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Dynamic molecular signatures
of acute myocardial infarction
based on transcriptomics

and metabolomics

Xuejiao Wang™3, Guang Yang'?, Jun Li**, Chao Meng® & Zengming Xue?**

Acute myocardial infarction (AMI) commonly precedes ventricular remodeling, heart failure. Few
dynamic molecular signatures have gained widespread acceptance in mainstream clinical testing
despite the discovery of many potential candidates. These unmet needs with respect to biomarker
and drug discovery of AMI necessitate a prioritization. We enrolled patients with AMI aged between
30 and 70. RNA-seq analysis was performed on the peripheral blood mononuclear cells collected
from the patients at three time points: 1 day, 7 days, and 3 months after AMI. PLC/LC-MS analysis
was conducted on the peripheral blood plasma collected from these patients at the same three time
points. Differential genes and metabolites between groups were screened by bio-informatics methods
to understand the dynamic changes of AMI in different periods. We obtained 15 transcriptional

and 95 metabolite expression profiles at three time points after AMI through high-throughput
sequencing. AMI-1d: enrichment analysis revealed the biological features of 1 day after AMI primarily
included acute inflammatory response, elevated glycerophospholipid metabolism, and decreased
protein synthesis capacity. Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) might
stand promising biomarkers to differentiate post-AMI stage. Anti-inflammatory therapy during

the acute phase is an important direction for preventing related pathology. AMI-7d: the biological
features of this stage primarily involved the initiation of cardiac fibrosis response and activation of
platelet adhesion pathways. Accompanied by upregulated TGF-beta signaling pathway and ECM
receptor interaction, GP5 help assess platelet activation, a potential therapeutic target to improve
haemostasis. AMI-3m: the biological features of 3 months after AMI primarily showed a vascular
regeneration response with VEGF signaling pathway, NOS3 and SHC2 widely activated, which holds
promise for providing new therapeutic approaches for AMI. Our analysis highlights transcriptional and
metabolomics signatures at different time points after M, which deepens our understanding of the
dynamic biological responses and associated molecular mechanisms that occur during cardiac repair.

With the process of population aging, cardiovascular diseases have become the leading non-communicable
chronic cause of death’. According to the report of Global Burden of Disease Study 2019, there were 18.5 million
deaths globally due to cardiovascular diseases, accounting for about one-third of all global deaths*. Among the
2.45 million deaths caused by cardiovascular diseases in China, approximately 1 million people (40.5%) died
from myocardial infarction. Acute myocardial infarction (AMI) is the most common acute and critical cardio-
vascular disease in clinical practice, with high incidence, mortality, and poor prognosis®. Percutaneous coronary
intervention (PCI) and fibrinolysis are key treatment methods for AMI, while medications, including anti-platelet
drugs, receptor blockers, ACE inhibitors, calcium channel blockers, and statins, are recommended for clinical
practice and can significantly reduce the mortality and incidence associated with myocardial infarction*’. As a
long-term pathophysiological stage, post-AMI inevitably occurs gradual recovery, leading to certain scar tissue
or other structural changes®. With the mortality rate of myocardial infarction patients has significantly declined’,
there is an increasing number of patients experiencing post AMI ventricular remodeling and heart failure as
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the long-term complication. Therefore, understanding the dynamic characteristics of AMI evolution may give
a deep insights into the pathogenesis and progression of the disease.

For myocardial infarction, a disease model with complex pathophysiology and multi-factor regulation, it is
suitable to carry out high-throughput omics studies to clarify the expression differences of gene, protein and
metabolic profiles. After myocardial infarction, remodeling is often described as a process involving three major
overlapping stages: inflammation, proliferation, and maturation®. There have been already some omic studies
on the dynamic evolution of myocardial infarction, basic and clinical. As is reported that at day 1, 3, and 5 after
murine myocardial infarction, cardiac Ly6G* neutrophils could be delineated into 6 distinct clusters with specific
time-dependent patterning and proportions via single-cell transcriptomics’. In addition, via rat metabolomics
at 1 h, 1 day and 10 day post myocardial infarction, a time-dependent increase or decrease in polar and lipid
metabolite levels was measured. Sadenosylmethionine (SAM) concentration and SAM/S-adenosylhomocysteine
(SAH) ratio gradually decreased and were significantly downregulated 10 days after MI, which is related to
energy-dependent metabolic pathways'’. Besides, clinical proteomic analysis have shown certain proteins may
serve as biomarkers for the early stages of AMI and monitor early cardiac ischemic recovery'!. And 9 CpG sites
can differentiate MI significantly via DNA methylationin'?. Metabolomics found the dynamic change of eicosa-
noic acid content over time may be involved in the cardiac injury and repair after PCI'*.

The above studies searched for the latest molecular markers and changes through dynamic proteome, metabo-
lome, methylation, but the time point was limited to 72 h or 28 days, ignoring late remodeling, which is of great
significance for poor prognosis of myocardial infarction. In this study, we included clinical patients at 1 day,
7 days, and 3 months after MI and used transcriptomics and metabolomics techniques to identify differential
genes and metabolites. Additionally, we employed bioinformatics analysis to uncover significant biological pro-
cesses and signaling pathways that undergo.

Results

Quality assessment of raw data

First, we conducted quality assessment of the transcriptomic raw data using the FastQC software. The relevant
results are shown in Table 1. Q20 represents a base call error probability of less than 1%. The sequencing data
achieved Q20 or above for 98.89% to 99.19% of the bases, indicating a low base call error rate (Fig. 1A). The base
composition analysis showed stable levels of A, T, G, and C, indicating similar frequencies of the four bases and
a stable sequencing process (Fig. 1B). The gene coverage analysis indicated a symmetrical distribution of base
composition, suggesting good randomness in the sequencing data (Fig. 1C). Next, we used the Fastp software to
filter the raw data and obtained clean data for subsequent bioinformatics analysis. For metabolomics, the peak
ion flow charts for positive and negative ions are shown in Fig. 1D,E, respectively. The OPLS-DA analysis showed
clustering of samples within groups and dispersion between groups, indicating good predictive capability of the
model (Fig. 1F).

Transcriptional and metabolomic results between AMI-1d and AMI-7d

Compared to AMI-1d, there were 876 upregulated genes and 1168 downregulated genes under the condition
of FC>2 and FDR<0.05 (Fig. 2A). The top 10 genes ranked by P-value were: BTNL3, CD177, CHI3L1, SLPI,
MGAM, GALNT14, CXCR1, CXCL1, ALPL, NECAB2 (Fig. 2B). The list of related genes can be found in Table S1.
The heatmap analysis revealed distinct differences in gene expression trends between the two groups (Fig. 2C).
To better understand the differences in the biological functions of genes between AMI-1d and AMI-7d, we con-
ducted functional and pathway enrichment analyses separately for upregulated and downregulated DEGs. The
results of GO enrichment showed that upregulated DEGs in AMI-7d were enriched in biological processes such

SampleID Total_Reads | Total_Bases N_Reads% | C% G% Error% | Q20% | Q30% | GC%
AMI-3m1 35,296,166 5,234,307,935 | 0.74 25.39 |26.14 | 0.0365 99.06 96.59 51.53
AMI-3m2 28,485,090 4,151,232,838 | 0.62 23.38 |23.72 |0.038 98.89 96 47.1

AMI-3m3 32,278,426 4,724,733,065 | 0.47 22.6 2291 |0.0362 99.18 97.06 45.51
AMI-3m4 21,916,882 3,222,401,303 | 0.92 23.79 |24.18 |0.0353 99.15 96.64 47.97
AMI-3m5 39,021,874 5,761,651,232 | 0.59 2432 | 24.74 |0.036 99.17 97 49.05
AMI-3m6 37,102,608 5,517,709,003 | 0.77 2345 |23.85 |0.0368 98.98 96.29 47.3

AMI-3m7 34,425,016 5,138,373,994 | 0.95 24.12 | 24.52 |0.0355 99.07 96.58 48.64
AMI-1d1 39,155,458 5,832,073,361 | 0.77 2471 |25.32 |0.0369 98.98 96.34 50.02
AMI-1d2 32,867,434 4,874,873,624 | 0.62 2392 |24.44 |0.0363 99.11 96.8 48.36
AMI-1d3 34,591,768 5,142,395,322 | 0.96 23.64 |24.08 |0.0355 99.08 96.58 47.72
AMI-7d1 40,257,524 5,948,581,774 | 0.81 24.16 |24.59 |0.0349 99.21 97.06 48.74
AMI-7d2 47,644,776 7,086,277,473 | 0.03 23.36 | 23.73 |0.041 98.87 95.86 47.09
AMI-7d3 53,850,526 7,997,086,104 | 0.03 23.84 |24.17 |0.0402 99.01 96.34 48.01
AMI-7d4 66,601,968 9,819,305,841 | 0.04 23.86 |24.23 |0.0383 99.19 97.12 48.09
AMI-7d5 38,971,158 5,793,028,259 | 0.92 24.19 |24.73 |0.0354 99.08 96.65 48.92

Table 1. Quality assessment of raw data.
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Figure 1. Quality assessment of raw data: (a) Quality scores across all bases. (b) Sequence content across
all bases. (c) Map of gene coverage analysis results. (d) Typical positive ion chromatogram. (e) Typical
chromatogram of negative ions. (f) OPLS-DA results.

as regulation of RNA biosynthetic process, regulation of nucleic acid-templated transcription, regulation of mac-
romolecule biosynthetic process, regulation of RNA metabolic process, regulation of gene expression, regulation
of transcription, DNA-templated, and regulation of macromolecule metabolic process (Fig. 2D). Downregulated
DEGs in AMI-7d were enriched in biological processes such as defense response, immune response, immune
system process, response to external stimulus, signal transduction, and inflammatory response (Fig. 2E). The
KEGG enrichment results showed that upregulated DEGs in AMI-7d were enriched in pathways such as Herpes
simplex virus 1 infection, Hematopoietic cell lineage, Type I diabetes mellitus, Antigen processing and presenta-
tion, Viral protein interaction with cytokine and cytokine receptor, Graft-versus-host disease, Toxoplasmosis,
Inflammatory bowel disease, Leishmaniasis, and Allograft rejection (Fig. 2F). Downregulated DEGs in AMI-7d
were enriched in pathways such as NOD-like receptor signaling pathway, Chemokine signaling pathway, C-type
lectin receptor signaling pathway, Toll-like receptor signaling pathway, Nucleotide metabolism, Lipid and ath-
erosclerosis, HIF-1 signaling pathway, Glycerophospholipid metabolism, Autophagy, IL-17 signaling pathway,
and FoxO signaling pathway (Fig. 2G).

Next, we used UPLC-Q-TOF-MS technology to detect the differences in metabolites between AMI-1d and
AMI-7d. We performed multivariate statistical analysis using the OPLS-DA model and calculated P-values using
analysis of variance. Metabolites with P <0.05 and VIP > 1 were selected as DMs. A total of 229 DMs were identi-
fied between AMI-1d and AMI-7d, including 113 in negative ion mode and 116 in positive ion mode. Among
them, 119 were upregulated and 110 were downregulated in AMI-7d. The list of related metabolites can be found
in Table S2. The top 10 metabolites ranked by P-value were HMDB0302960, HMDB0260018, HMDB0040723,
HMDB0040122, HMDB0276435, HMDB0040387, HMDB0251691, HMDB0258719, HMDB0247629, and
HMDB0278769. We imported these 229 DMs into the MetaboAnalyst database for pathway analysis, and the
enriched pathways included Glycerophospholipid metabolism and Glycosylphosphatidylinositol (GPI)-anchor
biosynthesis (Fig. 2H). To analyze the relationship between the DEGs and DMs, we performed correlation
analysis between the top 10 DEGs and DMs selected based on their P-values. The results of Pearson correlation
analysis showed that there were two metabolite-gene pairs, HMDB0040387 (Acrimarine I)-CXCL1 and Acri-
marine I-GALNT14, with correlation coefficients > 0.8 (Fig. 2I).

Transcriptional and metabolomic results between AMI-3m and AMI-7d

Compared to AMI-7d, there were 245 upregulated genes and 443 downregulated genes in AMI-3m (Fig. 3A).
The top 10 genes ranked by P-value were AREG, NXF3, MTRNR2L1, TNFAIP3, CEACAM3, MOV10L1, FOSB,
DUSP18, ENCI, and PNMAGA (Fig. 3B). The list of related genes can be found in Table S3. The heatmap showed
distinct expression patterns between the two groups of genes (Fig. 3C). To better understand the differences in the
biological functions and pathways of genes between AMI-3m and AMI-7d, we conducted enrichment analysis for
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Figure 2. Transcriptional and metabolomic results between AMI-1d and AMI-7d: (a) Histogram of DEGs
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between AMI-1d and AMI-7d; (b) Volcano plot of DEGs between AMI-1d and AMI-7d; (c) Clustering heat
map of DEGs between AMI-1d and AMI-7d; (d) Go enrichment analysis of up-regulated DEGs; (e) Go
enrichment analysis of down-regulated DEGs; (f) KEGG enrichment analysis of up-regulated DEGs; (g) KEGG

enrichment analysis of down-regulated DEGs; (h) KEGG enrichment analysis of DMs; (i) Correlation analysis
between the top 10 DEGs and DMs.

upregulated and downregulated DEGs separately. The GO enrichment analysis revealed that downregulated genes
in AMI-3m were enriched in biological processes such as platelet degranulation, platelet activation, regulated
exocytosis, regulation of body fluid levels, coagulation, blood coagulation, response to lipid, exocytosis, hemo-
stasis, and leukocyte migration (Fig. 3D). Upregulated genes in AMI-3m were enriched in biological processes
such as defense response, response to external biotic stimulus, response to biotic stimulus, defense response to
other organism, killing of cells of other organism, defense response to fungus, response to fungus, inflammatory
response, response to other organism, and negative regulation of immune system process (Fig. 3E). The KEGG
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Figure 3. Transcriptional and metabolomic results between AMI-7d and AMI-3m: (a) Histogram of DEGs
between AMI-7d and AMI-3m; (b) Volcano plot of DEGs between AMI-7d and AMI-3m; (c) Clustering

heat map of DEGs between AMI-7d and AMI-3m; (d) Go enrichment analysis of up-regulated DEGs; (e) Go
enrichment analysis of down-regulated DEGs; (f) KEGG enrichment analysis of up-regulated DEGs; (g) KEGG
enrichment analysis of down-regulated DEGs; (h) KEGG enrichment analysis of DMs; (i) Correlation analysis
between the top 10 DEGs and DMs.

enrichment analysis revealed that downregulated genes in AMI-3m were enriched in pathways such as platelet
activation, dilated cardiomyopathy, hypertrophic cardiomyopathy, vascular smooth muscle contraction, Rapl
signaling pathway, complement and coagulation cascades, and fluid shear stress and atherosclerosis (Fig. 3F).
Upregulated genes in AMI-3m were enriched in pathways such as estrogen signaling pathway, arachidonic acid
metabolism, retrograde endocannabinoid signaling, biosynthesis of secondary metabolites, PI3K-Akt signal-
ing pathway, TGF-beta signaling pathway, calcium signaling pathway, and VEGF signaling pathway (Fig. 3G).
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In terms of the metabolome, a total of 293 DMs (P.value < 0.05, VIP > 1) were identified between AMI-7d
and AMI-3m. Among them, 144 metabolites were upregulated in AMI-3m, while 149 metabolites were down-
regulated (Fig. 3A). The list of related metabolites can be found in Table S4. The top 10 DMs ranked by P-value
were HMDB0260018, HMDB0040122, HMDB0040723, HMDB0276435, HMDB0259626, HMDB0031891,
HMDB0251691, HMDB0041070, HMDB0252687, and HMDB0283015.We imported all the DMs into the
MetaboAnalyst database for pathway analysis and obtained a total of four enriched metabolic pathways. These
pathways include glycerophospholipid metabolism, porphyrin and chlorophyll metabolism, glycosylphosphati-
dylinositol (GPI)-anchor biosynthesis, and tryptophan metabolism (Fig. 3H). We selected the top 10 genes
and metabolites based on their P-values and performed correlation analysis. The results of Pearson correlation
analysis showed that there was a correlation coefficient of > 0.8 between HMDB0259626 and DUSP18 (Fig. 3I).

Transcriptional and metabolomic results between AMI-3m and AMI-1d

Compared to AMI-1d, there were 956 upregulated genes and 1037 downregulated genes in AMI-3 m (Fig. 4A,
Table S5). The top 10 genes ranked by P-value were G0S2, CD177, AREG, LRRN3, CHI3L1, GALNT14, BTNL3,
LYVE]L, ID1, and NECAB2 (Fig. 4B). The clustered heatmap analysis showed distinct differences in the gene
expression between the two groups (Fig. 4C). To better understand the differences in biological functions and
pathways between AMI-1d and AMI-3m, we performed enrichment analysis separately for the upregulated and
downregulated DEGs. The results of GO enrichment showed that the downregulated genes in AMI-3m were
enriched in biological processes such as defense response, immune system process, response to biotic stimulus,
response to external biotic stimulus, immune response, inflammatory response, response to stress, response to
molecule of bacterial origin, and response to lipopolysaccharide (Fig. 4D). The upregulated genes in AMI-3m
were enriched in biological processes such as cellular component biogenesis, protein targeting to membrane,
translational termination, translational elongation, translational initiation, SRP-dependent cotranslational protein
targeting to membrane, protein-containing complex disassembly, cotranslational protein targeting to membrane,
viral transcription, and establishment of protein localization to the endoplasmic reticulum (Fig. 4E). The KEGG
enrichment analysis revealed that the downregulated genes in AMI-3 m were enriched in pathways such as
autophagy—animal, complement and coagulation cascades, FoxO signaling pathway, C-type lectin receptor
signaling pathway, nucleotide metabolism, NOD-like receptor signaling pathway, estrogen signaling pathway,
and HIF-1 signaling pathway (Fig. 4F). The upregulated genes in AMI-3m were enriched in pathways such as
herpes simplex virus 1 infection, hematopoietic cell lineage, graft-versus-host disease, antigen processing and
presentation, type I diabetes mellitus, Th17 cell differentiation, inflammatory bowel disease, and Th1 and Th2
cell differentiation (Fig. 4G).

A total of 370 differential metabolites between AMI-3m and AMI-1d were identified (P-value <0.05, VIP > 1),
with 186 upregulated and 184 downregulated in AMI-3 m (Fig. 4A). The list of DMs can be found in Table S6. The
top 10 metabolites ranked by P-value were HMDB0302960, HMDB0260018, HMDB0040723, HMDB0040122,
HMDB0276435, HMDB0040387, HMDB0041070, HMDB0251691, HMDB0258719, and HMDB0247629. All
DMs were imported into the MetaboAnalyst database for metabolic pathway analysis, resulting in 5 enriched
metabolic pathways. These pathways include tryptophan metabolism, glycosylphosphatidylinositol (GPI)-anchor
biosynthesis, glycerophospholipid metabolism, tryptophan metabolism, and porphyrin and chlorophyll metabo-
lism (Fig. 4H). To analyze the relationship between the genome and metabolome, we selected the top 10 genes and
metabolites based on their P-values and performed correlation analysis. The results of Pearson correlation analysis
showed that there was a correlation coefficient greater than 0.8 between HMDB0040387 and GALNI14 (Fig. 41I).

Discussion
Post-myocardial infarction ventricular remodeling and heart failure are focal points of concern for the prognosis
of myocardial infarction patients. Following myocardial infarction, the process of cardiac repair and remodeling
is accompanied by continuous changes in genotype and metabolic phenotype. Utilizing omics techniques to
perform multi-time point analysis of peripheral blood after myocardial infarction may aid in our understanding
of the biological process and future therapeutic approaches for the dynamic evolution of myocardial infarction.
Compared with AMI-1d, 876 genes and 119 metabolites were up-regulated, 1168 genes and 110 metabolites
were down-regulated in AMI-7d. Compared with AMI-7d, AMI-3m had 245 up-regulated genes, 144 up-reg-
ulated metabolites, 443 down-regulated genes and 149 down-regulated metabolites. Compared with AMI-1d,
AMI-3m had 956 up-regulated genes, 186 up-regulated metabolites, 1037 down-regulated genes and 184 down-
regulated metabolites.

Biological characteristics of AMI-1d

Compared to the AMI-7d, the acute phase of myocardial infarction (AMI-1d) showed significant upregula-
tion in biological processes such as defense response and inflammatory response, as well as signaling pathways
including Glycerophospholipid metabolism, Toll-like receptor signaling pathway, and IL-17 signaling pathway.
This indicates that immune-inflammatory responses and glycerophospholipid metabolism signaling pathways
are extensively activated in AMI-1d. The main metabolites in the Glycerophospholipid metabolism pathway are
phosphatidylcholine (PC) and phosphatidylethanolamine (PE). It has been reported that plasma levels of PE, PC
and other lipids are significantly higher in 21-month-old rabbits with myocardial infarction compared to normal
rabbits'®. Furthermore, serum lipidomics studies in clinical myocardial infarction and post-myocardial infarc-
tion heart failure have found that PE (12:1e_22:0) and PC (22:4_14:1) are early biomarkers that can effectively
differentiate post-myocardial infarction heart failure. PE (12:1e_22:0) was inversely correlated with BNP and
BUN while PC (22:4_14:1) was positively associated with both BNP and BUN',
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Figure 4. Transcriptional and metabolomic results between AMI-1d and AMI-3m: (a) Histogram of DEGs
between AMI-1d and AMI-3m; (b) Volcano plot of DEGs between AMI-1d and AMI-3m; (c) Clustering

heat map of DEGs betweenAMI-1d and AMI-3m; (d) Go enrichment analysis of up-regulated DEGs; (e) Go
enrichment analysis of down-regulated DEGs; (f) KEGG enrichment analysis of up-regulated DEGs; (g) KEGG
enrichment analysis of down-regulated DEGs; (h) KEGG enrichment analysis of DMs; (i) Correlation analysis
between the top 10 DEGs and DMs.

The abundant inflammation observed in AMI is primarily caused by the immune and inflammatory responses
triggered by myocardial tissue necrosis'®. Insufficient oxygen and nutrients lead to the necrosis of myocardial
cells. The necrotic myocardial cells release a large amount of cell components and signaling molecules, such as
intracellular enzymes, nuclear components, and inflammatory mediators'’. Additionally, ischemia and reper-
fusion injury activate inflammatory responses and induce the clustering and activation of inflammatory cells,
including neutrophils, monocytes, and macrophages. These substances can act as inflammatory signaling mol-
ecules, attracting and activating inflammatory cells. These inflammatory cells help remove necrotic tissue by
engulfing necrotic cells and their fragments, but they also secrete inflammatory mediators involved in the regu-
lation and repair processes of inflammation’®. Neutrophil-associated pathways were found in patients with low
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CRP levels, indicating the presence of residual inflammatory risk beyond the traditional NLRP3 pathway’®. In this
study, within 24 h of myocardial infarction, signaling pathways such as Toll-like receptor signaling pathway and
IL-17 signaling pathway were significantly upregulated. Animal experiments have shown the crucial role of IL-17
and Toll-like receptor in infarct injury, particularly in its adverse effects on ventricular remodeling®*?!. Clinical
trials have also indicated a correlation between high circulating levels of IL-17A and poor clinical prognosis?.
The inflammation in the acute phase of myocardial infarction is beneficial, but if prolonged, it may result in
severe cardiac damage. Therefore, anti-inflammatory therapy is an important target for preventing pathological
changes associated with myocardial infarction.

Simultaneously, biological processes such as regulation of nucleic acid-templated transcription, regulation of
transcription, DNA-templated, regulation of RNA biosynthetic process, and regulation of macromolecule biosyn-
thetic process are downregulated, indicating a decrease in the physiological functions of cellular macromolecule
biosynthesis, as well as anti-inflammatory responses, in AMI-1d. After myocardial infarction, the damage to
cardiac cells due to ischemia and necrosis may lead to a decrease in protein synthesis capacity in cardiomyocytes.
This could be attributed to factors such as reduced energy and nutrient supply to the cells, as well as inflamma-
tory responses”. Additionally, cell injury and ischemia/reperfusion injury may disrupt the pathways involved
in DNA and RNA synthesis within the cell nucleus, thereby affecting the synthesis rates of DNA and RNA?.

Biological characteristics of AMI-7d

Compared to AMI-3m, pathways such as platelet activation, Complement and coagulation cascades, TGF-
beta signaling pathway, and extracellular matrix (ECM) receptor interaction were upregulated in AMI-7d. This
indicates that around 7 days after myocardial infarction, platelets are still in an activated state, and the cardiac
fibrotic response begins to initiate>?°. Platelet activation, aggregation, and the formation of occlusive thrombi
have been implicated in post-myocardial infarction microvascular obstruction and infarct expansion®”. Our
study found an activated platelet pathway during AMI-7d, particularly characterized by upregulation of GP1BA
(glycoprotein Ib platelet subunit) and GP5 (glycoprotein V platelet). GP1BA is an important factor involved in
platelet adhesion, while GP5 is one of the most abundant glycoproteins on the platelet membrane surface?®. GPV
is a new marker for platelet activation, and measuring GPV levels helps assess the effects of antithrombotic and
antiplatelet drugs®**.

Myocardial fibrosis is the process of extracellular ECM deposition between myocardial cells, leading to
remodeling and stiffening of the heart tissue*. The extent of cardiac fibrosis predicts poor outcomes in most
cardiac diseases. Abundant fibroblasts that can be activated after injury®**~* contribute to matrix remodeling by
producing structural proteins and ECM proteins, playing a crucial role in scar maturation®.

TGF-f, a multifunctional cytokine, plays a significant role in the development of cardiac fibrosis, and the
TGF-B/Smad3 pathway is a critical process for activating the phenotypes of matrix-producing cardiac fibro-
blasts and transforming fibroblasts into myofibroblasts****. Dead myocardial cells are replaced by collagen fib-
ers secreted by fibroblasts, forming “reparative fibrosis”, while myocardium distal to the infarct area undergoes
“reactive fibrosis” under the regulation of secreted factors, hormones, and mechanical stress, ultimately leading
to myocardial stiffness and impaired diastolic function. This study confirms that pathways such as the TGF-
beta signaling pathway and the interaction between ECM and cells are upregulated after 7 days of myocardial
infarction, indicating the initiation of myocardial fibrosis response and the proliferation phase of cardiac repair.

Biological characteristics of AMI-3m

AMI-3m showed upregulation of 245 DEGs, among which NOS3 and SHC2 were enriched in the VEGF signaling
pathway. This suggests that the VEGF signaling pathway is significantly activated in the chronic phase after myo-
cardial infarction. VEGF is a highly specific endothelial cell regulatory factor that promotes neovascularization
and increases vascular permeability*®*!. After myocardial infarction, myocardial cells, macrophages, fibroblasts,
and other cells produce a large amount of VEGF to regulate endothelial cell function, which helps in the rescue
of myocardial***. Previous studies have shown that circulating NOS3 modulates left ventricular remodeling
following reperfused myocardial infarction*#**. VEGF stimulates SHC phosphorylation and ultimately control
vasopermeability and angiogenesis.

Angiogenesis is the process of forming new blood vessels, which enhances oxygen and nutrient supply by
increasing new vascular networks. This process promotes the repair of necrotic areas and regeneration of myo-
cardial tissue*®. In mice, 2-4 days after myocardial infarction, capillary networks in the border zone begin to
expand, with numerous branches and blood vessels entering the center of the infarction. By day 7, most of the
endothelial cells in the border zone stop proliferating, and the newly formed capillaries enlarge with the support
of smooth muscle cells*. In pigs, the ischemic area showed a coordinated upregulation of angiogenesis signaling
processes at early reperfusion (day 4 and 7)*, while in the peri-infarct border zone, VEGF signaling indicating
active angiogenesis upregulated at 1 month after AMI.

Anyway, humans usually do not develop pathological remodeling in days or weeks®, the growth of blood
vessels is most pronounced at than in mice or pigs*’. This study confirm that around 3 months after myocardial
infarction, there is an upregulation of NOS3 and SHC2. This indicates that the proliferation, migration, and
vascular formation of endothelial cells mediated by the VEGF pathway are important biological characteristics
of the chronic phase of myocardial infarction. Some clinical trials have utilized adenoviral vectors®, non-viral
plasmids®, or recombinant proteins® to deliver VEGF for the treatment of cardiovascular diseases. Although
some of these trials have shown moderate improvements in cardiac function, the clinical translation has been
limited due to the limitations of VEGE such as its short plasma half-life (about 30 min), susceptibility to proteo-
lytic degradation, immunogenicity, and high production costs**. VEGF, as a molecular probe and nanomedicine,
holds promise for providing new therapeutic approaches for acute myocardial infarction.
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Conclusion

In order to characterize the molecular features of dynamic evolution in acute myocardial infarction, we collected
blood samples at approximately 1 day, 7 days, and 3 months after myocardial infarction. Transcriptomic and
metabolomic sequencing were performed on these samples. Through bioinformatic analysis, we discovered key
pathological processes at different stages following myocardial infarction.

The biological characteristics of the acute phase of MI (AMI-1d) are primarily acute inflammatory response,
elevated glycerophospholipid metabolism and decreased protein synthesis capacity. The biological character-
istics of the subacute phase of MI (AMI-7d) are mainly initiation of myocardial fibrosis response and platelet
overactivation. The biological characteristics of old myocardial infarction (AMI-3m) mainly involve vascular
regeneration response.

However, our study also has some limitations. We selected three time points after myocardial infarction, and
due to the limited time points, the pathological changes in the dynamic evolution of myocardial infarction may
not be precisely captured. In addition, we could not ensure consistent sample sizes at different time points. To
facilitate more targeted intervention measures, further in vivo and in vitro experiments are needed to gain a
deeper understanding of post-AMI.

Materials and methods

Patient recruitment

From June 2022 to May 2023, a total of 95 participants undergoing AMI were recruited from the wards of
Guanganmen Hospital and Langfang People’s Hospital. According to the guidelines®*, AMI participants con-
firmed by coronary angiography were included, with ages ranging from 30 to 70 years, and willing to sign
informed consent forms. Exclusion criteria included poorly controlled hypertension, severe cardiopulmonary
insufficiency, severe cardiac arrhythmias, as well as participants with severe primary diseases such as liver, kid-
ney, hematopoietic system disorders. Participants with neurological or psychiatric disorders who were unable
or unwilling to cooperate, as well as pregnant or lactating women, were also excluded. This study was approved
by ethics committee of Guanganmen Hospital (2022-003-KY). It was conducted in accordance with ethical
standards established by the National Research Committee and the 1964 Helsinki Declaration and its subsequent
revisions or similar ethical standards. Informed consent was obtained from all volunteers before any research
procedures were conducted.

RNA-seq approach

Sample collections

15 participants with myocardial infarction were enrolled from the Guang’anmen Hospital. Among them, there
were 3 participants were AMI-1d group (within 1 day after myocardial infarction), 5 participants were AMI-
7d group (within 7 days + 1 day after myocardial infarction), and 7 participants are AMI-3m group (within
12 weeks + 1 week after myocardial infarction). In the early morning, the researchers collected peripheral blood
samples from the participants in vacuum tubes containing EDTA anticoagulant. Total RNA was extracted from
the tissue using TRIzol® Reagent according the manufacturer’s instructions (Invitrogen) and genomic DNA
was removed using DNase I (TaKara). Then RNA quality was determined using 2100 Bioanalyser (Agilent) and
quantified using the ND-2000 (NanoDrop Technologies). High-quality RNA sample (OD260/280 =1.8-2.2,
0D260/230>2.0, RIN>6.5, 285:185>1.0,> 10 pg) is used to construct sequencing library.

Library preparation, and Illumina Hiseq sequencing

RNA-seq transcriptome libraries were prepared following TruSeqTM RNA sample preparation Kit from Illumina
(San Diego, CA), using 1 pg of total RNA. Shortly, messenger RNA was isolated with polyA selection by oligo
(dT) beads and fragmented using fragmentation buffer. cDNA synthesis, end repair, A-base addition and liga-
tion of the Illumina-indexed adaptors were performed according to Illumina’s protocol. Libraries were then size
selected for cDNA target fragments of 200-300 bp on 2% Low Range Ultra Agarose followed by PCR amplified
using Phusion DNA polymerase (NEB) for 15 PCR cycles. After quantified by TBS380, Paired-end libraries were
sequenced by Illumina NovaSeq 6000 sequencing (150 bp*2, Shanghai BIOZERON Co., Ltd).

Differential gene expression analysis and functional enrichment

The raw paired end reads were trimmed and quality controlled by Trimmomatic with parameters (SLIDING-
WINDOW:4:15 MINLEN:75). Then clean reads were separately aligned to reference genome with orientation
mode using hisat2 software. This software was used to map with default parameters. The quality assessment of
these data were taken by qualimap_v2.2.1. Use htseq (https://htseq.readthedocs.io/en/release_0.11.1/)to count
each gene reads.

To identify DEGs (differential expression genes) between the two different samples, the expression level for
each gene was calculated using the fragments per kilobase of exon per million mapped reads (FRKM) method.R
statistical package edgeR (Empirical analysis of Digital Gene Expression in R, http://www.bioconductor.org/
packages/release/bioc/html/edgeR html/) was used for differential expression analysis. The DEGs between two
samples were selected using the following criteria: the logarithmic of fold change was greater than 2 and the
false discovery rate (FDR) should be less than 0.05. To understand the functions of the differentially expressed
genes (DEGs), GO functional enrichment and KEGG pathway analysis were carried out by Goatools (https://
github.com/tanghaibao/Goatools) and KOBAS (http://kobas.cbi.pku.edu.cn/home.do). DEGs were significantly
enriched in GO terms and metabolic pathways when their Bonferroni-corrected P-value was less than 0.05.
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Metabolomics methods

95 participants with myocardial infarction came from Guang'anmen Hospital and Langfang People’s Hospital.
Among them, 33 were AMI-1d group, 33 were AMI-7d group, and 29 were AMI-3m group. Patient blood sam-
ples were collected after fasting for 12 h and in vacuum tubes containing EDTA anticoagulants. Metabolomics
methods were used according to previous researches®”. Mixed the serum (0.1 mL) with 0.9 mL 80% methanol
containing 0.1% formic acid (FA). After being vortexed for 30 s and treated with ultrasonic for 20 min, all sam-
ples were frozen for 1 h at—20 °C for protein precipitation. Then the samples were centrifuged with 12,000xg
at 4 °C for 10 min, each supernatant (800 uL) was obtained and transferred to a sample vial. Quality control
(QC) samples were prepared by pooling aliquot of all serum samples for serum metabolomics analysis. Blank
sample (80% methanol containing 0.1% formic acid) and QC sample were repeated every ten samples during
data acquisition. The sample vials were stored at — 20 °C until detection.

The UPLC-QTOF MS analysis were performed using a UPLC system (ACQUITY UPLC I-Class, Waters)
coupled to an electrospray ionization quadruple time-of-flight mass spectrometer (ESI-QTOF MS) (SYNAPT
G2-Si HDMS, Waters). A Waters ACQUITY BEH C18 column (1.7 pm; 100 mm X 2.1 mm) was used for LC
separation and the column temperature was kept at 40 °C. The flow rate was 0.4 mL/min and the sample injec-
tion volume was 10 uL. The mobile phase A was 0.1% FA in water, and mobile phase B was 0.1% FA in ACN.
The linear gradient was set as follows: Initial to 1 min: 10% B, 0-3 min 10% B to 80% B, 3-8 min: 95% B to 95%
B, 8.1-10 min: 10% B.

High-accuracy MS data were recorded by MassLynx 4.1 software. Capillary voltage was 2.5 kV for positive
mode and 2 kV for negative mode, whereas cone voltage was 30 V for both modes. The source temperature was
set at 120 °C with a cone gas flow of 50 L/h, and the desolvation temperature was set at 500 °C with a desolva-
tion gas flow of 800 L/h. Leucine-enkephalin (LE) was used as the lock mass generating a reference ion at m/z
556.2771 in positive mode and m/z 554.2615 in negative mode, which was introduced by a lockspray at 10 puL/
min for data calibration. The MSE data were acquired in continuum mode using ramp collision energy in two
scan functions. For low energy mode, scan range 50-1200 Da, scan time 0.2 s, and collision energy 6 V were set.
For high energy, scan range 50-1200 Da, scan time 0.2 s, and a collision energy ramp 15-45 V were set.

Raw data were imported to commercial software Progenesis QI (Version 2.4, Waters) for data processing,
which included peak picking, peak alignment and acquiring compound-associated information such as m/z,
retention time and intensity. Next, data filtering was performed to delete low-quality data. Ions with a relative
standard deviation (RSD) of more than 30% in quality control (QC) samples were filtered. These filtered ions
fluctuated too much among samples and were not included for further analysis. OPLS-DA (Partial least squares
Discriminant Analysis) was performed and VIP (variable importance in projection) was calculated by Metabo-
Analyst 5.0 (https://www.metaboanalyst.ca/)*® and R project. Metabolites with P <0.05 and VIP > 1 were selected
as differentially expressed metabolites (DMs). R project was also applied in further data processing, statistical
analysis. Pathway analysis was performed by MetaboAnalyst 5.0.

Data availability

We have submitted the raw RNA-seq data to GEO (https://www.ncbi.nlm.nih.gov/geo/subs/) under the accession
number GSE249812. Besides, we have uploaded PLC/LC-MS data to the MetaboLights (https://www.ebi.ac.uk/
metabolights/editor/study/MTBLS9088/descriptors) with the number of MTBLS9088.
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