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Background: Acute myocardial infarction (AMI) is a critical cardiovascular event characterized by sudden coronary blood flow
interruption, leading to myocardial ischemia and necrosis. Despite advances in acute therapeutic measures, understanding the
metabolic damage related to AMI, particularly through specific protein expressions, remains limited. This study utilized Olink
cardiovascular metabolomics technology to explore cardiovascular metabolism-related protein biomarkers associated with AMI,
aiming to address the clinical need for early diagnosis and targeted therapy.

Methods: This study utilized Olink cardiovascular metabolomics technology to analyze 92 cardiovascular metabolism-related
proteins in coronary blood samples from 20 AMI patients and 10 healthy controls. Differentially expressed proteins were identified
using statistical t-tests, followed by functional enrichment analysis (GO and KEGG) and protein-protein interaction network
construction. Five core proteins were validated in plasma samples from an additional 125 AMI patients and 120 healthy controls
via enzyme-linked immunosorbent assay. To evaluate diagnostic performance, receiver operating characteristic curves were generated
using GEO-related datasets, and Mendelian randomization analysis was employed to investigate the causal relationship between core
proteins and AMI risk.

Results: The study identified 32 proteins with significantly altered expression levels between AMI patients and healthy controls.
Among these, five core proteins—PCOLCE, FCN2, REG1A, DEFA1, and CRTAC1—were significantly associated with key biological
processes such as metabolism, collagen formation, and the PI3K/AKT signaling pathway. These proteins showed strong correlations
with clinical indicators, including BMI, LVEF, NT-proBNP, CK-MB, and ¢TnT. FCN2 and DEFA1 were further validated as having
a causal relationship with AMI risk, indicating their potential as diagnostic biomarkers.

Conclusion: The identified core proteins PCOLCE, FCN2, REG1A, DEFA1, and CRTACI are potential biomarkers for the early
diagnosis and risk assessment of AMI. These findings suggest that these proteins could serve as targets for future therapeutic
interventions aimed at mitigating cardiovascular metabolic damage in AMI.
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Introduction

Acute myocardial infarction (AMI) is a life-threatening acute disease, which is caused by a sudden obstruction of
coronary artery, leading to myocardial ischemia and necrosis. Its main pathological mechanism is thrombosis formation
after the rupture of atherosclerotic plaques, resulting in complete or partial occlusion of the coronary arteries. Clinical
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symptoms usually include chest pain, shortness of breath, sweating, and nausea. AMI is one of the leading causes of
death and disability worldwide." Timely reperfusion therapy, such as thrombolytic therapy or percutaneous coronary
intervention, is critical to improving prognosis. However, despite improvements in acute therapeutic measures, many
patients still face challenges of myocardial dysfunction and long-term complications.

During myocardial infarction, ischemia-stimulated cardiomyocytes cause energy metabolism disorders, oxidative
stress, cell death, and inflammation. Among these, glucose and lipid metabolism disorders play a crucial role in the
development of diabetes and cardiac remodeling.>> Changes in glucose and lipid metabolism in the heart can induce
myocardial cell apoptosis, myocardial hypertrophy, and cardiac fibrosis.>* Additionally, inflammation also participates in
repairing and remodeling the infarcted heart.” Research indicated that metabolic damage was significantly correlated
with the incidence and mortality of coronary artery disease. In patients with acute myocardial infarction, the presence of
metabolic damage may result in more severe myocardial injury and a poorer prognosis.”® Multiple studies have shown
that IL-18 and CRP activity levels are significantly elevated in AMI patients,”'® and metabolic markers, such as
aldosterone and cortisol are associated with ventricular remodeling in the early to mid-stages of AMIL'" indicating that
inflammation and metabolic disorders play important roles in AMI-induced damage. However, current research mostly
focuses on a single metabolic marker, lacking comprehensiveness and specificity regarding cardiovascular metabolic
damage. This fails to fully reveal the complex relationship between cardiovascular metabolic damage proteins and AMI
injury.

With the development of proteomics technology, especially the application of Olink cardiovascular metabolomics
technology, we are provided with new perspectives and tools to comprehensively reveal the relationship between AMI
and cardiovascular metabolic damage.'> Recent research highlights the potential of Olink technology in identifying
biomarkers for ischemic and hypertrophic cardiomyopathy, offering significant insights into disease mechanisms and
aiding in the development of improved diagnostic methods.'*'* Olink cardiovascular metabolomics, through high-
throughput detection of proteins in coronary plasma samples, can identify a series of biomarkers closely related to
cardiovascular metabolism.'>'® These biomarkers can not only serve as indicators for early diagnosis of AMI but also as
potential therapeutic targets. Therefore, our study utilized the Olink cardiometabolic panel to identify metabolic damage
proteins associated with AMI, providing comprehensive proteomic insights. We identified new biomarkers and explored
their roles and mechanisms in human plasma using GO and KEGG analyses. Among the 12 significantly upregulated
proteins, 5 core proteins showed significant differences. They were enriched in key biological processes and pathways
such as metabolism, collagen formation, and PI3K/AKT signaling, and were further validated through the public GEO
database and Mendelian randomization analysis. This study aims to identify metabolism-related markers in AMI and

determine new therapeutic targets for cardiovascular metabolic damage in AMI.

Materials and Methods

General Information

A total of 145 AMI patients hospitalized from January 2023 to December 2023 at Taihe County People’s Hospital
affiliated with Wannan Medical College were selected as the study subjects. Inclusion criteria: (1) Diagnosed with AMI
through clinical manifestations, laboratory tests, and imaging examinations, meeting relevant diagnostic criteria;"'” (2)
Underwent coronary angiography and received percutaneous coronary intervention; (3) Complete clinical case data.
Exclusion criteria: (1) Patients with congenital heart disease, malignant tumors, immune/hematological system diseases,
or severe liver and kidney dysfunction; (2) Those who had surgery, trauma, acute infection, or taken glucocorticoids/
immunosuppressants within the past month; (3) Poor compliance resulting in incomplete clinical case data. All patients
and their families voluntarily participated in this study, which was conducted in accordance with the internationally
recognized principles of the Declaration of Helsinki and approved by the Ethics Committee of Taihe County People’s
Hospital affiliated with Wannan Medical College (Approval No. 2023-09-2022-34) and the Fourth Affiliated Hospital of
Soochow University (Approval No. 2022-KT-105, ChiCTR2100051469). General information such as gender, age, body
mass index (BMI), history of hypertension, history of hyperlipidemia, history of diabetes, triglycerides (TG), total

2630 https: Journal of Inflammation Research 2025:18



Tan et al

cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), N-terminal
pro-B-type natriuretic peptide (NT-proBNP), and cardiac troponin I (cTnl) were recorded.

Plasma Sample Collection

Patients diagnosed with AMI and healthy volunteers were recruited for this study. Coronary blood was collected before
coronary angiography, placed in Na-EDTA tubes, and centrifuged at 3000xg for 15 minutes at 4°C. Each plasma sample
was then aliquoted and stored at —80°C to maintain the stability and integrity of plasma biomolecules.

Screening of Cardiometabolic Biomarkers for AMI

The Olink Cardiometabolic panel (Olink Proteomics AB, Uppsala, Sweden), which includes 92 specific proteins, was
utilized to examine samples from 20 AMI patients and 10 healthy controls (CON). Each protein target was detected
through dual-antibody labeling, paired with a complementary DNA barcode. Quantification was conducted using the
Biomark HD, a high-throughput microfluidic real-time PCR system (Biomark HD, Fluidigm). The results are presented
as Normalized Protein eXpression (NPX) values, represented in arbitrary units on a log2 scale, where higher NPX values
correspond to increased protein expression levels. The validation data, including detection limits and both intra- and
inter-assay precision, are available on the manufacturer’s website (www.olink.com)."”

Potential Metabolize Biomarker Screening

Differentially expressed proteins (DEPs) between the two groups were identified utilizing the Olink™Analyze
R package. The associations between DEPs and clinical characteristics in AMI patients were examined using
OmicStudio (https://www.omicstudio.cn). Diagnostic potential was assessed through receiver operating characteristic

(ROC) curves produced by the ROC R package, where higher area under the curve (AUC) values signified better
diagnostic accuracy. Only DEPs showing high significance in all bioinformatics analyses were deemed potential
biomarkers for AMI.

Protein—Protein Interaction (PPI) Network Construction

The STRING database was employed to construct a PPI network, visualizing interactions among all DEPs and potential
biomarkers. PPI pairs with a combined score above 0.4 (medium confidence) were selected. The network visualization
was performed using Cytoscape software (http://www.cytoscape.org/).'®

Function Enrichment Analysis

Gene enrichment analysis was conducted to clarify the main biological functions and signaling pathways involved. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were carried out and visualized using
R packages.'” The DEP profiles between the Control and AMI groups highlighted enriched categories of biological
processes (BP), molecular functions (MF), and cellular components (CC). KEGG enrichment analysis was utilized to
investigate the genomic and systemic functions of significant DEPs.

Enzyme-Linked Immunosorbent Assay (ELISA) Validation in Plasma

Plasma samples from AMI patients (n=125) and healthy normal controls (n=120) were further validated using ELISA.
The top five up-regulated key genes among the DEPs were confirmed, focusing on DEPs with at least a 0.5-fold change
(FC) and significant roles in KEGG pathways. Plasma levels of core genes were quantified using REG1A ELISA Kits
(MBS1751638, MyBioSource, USA), Human Ficolin-2 ELISA Kit (EH192RB, Thermo Fisher Scientific, USA), Human
PCPE-1 ELISA Kit (EH362RB, Thermo Fisher Scientific, USA), DEFA1 (CSB-E14155h, CUSABIO, China), CRTAC1
(CSB-EL005997HU, CUSABIO, China) according to the manufacturer’s instructions. To clarify the accuracy of key
genes and their impact on chronic ischemic myocardial injury, validation was performed using the public GEO database.
The key genes were further validated in external datasets - AMI (GSE66360, GSE48060) and ischemic cardiomyopathy
(ICM) (GSE5406, GSE57388, GSE57345) (Supplementary Table 1).
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Mendelian Randomization

The dataset originates from the FinnGen project, a large-scale genomic research initiative aimed at exploring disease
mechanisms by analyzing the relationship between the genomes and health data of over 218,000 participants of European
ancestry. Specifically, the GWAS dataset used in this study includes 26,060 cases and 343,079 controls, with multiple
sensitivity analyses performed to ensure the reliability of causal inference.'” The causal relationships between the five
selected proteins and AMI were evaluated using two-sample Mendelian randomization (MR). SNPs were chosen as
instrumental variables based on genome-wide significance (p <5 x 10™®) and linkage disequilibrium (LD, r2 < 0.01). The
inverse variance weighting (IVW) method was used as the primary analysis, with significance set at p < 0.05.%°
Sensitivity analyses, including MR Egger and weighted median methods, were conducted to ensure robustness and
reduce potential biases. Data sources included genetic instruments from https://www.decode.com/summarydata/ and

outcome data from https://www.finngen.fi/en/access_results.

Statistical Analysis

Statistical analyses were performed using SPSS version 26.0 (SPSS Inc., Chicago, IL, USA). Differences between the
AMI and Con groups were evaluated using unpaired Student’s t-tests or Chi-square tests, where appropriate. To control
for multiple testing in bioinformatics analyses, the Benjamini-Hochberg procedure was applied to adjust p-values, with
an adjusted false discovery rate (FDR) threshold set at < 0.05 to determine statistical significance. This adjustment was
specifically applied to the identification of differentially expressed proteins (DEPs) and GO/KEGG enrichment analyses,
ensuring the reliability of the results. ROC curve analysis was used to assess the diagnostic performance of the models.
Sensitivity and specificity were calculated using the maximum Youden index (sensitivity + specificity - 1). Pearson
correlation analysis examined the relationship between DEP levels and clinical indicators such as age, WBC, RBC, Cr,
BUN, Hb, PLT, ALT, AST, CRP, eGFR, TG, BMI, NT-proBNP, HDL-C, TG, TC, LDL-C, ¢cTnT, and CK-MB. A p-value
< 0.05 was deemed statistically significant. Significance levels were indicated as *p < 0.05, **p < 0.01, and ns (non-
significant).

Result

Clinical Characteristics of the Participants

The methodology of the study is illustrated in a comprehensive flowchart (Figure 1A). A total of 275 participants were
enrolled, comprising 145 AMI patients and 130 healthy volunteers. The general clinical characteristics of all subjects are
presented in Table 1. No significant differences were observed between the two groups regarding gender, age, WBC,
RBC, Cr, BUN, Hb, PLT, ALT, AST, CRP, eGFR, TG, diabetes mellitus, and hypertension values (p > 0.05). Conversely,
significant differences were noted in LVEF, LVFS, number of vascular lesions, BMI, NT-proBNP, HDL-C, TG, TC,
LDL-C, c¢TnT, and CK-MB between the groups (p < 0.01) (Table 1 and Figure 1B).

|dentification of Cardiometabolic-Related Biomarkers Using Olink

We evaluated and compared the expression levels of 92 cardiometabolic-related proteins between the AMI and the
Control group. Quality control box plot of the control and AMI groups is presented in Figure 1C. The heatmap
demonstrated the landscape of protein profiles (Figure 1D). At a threshold of p < 0.05, a total of 32 proteins showed
a significant differential expression pattern between the two groups. Among them, PCOLCE, FCN2, REG1A, DEFAI,
CRTACI1, LCN2, COMP, PRSS2, CA3, GNLY, EFEMPI, and CA4 were up-regulated, while ENG, ST6GALI1, PROC,
TIE1, OSMR, SERPINAS, PAM, CIQTNF1, APOM, CNDP1, MET, TIMP1, TGFBI, MEGF9, F7, NIDI1, C2,
SERPINA7, FETUB, and IGFBP3 were downregulated (Figures 2A and B). The heatmap of these differentially
expressed cardiometabolic-related proteins is shown in Figure 2C.

GO, KEGG Enrichment and PPl Network Analysis of DEPs in AMI
The enrichment analysis results indicated that the DEPs were linked to 91 GO terms and 52 KEGG pathways. The top 30
GO term annotations revealed that the intersecting genes were mainly involved in processes such as collagen-containing
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Figure | Differential Analysis of Control and AMI. (A) Flowchart of this study; (B) Visualization of clinical indicators between the CON and AMI groups in the Olink
dataset. The size of each circle represents the strength of correlation, while the shade of blue indicates the absolute value of the correlation (darker blue reflects a stronger
correlation); (C) Quality control box plot of the control and AMI groups; (D) Heatmap of differences between the control and AMI groups.
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Table | Clinical Features of the Olink Cohort and the ELISA Cohort

Characteristics Healthy Control Group AMI Group Ply?
Olink Cohort
Sample sizes N=10 N=20
Age (years) 64.31 + 443 63.99 + 1091 0.93
Gender n
Male, n(%) 6(60%) 13(65%) |
Laboratory parameters
WBC, 10°/L 8.79 £ 0.71 9.03 £ 0.22 0.82
RBC, 10°/L 4.40 £ 0.30 4.38 + 0.58 0.93
Cr, umol/l 67.33 £ 11.29 66.75 + 11.44 0.89
BUN, mmol/l 4.99 £ 1.34 520 + 1.82 0.75
Hb, g/L 140.99 £ 10.36 135.70 £ 17.72 0.39
PLT, 10%/L 212.60 + 57.79 219.71 £51.95 0.74
ALT, U/L 31.19 £ 7.67 38.13 + 20.05 0.30
AST, U/L 36.50 + 5.90 49.70 £ 19.74 0.051
CRP, mg/L 1.19 £ 1.26 1.53 £ 1.32 0.51
eGFR 102.91 + 12.38 9245 + 1433 0.06
LVFS,% 42.10 £ 443 26.25 + 2.63 <0.01
LVEFR% 65.00 + 5.32 51.44 £ 553 <0.01
Number of vascular lesions, n 0.00 + 0.00 1.80 + 0.89 <0.01
BMI 19.23 £ 0.38 22.83 £ 1.6l <0.01
NT-proBNP, ng/mL 27.77 + 12.98 430.09 + 208.38 | <0.01
HDL-C, mmol/Il 1.32 + 0.05 1.07 £ 0.19 <0.01
TG, mmol/l 1.27 £ 0.56 1.66 + 0.52 0.07
TC, mmol/l 2.51 £ 1.58 423 £0.93 <0.01
LDL-C, mmol/l 1.93 £ 0.29 2.58 + 0.50 <0.01
cTnT, pg/L 0.01 +0.02 2.88 + 3.28 <0.05
CK-MB, pg/L 0.97 £ 0.59 24.38 + 27.74 <0.05
Diabetes mellitus 1(10.00) 4(20.00) 0.137
Hypertension, n(%) 1(10.00) 8(40.00) 0.248
Validation Cohort
Sample sizes N=120 N=125 Ply?
Age (years) 62.79 £ 551 62.38 + 11.83 0.73
Gender n
Male, n(%) 70(58.33) 72(57.6) 0.52
Laboratory parameters
WBC, 10°/L 7.2 £ 0.54 7.38 + 1.66 0.25
RBC, 10°/L 5.27 + 1.32 552+ 1.73 0.19
Cr, umol/l 62.98 + 14.54 64.03 £ 10.34 0.52
BUN, mmol/l 559+ 15 5.65 £ 2.0 0.78
Hb, g/L 138.39 + 8.75 13595 + 11.82 0.07
PLT, 10%/L 220.02 + 53.03 22843 + 42.39 0.17
ALT, U/L 33.26 £ 17.35 36.18 + 19.47 0.22
AST, U/L 4125 £ 4.16 42.29 £ 895 0.25
CRP, mg/L 3.87 £ 1.73 40+ 1.73 0.57
eGFR 99.43 £ 7.87 98.01 + 8.36 0.17
LVEF/% 63.07 = 4.66 47.66 £ 5.75 <0.01
LVFS/% 44.33 £ 2.1 28.77 £ 3.04 <0.01
Number of vascular lesions, n 0.0+00 1.92 + 0.69 <0.01
(Continued)
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Table | (Continued).

Characteristics Healthy Control Group AMI Group Ply?
BMI 21.53 + 1.02 23.01 £ 1.48 <0.01
NT-proBNP, ng/mL 27.76 + 4.05 433.48 £ 203.42 | <0.01
HDL-C, mmol/l 1.6 + 0.44 1.17 £ 0.29 <0.01
TG, mmol/l 1.67 + 0.8 245+ 091 <0.01
TC, mmol/l 248 £ 1.17 42 +0.79 <0.01
LDL-C, mmol/l 1.78 £ 0.48 2.7 £037 <0.01
cTnT, pg/L 0.07 = 0.03 3.63 £326 <0.01
CK-MB, pg/L 0.73 £ 0.37 28.64 £ 1856 | <0.01
Diabetes mellitus 21(17.5) 40.00(32.00) 0.142
Hypertension, n(%) 19.00(15.83) 50.00(40.00) 0.221

extracellular matrix, collagen binding, extracellular matrix structural constituent, vascular-associated smooth muscle cell
development, and humoral immune response (Figure 3A). KEGG enrichment results highlighted pathways including
nitrogen metabolism, PI3K-AKT signaling pathway, histidine metabolism, cytoskeleton in muscle cells, and arginine and
proline metabolism and other pathways (Figure 3B).

In addition, we conducted a PPI network analysis on the 32 DEPs in AMI using the STRING database. After
excluding isolated target genes without interactions, 22 target proteins were incorporated into the PPI network
with a confidence score threshold of 900. The gene interactions were visualized using Cytoscape software. In the
PPI analysis, collagen binding, humoral immune response, and collagen-containing extracellular matrix were
notably activated and strongly interconnected. A PPI network of key DEPs was created to further investigate
the connections among these candidate proteins. This network included the top five proteins with the highest fold
changes and the previously mentioned candidate biomarkers. PCOLCE, FCN2, DEFA1, COMP, FETUB, IGFBP3,
SERPINA7, and C2 were all highly interconnected in the candidate biomarker PPI analysis (Figure 3C).

Relationship Between DEPs and AMI

In the Olink expression matrix, differential expression of up-regulated core proteins in DEPs is shown in
Figure 4A, indicating that these 12 proteins are significantly elevated in AMI. We performed a correlation analysis
between the up-regulated core proteins in and clinical indicators of AMI to evaluate the relationship between the
up-regulated core proteins and AMI (Table 2, Figure 4B). Although the p-values consistently indicated signifi-
cance, the R-values varied, suggesting different strengths of these correlations. These findings highlighted the
significant and meaningful correlations between up-regulated core proteins and various clinical characteristics,
with varying strengths of association, underscoring their potential roles in the pathophysiology and clinical
assessment of AMI.

ELISA Validation of Differentially Expressed Proteins in AMI Plasma

Based on the highest fold changes and bioinformatics analysis, we selected PCOLCE, FCN2, REG1A, DEFALI, and CRTACI1
for further validation using ELISA assay. We found that the plasma levels of PCOLCE, FCN2, REG1A, DEFAI, and
CRTACI were significantly elevated in AMI patients compared to the control group (P<0.01), consistent with the trends
observed in the Olink data (Figure 5A). Validation of core protein expression in external datasets GEO-AMI (GSE66360,
GSE48060) and GEO-ICM (GSE5406, GSE57388, GSE57345, DEFA1 was not included in the three datasets) revealed that
PCOLCE, FCN2, REG1A, DEFALI, and CRTACI exhibited differential expression pattern in different datasets. The predictive
diagnostic ROC of the core proteins indicated that the AUCs were 0.782 (GSE66360), 0.78 (GSE48060), 0.825 (GSE54006),
0.678 (GSE57388), and 0.693 (GSE57345), demonstrating diagnostic specificity in both AMI and ICM (Figures 5B-F).
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Figure 2 Analysis of up-regulated and down-regulated proteins in DEPs between Control and AMI group. (A) Visualization of up- and down-regulated DEPs; (B) Volcano
plot of DEPs; (C) Heatmap of the top 19 differential proteins between control and AMI groups.

Causal Association Between the ldentified Five Core Markers and AMI

In order to further explore the causal relationship between the five key proteins and AMI, Mendelian analysis was
conducted. The results suggested a causal relationship between FCN2, DEFA1 levels and AMI risk, while PCOLCE,
REGI1A, and CRTACI did not show a significant causal relationship with AMI in the existing data. Next, we conducted
further analysis on FCN2 and DEFA1 to determine the accuracy of the results. All SNPs were not weak instruments.
Using the IVW method, we found that FCN2 and DEFA1 were associated with AMI risk. DEFA1 had an OR of 1.179
(95% CI = 1.024-1.358, P = 0.022) and FCN2 had an OR of 1.514 (95% CI = 1.095-2.095, P = 0.012) (Supplementary
Table 2, Figures 6A-E). The funnel plots of causal effects were approximately symmetrical (Figures 6F and G), and the
intercept of MR Egger regression did not indicate horizontal pleiotropy, further confirming the absence of bias in the
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Figure 3 GO, KEGG, and PPl Analysis. (A) Bar chart of the top 30 GO differential analyses of DEPs; (B) Bar chart of DEPs KEGG analysis; (C) PPl analysis of the

connections between DEPs.
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Figure 4 Correlation between Olink DEPs up-regulated proteins and clinical indicators. (A) Statistical analysis of DEPs up-regulated proteins between the control and AMI
groups; (B) Visualization of the correlation between DEPs up-regulated proteins and clinical indicators. The network lines represent the direction and strength of the
correlation (green for negative correlation, Orange for positive correlation), and the depth of color in the heatmap indicates the correlation coefficient value. Control:
healthy individuals (n = 10). AMI: acute myocardial infarction patients (n = 20). Compared to the control group, **p < 0.01.

causal effects. As shown in Figures 6H and I, we systematically performed MR analysis on the remaining SNPs after
removing each SNP, and the results remained consistent, indicating that all SNPs were significant in the causal
relationships. This also suggested that there were no dominant SNPs in FCN2 and DEFA1 levels and AMI, validating
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Table 2 Correlation Between the DEPs and Clinical Features

Characteristics PCOLCE FCN2 REGIA DEFAI CRTACI LCN2
R P R P R P R P R P R P
Age 0.087 | 0.647 | —0.023 | 0.905 | 0.245 | 0.193 | —0.05 | 0.793 | 0.394 | 0.03I 0.02 0916
LVEF —0.473 | <0.01 | —0.324 | 0.081 | —0.432 | 0.017 | —0.361 | 0.05 —0.55 | <0.01 | —-0.176 | 0.352
LVFS —0.68 | <0.01 | —0.444 | 0.014 | —0.522 | <0.0l | —0.448 | 0.013 | —0.688 | <0.01 | —0.382 | 0.037
HDL-C —0.451 | 0.012 | —0.11 | 0.562 | —0.249 | 0.185 | —0.193 | 0.308 | —0.268 | 0.152 | —0.261 | 0.163
LDL-C 0.523 | <0.01 | 0.541 | <0.0!l | 0.553 | <0.0l | 0.612 | <0.0l | 0.585 | <0.0l | 0.429 | 0.018
TG 0.619 | <0.01 | 0422 0.02 0.159 | 0401 | 0515 | <0.01 | 0274 | 0.144 | 0.803 | <0.0l
TC 0419 | 0.021 | 0291 | 0.119 | 0474 | <0.01 | 0.501 | <0.01 | 0435 | 0.016 | 0.394 | 0.03I
Cr —0.059 | 0.756 | —0.084 | 0.66 | —0.288 | 0.122 | —0.234 | 0.213 | —0.058 | 0.762 | —0.032 | 0.868
BUN 0.158 | 0404 | 0.135 | 0.475 | 0.074 | 0.696 | 0.049 | 0.797 | 0.195 | 0.303 | 0.116 | 0.542
eGFR —0.402 | 0.028 | —0.125 | 0.51 | —0.215 | 0.253 | —0.058 | 0.761 | —0.562 | <0.01 | —0.244 | 0.195
PLT 0.061 0.75 0.121 | 0.524 | —0.059 | 0.756 | 0.359 | 0.05| | —0.104 | 0.586 | 0.289 | 0.12I
HB —0.139 | 0465 | 0.022 | 0.908 | —0.137 | 047 0.164 | 0.387 | —0.391 | 0.033 | 0.123 | 0.516
RBC —0.041 | 0.832 | 0.256 | 0.172 | —-0.39 | 0.033 | 0261 | 0.163 | —0.296 | 0.112 | 0.206 | 0.274
WBC 0.055 | 0.773 | 0.083 | 0.664 | —0.231 | 0.22 0.49 <0.0l | -0.172 | 0.362 | 0.261 | 0.163
NT-proBNP 0.568 | <0.01 | 0.336 0.07 0.369 | 0.045 | 0335 | 0.071 | 0591 | <0.01 | 0.285 | 0.127
CK-MB 0.392 | 0.032 | 0242 | 0.197 | 0.101 | 0.594 0.18 0.342 | 0391 | 0.033 | 0.263 | 0.161
cTnT 0312 | 0.094 | 0.184 | 0329 | 0.565 | <0.01 | 0.283 0.13 0.561 | <0.0l 0.48 <0.01
AST 0.274 | 0.142 | 0317 | 0.087 | 0.214 | 0.257 | 0.146 | 0442 | 0.193 | 0.307 | 0.167 | 0.378
ALT 0.21 0.265 | 0.337 | 0.069 | —0.089 | 0.642 [ 0302 | 0.105 | 0.176 | 0.353 | 0.143 | 0.452
CRP —0.053 | 0.783 | 0.113 | 0.551 | 0.268 | 0.151 | 0.171 | 0.365 | —0.032 | 0.869 | 0.099 | 0.601
BMI 0.768 | <0.01 | 0616 | <0.01 | 0.607 | <0.0l | 0.523 | <0.0l 0.71 <0.0l | 0.503 | <0.0l
Number of vascular lesions | 0.578 | <0.0l 0.377 0.04 0.575 | <0.01 0.252 | 0.179 | 0.752 | <0.0l 0.32 0.084
Characteristics COPM PRSS2 CA3 GNLY EFEMPI CA4
R P R P R P R P R P R P

Age 0.301 | 0.107 | —0.041 | 0.828 | 0.269 | 0.151 | 0.023 | 0.906 | 0.35! | 0.057 | 0.139 | 0.465
LVEF —-0.315 | 0.09 —0.38 | 0.038 | —0.364 | 0.048 | —0.343 | 0.063 | —0.625 | <0.0l | —0.182 | 0.337
LVFS —0.414 | 0.023 | —0.515 | <0.01 | —0.402 | 0.028 | —0.465 | <0.01 | —0.564 | <0.01 | —0.341 | 0.065
ffHDL-C —0.314 | 0.091 | —0.197 | 0296 | —-0.31 | 0.096 | —0.191 | 0.313 | —0.525 | <0.01 | —0.222 | 0.239
LDL-C 0.323 | 0.082 0.15 0.428 | 0.405 | 0.027 | 0.563 | <0.0l | 0.502 | <0.0l 0.3 0.107
TG 0.364 | 0.048 | 0.579 | <0.01 | 0211 | 0.264 | 0.566 | <0.01 | —0.058 | 0.76 0.704 | <0.0l
TC 0.151 | 0.425 | 0436 | 0.016 | 0292 | 0.118 | 0.357 | 0.053 | 0.319 | 0.085 | 0.336 0.07
Cr -0.019 | 0922 | -0.23 | 0.222 | —0.05 | 0.79 | —0.204 | 0.279 | —0.153 | 0.419 | 0.064 | 0.737
BUN 0.074 | 0.697 | 0.128 0.5 0.245 | 0.192 | —0.047 | 0.805 | 0.134 | 0.48] | 0.142 | 0.453
eGFR —0.331 | 0.074 | 0.024 | 0.899 | —0.197 | 0.297 | —0.098 | 0.607 | —0.502 | <0.01 | —0.217 | 0.25
PLT —0.262 | 0.162 | 0.336 | 0.069 | —0.062 | 0.746 | 0.112 | 0.555 | —0.181 | 0.339 | 0.097 | 0.611I
HB —-0.112 | 0.555 | —-0.07 | 0.7I1 | —0.271 | 0.148 | —0.016 | 0.935 | —0.328 | 0.077 | 0.016 | 0.93I
RBC -0.2 0.289 | 0.047 | 0.804 | —0.216 | 0.251 [ 0.045 | 0.813 | —0.331 | 0.074 | —0.12 | 0.529
WBC —0.237 | 0.208 | 0.223 | 0.236 | 0.003 | 0.987 | —0.088 | 0.644 | —0.217 | 0.249 | 0.123 | 0.517
NT-proBNP 0439 | 0.015 0.39 0.033 | 0273 | 0.144 | 0312 | 0.094 | 0.406 | 0.026 | 0.4I8 | 0.022
CK-MB —-0.002 | 0.99 0.13 0.493 | 0.463 | <0.01 | —0.24 | 0.201 | 0.284 | 0.128 | —0.038 | 0.84
cTnT 0.474 | <0.01 | 0.145 | 0444 | 0.436 | 0.016 0.09 0.635 | 0.181 | 0.337 | 0.305 | 0.0l
AST —0.008 | 0.965 | —0.061 | 0.748 | 0.138 | 0.469 | 0.185 | 0.328 | 0.326 | 0.079 | —0.053 | 0.782
ALT —0.012 | 0.948 | —0.021 | 0913 | —0.081 | 0.671 | 0.302 | 0.105 | 0.273 | 0.144 | —0.09 | 0.637
CRP —0.042 | 0.825 | 0.074 | 0.696 | —0.119 | 0.531 | 0.206 | 0.276 0.07 0.714 0.1 0.599
BMI 0.451 | 0.012 | 0579 | <0.01 | 0.569 | <0.0l 0.59 <0.0l1 | 0.532 | <0.0l | 0.521 | <0.0l
Number of vascular lesions | 0.613 | <0.01 | 0417 | 0.022 0.63 <0.01 | 0.561 | <0.0l1 | 0.467 | <0.0l1 | 0.363 | 0.049
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Figure 5 Clinical ELISA and external GEO dataset validation of DEPs up-regulated core proteins. (A) Statistical charts of ELISA validation for PCOLCE, FCN2, REGIA,
DEFAI, and CRTACI; (B-F) Expression levels and combined ROC curves of PCOLCE, FCN2, REGIA, DEFAI, and CRTACI in external GEO datasets GSE66360,
GSE48060, GSE5406, GSE57388, and GSE57345. Control: healthy individuals (n = 120). AMI: acute myocardial infarction patients (n = 120). Compared to the control group,
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exposure nsnp method b se pval OR(95% Cl)
DEFA1 5 MR Egger 0.1073242  0.20754853 0.641 «———o»—— 1.113 (0.741 to 1.672)
5 Weighted median 0.1592223  0.08530440 0.062 —e— 1.173 (0.992 to 1.386)
5 Inverse variance weighted ~ 0.1647043 0.07214795 0.022 —_— 1.179 (1.024 to 1.358)
5 Simple mode 0.2145202  0.12418316 0.159 ——— 1.239 (0.972 to 1.581)
5 Weighted mode 0.1113323  0.11522789 0.389 +——o—— 1.118 (0.892 to 1.401)
FCN2 24 MR Egger 0.2227803  0.27571713 0.428 «———o——> 1.250 (0.728 to 2.145)
24 Weighted median 0.3735641 0.21442493 0.081 —a— 1.453 (0.954 to 2.212)
24 Inverse variance weighted ~ 0.4149160 0.16559516  0.012 — 1.514 (1.095 to 2.095)
24 Simple mode 0.3583769  0.31380569 0.265 ———0— 1.431 (0.774 to 2.647)
24 Weighted mode 0.4226147  0.21098937 0.057 — 1.526 (1.009 to 2.307)
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Figure 6 Results of Mendelian randomization studies. (A) Causal association between FCN2, DEFA| and AMI. The bold numbers in the table indicate statistically significant
results (p < 0.05). (B and C) Scatterplot: The x-axis shows the effect of SNPs on exposure, while the y-axis shows the effect of SNPs on the outcome. A positive slope
indicates that the exposure factor adversely affects the outcome. (D and E) Forest plot: Values greater than 0 imply a positive association between the SNP and the
outcome, whereas values less than 0 suggest a negative association. (F and G) Funnel plot. (H and I) Leave-one-out analysis: No instrumental variables were excluded, and
the models’ effects remained statistically significant without significant deviations.
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the previous MR results. In summary, FCN2 and DEFA1 levels have a causal relationship with increased AMI risk and
can serve as diagnostic predictive biomarkers for AMI.

Discussion

Cardiovascular metabolic damage refers to damage to the cardiovascular system caused by metabolic disorders, including
obesity, diabetes, hypertension, and hyperlipidemia. Therefore, exploring the expression of cardiovascular metabolism-
related proteins in AMI injury helps us understand this pathological process. In recent years, high-throughput proteomics
technologies, particularly the Olink cardiovascular panel, have demonstrated significant value in identifying novel
biomarkers for cardiovascular diseases. Several studies have highlighted the application of Olink proteomics in
identifying biomarkers with diagnostic and prognostic significance, providing a powerful approach for understanding
complex disease mechanisms.'**'*** In this study, we used Olink cardiovascular metabolomics to analyze coronary blood
samples from the control and AMI groups, identifying 32 DEPs and determining that PCOLCE, FCN2, REGIA, DEFAI,
and CRTACI are core proteins with biomarker significance among the 12 up-regulated DEPs. Finally, we validated these
findings using ELISA assay, external GEO datasets, and Mendelian randomization studies, finding that the core proteins
exhibited good diagnostic performance.

PCOLCE encodes a glycoprotein that enhances the activity of procollagen C-proteinase, an enzyme that cleaves
procollagen peptides during collagen fibril assembly.>> PCOLCE knockout mice exhibit collagen fibril morphological
disturbances and reduced diet-induced liver fibrosis but do not affect liver injury. PCOLCE may serve as a specific
marker for liver fibrosis and chronic kidney disease.”**> Obesity can increase PCOLCE expression, leading to cardiac
fibrosis by promoting collagen synthesis. Therefore, drug treatment which reduces PCOLCE expression can alleviate
myocardial fibrosis.”® In ischemic diseases such as myocardial infarction and stroke, PCOLCE plays an important role in
extracellular matrix (ECM) remodeling. Ischemic injury leads to changes in ECM components, including collagen fiber
proliferation and rearrangement. PCOLCE can contribute to tissue repair and remodeling by accelerating collagen fiber
maturation. However, excessive ECM remodeling can exacerbate fibrosis, thereby impairing tissue function.?”-*® In the
context of AMI, ECM remodeling driven by PCOLCE may lead to pathological myocardial fibrosis, impacting
ventricular compliance and contributing to heart failure. This highlights PCOLCE as a potential target for therapeutic
intervention aimed at reducing myocardial fibrosis and improving cardiac recovery following ischemic injury.

The FCN2 gene encodes protein of L-ficolin, which plays a key role in the innate immune system. Studies have
shown that L-ficolin levels are significantly elevated in patients with ischemic stroke, suggesting its crucial role in the
inflammatory responses following ischemic injury.?’ L-ficolin promotes inflammation by activating the complement
system, helping to clear damaged cells and tissue debris, but it can also lead to excessive inflammatory responses and
tissue damage.>® FCN2 is one of the risk factors for cardiac metabolic disturbances in AMI.*! Additionally, polymorph-
isms in the FCN2 gene are linked to susceptibility to ischemic diseases. For instance, studies in the Chinese Han
population have shown that certain single nucleotide polymorphisms (SNPs) in the FCN2 gene are associated with the
risk of type 2 diabetes and ischemic stroke.>? In AMI pathophysiology, the overexpression of FCN2 is indicative of its
dual role in inflammatory regulation and tissue repair. While activation of the complement cascade via FCN2 facilitates
clearance of necrotic myocardial debris, excessive activation may exacerbate inflammatory injury, worsening myocardial
ischemia. Additionally, its genetic variants may provide insights into patient-specific inflammatory responses, offering
a potential pathway for precision medicine approaches in managing AMI.

The detailed biological functions of PCOLCE and FCN2 have been elucidated, and their roles in the pathophysiology
of AMI further highlight the clinical significance of these proteins. For example, therapeutic inhibition of PCOLCE-
mediated excessive ECM remodeling could provide a novel approach to mitigating myocardial fibrosis and enhancing
long-term prognosis in AMI patients. Similarly, precision therapies targeting FCN2 could modulate complement cascade
activation, reduce inflammatory damage, and offer new intervention avenues for AMI management.

The REG1A gene encodes a regenerating protein that plays a crucial role in tissue regeneration and repair in the pancreas
and gastrointestinal tract. The protein encoded by this gene consists of 166 amino acids and primarily functions to promote
cell proliferation, anti-apoptosis, and tissue repair.* In ischemic bowel disease, the expression level of REGIA in damaged
intestinal tissues are significantly elevated. REG1A can also accelerate the repair of damaged tissues by promoting cell
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proliferation and inhibiting apoptosis, suggesting its important role in tissue repair process.”**> Additionally, the role of
REGIA in the cardiovascular system has also garnered attention. After myocardial infarction, the regeneration and repair of
cardiomyocytes are crucial for restoring heart function. REGIA may play a role in myocardial repair after myocardial
infarction through similar mechanisms. Although specific studies on REG1A in the cardiovascular system are currently
limited, findings of its role in other ischemic tissues provide clues to its potential function in the cardiovascular system.

The DEFA1 gene encodes an antimicrobial peptide called human alpha-defensin 1 (HNP-1), which belongs to the
defensin family. In ischemic diseases, the role of the DEFA1 gene and its encoded HNP-1 protein in inflammatory
responses and tissue damage has attracted widespread attention.’® The expression levels of HNP-1 are significantly
elevated in patients with coronary heart disease (CHD), suggesting its important role in atherosclerosis and vascular
endothelial dysfunction.”” HNP-1 accelerates the process of atherosclerosis by activating neutrophils and monocytes,
promoting the release of inflammatory factors, and exacerbating vascular endothelial damage.®® Furthermore, the
expressions of DEFA1 and DEFA3 genes are also significantly up-regulated in patients with hyperlipidemia and coronary
heart disease. Polymorphisms in the DEFA1 gene are closely associated with susceptibility to hyperlipidemia and
coronary heart disease. These variations may influence the progression of atherosclerosis and the occurrence of coronary
heart disease by regulating the expression levels of HNP-1.%

The CRTACI gene encodes a carboxylic acid-rich protein. The encoded protein mainly participates in cell-cell and
cell-matrix interactions, as well as calcium ion binding. These functions suggest that CRTACI potentially participates in
cell signaling and tissue repair. The CRTACI1 gene and its encoded protein play important roles in the formation and
stability of atherosclerotic plaques. Studies have shown that CRTACI1 expression level is significantly elevated in
coronary atherosclerotic plaques. It can influence the stability and vulnerability of atherosclerotic plaques by regulating
extracellular matrix remodeling and cell-cell interactions.*>*° Though existing studies have provided evidence, the
specific mechanisms of CRTACI in the cardiovascular system are not yet fully understood. The expression levels of
CRTACI may be related to the severity and prognosis of heart failure.*!

Among the DEPs, up-regulated core proteins PCOLCE, FCN2, REG1A, DEFA1, and CRTACI1 were re-validated by
ELISA, showing significantly elevated expression levels in AMI patients compared to the healthy people, consistent with
previous studies. Additionally, up-regulated core proteins demonstrated good diagnostic accuracy for both acute and
chronic ischemia, and Mendelian analysis revealed a causal relationship between FCN2, DEFA1 SNPs and AMI risk.
Correlation analysis showed strong correlations with clinical indicators such as BMI, LVEF, NT-pro BNP, CK-MB, and
c¢TnT. Through the enrichment analysis of DEPs, we identified several important biological processes and pathways. The
PI3BK—AKT signaling pathway is crucial for maintaining the integrity and function of heart tissue, and disruption of this
pathway leads to impaired heart function and increased myocardial fibrosis.** Studies have shown that the extracellular
matrix plays an important role in myocardial fibrosis in AMIL.* Vascular smooth muscle cells (VSMCs) switch from
a contractile phenotype to a synthetic phenotype, promoting vascular remodeling and the development of atherosclerosis.
Mitochondrial dynamics, involving processes such as mitophagy and the fusion-fission balance, are crucial for regulating
the proliferation and survival of VSMCs under ischemic conditions, thereby affecting vascular injury and repair
mechanisms during AMI**** Similarly, our study also indicates that these biological processes and pathways play
important roles in AMI. Therefore, PCOLCE, FCN2, REG1A, DEFA1, and CRTAC1 have potential diagnostic and
prognostic value in AMI, offering new insights for the diagnosis and treatment of ischemic metabolic damage in AMI.

We acknowledge that the relatively small sample size in the initial Olink panel group may limit the generalizability of
our findings. This limitation arises primarily from the high cost of high-throughput proteomics and the exploratory nature
of this study. To address this, we employed rigorous statistical methods, including FDR correction, to control for biases
and ensure the reliability of our results. Additionally, we conducted large-scale ELISA validation, supplemented by
external GEO datasets and Mendelian randomization analyses, which collectively enhanced the robustness of our
findings. Despite these efforts, future studies with larger, multicenter cohorts are warranted to validate and extend
these findings, particularly in diverse populations and clinical settings. Moreover, incorporating longitudinal analyses
may provide insights into the temporal dynamics of these biomarkers during AMI progression. Meanwhile, developing

specific small-molecule inhibitors or antibody drugs to target these proteins could enable personalized therapeutic
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strategies. Notably, integrating multi-omics analysis of these biomarkers could aid in accurately predicting both short-
term and long-term risks in AMI patients, advancing the translation from basic research to clinical practice.

Conclusion

In this study, we used Olink technology to detect 92 cardiovascular metabolism proteins in normal people and AMI patients,
identifying 32 DEPs between the two groups. Additionally, PCOLCE, FCN2, REG1A, DEFA1, and CRTACI as core proteins
were validated by ELISA assay and further validated in external AMI and ICM datasets from the GEO database, constructing
diagnostic models that showed good predictive performance. These proteins are mainly involved in collagen—containing
extracellular matrix, vascular-associated smooth muscle cell development, and PI3K—AKT-related biological processes and
signaling pathways. Our findings highlight the potential of these proteins as biomarkers for the diagnosis and risk stratification of
cardiovascular metabolic damage in AMI. Moreover, their involvement in key pathophysiological mechanisms suggests their
utility as therapeutic targets for mitigating ischemic metabolic damage and improving patient outcomes. Future studies, including
longitudinal analyses, multicenter cohorts, and clinical trials, are warranted to validate these results and explore their practical
applications in clinical settings.
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