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Background: Acute myocardial infarction (AMI) is a significant clinical challenge. Semaglutide has therapeutic potential in 
cardiovascular disease management, but its specific impact and mechanisms in AMI are not fully understood.
Methods: Twenty-four male Sprague-Dawley rats were divided into three groups: control (Control), infarction-only (MI), and 
semaglutide-treated (SEMA). Weight, blood glucose, and lipid profiles were analyzed. Cardiac function was evaluated via echocar-
diography. Histopathological assessment and immunohistochemical analysis were performed. Untargeted metabolomic analysis using 
LC-MS/MS was utilized.
Results: Semaglutide treatment was associated with a reduction in body weight, blood glucose, total cholesterol (TC), and low-density 
lipoprotein cholesterol (LDL-C), as well as an enhancement in the left ventricular ejection fraction (Control vs MI vs SEMA, 69.13 
±4.30 vs 30.16±3.17 vs 39.81±6.13, P < 0.05). It also had a lower collagen volume fraction (3.05 vs 34.05 vs 17.73, P < 0.05) and 
ameliorated the accumulation of glycogen in the myocardium. Metabolomic profiling revealed differentially expressed metabolites 
between the control/MI and MI/SEMA groups, predominantly within benzenoid, lipid, and organic acid categories. Pathway enrich-
ment analysis highlighted amino sugar and nucleotide sugar metabolism, chlorocyclohexane and chlorobenzene degradation, and 
phenylalanine, tyrosine, and tryptophan biosynthesis. Random forest analysis identified key metabolites, including downregulated 
Docusate sodium, 1-(2-Thienyl)-1-heptanone, and Adenylyl-molybdopterin, alongside upregulated Methylenediphosphonic acid, 
Choline sulfate, and Lactosamine.
Conclusion: Semaglutide significantly ameliorated myocardial fibrosis and metabolic dysregulation in rats post-myocardial infarc-
tion. Its mechanism involves modulating glucose metabolism, lipid metabolism, and organic acid metabolism. Targeted metabolites, 
including Docusate sodium, 1-(2-Thienyl)-1-heptanone, Adenylyl-molybdopterin, Methylenediphosphonic acid, Choline sulfate, and 
Lactosamine, are implicated in the metabolic reprogramming induced by semaglutide.
Keywords: semaglutide, myocardial infarction, cardiometabolic, untargeted metabolomic analysis, glucagon-like peptide-1 receptor 
agonists

Introduction
Acute myocardial infarction (AMI) is a common clinical emergency with significant pathophysiological processes 
involving myocardial cell necrosis, inflammatory responses, fibrosis, and cardiac energy metabolic disorders.1,2 Heart 
failure induced by myocardial infarction is an important cause of cardiovascular death in patients.3 Current treatments 
include β-blockers, angiotensin II receptor blockers, and angiotensin-converting enzyme (ACE) inhibitors,4 but the 
incidence of adverse myocardial remodeling and progression to heart failure after myocardial infarction remains high. 
Therefore, there is an urgent need to develop new drugs to delay cardiac remodeling after myocardial infarction.
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The myocardium is a high-workload, high-energy-consuming tissue that requires an ample energy supply. The normal 
myocardial energy metabolic pathways are highly adaptable, with 40%–60% of energy derived from fatty acid β- 
oxidation, and 20%–40% from the oxidation of glucose, lactate, and ketone bodies. After myocardial infarction, the 
increased energy demand of the heart coupled with a reduced blood supply leads to alterations in cardiac metabolic 
pathways, promoting cardiac remodeling.5,6 Current research suggests that normalizing the uptake and oxidation of 
myocardial glucose and fatty acids by modulating downstream metabolic signals can improve adverse remodeling in the 
ischemic myocardium.7,8

Glucagon-like peptide-1 receptor agonists (GLP-1RAs), such as semaglutide, constitute a new class of hypoglycemic 
drugs that reduce the incidence of cardiovascular adverse events by lowering blood glucose, blood pressure, and lipid 
levels.9,10 A proteomic study of mouse ventricles revealed that mitochondria and metabolism are the main targets of 
short-acting GLP-1RA therapy postinfarction,11 indicating that GLP-1RA can exert cardioprotective effects through 
cardiac energy metabolism.

Liquid chromatography‒tandem mass spectrometry (LC‒MS/MS) offers high sensitivity and specificity, is capable of 
detecting minor changes in metabolite intensity, and is widely used in metabolomic studies.12 Previous metabolomics 
studies have confirmed the cardioprotective effects of semaglutide and changes in metabolic types in mice with heart 
failure induced by stress load.13 However, the cardiac metabolic characteristics of rats with myocardial infarction and the 
mechanisms by which semaglutide regulates metabolic abnormalities postinfarction have not been fully elucidated.

In this study, for the first time, we explored the different metabolic patterns and differentially abundant metabolites in 
the hearts of rats postmyocardial infarction treated with semaglutide via untargeted metabolomics. By assessing cardiac 
energy metabolic markers, cardiac function parameters, and histopathological changes in cardiac tissue, we revealed 
potential targets and pathways involved in the cardioprotection of semaglutide.

Materials and Methods
Animals and Experimental Design
Male Sprague‒Dawley rats (300g), purchased from Beijing Weitong Lihua Laboratory Animal Technology Co., Ltd., 
were housed under conditions of 60% relative humidity, 24°C, and a 12-hour light‒dark cycle with ad libitum access to 
food. The experimental animals were maintained in the Animal Room of the Clinical Medical Research Center, Hebei 
General Hospital.

After one week of adaptive feeding, the rats were anesthetized via an intraperitoneal injection of 0.3% pentobarbital 
sodium (1 mL/kg), and myocardial infarction models were established via ligation of the left anterior descending branch. 
There were 8 rats in each of the control (Control), myocardial infarction (MI), and semaglutide (SEMA) groups. The 
control group was subjected only to the procedure without ligation. The SEMA group rats were administered semaglutide 
(0.12 mg/kg/d) subcutaneously 2 hours after myocardial infarction. The control and MI groups were given an equivalent 
volume of physiological saline subcutaneously; the treatment continued for 4 weeks. Semaglutide was purchased from 
MedChemExpress and dissolved in pure water for subcutaneous injection. The immediate success of modeling was 
defined as a change in the color of the myocardium in the left ventricular anterior descending branch supply area from 
bright red to white, accompanied by ST-segment elevation in the relevant leads of the electrocardiogram. Rat body 
weight was measured weekly to monitor weight gain. Weigh the feed to calculate the food intake of the rats. Serum and 
cardiac tissues were collected under anesthesia after 4 weeks of modeling. Serum parameters were measured before the 
rats were sacrificed. Each repeat was performed as a separate, independent experiment or observation.

Echocardiography
The rats were anesthetized with 0.3% pentobarbital sodium, and depilatory cream was evenly applied to the chest area of 
each rat. Echocardiographic examination was performed on the rats in each group via a Visual Sonics Vevo 2100 
echocardiograph. The left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic diameter (LVESD), 
left ventricular end-diastolic volume (LVEDV), left ventricular end-systolic volume (LVESV), left ventricular ejection 
fraction (LVEF), and left ventricular fractional shortening (LVFS) were measured. The formulas used were LVEDV = 
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[7.0/(2.4 + LVEDD)] * LVEDD^3, LVESV = [7.0/(2.4 + LVEDS)] * LVEDS^3, LVEF (%) = (LVEDV - LVESV)/ 
LVEDV * 100%. All experiments and data analyses were conducted in a blinded manner to minimize bias.

Detection of Serum Parameters
After fasting for 24 hours, blood was collected from the orbital venous plexus, allowed to stand at 4°C for 30 minutes, 
and centrifuged at 3500 rpm for 10 minutes. The supernatant was collected into anticoagulant tubes and stored at −80°C. 
Kits provided by the Institute of Bioengineering in Nanjing, China, were used to measure fasting blood glucose, total 
serum cholesterol (TC), and low-density lipoprotein cholesterol (LDL-C) levels. The concentration of GLP-1 was 
detected via an enzyme-linked immunosorbent assay (ELISA).

Histopathological Examination
The chest cavity was opened, and the heart was completely separated. Cardiac tissue from the peri-infarct area of the rat 
left ventricle was fixed in a 4% paraformaldehyde solution, and the remainder was stored at −80°C.

Cardiac tissue soaked in paraformaldehyde was embedded in paraffin and sectioned (5 μm thick). The tissue sections 
were stained with hematoxylin and eosin (H&E) and Sirius red. These sections were imaged at 200x magnification in 
selected tissue target areas under an optical microscope. Sirius red staining was used to assess the collagen content in the 
myocardial tissue, and the percentage of the collagen area was calculated via the following formula: Collagen area 
percentage (%) = Collagen pixel area/Tissue pixel area × 100%. Periodic acid-Schiff (PAS) staining was used to detect 
the accumulation of glycogen in cardiac tissue, which was visualized under an optical microscope at 400x magnification, 
with glycogen appearing as red particles.

Immunohistochemical Staining
After deparaffinization, the sections were immersed in 3% methanol hydrogen peroxide at room temperature for 
20–30 minutes and rinsed with tap water; antigen retrieval was performed at high pressure (95°C), and the sections 
were blocked with 5% bovine serum albumin for 1 hour. The sections were then incubated with a rabbit anti-GLP-1R 
antibody (1:200; Proteintech, China) at 4°C overnight. The next day, the sections were washed three times in phosphate- 
buffered saline (PBS) for 5 minutes each; an HRP-labeled secondary antibody (1:200, Proteintech, China) was applied to 
the sections, and after incubation at 37°C in the dark for 1 hour, the sections were washed three times in PBS for 
5 minutes each; color development was performed via 3.3’-diaminobenzidine, and the integrated optical density was 
analyzed via Image-Pro Plus software.

Untargeted Metabolomic Analysis
Six samples from each group were randomly selected for untargeted LC‒MS/MS analysis. The samples were slowly 
thawed at 4°C, and an appropriate amount of sample was added to a precooled methanol/acetonitrile/water mixture 
(2:2:1), homogenized via a homogenizer (60 hz, 15s, 20 times), allowed to stand at −20°C for 1 h, and centrifuged at 
14000 × g for 20 min at 4°C, after which the supernatant was used for LC‒MS analysis. Metabolomic data were collected 
via Progenesis QI V2.0 software (Nonlinear, Dynamics, Newcastle, UK).

Further data analysis: Principal component analysis (PCA) was first used to observe the overall distribution of 
samples and the stability of the entire analysis process. Multivariate statistical analysis was performed via partial least 
squares discriminant analysis (PLS-DA) and orthogonal partial least squares discriminant analysis (OPLS-DA) to 
identify overall differences in group metabolic profiles and to screen for differentially abundant metabolites. 
Differentially expressed metabolites (DEMs) met the criteria of log2FC ≥ 1.0, variable importance in projection 
(VIP) ≥ 1.0, and P < 0.05. Metabolic pathways involving different metabolites were analyzed via the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) website. In addition, the R package randomForest was used to perform 
random forest analysis on the metabolomic data, which can determine the importance of metabolites and calculate the 
mean decrease accuracy (MDA) for each metabolite, with MDA measuring the importance of a metabolite in the 
metabolic process.
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Statistical Analysis
Analysis was performed via the SPSS 26.0 statistical software package. Intergroup comparisons were made via one-way 
analysis of variance, followed by the least significant difference (LSD) test to determine the statistical significance 
between groups, with P < 0.05 considered statistically significant. All data visualization was performed via GraphPad 
Prism 9.

Results
Semaglutide Reduces Body Weight, Blood Glucose, and Lipid Levels in Rats with 
Myocardial Infarction
During the semaglutide intervention period, there was no significant difference in initial body weight between the control 
and MI groups (Figure 1A). However, after 4 weeks of modeling, there was a statistically significant difference in body 
weight between the two groups, with the MI group showing a more pronounced increase in body weight. Compared with 
those of the control and MI groups, the SEMA group presented a slower increase. At the fourth week, the SEMA group 
had a significantly lower body weight than the control and MI groups did(P < 0.05). After treatment with semaglutide, 
starting from the third week, the food intake of rats in the SEMA group was significantly lower than that in the Control 
and MI groups (Figure 1B). In addition, we assessed TC, LDL-C, and fasting blood glucose levels to evaluate lipid and 
glucose metabolism in rats with myocardial infarction and the effects of semaglutide. There was no significant difference 
in the serum TC, LDL-C, or fasting blood glucose levels between the MI and control groups. These indicators were 
significantly lower after semaglutide intervention (P < 0.05) (Figure 1C–E; Supplementary Table S1).

Cardiac Ultrasound Assessment of Cardiac Function
To assess cardiac function, we used several left ventricular (LV) function indices, as shown in Table 1. Four weeks 
postsurgery, the LVEF and LVFS in the MI and SEMA groups were significantly lower than those in the control group 
(P < 0.05), whereas the LVEDD, LVESD, LVEDV, and LVESV were greater in the MI and SEMA groups than in the 

Figure 1 Effects of semaglutide on body weight, blood glucose, and lipid levels in rats with myocardial infarction (n=8), A–B: *P < 0.05 indicates control vs MI; #P < 0.05 
indicates control vs SEMA; &P < 0.05 indicates MI vs SEMA, C–E: *P < 0.05 or ***P < 0.001; ns indicates no statistical significance.
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control group (P <0.05). Compared with the MI group, the SEMA group presented improvements in LVESD, LVESV, 
LVFS, and LVEF (P < 0.05).

Serum GLP-1 Detection and Myocardial GLP-1R Immunohistochemistry
The ELISA results revealed that the serum GLP-1 level decreased after myocardial infarction compared with that in the 
control group, and treatment with semaglutide increased the serum GLP-1 level (P < 0.05). Immunohistochemical results 
revealed the expression of GLP-1R in the rat myocardium, and after 4 weeks of myocardial infarction, the expression of 
GLP-1R was significantly lower than that in the sham surgery group. After 4 weeks of treatment with semaglutide, the 
expression of GLP-1R increased significantly (Figure 2A and B).

Semaglutide Improves Cardiac Remodeling in Rats with Myocardial Infarction
HE Staining: In the control group, the cross-striated muscle structure was relatively intact, with no infiltration of 
inflammatory cells, and no cellular edema or necrosis was observed. In the MI and SEMA groups, the cross-striated 
muscle structure was significantly damaged, with a large amount of fibrous tissue proliferation accompanied by cellular 
edema and necrosis. Compared with the MI group, the SEMA group showed improvement. (Figure 3)

Table 1 Effects of Semaglutide on Cardiac Function in 
Rats with Myocardial Infarction (n=8)

Control MI SEMA

LVEDD(mm) 5.52±0.98 8.00±0.99* 7.36±0.59*

LVESD(mm) 3.36±0.69 6.81±0.82* 5.89±0.64*#

LVEDV(mL) 0.15±0.06 0.35±0.09* 0.29±0.05*

LVESV(mL) 0.05±0.03 0.24±0.06* 0.17±0.04*#

LVFS(%) 39.30±3.29 14.78±1.76* 20.13±3.51*#

LVEF(%) 69.13±4.30 30.16±3.17* 39.81±6.13*#

Notes: *P < 0.05 compared with the control group and #P < 0.05 
compared with the MI group.

Figure 2 (A) Serum GLP-1 detection (n=8), **P < 0.01 or ***P < 0.001. (B) Myocardial GLP-1R immunohistochemistry (n=8).
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Sirius Red Staining: In the control group, the myocardial tissue was arranged neatly and closely, with a small amount 
of red collagen deposition visible under the microscope. In the MI group, the muscle fibers were loosely and disorderedly 
arranged, with many red collagen fibers deposited, and the original fiber structure disappeared. In the SEMA group, the 
deposition of red collagen fibers was significantly reduced, and the degree of fibrosis was significantly improved. The 
calculation of the collagen fiber area (CVF) revealed that the collagen fiber area was significantly greater in the MI group 
than in the control group and significantly lower in the SEMA group than in the MI group (P < 0.05). (Figure 4A and B)

Semaglutide Improves Myocardial Glucose Metabolism
PAS staining revealed a large accumulation of red glycogen particles in the myocardium of the MI group, which was 
partially reduced by semaglutide intervention. These results indicate that under MI conditions, glycometabolism is 
altered, leading to the accumulation of glycogen in the myocardium, and semaglutide can increase the utilization rate of 
energy substrates. (Figure 5)

Effects of Semaglutide on Myocardial Metabolomics
PLS-DA Analysis
We performed LC‒MS/MS analysis on rat cardiac tissue to observe the effects of semaglutide on cardiac metabolic 
characteristics. We constructed a PLS-DA model that clearly separated the different comparison groups, revealing 

Figure 3 HE Staining (n=8).

Figure 4 (A) Sirius Red Staining (n=8). (B) Collagen fiber area (CVF, n=8), ***P < 0.001.
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significant differences between the control, MI, and SEMA groups, with semaglutide significantly altering the metabolic 
state of the rats with myocardial infarction (Figure 6).

DEMs Between the Two Groups
We screened for DEMs on the basis of the criteria of log2FC≥1.0, VIP≥1.0, and P< 0.05. In the comparison between the 
control and MI groups, 48 upregulated metabolites and 127 downregulated metabolites were detected in negative ion mode, 
and 72 upregulated metabolites and 116 downregulated metabolites were detected in positive ion mode. In the comparison 
between the MI and SEMA groups, 76 upregulated metabolites and 29 downregulated metabolites were detected in the 
negative ion mode, and 76 upregulated metabolites and 17 downregulated metabolites were detected in the positive ion mode 
(Figure 7A). The types of significantly changed metabolites identified via chord analysis are shown in the following figures 
(Figure 7B–E) and are mainly divided into benzenoids, lipids and lipid-like molecules, organic acids and derivatives, organic 
oxygen compounds, and organoheterocyclic compounds. The heatmap is shown in Figure 7F–I, and the metabolic states of 
the control, MI, and SEMA groups in both ion modes were distinctly different. (Supplementary Table S2).

KEGG Pathway Analysis
The figure shows the KEGG enrichment information of the DEMs (Figure 8), with the control/MI group enriched mainly 
in fructose and mannose metabolism, glycolysis/gluconeogenesis, and 19 other signaling pathways, whereas the MI/ 
SEMA group DEMs were enriched mainly in 6 signaling pathways (Supplementary Table S3). All three groups were 
enriched in amino sugar and nucleotide sugar metabolism; chlorocyclohexane and chlorobenzene degradation; and 
phenylalanine, tyrosine, and tryptophan biosynthesis.

Figure 5 Glycogen Staining (n=8).

Figure 6 Partial least squares discriminant analysis (PLS-DA) based on the metabolic features of the three groups (n=6).
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Figure 7 Significantly altered differentially abundant metabolites (DEMs) between the two groups (n=6): (A) Number of Increased and Decreased DEMs. (B) Chord Analysis 
of Control vs MI NEG. (C) Chord Analysis of Control vs MI POS. (D) Chord Analysis of MI vs SEMA NEG. (E) Chord Analysis of MI vs SEMA POS. (F) Control vs MI NEG. 
(G) Control vs MI POS. (H) MI vs SEMA NEG. (I) MI vs SEMA POS.

https://doi.org/10.2147/DDDT.S491970                                                                                                                                                                                                                               

DovePress                                                                                                                                     

Drug Design, Development and Therapy 2024:18 5492

Yan et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Double Volcano Plot for Three-Group Comparisons
We analyzed the common DEMs among the three groups and found that 14 upregulated metabolites in the control/MI 
group significantly decreased after semaglutide intervention (Figure 9A), whereas 101 downregulated metabolites 
significantly increased (Figure 9B). These metabolites may be involved in the metabolic regulation of semaglutide in 
the heart, and some representative common DEMs are marked in the figure (Supplementary Table S4).

Machine Learning: MI Vs SEMA Metabolite Random Forest Plot
We used a random forest to analyze the metabolites of the MI/SEMA group. The horizontal axis on the left side of the 
figure is the “Mean Decrease Accuracy”, which measures the importance of a metabolite in the random forest; the 
heatmap of the top 15 metabolites in different groups is on the right side (Figure 10A and B). (Supplementary Table S5)

In addition, the top 15 metabolites with MDA values were screened according to previous selection criteria (log2FC ≥ 
1.0, VIP≥ 1.0, P< 0.05), and 11 DEMs are listed in Table 2. These molecules have good predictive value for semaglutide 
intervention in a myocardial infarction rat model. In addition, we combined a double volcano plot to identify 6 
biomarkers: semaglutide can reverse the upregulation of Docusate sodium, 1-(2-Thienyl)-1-heptanone, and Adenylyl- 
molybdopterin induced by myocardial infarction, as well as the downregulation of Methylenediphosphonic acid, Choline 
sulfate, and Lactosamine to exert cardioprotective effects on rats with myocardial infarction.

Discussion
Cardiovascular diseases are a leading cause of mortality worldwide, with persistently high death rates in recent years. 
The World Health Organization reports that cardiovascular diseases are responsible for 17 million deaths annually, 
accounting for approximately 31% of all deaths worldwide, and this number is projected to rise to over 23 million by 
2030.14 Early reperfusion therapies can save lives, but due to ischemia‒reperfusion injury and microcirculation disorders, 
patients still face the risk of complications such as arrhythmias and heart failure, which severely threatens their health 
and life.15

As a new generation of hypoglycemic drugs, GLP-1RAs not only control blood sugar but also achieve weight 
control.16 Major studies, such as SUSTAIN6, have confirmed the significant cardiovascular protective effects of GLP- 
1RAs, which improve the prognosis of patients with cardiovascular diseases.17–19 A study by Verma confirmed that 
liraglutide reduced cardiovascular outcomes in patients with a history of myocardial infarction/stroke and in patients 
diagnosed with atherosclerotic cardiovascular diseases but without a history of myocardial infarction/stroke.20 Woo and 
colleagues reported that adjunctive exenatide treatment in patients with ST-segment-elevation myocardial infarction was 
associated with reduced infarct size and improved left ventricular function.21 As a highly homologous, novel, long-acting 

Figure 8 KEGG pathway analysis of the rat DEMs (n=6). (A)Control vs MI; (B) MI vs SEMA.
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Figure 9 Double volcano plot of the rat DEMs (n=6). (A) Common DEMs upregulated in the control/MI group and downregulated in the MI/SEMA group. (B) Common 
DEMs downregulated in the control/MI group and upregulated in the MI/SEMA group.
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GLP-1RA drug, semaglutide was chosen in this study as the experimental medication for rats with myocardial infarction. 
After 4 weeks of intervention, the SEMA group had significantly lower body weights than the other two groups did. 
Additionally, echocardiographic assessments revealed significant improvements in various cardiac function indices, with 
a notable increase in LVEF, confirming the cardioprotective effects of semaglutide in rats with myocardial infarction. 
Some studies have shown that elevated GLP-1 levels at admission are closely related to cardiovascular outcomes and 
complications in patients with myocardial infarction. However, these observational studies do not prove causality. In 
conjunction with the cardiovascular protective effects of GLP-1, similar to natriuretic peptides, endogenous GLP-1 is 

Figure 10 MI vs SEMA random forest plot (n=6). (A) MI vs SEMA-NEG random forest plot. (B) MI vs SEMA POS random forest plot.

Table 2 Top 15 Metabolites with the Highest Mean Decrease Accuracy (MDA) Values (n=6)

Compound Formula Description VIP FC log2FC pValue significance MDA

POS sema vs mi

8.35_193.9986 m/z CH6O6P2 Methylenediphosphonic acid 1.43 6.26 2.65 <0.001 Up 0.003533

7.00_432.1557 m/z C22H23F4NO2 Trifluperidol 1.01 3.00 1.59 0.0018 Up 0.0024

6.67_242.0794 m/z C7H13O6P cis-Mevinphos 2.13 0.48 −1.07 0.0061 Down 0.002067

0.92_751.4400 m/z C37H67O13P PG(a-13:0/5-iso PGF2VI) 2.11 0.25 −2.01 <0.001 Down 0.001733

3.05_184.0642 m/z C5H13NO4S Choline sulfate 2.1 2.12 1.08 0.0288 Up 0.001333

NEG sema vs mi

10.58_444.2175 m/z C20H38NaO7S+ Docusate sodium 1.88 0.32 −1.62 0.0031 Down 0.004267

5.98_386.1306 m/z C12H23NO10 Lactosamine 1.61 4.04 2.02 0.013 Up 0.004

8.72_268.0851 m/z C10H12FN5O3 Lagociclovir 1.71 3.49 1.80 0.0268 Up 0.003067

10.90_241.0909 m/z C11H16OS 1-(2-Thienyl)-1-heptanone 1.46 0.49 −1.04 0.0027 Down 0.002467

10.46_769.0618 m/z C20H26N10O12P2S2 Adenylyl-molybdopterin 1.2 0.07 −3.91 0.0059 Down 0.0024

1.21_425.2451 m/z C25H34N2O4 Benzeneacetonitrile 1.74 13.31 3.73 0.0382 Up 0.002317
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more likely to be a negative feedback in this process, to control glucose metabolism, inflammation, and improve cardiac 
function during critical illness. Additionally, GLP-1 levels in the short term after onset of the disease do not represent the 
chronic GLP-1 changes measured in this experiment.22,23

Myocardial fibrosis, characterized by excessive proliferation of fibroblasts, is a pathological process that primarily manifests 
as increased collagen content and disordered arrangement in the myocardial interstitium, leading to reduced myocardial 
compliance and varying degrees of cardiac dysfunction.24 In this study, H&E staining revealed that the myocardial structure 
in both the MI and SEMA groups was significantly damaged, with considerable inflammatory cell infiltration and fibrous tissue 
proliferation. Compared with the MI group, the SEMA group showed improvements. Sirius red staining revealed a reduction in 
the collagen fiber area in the SEMA group compared with that in the MI group (p<0.05), with a significant improvement in the 
degree of fibrosis. These findings suggest that SEMA can inhibit myofibroblasts and ameliorate postinfarction myocardial 
fibrosis in rats.

The heart has a high energy demand and is produced mainly by mitochondrial oxidative phosphorylation to generate 
ATP to maintain contractile function. Under normal conditions, the energy metabolism pathways of the myocardium 
exhibit strong adaptability.6 The reduced metabolic efficiency and loss of coordinated anabolic activities caused by 
myocardial infarction are significant factors leading to myocardial remodeling. Fatty acids and glucose are the primary 
“fuels” for generating ATP used in myocardial cell contraction. During cardiac ischemia, the heart can switch from fatty 
acid oxidation (FAO) to glucose metabolism, enabling the limited oxygen to produce more ATP. This metabolic shift 
involves increased glucose uptake from the bloodstream, breakdown of cardiac glycogen, reduction of the regulatory 
enzyme 6-phosphofructokinase-1 (PFK-1) in glycolysis, and activation of AMP-activated protein kinase (AMPK). These 
changes lead to an increased capacity of GLUT transporters on the membrane and activation of 6-phosphofructokinase-2 
(PFK-2).25 Improving the energy metabolism of the ischemic heart can delay disease progression and reduce infarct size, 
and it has become a new target in the prognosis and treatment of myocardial infarction. To further clarify the mechanism 
by which semaglutide affects myocardial metabolism, we conducted metabolomic analysis, examining the DEMs of the 
Control/MI and MI/SEMA groups, which included mainly benzene compounds, lipids, and organic acids. The metabolic 
characteristics of the three groups changed significantly. KEGG analysis revealed that the control/MI group was enriched 
mainly in sugar metabolism, glycolysis, organic synthesis, and amino acid metabolism, whereas the MI/SEMA group 
was enriched mainly in amino acid metabolism and biosynthesis, as well as sugar metabolism. Glucose metabolism is 
crucial for improving the function of the infarcted myocardium; a study revealed that reduced cardiac glucose uptake and 
metabolism in infarcted mice led to a poor prognosis after myocardial infarction.26 Additionally, our observations 
indicate that semaglutide has a significant downregulatory effect on blood glucose and blood lipids in rats, and PAS 
staining also revealed the accumulation of glycogen in the myocardium of the MI group and the increased ability of 
semaglutide to increase myocardial glucose uptake. Previous studies have confirmed that amino acid metabolism is 
related to ventricular remodeling in heart failure and the occurrence of CHD.27,28 Moreover, MI/SEMA also involves 
valine, leucine, and isoleucine biosynthesis, which, as branched-chain amino acids (BCAAs), play important roles in 
muscle growth and energy metabolism. Although BCAA oxidation results in less than 2% ATP generation in the heart, 
the accumulation of BCAAs and branched-chain α-keto acids (BCKAs) has been found in heart failure, mainly because 
the accumulation of leucine induces the activation of mechanistic target of rapamycin (mTOR) signaling and impairs 
insulin signaling pathways, leading to ventricular remodeling.29,30 The common pathways between Control/MI and MI/ 
SEMA include amino sugar and nucleotide sugar metabolism; chlorocyclohexane and chlorobenzene degradation; and 
phenylalanine, tyrosine, and tryptophan biosynthesis. Among them, amino sugar and nucleotide sugar metabolism is the 
pathway with the most significant difference between MI and SEMA, and multiple studies have shown its relationship 
with the regulation of myocardial function, including hypertension, hypertrophic cardiomyopathy, and sepsis-induced 
myocardial dysfunction.31–33 These sugars play a key role in the synthesis of complex sugar structures such as 
glycoproteins, glycolipids, and polysaccharides, and nucleotide sugar metabolism is also involved in the conversion of 
glucose to ribose, which is essential for nucleic acid synthesis.34,35 Hyperphenylalaninemia can cause cardiac aging and 
dysfunction, manifested by increased levels of cytoplasmic superoxide, p21, and H3K9me3 in myocardial cells and/or 
cardiac fibroblasts, and its mechanism may involve inhibiting the degradation of the p21 protein through targeting its 
ubiquitination/proteasome-mediated destruction.36 In addition, cardiac phenylalanine catabolism itself may change 
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intracellular signal transduction through protein succinylation and aging histone modifications, as well as the accumula-
tion of toxic metabolites, thereby promoting myocardial aging.37,38 A Mendelian randomization study revealed that 
tyrosine is positively correlated with angina pectoris and deep vein thrombosis.39 Tyrosine phosphorylation is an 
important regulator of cardiac physiology and development, and studies have shown that it affects myocardial tissue 
structure through the downregulation of the MAPK pathway and the activation of the EGFR, focal adhesion, PDGFR, 
and actin cytoskeleton pathways.40,41 In summary, semaglutide regulates glucose metabolism and amino acid metabolism 
(including BCAA metabolism) and alleviates myocardial injury caused by myocardial infarction through changes in 
metabolites.

The data collected from untargeted metabolomic analysis are voluminous, necessitating multidimensional spatial 
modeling of metabolites to facilitate holistic and direct conclusions. The application of machine learning techniques 
simplifies this process by combining multiple procedures consisting of data resampling and remolding. The random forest 
method, which involves the construction of an ensemble of decision trees for prediction, can be used in metabolomic research 
to analyze metabolite data and identify metabolites associated with specific disease states or treatment responses.42,43 This 
study is the first to explore biomarkers of drug efficacy in a myocardial infarction model via random forest analysis combined 
with untargeted metabolomics. We performed a random forest analysis on metabolites from the MI/SEMA group and 
screened 11 differentially abundant metabolites. We subsequently created a double volcano plot to screen for DEMs reversed 
by semaglutide intervention. The combination of random forest analysis and the double volcano plot identified common 
DEMs, including Docusate sodium, 1-(2-Thienyl)-1-heptanone, Adenylyl-molybdopterin, Methylenediphosphonic acid, 
Choline sulfate, and Lactosamine. Trifluperidol exhibits neuroprotective effects, which may be mediated by modulating 
inflammatory factors in microglial cells and glial cells. A study suggests that trifluperidol may play a role in regulating 
glycolysis and cholesterol biosynthesis. It has been described that antipsychotic drugs managed to improve the enzymatic 
activity associated with the glycolysis pathway.44,45 Lactosamine is an important endogenous glycoepitope that provides for 
recognition of glycoproteins by a family of mammalian galectins.46 The results show that lactosamine is involved in the 
metabolism of amino sugars and nucleoside sugars, but further mechanism studies are needed. Methylenediphosphonic acid 
can promote the accumulation of 99Tc-MDP at the site of bone injury, thereby exerting a therapeutic effect. It is reported that 
99Tc-MDP can inhibit the expression of bone-destructive factors such as TNF-α, suppress the activity and differentiation of 
osteoclasts, and improve bone metabolism.47 These biomarker levels play important roles in the process of glycopeptide 
intervention and can be further studied in subsequent experiments.

The limitation of this study is the lack of further confirmation via in vitro experiments and comparisons with the 
efficacy of other drugs, which should be evaluated in future research.

Conclusion
In summary, semaglutide significantly reduces body weight in rats with myocardial infarction, promotes glycolipid 
metabolism, and markedly improves myocardial fibrosis and metabolic abnormalities. Its mechanism of action may be 
related to changes in myocardial glucose metabolism and amino acid metabolic pathways, where Docusate sodium, 
1-(2-Thienyl)-1-heptanone, Adenylyl-molybdopterin, Methylenediphosphonic acid, Choline sulfate, and Lactosamine 
play significant roles in metabolic regulation.
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