiographic abnormalities, including ST-segment elevation, baseline drift, and reduced
QRS complex amplitude, indicating successful establishment of the AMI model (Fig. 1B). In
contrast, treatment with Compound Danshen Dripping Pill or CMW partially restored the ECG
patterns, as evidenced by reduced ST-segment elevation, improved baseline stability, and increased
QRS complex amplitude. H&E staining revealed disrupted myocardial fibers, nuclear pyknosis,
cytoplasmic lysis, extensive myocardial necrosis, inflammatory cell infiltration, and fibrous
hyperplasia in cardiac tissues from MOD mice (Fig. 1C). CMW treatment markedly alleviated these
pathological changes, with effects comparable to those observed in the CDDP group.

Evans Blue-TTC double staining showed extensive infarct areas in MOD mice, accompanied
by a significantly increased infarct size (P < 0.001; Fig. 2A). After CMW administration, infarct
size was significantly reduced (P < 0.001), with the infarct area decreased by more than 50%. Serum
biochemical analysis showed that the levels of myocardial injury markers, including cTnl, BNP,
CK-MB, and LDH, were significantly increased in MOD mice (P < 0.001; Fig. 2 B-E). Treatment
with Compound Danshen Dripping Pill or CMW significantly reduced the levels of these

biomarkers to varying degrees (P < 0.001; Fig. 2 B-E).



Treatment with Compound Danshen Dripping Pill or CMW reduced the levels of these efficacy
indicators to different extents (P < 0.001), and CMW showed greater reductions in the measured
indicators. Collectively, these results indicated that CMW ameliorated LAD coronary artery
ligation-induced myocardial injury by improving electrocardiogram abnormalities, reducing
myocardial pathological damage, decreasing infarct size, and lowering circulating myocardial injury

biomarkers.
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Fig. 1 CMW ameliorates electrocardiographic abnormalities and myocardial histopathological injury in AMI mice.

A Schematic diagram of the experimental protocol. B Representative electrocardiogram traces of mice from each
group, n = 3. C Representative images and scoring of cardiac histopathology in mice, n = 3. (a) Representative H&E
staining images of cardiac tissues, (b) Semi-quantitative histopathological injury score of myocardium. Compared

with the SHAM group, ***P < 0.001. Compared with the MOD group, *P < 0.05, #P < 0.01, and **P < 0.001.
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Fig. 2 CMW reduces myocardial infarct size and decreases serum myocardial injury biomarkers in AMI mice. A
Representative images of infarct size in mouse cardiac tissue and statistical chart of infarct size ratio in each group,
n = 4. (a) Representative Evans blue-TTC double staining images of mouse hearts, (b) Statistical histogram of
myocardial infarct area percentage. B—E Serum levels of myocardial injury biomarkers ¢Tnl, BNP, CK-MB and
LDH, n = 8. Compared with the SHAM group, ***P < 0.001. Compared with the MOD group, *P < 0.05, #P < 0.01,

and P < 0.001.

3.2 CMVW reshapes myocardial endogenous metabolic profiles and restores disordered lipid
metabolism in AMI mice

Because myocardial ischemia and metabolic disturbance are closely linked in AMI, untargeted
metabolomic analysis of cardiac tissues was performed to evaluate the metabolic effects of CMWH.
Quality control assessments showed that QC samples clustered tightly in the PCA score plot (Fig.
3A-a), all Hotelling’s T? values fell within the 95% confidence interval (Fig. 3A-b), more than 90%
of variables showed RSD values <30% (Fig. 3A-c), and the top 10 chromatographic peaks exhibited
RSD values <15% (Fig. 3A-d), indicating satisfactory stability and reproducibility of the analytical
platform. Overlay of total ion chromatograms from six QC samples under both ESI* and ESI” modes
further demonstrated high consistency in peak profiles and retention times (Fig. 3A-e, f).

Multivariate statistical analysis revealed clear separation among the SHAM, MOD, and

CMWH groups. PCA and OPLS-DA score plots showed tight intra-group clustering and distinct



inter-group discrimination (Fig. 3B-a, b). Compared with the SHAM group, the MOD group
exhibited a marked metabolic shift, indicating substantial metabolic alterations following AMI
induction. The CMWH group was distinguished from the MOD group, indicating that CMWH
remodeled the cardiac metabolome in AMI mice. OPLS-DA models constructed for SHAM versus
MOD and MOD versus CMWH both showed clear separation between groups (Fig. 3B-c, ¢), and
200-cycle permutation tests verified that neither model was overfitted (Fig. 3B-d, f), supporting
robust model validity.

Volcano plot analysis was performed to identify differential metabolites between the MOD and
SHAM groups (Fig. 3C) and between the CMWH and MOD groups (Fig. 3D). Using criteria of P
< 0.05 and fold change >1.2 or <0.83, 44 reversed differential metabolites were identified after
CMWH administration. Hierarchical clustering of these metabolites showed that the MOD group
had a distinct metabolic profile from SHAM, whereas the CMWH group clustered more closely
with SHAM (Fig. 3E), suggesting that CMWH restored metabolic patterns toward normal. KEGG
enrichment analysis further highlighted 19 altered pathways, of which seven were significantly
regulated (P < 0.05), including pantothenate and CoA biosynthesis, phenylalanine metabolism,
taurine and hypotaurine metabolism, glycerophospholipid metabolism, pyrimidine metabolism, /-
alanine metabolism, and phenylalanine, tyrosine, and tryptophan biosynthesis (Fig. 3F).

Given that lipid metabolism disorder is a key pathological mechanism in AMI, and that
glycerophospholipids serve as essential structural components of cellular and organelle membranes,
glycerophospholipid metabolism was further investigated!'®- 2], Myocardial ischemia and hypoxia
can disrupt membrane integrity through alterations in glycerophospholipid metabolism, which may
contribute to cellular damage, apoptosis, and necrosis?!l. The enrichment of glycerophospholipid
metabolism suggested that this pathway may represent a metabolic signature associated with AMI

progression and CMWH treatment.
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Fig. 3 Metabolomics profiling and differential metabolic pathway analysis of cardiac tissues from AMI mice. A
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of SHAM and MOD groups, (e—f) OPLS-DA analysis of MOD and CMWH groups. C Volcano plot showing
differentially expressed metabolites between the MOD and SHAM groups. D Volcano plot showing differentially
expressed metabolites between the CMWH and MOD groups. E Heatmap visualization of all identified differential

metabolites. F Bubble diagram of enriched differential metabolic pathways.

3.3 CMW restores spatial metabolic alterations and regulates glycerophospholipid
metabolism-associated enzymes in AMI mice

To further characterize the spatial heterogeneity of glycerophospholipid metabolic alterations
beyond bulk metabolomic profiling, spatial metabolic mapping was performed using mass
spectrometry imaging (MSI). Thermo File Converter software was used to generate theoretical m/z
values for target metabolites under positive and negative ESI conditions, including
phosphatidylcholine (PC, [M+H]*, m/z 758.5695), phosphocholine (PCho, [M+H]", m/z 184.0733),
glycerophosphocholine (GPC, [M+H]*, m/z 258.1101), lysophosphatidylcholine 22:5 (LPC 22:5,
[M+H]*, m/z 570.3554), lysophosphatidylcholine 16:0 (LPC 16:0, [M+H]", m/z 496.3398),
phosphatidylserine (PS, [M-H]~, m/z 790.5604), and phosphatidic acid (PA, [M-H]~, m/z 747.4970).

The MSI maps revealed region-specific spatial distributions of glycerophospholipid
metabolites in the myocardium of the MOD group, particularly for PCho, LPC (22:5), and GPC.
The overall spatial distribution patterns of these metabolites are shown that distinct signal intensities
of small molecules including PCho, LPC (22:5) and GPC were detected between infarcted and non-
infarcted myocardial regions in the MOD group. After CMWH administration, such interregional
signal differences were attenuated, and the metabolite distribution pattern was close to that of the
SHAM group (Fig. 4A-a). Quantitative analysis of normalized metabolite signal intensities showed
that, compared with the SHAM group, the cardiac abundance of PC, PCho, LPC (22:5), PS and PA
decreased, while the levels of GPC and LPC (16:0) increased in MOD mice, significant intergroup
differences were observed for PCho, LPC (22:5), GPC and PS (P < 0.05). Following CMWH
treatment, the levels of these dysregulated metabolites generally showed a restoration trend, with
PCho, LPC (22:5), and GPC showing significant recovery compared with the MOD group (P <
0.05). These MSI data indicated disrupted glycerophospholipid metabolism in AMI myocardium,
and CMWH may regulate this metabolic pathway by altering the tissue distribution of PCho, LPC

(22:5) and GPC (Fig. 4A-b).



Subsequently, the peak areas of three differential metabolites identified by untargeted
metabolomics analysis, namely PCho, LPC (22:5), and GPC, were further quantified (Fig. 4B-D).
Compared with the SHAM group, the levels of PCho and LPC (22:5) were significantly decreased
(P < 0.01), whereas the level of GPC was significantly increased (P < 0.001) in the MOD group.
After CMW treatment, these changes exhibited a partial reversal tendency. The consistency between
MSI imaging and untargeted metabolomics results further supported the involvement of
glycerophospholipid metabolic remodeling in the cardioprotective effects of CMW.

RT-qPCR was performed to determine the myocardial mRNA expression of key genes involved
in glycerophospholipid metabolism, including PLA2, LPCAT, TTCa, Lipinl, and GPAT (Fig. 4E—
I). Compared with the SHAM group, MOD mice showed increased mRNA expression of PLA2 and
TTCa but decreased expression of LPCAT, Lipinl, and GPAT (P < 0.05, P < 0.01). CMWH
intervention remarkably reversed the abnormal mRNA expression of PLA2, TTCa, LPCAT, Lipinl
and GPAT (P < 0.05). Taken together, CMWH exerts anti-AMI effects by modulating the expression

of PLA2, TTCa, LPCAT, Lipinl and GPAT to restore disordered glycerophospholipid metabolism.
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Fig. 4 CMWH modulates glycerophospholipid metabolism and related gene expression in the infarcted myocardium
of AMI mice. A Distribution of key metabolites in mouse cardiac tissues in different groups, n = 3. (a) MS imaging
maps of key glycerophospholipid metabolites in cardiac, (b) Quantitative statistical histogram of normalized signal
intensity for each metabolite. B—D Peak area quantification histograms of PCho, LPC (22:5) and GPC metabolites,
n = 8. E—I Relative mRNA expression levels of glycerophospholipid metabolism-related genes (PLA2, LPCAT,
TTC4, Lipin, GAPT) normalized to vinculin, n = 8. Compared with the SHAM group, “P < 0.05,”P < 0.01,***P <

0.001. Compared with the MOD group, *P < 0.05,#P < 0.01, and #*P < 0.001.



3.4 Identification of CMW-derived components in the serum of AMI mice

Based on previous chemical identification data of CMW from our research group, combined
with a data processing using Compound Discoverer 3.2 software, serum-absorbed constituents were
identified. The identification results revealed a total of 26 serum-absorbed components in AMI
mice treated with CMW, which were classified into flavonoids, alkaloids, organic acids and

phenylpropanoids (Table 2).



Table 2 Serum components profiling of CMW in AMI mice

Retention Adduct
No. Compound Formula ] ) ppm MS! MS? Class
time/min form
2-Hydroxycinnamic
1 y CoHsO3 7.93 —4.97 163.04006 [M—H]" 119.04898 Phenylpropanoids
aci
2 Magnoflorine C20H23NO4 6.23 —4.84 342.16998 [M+H]" 297.11172,265.08554,237.09067 Alkaloids
3 Melilotoside Ci5His0s 4.93 1.51 325.09289 [M—H]" 163.03905,119.04897 Phenylpropanoids
4 Syringacetone Ci0H1204 7.75 —-1.57 197.08083 [M+H]* 173.08038,155.07016,140.04662 Phenylpropanoids
5 3-Hydroxy-2- C6H7NO 4.24 2.83 110.06004 [M+H]*  83.04984,82.06587,67.05504,55.05511 Alkaloids
methylpyridine
6 _ 3_-Hydroxy-} ) CeHsNOs 2.32 -1.19 140.03421 [M+H]" 122.02396,113.04296,112.03960 Other compounds
pyridinecarboxylic acid
7 Anisaldehyde CsHsO2 7.20 -3.07 137.05970 [M+H]* 122.03629,109.06491,94.04173 Phenylpropanoids
8 Caffeic acid CoHsO4 7.67 —2.95 179.03498 [M—H] 135.04387,107.04891,93.03315 Phenylpropanoids
9 Coniferin Ci16H2208 8.43 0.43 341.12419 [M-H]— 179.07033, 164.04674 Phenylpropanoids
10 Quinic acid C7H1206 1.66 -3.28 191.05611 [M-H]~ 173.04469,127.03893,93.03333,85.02824 Organic acids
11 Ligustilide Ci12H1402 2242 -0.28 191.10665 [M+H]* 163.11172,145.10121,117.07004 Phenylpropanoids
12 Naringenin chalcone CisH120s 7.79 -2.36 273.07575 [M+H]* 171.02864,153.01816,147.04390,119.04937 Flavonoids
13 Norboldine CisH19NO4 5.64 -1.9 314.13868 [M+H]* 297.11166,282.08786,265.08548,273.09032 Alkaloids
14 Quercitrin C21H20011 8.31 1.03 447.09328 [M—-H]" 271.06152,151.00276 Flavonoids
15 Salicylic acid C7H6O3 9.62 —7.63 137.02441 [M—H]" 93.03315 Organic acids
16 Salidroside C14H2007 5.08 -0.88 299.11362 [M—H]~ 119.04881,113.02308,101.02303,89.02304 Phenylpropanoids
17 Norsalsolinol Cio0H13NO2 1.75 -1.25 180.10190 [M+H]* 163.07521,145.06471,137.05966,117.07005 Alkaloids
18 Sedanolide C12Hi502 10.07 -1.69 195.13795 [M+H]* H;'éggg’lsg'““&l” 10101,121.06481, Terpenoids
19 Shikimic acid C7H100s 1.74 -5.42 173.04554 [M-H] 154.99767,111.00758,93.03333,85.02824 Organic acids




Retention Adduct

Compound Formula i ppm MS! form MS? Class
Sinapic acid C11H10s 5.48 123 22507575 [M+H] 5(1’76‘5)2239°175'03882’147'04393°1 19.04929. phenylpropanoids
Trigonelline C7H7NO2 1.64 —1.46 138.05495 [M+H]* 110.06048,94.06570,92.05009,67.05508 Alkaloids
Fraxinon Ci14H1603 22.21 -1.41 233.11722 [M+H]* 215.14316,131.08568 Terpenoids
Chlorogenic acid Ci6Hi1809 5.58 1.27 353.08780 [M—H] 191.05516,161.02344,127.03850,85.02808 Organic acids
Naringin C27H32014 7.79 -0.5 579.17192 [M—H]" 459.11493,271.06085,151.00244,119.04887 Flavonoids
Afzeliin C21H20010 8.74 0.73 431.09837 [M—H]" 285.07986,284.03217,255.02945,227.03423 Flavonoids
Neochlorogenic acid Ci6H1809 4.86 1.33 353.08780 [M—-H]" 191.05551,179.03427,173.04489,135.04413 Organic acids




3.5 Network pharmacology analysis of CMW in the treatment of AMI based on serum-
absorbed components

The intersection analysis between 26 serum-absorbed components and AMI-associated targets
identified 227 overlapping targets (Fig. 5SA). Using a degree score >6.7 as the selection threshold,
62 hub targets were identified from the PPI network, with SRC showing the highest connectivity
among these hub targets (Fig. 5B). Pathway enrichment analysis revealed that these 62 hub targets
were primarily enriched in the Rapl, HIF-1, VEGF, and PI3K/AKT signaling pathways (Fig. 5C—
D). Previous studies have suggested that PI3K/AKT pathway modulation may alleviate
glycerophospholipid metabolic disorders, reduce myocardial lipid accumulation, and regulate fatty
acid metabolism in myocardial fibrosis models??. Moreover, this pathway serves as a hub for
maintaining lipid metabolic homeostasis and regulating inflammatory responses?®), suggesting that
the PI3K/AKT signaling pathway may represent the core pathway underlying the therapeutic effect
of CMW against AML.

Subsequently, molecular docking analysis was performed between the serum-absorbed
components and the five top-ranked hub targets, and a binding-energy heatmap was generated (Fig.
5E). Generally, binding energies <—1.2 kcal/mol were considered indicative of favorable
interactions, whereas values <—5 kcal/mol and <—7 kcal/mol represented stronger and strong binding
affinities, respectively. SRC (PDB ID: 1A07), PIK3CA (PDB ID: 4JPS), STAT3 (PDB ID: 6NIJS),
PIK3R1 (PDB ID: 7PG6), and AKT1 (PDB ID: 4EJN) exhibited favorable binding affinities with
the 26 serum-absorbed components, with binding energies below —1.2 kcal/mol. In particular, SRC,
PIK3R1, and AKT1 displayed stronger predicted interactions with these components, suggesting
that they may serve as candidate targets involved in the pharmacological effects of CMW.

The three components with the lowest binding energies for SRC, PIK3R1 and AKT1 were
selected for conformational visualization using PyMOL (Fig. 5F). SRC bound to chlorogenic acid,
neochlorogenic acid and naringin via salt bridges, hydrogen bonds and hydrophobic interactions.
AKT1 interacted with afzelin, quercitrin and naringin mainly through hydrogen bonds and
hydrophobic interactions, and additional n-stacking interactions were observed for afzelin and
quercitrin. For PIK3R1, hydrogen bonds and hydrophobic interactions were detected with afzelin,
norboldine and naringin; a salt bridge was formed with naringin, whereas n-stacking occurred with

afzelin and norboldine. Integrating pathway enrichment and molecular docking results, these



findings suggest that the PI3K/AKT signaling pathway may represent a potential signaling axis

involved in the cardioprotective effects of CMW, with SRC identified as a candidate hub target.
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between 26 serum-absorbed components and five hub proteins (SRC, PIK3R1, AKT1, PIK3CA, STAT3). F

Representative 3D binding conformation visualization of ligand-protein complexes generated by PyMOL.

3.6 CMW activates the SRC/PI3K/AKT signaling pathway and alleviates apoptosis-associated
changes in AMI mice

RT-gPCR was performed to evaluate the transcriptional expression levels of SRC, PI3K, AKT,
Bax, and Bcl-2 in cardiac tissues. Compared with the SHAM group, the MOD group exhibited
decreased mRNA expression of SRC, PI3K, AKT and Bcl-2, along with increased Bax mRNA level.
CMW treatment effectively upregulated the mRNA expression of SRC, PI3K, AKT and Bcl-2, while
downregulating Bax mRNA expression (Fig. 6A-E). Western blot further detected the
corresponding protein expression and phosphorylation levels. Consistently, the MOD group showed
reduced ratios of p-SRC/SRC, p-PI3K/PI3K, p-AKT/AKT and lower Bcl-2 protein expression,
whereas Bax protein was upregulated (Fig. 6F). These abnormal protein changes were significantly
reversed after CMW intervention. Immunohistochemical analysis further verified the above protein
expression trends (Fig. 6G). These findings suggest that CMW activates the SRC/PI3K/AKT
signaling pathway and modulates the expression of the apoptosis-related proteins Bcl-2 and Bax,

which may contribute to its cardioprotective effects against AMI injury in mice.
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quantitative statistics of positive area ratio (b) for SRC, p-SRC, PI3K, p-PI3K, AKT, p-AKT, Bax and Bcl-2 in
cardiac tissues. Compared with the SHAM group, “P < 0.05,”"P < 0.01,***P < 0.001. Compared with the MOD

group, *P < 0.05,*P < 0.01, and #*P < 0.001.

4 Discussion

AMI remains a major contributor to global cardiovascular morbidity and mortalityt!” 241,
Owing to its complex pathological mechanisms, available pharmacological strategies for preventing
myocardial injury and improving cardiac recovery remain limited, highlighting the need for novel
therapeutic approaches. Traditional Chinese medicines (TCMs) have attracted increasing attention
in the management of myocardial infarction due to their multi-component and multi-target
characteristics, demonstrating growing application potential in preoperative intervention, integrated
Chinese and Western medicine treatment after surgery, early rehabilitation, and long-term prognosis
improvement!?’), Among these medicines, Cinnamomum migao, a traditional medicinal plant
commonly used for the treatment of cardiovascular diseases in Southwest China, has been
traditionally administered in the form of decoctions. Its cardioprotective effects and underlying
mechanisms remain insufficiently characterized. In this study, the cardioprotective effects of the
traditional decoction form of CMW against AMI injury were systematically investigated through
pharmacological evaluation, metabolomics, spatial metabolic imaging, and molecular validation.

To elucidate the metabolic basis underlying the cardioprotective effects of CMW, an integrated
strategy combining UHPLC-MS/MS-based untargeted metabolomics and AFADESI-MSI spatial
metabolomics was employed in this study. Conventional metabolomics provides comprehensive
information regarding metabolic alterations but lacks spatial resolution within tissues, whereas
AFADESI-MSI further enables visualization of metabolite distribution across myocardial regions.
Untargeted metabolomics analysis revealed that CMW treatment reversed multiple dysregulated
metabolic pathways in AMI myocardial tissues, among which glycerophospholipid metabolism
showed a prominent recovery pattern. Moreover, accumulating evidence has indicated that
glycerophospholipid metabolism plays an important role in the progression of AMIPS),
Glycerophospholipid metabolism is markedly altered in myocardial tissue after infarction, and

modulation of glycerophospholipid metabolic disturbances has been reported to alleviate cardiac



injury!'® 271, Based on these findings, spatial metabolomics was further applied to investigate the
distribution characteristics of key metabolites involved in glycerophospholipid metabolism within
myocardial tissue, providing additional evidence for the importance of this metabolic pathway in
AMI intervention.

Further spatial metabolomics analysis demonstrated that CMW treatment modulated the
cardiac distribution of lipid molecules, including PC, PCho, GPC, LPC, PS, and PA. Among these
metabolites, PC is the predominant glycerophospholipid component of cellular membranes,
accounting for approximately 45%—55% of total phospholipids in mammalian cells/?®], and has been
proposed as a potential biomarker for cardiovascular diseases and post-myocardial infarction heart
failurel?’l. Hydrolysis of PC generates LPC, which participates in inflammatory responses and the
development of atherosclerotic plaques and has been considered a potential therapeutic target for
cardiovascular diseasesP*?l. PA serves not only as an important component of cellular membranes
but also as an intracellular second messenger involved in the regulation of mitochondrial function
and energy metabolism!*!l, PCho is a direct precursor for PC synthesis through the Kennedy pathway,
and its level has been reported to decrease significantly in myocardial injury models, which is
consistent with the findings observed in AMI mice in the present study?!. GPC, the terminal product
generated from complete PC hydrolysis, exhibits cardioprotective activity and can alleviate cardiac
functional impairment3 341, PS is located on the inner leaflet of the cell membrane and contributes
to the maintenance of membrane integrity and signal transduction. Exogenous PS supplementation
has been reported to reduce infarct size and improve cardiac function in myocardial infarction
models!®]. These findings suggest that, in addition to correcting global glycerophospholipid
metabolic disturbances induced by AMI, CMW may alleviate myocardial ischemic injury by
remodeling the spatial distribution of these lipid molecules and correcting metabolic abnormalities
within infarct regions.

Notably, CMW regulated the expression of GPAT, CCTa, PLA2, LPCAT, and Lipinl in AMI
mice. These enzymes are key rate-limiting regulators involved in the Kennedy pathway and Lands
cycle, which together constitute major pathways responsible for myocardial PC synthesis and
remodeling. Among these enzymes, GPAT catalyzes the first rate-limiting step of
glycerophospholipid synthesis, and its activity is suppressed under ischemic and hypoxic conditions,

thereby contributing to cardiomyocyte injury and apoptosis*®). Within the Kennedy pathway, CCTa



functions as the rate-limiting enzyme in the CDP-choline branch and directly determines the
efficiency of PC synthesis®*”). The Lands cycle is responsible for phospholipid remodeling and repair,
while LPCAT-mediated reacylation reactions within this cycle are essential for maintaining lipid
homeostasis and cell survivall®®l. Abnormal expression of Lipinl and PLA2 can disrupt lipid
metabolism and has been implicated in the pathological processes of lipid imbalance and cardiac
hypertrophy, respectively®”). Integrating the multi-omics findings, CMW may regulate myocardial
PC metabolism through these enzymes, and that glycerophospholipid metabolic regulation may
represent an important metabolic basis underlying the protective effects of CMW against AMI.

The PI3K/AKT signaling pathway serves as an important signaling hub that connects
extracellular stimuli with intracellular responsesi*’. SRC is a key upstream regulator of the
PI3K/AKT pathway and can activate downstream PI3K/AKT signaling by promoting AKT
phosphorylation*!). The SRC/PI3K/AKT axis participates in AMI initiation, progression, and repair
by regulating key pathological processes, including lipid metabolism and energy metabolic
disturbances. It represents an important regulatory target in AMI-related myocardial injury and a
major signaling pathway involved in cardioprotection by various interventions!?#7]. Moreover, this
pathway regulates apoptosis by modulating the expression of downstream apoptosis-related
factors!*® 491, Cardiomyocyte apoptosis is a major manifestation of myocardial injury after AMI and
contributes to infarct expansion and deterioration of cardiac function. As a central effector of the
PI3K/AKT signaling axis, AKT is involved in various physiological and pathological processes,
including cell proliferation, apoptosis, differentiation, and migration°. Upon phosphorylation and
activation, AKT promotes Bad inactivation and its dissociation from mitochondria, increases the
expression of the anti-apoptotic protein Bcl-2, and suppresses apoptotic signaling®!'l. Therefore,
based on the hypothesis that the CMW exerts protective effects against AMI through the
SRC/PI3K/AKT signaling pathway, the expression levels of downstream apoptosis-related proteins
Bcl-2 and Bax were further examined in this study. SRC/PI3K/AKT signaling and apoptosis
regulation may contribute to the protective effects of CMW against AMI. These effects may be
associated with the serum-absorbed constituents of CMW, including chlorogenic acid,
neochlorogenic acid, naringin, afzelin, and quercitrin. Molecular docking analysis suggested that
these compounds may interact with the core targets SRC, AKT, and PI3K.

During our exploration of how CMW regulates glycerophospholipid metabolism and the



PI3K/AKT pathway, a potential mechanistic connection between metabolic remodeling and
signaling regulation was identified. Dysregulated glycerophospholipid metabolism may function as
both a contributor to AMI progression and a consequence of impaired PI3K/AKT signaling,
potentially creating a self-amplifying pathological loop that aggravates myocardial ischemic
injury!. Such reciprocal dysregulation between metabolic processes and signaling cascades may
contribute to sustained myocardial injury and impaired cardiac recovery during AMI progression’!l.
CMVW simultaneously ameliorated glycerophospholipid metabolic disturbances and activated the

anti-apoptotic PI3K/AKT signaling pathway, which may represent a therapeutic advantage of its

multi-component and multi-target properties compared with single-target interventions.

Conclusion

CMW ameliorated AMI-induced myocardial injury by restoring glycerophospholipid
metabolic homeostasis and regulating the SRC/PI3K/AKT signaling pathway, with flavonoid and
organic acid constituents, including chlorogenic acid, neochlorogenic acid, naringin, afzelin, and
quercitrin, potentially representing key bioactive constituents contributing to its protective effects.
This study provides new insights into the cardioprotective mechanisms of CMW by linking spatial
glycerophospholipid metabolic remodeling with SRC/PI3K/AKT-mediated survival signaling, and

highlights its potential value as a promising intervention for AMI management.
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