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ARTICLE INFO ABSTRACT
Keywords: Background: Lactate is a crucial intermediary, facilitating communication between myocardial
Lactate energy metabolism and microenvironmental regulation. The present study aimed to investigate
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the relationship between lactate-related genes (LRGs) and myocardial infarction (MI).

Methods: A total of 23 LRGs exhibited differential expression between individuals with MI and
healthy controls. Lasso regression analysis and validation with the GSE61144 dataset identified
three hub genes: COX20, AGK, and PDHX. Single-gene GSEA of these genes revealed strong
enrichment in pathways related to amino acid metabolism, cell cycle, and immune functions.
Quantitative reverse transcription-polymerase chain reaction (QRT-PCR) was utilized to validate
the expression levels of the hub genes.

Results: Immune infiltration analysis revealed differences in CD4" T and CD8™ T cells between the
MI and control groups. Additionally, 67 candidate drugs targeting the three hub LRGs were
identified, and a ceRNA network was constructed to explore the intricate interactions among
these genes.

Conclusions: These findings enhance the understanding of MI and have potential therapeutic
implications.

1. Introduction

Myocardial infarction (MI) is a well-known outcome of persistent inadequate blood flow to the heart or coronary arteries, and it is
linked to high mortality rates [1]. Advanced myocardial protection techniques have provided significant benefits for many high-risk
individuals [2]. Despite these advancements, current methods do not always prevent myocardial stunning or complete tissue necrosis
[3]. It is well recognized that restricted blood flow and subsequent reperfusion lead to global or regional metabolic changes in the
cardiac muscle, significantly affecting its functional recovery [4]. The occurrence of acidosis and lactate production within cardiac
tissue serves as a reliable indicator of insufficient preservation of the myocardium [5]. Previous research has demonstrated a corre-
lation between lactate concentration and patient outcomes in consecutive cohorts with MI [6].

Lactate, a common intermediate in glycolysis, was traditionally viewed as a metabolic by-product [7]. However, due to the
Warburg effect, cancer cells exhibit excessive lactate accumulation, which is a hallmark of cancer and contributes to an acidic tumor
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microenvironment [8]. Recent studies have shown that lactate can serve as a precursor for gluconeogenesis or enter the mitochondrial
matrix, either directly or indirectly, to supply energy [9]. It also acts as a signaling molecule, playing a role in maintaining subcellular
organelle homeostasis and facilitating communication between neurons to modulate immunity through various signaling pathways
[10]. Interestingly, lactate directly regulates protein function to control cell proliferation [11]. Additionally, lactate serves as a sub-
strate for epigenetic modifications, such as lactylation of histone or non-histone lysine residues, which influences gene transcription
and protein function [12]. Emerging evidence suggests that lactate may be involved in various diseases, including MI, beyond its role in
tumors [13,14]. Serum lactate levels reflect the state of blood circulation, with elevated levels indicating reduced oxygen delivery or
inadequate blood flow to tissues [15,16]. Thus, serum lactate serves as a prognostic marker for critically ill patients with MI. Given
lactate’s crucial role as a signaling molecule in regulating hemodynamics and energy metabolism, conducting a comprehensive
analysis of lactate-related genes is essential to understand their potential contribution to MI.

This study utilized transcriptome sequencing and bioinformatics analysis to investigate lactate-related genes (LRGs) in individuals
with myocardial infarction (MI). Whole blood samples from MI patients were collected, and the LRGs were validated by qRT-PCR. The
primary goal was to propose new strategies for diagnosing and treating MI.

2. Materials and methods
2.1. Obtain data

The data analysis was conducted utilizing two datasets obtained from the Gene Expression Omnibus (GEO) database. The first
dataset, GSE141512, served as the microarray training dataset and included peripheral blood samples from 6 MI patients and 6 healthy
controls. Whole transcriptome sequencing was performed utilizing the GPL17586 platform [17]. The second dataset, GSE61144, was
used as the microarray validation dataset and comprised full blood samples from 14 individuals with MI and 10 healthy controls.
Whole transcriptome sequencing was performed utilizing the GPL6106 platform [18].

2.2. Identification of DE-LRGs

In this study, data analysis was conducted utilizing the ‘limma’ package in R software. The expression matrix for LRGs was obtained
from the GSEA website (https://www.gsea-msigdb.org/gsea/downloads.jsp). From the gene sets available on the site, a collection of
219 LRGs was curated. To identify differentially expressed LRGs (DE-LRGs), a differential expression analysis was performed by
comparing the MI and control groups. The analysis focused on genes that showed significant differences, applying a cutoff of p-value
<0.05 and fold change (FC) > 1.2 for adjustment. A Venn plot was utilized to illustrate the overlap between differentially expressed
genes (DEGs) and LRGs.

2.3. Functional enrichment analyses

Enrichment analyses on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were performed utilizing the
R package ‘clusterProfiler’. Statistical evaluation was conducted with a significance threshold of FDR <0.05 and adjusted p-value
<0.05. GO terms were categorized into three classifications: biological process (BP), molecular function (MF), and cellular component
(CO).

2.4. Optimal hub gene selection

DE-LRGs were identified by comparing control and MI samples, with the resulting DEGs serving as features for subsequent selection
using the LASSO algorithm implemented in the ‘glmnet’ package. This approach effectively reduced data complexity and enabled the
identification of potential biomarkers associated with MI. An independent validation was performed utilizing the GSE61144 dataset to
confirm these key DE-LRGs and identify relevant hub genes. The diagnostic performance of each hub DE-LRG was assessed by
calculating the area under the receiver operating characteristic curve (AUC).

2.5. Single-gene GSEA analyses of identified DE-LRGs

The Single-gene GSEA method was utilized to investigate the associations between pathways and functions of the hub DE-LRGs. To
determine statistical significance, thresholds were set at p < 0.05, normalized enrichment scores (NES) > 1, and false discovery rate
(FDR) g-values <0.25.

2.6. Immune cell analyses

The GSE141512 dataset was analyzed utilizing the CIBERSORT algorithm to investigate immune cell populations, identifying 24
distinct types of immune cells. CIBERSORT was run in relative and absolute modes, using the LM24 signature gene file, with 100
permutations and quantile normalization disabled. Although 100 permutations were used as the recommended minimum, increasing
to 1000 permutations did not alter the absolute proportion of each cell type. The data were visually represented through boxplots. To
further examine the relationship between hub DE-LRGs and immune cell populations, Spearman correlation analyses were performed
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and visualized utilizing the ‘corrplot’ package.
2.7. Patient recruitment and sample collection

qRT-PCR experiments were applied to validate the biomarkers in the peripheral blood of MI patients. The study was granted by the
Ethics Committee of the People’s Hospital of Xinjiang Uygur Autonomous Region (Ethics approval number: KY20240312074). The
inclusion criteria for MI patients were as follows: 1) age >18 years; 2) diagnosis of MI based on ESC guidelines; 3) symptom onset
within 12 h before percutaneous coronary intervention (PCI); and 4) informed consent obtained. Exclusion criteria included: 1)
cardiogenic shock; 2) prior myocardial infarction or coronary artery bypass grafting; 3) severe hepatic conditions. All participants
provided written consent before enrollment.

2.8. qRT-PCR experiment to verify the expression of diagnostic biomarkers

Total RNA was extracted from blood sample based on standard protocols of RNA Extraction Reagent (Invitrogen, USA). The 5X All-
In-One RT MasterMix (abm, China) was used to synthesize cDNA. PCR amplification was performed by a CFX96 real-time PCR in-
strument (BIO-RAD, USA) with EvaGreen Express 2 x qPCR MasterMix-Low Rox (abm, China). PCR data was normalized by actin
expression. The method of quantification for PCR data was calculated with the 2722t computation method. The primers we used are
listed in Table S1.

2.9. Drug prediction analysis

The Coremine Medical website was utilized to calculate the correlation between drugs and gene targets. The results of this analysis
were utilized to identify potential therapeutic agents targeting the hub DE-LRGs.
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Fig. 1. (A) Volcano map of GSE151412 (MI = 6, Control = 6), Upregulated genes are marked in light red; downregulated genes are marked in light
blue. (B) The two datasets showed an overlap of 23 DEGs. (C) Heat maps of DE-LRGs in MI and Control. (D) Interrelationships among DE-LRGs. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.10. ceRNA network development

To identify relevant miRNAs interacting with hub DE-LRGs, the starBase database was utilized. mRNA sequences corresponding to
these DE-LRGs were acquired from NCBI, while human miRNA sequences were downloaded from miRbase. Prediction of miRNA target
genes was conducted using the TargetScan, miRNet, and miRanda databases. Additionally, starBase was utilized to screen for mRNA-
IncRNA interactions, facilitating the construction of an mRNA-miRNA-IncRNA network. A competing endogenous RNA (ceRNA)
network was then mapped using Cytoscape.

2.11. Statistical analyses

All statistical analyses were performed utilizing R software (version 4.1.2; https://www.r-project.org/). The R packages used for
generating plots are detailed in Table S2. The Wilcoxon rank-sum test and t-test were employed for difference analysis, while Spearman
correlation analysis was utilized to evaluate correlations. A value of p < 0.05 was considered significant.

3. Results
3.1. Identification of LRGs in the GSE141512 cohort

A total of 1177 DEGs were identified between the MI patients and the control group. Among these, 719 genes exhibited up-
regulation, while 458 genes showed down-regulation. These DEGs are visually represented in a volcano plot (Fig. 1A). From the
GSEA website, a set of 219 LRGs was obtained, and 23 overlapping genes were identified between the DEGs and LRGs (Fig. 1B). To
examine the expression patterns of these differentially expressed and literature-reported genes across the samples, a clustering
heatmap was generated, illustrating the expression profiles of these genes across various samples (Fig. 1C). Moreover, the in-
terrelationships among these genes were computed and illustrated. For example, MECP2 showed a positive correlation with FASTKD2
and MRPS28 but a negative correlation with CDK5 and PYGL. Similarly, RNASEH1 had a negative correlation with CDK5, PYGL, and
HADHB, while displaying a positive correlation with ISCA1, MRPS28, and PMPCB (Fig. 1D).

3.2. Functional DE-LRGs analyses

The LRGs were subjected to GO/KEGG enrichment analysis. KEGG analysis indicated significant enrichment in pathways like fatty
acid degradation, fatty acid metabolism, and the degradation of valine, leucine, and isoleucine (Fig. 2A). GO analysis showed notable
enrichment in BP, particularly those related to fatty acid oxidation and lipid modification signaling pathways. Regarding CC, the
mitochondrial matrix and inner membrane were significantly enriched (Fig. 2B).

3.3. Identification of hub DE-LRGs

Using the GSE151412 training dataset, Lasso regression was applied to the expression matrix of 23 DE-LRGs. This analysis iden-
tified COX20, AGK, PDHX, and CLPB as potential candidates (Fig. 3A and B). To validate these findings, the GSE61144 validation
dataset was analyzed. Notably, the expression levels of COX20, AGK, and PDHX were significantly lower in the MI group versus the
control group (Fig. 4A). The AUC values for these three DE-LRGs were determined to be 0.979, 0.943, and 0.786, respectively,
indicating their high accuracy and specificity in distinguishing MI samples from control samples (Fig. 4B-D). These results highlight
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the potential of COX20, AGK, and PDHX as promising biomarkers for MI detection.

3.4. Single-gene GSEA gene set enrichment analysis

Single-gene GSEA analysis was performed on these 3 DE-LRGs to obtain the related pathways of each gene (Fig. 5A-C). The analysis
revealed that these genes were predominantly enriched in amino acid and derivative metabolism pathways, the major pathway of
rRNA processing in the nucleolus and cytosol, cell cycle regulation, and immune pathways.

3.5. Analysis of immune cell infiltration

The examination of immune cell infiltration revealed significant variations in the levels of CD4+4-T, CD8+T, DC, TCM and TEM cells
between the MI and control groups (Fig. 6A). Furthermore, a correlation analysis was performed to investigate the correlation between
the 3 DE-LRGs and immune cells (Fig. 6B). COX20 was found to have a strong positive correlation with CD4+T, CD8+T, Naive CD4'T,
Tth, central memory and effector memory cells. AGK showed a positive correlation with CD8+T, Tth and effector memory cells.
Additionally, PDHX demonstrated a significant link between CD8+T, central memory, and effector memory cells.

3.6. Expression level of COX20, AGK and PDHX in peripheral blood samples

Seven MI patients and Thirteen age- and gender-matched controls were enrolled in the study. Demographic characteristics are
detailed in Table S3. The mRNA expression levels of COX20, AGK, and PDHX were found to be downregulated in the MI group
compared to the control group (Fig. 7). Table S4 listed the hub DE-LRGs.

3.7. Screening of potential therapeutic drugs

The Coremine Medical website was employed to predict potential therapeutic drugs that could effectively target hub DE-LRGs
associated with MI (Fig. 8A). A total of 17 potential therapeutic agents were identified for COX20, 25 for AGK, and 26 for PDHX.

3.8. ceRNA regulatory network

A ceRNA network was constructed using the DE-LRGs. This network included 179 nodes, comprising 3 DEGs, 7 miRNAs, and 169
IncRNAs, with a total of 368 edges, highlighting the complex interactions among these genes (Fig. 8B). For instance, several IncRNAs
(23, 41, 0, 72, 72, and 40, respectively) were predicted to competitively bind to hsa-mir-21-5p, hsa-mir-25-3p, hsa-mir-33a-3p, hsa-
mir-17-5p, hsa-mir-93-5p, and hsa-mir-146a-5p, influencing the expression of COX20. Additionally, 36 IncRNAs were found to
potentially regulate the expression of AGK and PDHX by competitively binding to hsa-mir-582-5p. The IncRNA NEAT1 was predicted
to modulate the expression of COX20, AGK, and PDHX by interacting with hsa-mir-146a-5p, hsa-mir-17-5p, hsa-mir-93-5p, and hsa-
mir-582-5p.
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4. Discussion

MI is a severe form of coronary artery disease caused by the narrowing and blockage of coronary arteries, which reduces oxygen
supply to myocardial cells [19]. This condition results in a decline in mitochondrial oxidative phosphorylation and an increase in
glycolytic activity within these cells [20,21]. Consequently, cardiac myocytes produce elevated levels of lactate, a finding that is
consistent with numerous clinical studies reporting increased circulating lactate levels in MI patients [22]. Extensive clinical research
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has consistently shown that measuring circulating lactate levels has significant prognostic value for predicting adverse clinical out-
comes in individuals with MI [6,23].

Several factors contribute to elevated blood lactate levels in individuals experiencing acute myocardial infarction (AMI), including
increased glycolytic activity, inadequate tissue perfusion, insulin resistance, and impaired hemodynamics due to myocardial infarction
[24-27]. Currently, there are limited basic research studies investigating the correlation between lactate and MI. Lactate influences
gene transcription through lactylation of histones and non-histone proteins, a novel post-translational modification [28]. In the early
phase of MI, lactylation of H3K18la in monocytes has been reported to stimulate the expression of genes involved in cardiac repairs,
including Lrgl, Vegf-a, and IL-10, thereby promoting the healing of damaged hearts [29]. After MI, the lactylation of the transcription
factor Snaill in endothelial cells stimulates TGF-§ gene expression, resulting in endothelial-to-mesenchymal transition and negatively
impacting cardiac repair [13]. These findings highlight the crucial role of lactate in MIL. Nevertheless, further research is required to
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comprehensively understand the mechanism and predictive value of LRGs in MI patients.

In this study, bioinformatics methods were employed to analyze the DE-LRGs between MI patients and healthy individuals. A total
of 23 LRGs were identified as differentially expressed, including MECP2, FASTKD2, MRPS28, CDK5, PYG, COX20, AGK, and PDHX.
Enrichment analysis of DE-LRGs showed significant enrichment in BP related to fatty acid oxidation and lipid modification signaling
pathways. KEGG enrichment analysis of these 23 genes further revealed their concentration in pathways such as fatty acid degradation
and fatty acid metabolism. Recent studies have demonstrated that fatty acid oxidation can reduce ischemia-reperfusion injury in
myocardial infarction and support cardiac regeneration. Lipids, which serve as a concentrated energy source, are crucial for the
biological activities of mammals [30]. Lipid modification regulates the location and activity of signaling proteins under both physi-
ological and pathophysiological conditions, including MI [31]. Previous research has established a correlation between lactate, fatty
acids, and lipids [32]. These findings provide additional insights into the relationship between MI and fatty acid metabolism from the
perspective of LRGs.

LASSO regression is commonly used for screening disease risk factors and developing prediction models. While it effectively
identifies important variables, it does not provide causal interpretations. Thus, careful consideration of study design and data quality is
essential [33]. In this study, LASSO regression was employed to identify hub genes associated with MI, which were then validated
using the GSE61144 database and a small retrospective analysis. This approach led to the identification of COX20, AGK, and PDHX as
potential biomarkers. The ROC curve analysis showed that these three hub genes (AUC >0.8) had strong discriminatory power be-
tween MI and control samples in the GSE61144 database. The reliability of these hub genes, identified through bioinformatics analysis,
was further supported by qRT-PCR validation.

The COX20 gene encodes a protein involved in the cytochrome C oxidase assembly, a key component of the respiratory pathway
[34]. Recent research has shown that the long non-coding RNA differentiation antagonizing non-protein coding RNA (DANCR) pro-
motes arteriosclerosis progression by targeting the miR-214-5p/COX20 axis, suggesting that COX20 may play a role in the initiation of
arteriosclerosis [35]. AGK, a kinase in the mitochondrial membrane, is involved in lipid and glycerolipid metabolism [36]. A study
reported two cases where AGK mutations manifested as severe heart failure in infants, highlighting its critical role in cardiac function
[37]. PDHX, located in the mitochondrial matrix, catalyzes the conversion of pyruvate to acetyl coenzyme A, a crucial step in energy
metabolism [38]. There is a correlation between PDHX and myocardial energy metabolism disorders [39]. These findings suggest that
lactate-related genes may be implicated in the development of myocardial infarction. The identification of specific lactate-related
genes in this study lays a solid foundation for future research aimed at understanding the pathogenesis of ML

Single-gene GSEA analysis revealed the upregulation of various pathways in M1, including those related to the metabolism of amino
acids and derivatives, cell cycle regulation, and immune pathways. Numerous preclinical studies have suggested that the regulation of
immunity-related cytokines, such as interleukin-4, -13, and —33, can influence cardiac function following MI [40]. A proteomics study
has shown that the metabolism of amino acids and derivatives plays a role in endothelial dysfunction, a key factor in the onset and
progression of atherothrombosis, which leads to MI [40]. Recent studies have highlighted a strong association between amino acid
metabolism, cell cycle regulation, immune response, and lactate levels [7,41,42]. Notably, our study demonstrates that LRGs asso-
ciated with MI are enriched in the same pathways linked to the metabolism of amino acids, cell Cycle, and immune response from an
LRG perspective, further emphasizing the shared mechanisms underlying MI and this signaling pathway.

The analysis of immune cell infiltration predictions revealed significant differences in CD4"T, CD8"T, DC, TCM and TEM cells
between patients with MI and healthy individuals. Animal studies have shown that CD8'T T-cells act as regulators in the MI wound-
healing process [43]. The expansion and activation of CD4 T T cells in the heart have been identified to facilitate pathological cardiac
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remodeling and dysfunction [44]. Subsequent investigation revealed a close association between the COX20 and CD8'T, monocyte,
central memory and effector memory cells, while the gene AGK and PDHX exhibited strong correlations with CD8'T cells. Lactate
accumulation can create an inhibitory immune microenvironment through various pathways characterized by T-cell infiltration [45].
These findings suggest that certain DE-LRGs may contribute to MI by impacting the immune system.

This study successfully identified candidate drugs that could target hub genes and established a ceRNA network. Epigenetic
mechanisms, particularly those involving non-coding RNAs, play a crucial role in the development and progression of MI, exerting
significant regulatory control over these processes [46]. Recent research has shown that hsa-mir-21-5p, hsa-mir-17-5p, and
hsa-mir-146a-5p can serve as early biomarkers for MI, while hsa-mir-25-3p and hsa-mir-93-5p have notable clinical utility in managing
the condition [47-51]. Among the potential therapeutic drugs identified were various supplements and vitamins, such as Omega-3
Fatty Acid, Coenzyme Q10, and Vitamin B Complex; antineoplastic agents, including Osimertinib, Regorafenib, and Trametinib;
and steroid hormones like Estradiol and Progesterone. As a predictive targeted drug for DE-LRGs, Omega-3 Fatty Acid, Coenzyme Q10,
Vitamin B, and Estradiol have been suggested to offer cardioprotective effects in MI, though their specific therapeutic benefits remain
debated [52-55]. The efficacy of the predicted gene-targeted drugs and non-coding RNAs is still uncertain, and further research is
needed to elucidate the specific pathways involved. Therefore, these selected drugs and non-coding RNAs warrant prospective
investigation.

The findings presented in this study are based on a comprehensive secondary analysis of existing data, supplemented by validation
in a small retrospective analysis. However, the sample size was relatively small, indicating a need for a prospective study with a larger
cohort to better determine its clinical applicability. While our study focused on a subset of hub genes associated with DE-LRGs, there is
a possibility that other important genes implicated in MI may have been overlooked. The methodologies used primarily involved
correlation analysis, necessitating a cautious interpretation of the results: while we observed a significant correlation between al-
terations in LRGs and the pathogenesis of MI, the causal relationship remains uncertain. Therefore, further in vitro and in vivo studies
will be essential to fully elucidate the role of these LRGs in the progression of MI.

5. Conclusion

In conclusion, our bioinformatics analysis identified 23 potential LRGs associated with MI. Notably, COX20, AGK, and PDHX have
been identified as key regulators of lactate metabolism, highlighting their important role in the pathogenesis of MI. However, the
specific mechanisms linking LRGs to MI remain unclear, and further research is needed to deepen our understanding of MI.
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