

[image: image1]
A plasma proteomic approach in patients with heart failure after acute myocardial infarction: insights into the pathogenesis and progression of the disease












	
	TYPE Original Research

PUBLISHED 17 May 2023
DOI 10.3389/fcvm.2023.1153625






[image: image2]

A plasma proteomic approach in patients with heart failure after acute myocardial infarction: insights into the pathogenesis and progression of the disease

Yan Liu1†, Da Huang1†, Zhile Li1†, LiuFang Zhou1, Tuan Cen1, Baomin Wei1, Liuqing Wei1, Hongying Wu1, Liye Su1,2, Suren R. Sooranna3,4* [image: image], Xinshou Pan1*† and ZhaoHe Huang2,5*†

1Department of Cardiology, Affiliated Hospital of Youjiang Medical University for Nationalities, Baise, China

2Graduate School, Youjiang Medical University for Nationalities, Baise, China

3Department of Surgery and Cancer, Imperial College London, Chelsea and Westminster Hospital, London, United Kingdom

4Life Science and Clinical Research Center, Youjiang Medical University for Nationalities, Baise, China

5Affiliated Southwest Hospital, Youjiang Medical University for Nationalities, Baise, China

EDITED BY
Hugo Ten Cate, Maastricht University Medical Centre, Netherlands

REVIEWED BY
Gerhild Euler, University of Giessen, Germany
Sandipan Ray, Indian Institute of Technology Hyderabad, India

*CORRESPONDENCE Suren R. Sooranna s.sooranna@imperial.co.ukXinshou Pan 1491857657@qq.comZhaoHe Huang bshuangzhoahe@163.com

†These authors have contributed equally to this work

RECEIVED 29 January 2023
ACCEPTED 27 April 2023
PUBLISHED 17 May 2023

CITATION Liu Y, Huang D, Li Z, Zhou L, Cen T, Wei B, Wei L, Wu H, Su L, Sooranna SR, Pan X and Huang Z (2023) A plasma proteomic approach in patients with heart failure after acute myocardial infarction: insights into the pathogenesis and progression of the disease.
Front. Cardiovasc. Med. 10:1153625.
doi: 10.3389/fcvm.2023.1153625

COPYRIGHT © 2023 Liu, Huang, Li, Zhou, Cen, Wei, Wei, Wu, Su, Sooranna, Pan and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Aims: The pathogenesis of disease progression targets for patients with heart failure after acute myocardial infarction was investigated by using plasma proteomics.



Methods: The plasma proteomes of acute myocardial infarction patients with (MI-HF) and without (MI-WHF) heart failure were compared. Each group consisted of 10 patients who were matched for age and sex. The peptides were analyzed by 2-dimensional liquid chromatography coupled to tandem mass spectrometry in a high definition mode. Parallel reaction monitoring (PRM) verified the selected target proteins.



Results: We identified and quantified 2,589 and 2,222 proteins, respectively, and found 117 differentially expressed proteins (DEPs) (≥1.5-fold), when the MI-HF and MI-WHF groups were compared. Of these 51 and 66 were significantly up-regulated and down-regulated, respectively. The significant DEPs was subjected to protein–protein interaction network analysis which revealed a central role of the NF-κB signaling pathway in the MI-HF patients. PRM verified that MB, DIAPH1, VNN1, GOT2, SLC4A1, CRP, CKM, SOD3, F7, DLD, PGAM2, GOT1, UBA7 and HYOU1 were 14 proteins which were highly expressed in MI-HF patients.



Conclusions: These findings showed a group of proteins related to the NF-κB signaling pathway in the pathogenesis of patients with poor outcomes after experiencing MI-HF. These proteins may be useful candidate markers for the diagnosis of MI-HF as well as help to elucidate the pathophysiology of this major cause of mortality in older patients.
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Introduction

Heart failure (HF) is associated with diverse etiologies and it has a complex clinical course (1). Hypertension and coronary artery disease are two of the most common causes of HF (2), especially in acute myocardial infarction (AMI). However, although the treatment for patients with MI has improved substantially in recent years, the incidence of HF after MI remains high, despite improvements in the survival rates (3–6). In this way, accurate and early identification of the etiology of cardiomyopathy could improve the outcome of HF patients (7). Therefore, the search for early biological markers of HF in the commonly sampled body fluids of patients is an important goal. Use of proteomics to identify potentially important proteins has previously proven to be a successful strategy for the early diagnosis of cancer (8).

22 of the most abundant proteins in human plasma account for around 99% of its total proteins, with a dynamic range of between 45 mg/ml for serum albumin and 1–10 pmol/ml for cytokines (9). Therefore, identification of candidate biomarkers within the 1% of the low abundance proteins that are related to pathogenesis for clinical abnormalities is a challenging endeavor (10–14). Network analysis is increasingly becoming a fruitful method of analysis in bioinformatics (15), and it can reveal the functional cross-links between genes associated with inflammation as well as diseases (16). In addition, network analysis has been able to identify potential targets that are important for understanding the mechanisms of certain diseases (17).

We used network analysis to compare the plasma proteome of AMI patients who had and did not have HF in order to provide insights into the pathogenesis of disease progression of this condition. This study aimed to search for potential biomarkers of HF after AMI as well as determining the possible mechanisms involved by investigating the plasma proteome.



Materials and methods


Study subjects

This study was approved by the Ethics Committee of the Affiliated Hospital of Youjiang Medical University for Nationalities, Baise, PR China, in accordance with the Helsinki Declaration. All the patients needed to sign an informed consent and this met criteria set out by the Helsinki Declaration. We enrolled 20 subjects aged 39–87 years who were hospitalized in the Cardiovascular Department of the Affiliated Hospital of Youjiang Medical University for Nationalities from 1 January, 2020 until 31 December, 2021.

The subjects were subdivided into two groups and their peripheral blood samples were used in this study. Ten patients were classed as the AMI with HF (MI-HF) group and 10 were enrolled in AMI without HF (MI-WHF) group and their blood samples were collected within 12 h first of diagnosis. Patients included in the AMI-HF group followed the latest guidelines for the diagnosis of AMI issued by the European Society of Cardiology in 2017 (18) and the 2021 ESC Guidelines for the diagnosis and treatment of acute and chronic HF (19). The patients excluded were those with rheumatic and congenital heart disease as well as those with dilated cardiomyopathy. The patients undergoing intravenous thrombolysis, having either systemic or local severe infection, auto-immunologic or blood system disease as well as those with severe kidney or liver disease or malignant disease were also excluded. Others with coronary stenting and coronary artery bypass grafting were not included.

The clinical data collected included age, gender, body mass index (BMI), smoking (smokers were defined as those who smoked at least one cigarette per day for more than one year) and drinking status (drinkers were defined as patients who consumed at least one alcoholic drink a day for a minimal period of six months). Data relating to hypertension, diabetes, total cholesterol (TC), triglyceride (TG), high density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), extremely low-density lipoprotein cholesterol (VLDL-C), apolipoprotein A1, apolipoprotein B, lipoprotein a, homocysteine, urea, creatinine, uric acid, β2-microglobulin, cystatin C, creatinine clearance (CCr) and hs-CRP were also obtained from participants.



Plasma sample collection and storage

A blood sample was obtained from each patient who were laid in the supine within 30 min after admission to the hospital. Samples were also obtained a week after their cardiac color ultrasound review that indicated EF < 40%. The samples were collected in 10 ml EDTA vacutainer tubes and these were inverted eight times and placed immediately on ice. The Plasma was separated by centrifugation at 1,500 g for 10 min at 4°C. Aliquots of these were stored at −80°C until further analysis.




Experimental procedures


Protein extraction

The plasma samples were thawed and the cellular debris were removed by centrifugation at 12,000 g at 4°C for 10 min. The supernatants were transferred into new centrifuge tubes. The top 14 proteins with highest abundance were removed by using Pierce™ Top 14 Abundant Protein Depletion Spin Column Kits (ThermoFisher Scientific, Shanghai, China). A BCA kit was used to measure the protein concentration by following the manufacturer's instructions.



Trypsin digestion

The protein solution was reduced with 5 mM dithiothreitol for 30 min at 56°C and alkylated with 11 mM iodoacetamide for 15 min at room temperature in darkness prior to digestion. This solution was diluted by adding 100 mM triethylammonium bicarbonate to obtain a urea concentration of less than 2 M. Finally, trypsin was added to obtain a trypsin-to-protein mass ratio of 1:50 for the first digestion overnight. A second digestion with a trypsin-to-protein mass ratio of 1:100 was carried out for 4 h. Finally, the peptides were de-salted by using a C18 SPE column (Phenomenex, Torrance, USA).



Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) analysis

The tryptic peptides were dissolved in solvent A and loaded onto a home-made reversed-phase analytical column (25 cm length, 75 µm). The peptides were separated using a gradient from 5 to 25% of solvent B over 60 min, followed by 25 to 35% over 22 min which was increased to 80% for 4 min. It was then held at 80% for the last 4 min on an EASY-nLC 1200 UPLC system (Thermo Fisher Scientific). Solvents A and B were composed of 0.1% formic acid and 2% acetonitrile/ in water and 0.1% formic acid in 90% acetonitrile, respectively. The flow rate was kept constant at 450 nl/min. The separated peptides were analyzed in a Q Exactive™ HF-X mass spectrometer (Thermo Fisher Scientific) with a nano-electrospray ion source attachment. An electrospray voltage of 2.0 kV was applied. The full MS scan resolution was set to 60,000 and the scan range used was 350–1,600 m/z. 20 of the most abundant precursors were then selected for further analysis by using MS with a 30 s dynamic exclusion. The fragments were obtained by using HCD fragmentation at a normalized collision energy (NCE) of 28% and they were detected by using an Orbitrap at a resolution of 30,000. The fixed first mass and the automatic gain control (AGC) target were set at 100 m/z and 1E5, respectively. An intensity threshold of 3.3E4 and a maximum injection time of 60 ms were used.



Database search

The obtained MS data were processed using the MaxQuant search engine (v.1.6.15.0). The tandem mass spectrums were searched against the human SwissProt database (20,422 entries) concatenated with a reverse decoy database. Trypsin/P was the cleavage enzyme specified which allowed for up to 2 missing cleavages. 20 ppm was set as the mass tolerance for precursor ions during the first search and 5 ppm was set for the main search. The mass tolerance for fragment ions was set as 0.02 Da. The fixed modification was specified as Carbamidomethyl on Cys and the variable modifications were specified as acetylation on the protein N-terminals and oxidation on Met. A false discovery rate (FDR) adjusted to < 1% was. We used the Benjamini-Hochberg to perform the FDR correction. We used the adjusted P-value (Q value) as FDR-corrected P-value for each differentially expressed candidate protein.




Bioinformatics methods


GO annotation

Gene Ontology (GO) is a major bioinformatics initiative that allows unification of the representation of gene and gene product attributes across different species. We derived a GO annotation proteome by using the UniProt-GOA database (http://www.ebi.ac.uk/GOA/). The identified protein IDs were first converted to their UniProt IDs and then these were mapped to GO IDs. If an identified protein was not annotated in the UniProt-GOA database, the InterProScan software package was used for annotation of its GO function based on its protein sequence alignment. Then the proteins were then classified according to three categories: biological process, cellular component and molecular function.



Domain annotation

A protein domain is a conserved part of a given protein sequence and structure that is capable of evolving and assuming different function. It also exists independently from the rest of a protein chain. The identified protein domain functional descriptions can be annotated by using InterProScan (a sequence analysis application) based on its protein sequence alignment method and the InterPro domain database. The online software, InterPro, is a database that can integrate the diverse information regarding protein families, domains and functional sites (http://www.ebi.ac.uk/interpro/).



KEGG pathway annotation

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database is used to connect the known information on molecular interaction networks, including pathways and complexes (the “Pathway” database). It also incorporates the information regarding genes and proteins generated by specific genome projects (including the gene database). In addition, information associated with biochemical compounds and reactions (including compounds and reaction databases) are also stored. This database was, therefore, used to annotate the protein pathways.



Statistical analysis

After classification of the proteins by their GO annotations, KEGG pathway analysis and the use of the InterPro database, we used a two-tailed Fisher's exact test employed to test the enrichment of the differentially expressed protein (DEGs) against all the proteins identified. In each case, the corrected P-values <0.05 were considered significant for the data obtained.



Enrichment-based clustering

DEG functional classification (such as: GO, Domain, Pathway and Complex) were subjected to further hierarchical cluster analysis (HCA) based on collating all the categories obtained after enrichment along with their P-values. These were then filtered for those categories which were enriched in at least one of the clusters and they had a P-value <0.05. The filtered P-value matrix was then transformed using the function, x = −log10 (P-value). Then all the x values were z-transformed according to their functional category. The z scores obtained were then clustered by one-way CA (using the Euclidean distance and average linkage clustering) by using the Genesis software package. The cluster membership then drawn as a heatmap by using the “heatmap.2” function from the “gplots” R software package.



Protein-protein interaction network

All the DEG database accession and sequences were searched using the STRING database (v 11.0) for any protein-protein interactions. The proteins belonging to the searched datasets were selected. STRING defines a metric called “confidence score” which is used to define the interaction confidence of the selections made. Interactions that had a confidence score ≥0.7 which reflected a high confidence were subsequently selected. The interaction network form STRING was then visualized by using the R software package, “networkD3”.



PRM validation of proteomics

This project used the MS-based targeted proteome quantification technology that allowed parallel reaction monitoring (PRM). The quantitative confirmation of the 20 target proteins, and these included extraction of proteins, trypsin digestion, LC-MS/MS analysis and secondary MS data was then conducted. All the data were retrieved by Maxquant (v1.6.15.0) and these were processed using the Skyline 21.2 software package. PRM employs the peak areas in order to quantify the protein data obtained. By using differential analysis, when P < 0.05, the differential protein expression levels which exceeded 1.5 was taken as the significant upregulation change value. When it was less than 1, this was regarded as a significant downregulation change. When combining the key pathway proteins and some enzymes as well as the related proteins studied with respect to HF, this could be biased for screening the candidate proteins.




Results


Patient characteristics

The characteristics of the patient in this study are described in Table 1. No significant differences in the height, weight, age, Cr, UA, GFR, AST, ALT, HbA1c, Glu, WBC, Hb, PLT, CHO, TG, HDLC, LDLC, VLDLC, APOA1, APOB and Lpa between the MI-HF and MI-WHF groups were observed (P > 0.05).


TABLE 1 A comparison of the MI-HF and MI-WHF groups of patients (median).
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Protein identification

1,353,086 spectrums were obtained from the different proteins in the blood samples of the two groups of patients in this study. After analysis of the total protein data, the number of matched spectrums was reduced to 406,066. The utilization rate of spectrograms was 30.01% and 15,193 peptides were identified after analysis. 13,747 peptides with unique peptide segments were selected. In our study, 2,589 proteins were identified and of these 2,222 were quantifiable (Figure 1).


[image: Figure 1]
FIGURE 1
Details of the all the protein spectrums obtained from the proteins in the blood samples of the MI-WHF and MI-HF patients in this study. The matched spectrums refers to the number of effective spectrographs that matched the theoretical secondary spectrums obtained. The peptides refers to the number of identified peptides by matching the sequences. The unique peptides are the number of identified unique peptides after matching. The identified proteins refer to the number of identified proteins that were resolved and the quantifiable proteins are those that were quantified by using their specific peptides.




Differential protein identification

Differentially expressed proteins (DEPs) were identified and analyzed by their gene expression profiles and pathway enrichment, which were performed through three bioinformatic resources, namely GO, KEGG and protein domain analysis. A comparison of MI-HF and MI-W-HF patients found there were 51 and 66 upregulated and downregulated proteins, respectively (Figure 2 and Supplementary Table S1).


[image: Figure 2]
FIGURE 2
Differential protein identification. DEPs volcano showed there are 51 upregulated and 66 downregulated genes when the MI-HF and MI-WHF patient groups were compared. The green and red dots represent the downregulated and upregulated genes, respectively and the gray dots represent no change. The most differentially expressed proteins are clearly marked.




Annotation and classification of the identified DEPs

In order to annotate and classify the differential proteins function, COG/KOG categories were used to annotate their functional category distributions. The DEPs identified were classified into 4 COG/KOG categories. Cellular processes and signaling, information storage and processing and metabolism consisted of 47, 15 and 19 DEPs, respectively. One DEP was poorly characterized and no function was allocated to it (Figure 3A). Based on this, we annotated the proteins according to their subcellular structures using WoLF Psort software for eukaryotic cells and the PSORTb (v3.0) software for prokaryotic cells. The proteins were sorted as belonging to the extracellular, cytoplasm, nucleus, mitochondria, plasma membrane, cytoplasm/nucleus, endoplasmic reticulum and peroxisome with 32.48, 23.08, 17.95, 8.55, 5.13, 4.27, 4.27 and 4.27% of the total, respectively (Figure 3B).


[image: Figure 3]
FIGURE 3
(A) the COG/KOG and (B) subcellular-based annotation and classification of the DEPs in terms of cellular process, information storage and processing, metabolism and poorly characterized proteins.




Enrichment analysis of DEPs

The DEPs were classified by their GO secondary annotations by using database alignment in to three groups: biological processes (n = 602), cellular components (n = 236) and molecular functions (n = 174), which explained their biological roles. Among these, the most enriched GO terms were cellular process (102 proteins) in biological process, cell (106 proteins) in cellular component and binding (82 proteins) in molecular function (Figure 4).


[image: Figure 4]
FIGURE 4
GO-based enrichment analysis of DEPs in terms of biological process, cellular component and molecular function.




Functional enrichment analysis of DEPs

We conducted enrichment analysis of the KEGG pathway and protein domains by using Fisher's exact test. This was performed in order to finding whether the DEPs had significant enrichment trends in some of the functional types. The functional classification and pathways of the 20 most significantly enriched in DEPs were displayed in a bubble chart (Figures 5A,B).


[image: Figure 5]
FIGURE 5
(A,B) functional enrichment of DEPs. Bubble plots were used to show the top 20 significantly enriched DEPs. The vertical axes are their functional classification or pathway and the horizontal axes are the Log2-transformed values for the proportion of DEPs in this functional type fold- enrichment over the proportion of the identified proteins. The color and size of the circles indicate the enrichment significance P-value and number of DEPs in their functional classes or pathways.




Cluster analysis

The P-values from the enrichment analysis obtained using the Fisher's exact test were clustered for the correlation functions in different control groups by fold of difference using hierarchical clustering and drawing them into a heatmap (Figure 6).


[image: Figure 6]
FIGURE 6
The functional enrichment clusters associated with the DEPS. A heatmap of the Fisher's exact test P-values from the enrichment analysis was drawn for the correlation functions in the MI-HF and MI-WHF patient groups by their fold-difference using hierarchical clustering. The Q1 and Q2 groups were the differential fold downregulated groups, where Q1 was the markedly enriched and Q2 was the generally enriched pathway downregulated. Groups Q3 and Q4 referred to the upregulation groups, respectively. The horizontal section of the heatmap is for the different fold groups, and the longitudinal section shows the description of the related functions of DEPs enriched these groups by the KEGG pathway analysis. Red and blue represent strong and weak enrichment of the different comparative DEPs groups, respectively.




Protein interaction network analysis

Either the differential protein database number or sequence of the protein were selected in the different groups by using the difference multiple, 1.5. Those with a confidence score >0.7 (high confidence) were extracted after comparing them with the STRING (v.11.0) protein interaction network database.The results were visualized by using the R package “network D3” tool. We screened of the top 49 closest interaction relationship proteins in order to map the protein interaction network and the DEPs involved in acute myeloid leukemia and the NF−kappa B signaling pathway were the most prominent (Figure 7).


[image: Figure 7]
FIGURE 7
Protein–protein interaction (PPI) network analysis of DEPs. The STRING database was used to annotate the functional interactions of all the identified DEPs. The circles represent different proteins and the colors represent the differential expression of the proteins (green and red refer to downregulated and upregulated proteins, respectively), and the darker the color, the greater the difference. In order to clearly show the interaction relationship between proteins, we screened the top 49 closest interacting proteins in order to map the protein interaction network, presenting a global view of their diverse cellular functions. These DEPs were involved in acute myeloid leukemia and the NF−kappa B signaling pathway.




Heatmap results of PRM

During the experimental design, 2 unique peptides per protein were quantified but only one peptide was identified for sensitivity. However, 3 or more unique peptides were used to quantify each protein and PRM was used to quantify their peak areas. PRM quantification was performed for 20 proteins, but only 16 target proteins are presented and 14 proteins were found to have the same trend consistency by using the tandem mass tag technique. We found that the expression trend of each protein in the different groups was basically consistent with that obtained using their thermograms (Table 2).


TABLE 2 The verification results of the target proteins.
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Power calculation

The numbers of cases analyzed in each group were not high. Therefore, we performed a power calculation to determine the minimum number of required biological variants in each group and provide power curves exhibiting the minimum % effect size measurable as a function of sample size with at least 80% power at P < 0.05 and P < 0.01 levels of statistical significance (Supplementary Figures S1A,B). These were performed in R language using the pwr R software package.




Discussion

AMI is a life-threatening condition that leads to morbidity and mortality, especially in the older generation (20). The incidence of HF in China is projected to rise over the coming years, as the prevalence of risk factors, such as AMI, rises (21). Unfortunately, there is still no precise definition of the etiology and mechanism of AMI-associated HF (22, 23). Consequently, exploring potential markers to determine HF after AMI has become essential to guarantee that high-quality cardiac treatment can be offered to patients who suffer from this condition.

In this study, we performed a comprehensive proteomic profiling and PRM analysis of plasma obtained from patients with MI-WHF and MI-HF. A total of 2,589 proteins were identified and 2,222 proteins were quantified in both MI-WHF and MI-HF groups by using the plasma proteome. 117 DEPs (≥1.5-fold, P < 0.05) were further explored and compared between the two groups. The results suggested that a wide range of proteins might be associated to several pathophysiological processes during AMI with HF. PRM analysis of 16 proteins was performed to further verify the expression levels of the target proteins. As a result, 14 proteins (MB, DIAPH1, VNN1, GOT2, SLC4A1, CRP, CKM, SOD3, F7, DLD, PGAM2, GOT1, UBA7 and HYOU1) were found to be involved during the process and presentation of MI-HF. A study by Hu et al. showed that VNN1 may be a promising therapeutic candidate against atherosclerosis (24). Another study showed that PGAM2 may be a promising new biomarker for evaluation of the severity of HF and it may be useful to judge the severity during differential diagnosis of this condition (25). In addition, constitutive overexpression of PGAM2 was shown to modify energy metabolism and reduced stress resistance on mice hearts (26). A cross-sectional study for 1,047 patients indicated that extracellular superoxide dismutase (Ec-SOD) might be a potential link between left ventricular structure remodeling and the development of subsequent HF in patients with cardiovascular disease (27). A loss of function mutation of SOD3 in rats induced chronic renal failure that develops during the first 5 months of age and this is accompanied by severe systemic hypertension and moderate LV hypertrophy (28). However, there are no studies on the relationship between the above PRM-associated proteins and HF after MI.

AMI is still one of the top causes of death worldwide (28). The fatal causes of AMI include malignant arrhythmias, acute HF and heart rupture with the first two being the most common. However, not all MI patients will lead to HF, and there may be a relationship with the site and area of infarction as well as the presence of inflammatory and other factors. However, with a similar site of infarction, there are still some patients who are prone to HF, and the reasons and mechanisms of this remains unclear.

In order to analyze the gene profiles of AMI patients, Xue et al. (29) performed a gene set enrichment analysis (GSEA), and obtained “TNFA_SIGNALING_VIA_NFKB” (enrichment score = 0.57), and they were able to experimentally validate their results. Briefly, “TNFA_SIGNALING_VIA_NFKB” are the genes regulated by nuclear factor kappa B (NF-kB) in response to TNF, NFkB and other inflammatory cytokines (30). These had all been previously shown to be enhanced in AMI patients (31). The AUC of the serum levels of TNF-α for predicting the occurrence of acute ST-elevated MI was 0.852 (32), and a TNF-α inhibitor was able to reduce the infarct area (33).

The NF-κB signaling pathway refers to the NF-κB family of mammalian transcription factors in mammals, consisting of P50 (treatment product of P105, both referred to as NF-κB 1), P52 (treatment product of p100, both called NF-κB 2), REL (alternatively called cREL), Rel-A (or P65) and Rel-B (34). These proteins dimerize and form a functional NF-κB, which is found in almost all animal cell types. It is involved in many cellular processes and is synthesized in response to stimuli such as stress, cytokines, free radicals, heavy metals, UV irradiation, oxidized LDL and bacterial and viral antigens (34). NF-κB is central to the immune response to infection (35). Incorrect regulation of NF-κB is also associated with cancer (36), inflammation (37), autoimmune (38) diseases, septic shock (39), viral infection (40), differentiation (41), apoptosis, ferroptosis (42) and cardiovascular diseases (43). NF-κB has been shown to be involved in the process of HF after ischaemia/re-perfusion (44). Emerging evidence shows that ferroptosis occurs during AMI (45) and HF (46). In this study, SLC4A1 and NF-κB were found to be enriched in AMI patients with HF (Figure 5A and Table 2). Lnc- SLC4A1 −1 functions in regulating the NF-κB pathway to mediate the occurrence of diseases such as cancer (47). NF-κB is an inducible transcription factor and it plays a key role in regulating the development and homeostasis of the immune system and in coordinating the inflammatory response (48) which is one of the main mechanisms of AMI and HF (49).

There are some limitations associated with this study. Firstly, this was only a cross-sectional study. Secondly, being a human study, several factors were not able to be controlled and it would need to be validated with cells in vitro as well as the use of animal models. Thirdly, although a large number of proteins were detected, only a small percentage of these were quantified and some key ones may have been overlooked. Future studies will be performed to address these limitations.

In conclusion, DEPs in the plasma of MI-HF patients and MI-WHF patients were quantitatively assessed and key proteins involved in the NF-κB signaling pathway as well as acute myeloid leukocytes were shown to be elevated in AMI with HF. PRM of the DEPs revealed that the expression trend of each protein between MI-HF and MI-W-HF was consistent with that of the protein thermogram obtained. These proteins may serve as candidate markers for patients AMI with HF as well as serving as potential novel control targets to elucidate the pathophysiology of this condition.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by The local Ethics Committee of the Affiliated Hospital of Youjiang Medical University for Nationalities. The patients/participants provided their written informed consent to participate in this study.



Author contributions

YL and ZHH designed this study and wrote the manuscript. SRS was responsible for reviewing the article and the data. LFZ, TC and Z L generated and analyzed the data. DH, BW and XP performed the emergency coronary interventions. LW, HW and LS collected the blood samples and patients’ data. ZHH supervised the project and is the guarantor of this work. All the authors revised the manuscript for intellectual content and approved its final version to be published. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Fund (No. 81860797), the 2020 Guangxi Science and Technology Plan project (2020GXNSFAA297102), the first batch of high-level talent research projects of the Affiliated Hospital of Youjiang Medical College for Nationalities in 2019 (Y20196309), High-level talents of the Affiliated Hospital of Youjiang Medical College for Nationalities (R20212603), PhD Talent Training Program of the Affiliated Hospital of Youjiang Medical College for Nationalities (BSRC201814) and the project of Guangxi Zhuang Autonomous Region Health Commission (S2020116).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. He X, Zhao J, He J, Dong Y, Liu C. Association of household secondhand smoke exposure and mortality risk in patients with heart failure. BMC Cardiovasc Disord. (2019) 19(1):280. doi: 10.1186/s12872-019-1269-y

2. Das S, Frisk C, Eriksson MJ, Walentinsson A, Corbascio M, Hage C, et al. Transcriptomics of cardiac biopsies reveals differences in patients with or without diagnostic parameters for heart failure with preserved ejection fraction. Sci Rep. (2019) 9(1):3179. doi: 10.1038/s41598-019-39445-2

3. Kitagawa M, Matsubara O, Kasuga T. Dynamics of lymphocytic subpopulations in friend leukemia virus-induced leukemia. Cancer Res. (1986) 46(6):3034–9. PMID: 2870802.

4. Reddy K, Khaliq A, Henning RJ. Recent advances in the diagnosis and treatment of acute myocardial infarction. World J Cardiol. (2015) 7(5):243–76. doi: 10.4330/wjc.v7.i5.243

5. Wu WY, Berman AN, Biery DW, Blankstein R. Recent trends in acute myocardial infarction among the young. Curr Opin Cardiol. (2020) 35(5):524–30. doi: 10.1097/HCO.0000000000000781

6. Jenca D, Melenovsky V, Stehlik J, Stanek V, Kettner J, Kautzner J, et al. Heart failure after myocardial infarction: incidence and predictors. ESC Heart Fail. (2021) 8(1):222–37. doi: 10.1002/ehf2.13144

7. Lin LQ, Kazmirczak F, Chen KA, Okasha O, Nijjar PS, Martin CM, et al. Impact of cardiovascular magnetic resonance imaging on identifying the etiology of cardiomyopathy in patients undergoing cardiac transplantation. Sci Rep. (2018) 8(1):16212. doi: 10.1038/s41598-018-34648-5

8. Xie X, Jiang Y, Yuan Y, Wang P, Li X, Chen F, et al. MALDI Imaging reveals NCOA7 as a potential biomarker in oral squamous cell carcinoma arising from oral submucous fibrosis. Oncotarget. (2016) 7(37):59987–60004. doi: 10.18632/oncotarget.11046

9. Simpson KL, Whetton AD, Dive C. Quantitative mass spectrometry-based techniques for clinical use: biomarker identification and quantification. J Chromatogr B Analyt Technol Biomed Life Sci. (2009) 877(13):1240–9. doi: 10.1016/j.jchromb.2008.11.023

10. Anderson NL, Anderson NG. The human plasma proteome: history, character, and diagnostic prospects. Mol Cell Proteomics. (2002) 1(11):845–67. doi: 10.1074/mcp.R200007-MCP200

11. Qin S, Ferdinand AS, Richie JP, O'Leary MP, Mok SC, Liu BC. Chromatofocusing fractionation and two-dimensional difference gel electrophoresis for low abundance serum proteins. Proteomics. (2005) 5(12):3183–92. doi: 10.1002/pmic.200401137

12. Righetti PG, Boschetti E, Lomas L, Citterio A. Protein equalizer technology: the quest for a “democratic proteome”. Proteomics. (2006) 6(14):3980–92. doi: 10.1002/pmic.200500904

13. Schiess R, Wollscheid B, Aebersold R. Targeted proteomic strategy for clinical biomarker discovery. Mol Oncol. (2009) 3(1):33–44. doi: 10.1016/j.molonc.2008.12.001

14. Surinova S, Schiess R, Huttenhain R, Cerciello F, Wollscheid B, Aebersold R. On the development of plasma protein biomarkers. J Proteome Res. (2011) 10(1):5–16. doi: 10.1021/pr1008515

15. Luo M, Huang P, Pan Y, Zhu Z, Zhou R, Yang Z, et al. Weighted gene coexpression network and experimental analyses identify lncRNA SPRR2C as a regulator of the IL-22-stimulated HaCaT cell phenotype through the miR-330/STAT1/S100A7 axis. Cell Death Dis. (2021) 12(1):86. doi: 10.1038/s41419-020-03305-z

16. Zhang Y, Fan H, Xu J, Xiao Y, Xu Y, Li Y, et al. Network analysis reveals functional cross-links between disease and inflammation genes. Sci Rep. (2013) 3:3426. doi: 10.1038/srep03426

17. Ghosh S, Narula K, Sinha A, Ghosh R, Jawa P, Chakraborty N, et al. Proteometabolomic study of compatible interaction in tomato fruit challenged with sclerotinia rolfsii illustrates novel protein network during disease progression. Front Plant Sci. (2016) 7:1034. doi: 10.3389/fpls.2016.01034

18. Ibanez B, James S, Agewall S, Antunes MJ, Bucciarelli-Ducci C, Bueno H, et al. ESC Guidelines for the management of acute myocardial infarction in patients presenting with ST-segment elevation: the task force for the management of acute myocardial infarction in patients presenting with ST-segment elevation of the European society of cardiology (ESC). Eur Heart J. (2017) 39(2):119–77. doi: 10.1093/eurheartj/ehx393

19. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Böhm M, et al. ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: developed by the task force for the diagnosis and treatment of acute and chronic heart failure of the European society of cardiology (ESC) with the special contribution of the heart failure association (HFA) of the ESC. Rev Esp Cardiol (Engl Ed). (2021) 75(6):523. doi: 10.1016/j.rec.2022.05.005

20. Kamarulariffin KM, Tan JAC, Lisa ZN, Yahya A. Predicting acute myocardial infarction (AMI) 30-days mortality: using standardised mortality ratio (SMR) as the hospital performance measure. Int J Med Inform. (2022) 168:104865. doi: 10.1016/j.ijmedinf.2022.104865

21. Wang H, Chai K, Du M, Wang S, Cai JP, Li Y, et al. Prevalence and incidence of heart failure among urban patients in China: a national population-based analysis. Circ Heart Fail. (2021) 14(10):e008406. doi: 10.1161/CIRCHEARTFAILURE.121.008406

22. Orrem HL, Nilsson PH, Pischke SE, Grindheim G, Garred P, Seljeflot I, et al. Acute heart failure following myocardial infarction: complement activation correlates with the severity of heart failure in patients developing cardiogenic shock. ESC Heart Fail. (2018) 5(3):292–301. doi: 10.1002/ehf2.12266

23. Bahit MC, Kochar A, Granger CB. Post-myocardial infarction heart failure. JACC Heart Fail. (2018) 6(3):179–186. doi: 10.1016/j.jchf.2017.09.015

24. Hu YW, Wu SG, Zhao JJ, Ma X, Lu JB, Xiu JC, et al. VNN1 Promotes atherosclerosis progression in apoE-/- mice fed a high-fat/high-cholesterol diet. J Lipid Res. (2016) 57(8):1398–411. doi: 10.1194/jlr.M065565

25. Li M, Gao X, Wang H, Zhang M, Li X, Wang S, et al. Phosphoglycerate mutase 2 is elevated in serum of patients with heart failure and correlates with the disease severity and patient’s prognosis. Open Med (Wars). (2021) 16(1):1134–42. doi: 10.1515/med-2021-0324

26. Okuda J, Niizuma S, Shioi T, Kato T, Inuzuka Y, Kawashima T, et al. Persistent overexpression of phosphoglycerate mutase, a glycolytic enzyme, modifies energy metabolism and reduces stress resistance of heart in mice. PLoS One. (2013) 8(8):e72173. doi: 10.1371/journal.pone.0072173

27. Li X, Lin Y, Wang S, Zhou S, Ju J, Wang X, et al. Extracellular superoxide dismutase is associated with left ventricular geometry and heart failure in patients with cardiovascular disease. J Am Heart Assoc. (2020) 9(15):e016862. doi: 10.1161/JAHA.120.016862

28. Guo H, Xu D, Kuroki M, Lu Z, Xu X, Geurts A, et al. Kidney failure, arterial hypertension and left ventricular hypertrophy in rats with loss of function mutation of SOD3. Free Radic Biol Med. (2020) 152:787–96. doi: 10.1016/j.freeradbiomed.2020.01.023

29. Xue J, Chen L, Cheng H, Song X, Shi Y, Li L, et al. The identification and validation of hub genes associated with acute myocardial infarction using weighted gene co-expression network analysis. J Cardiovasc Dev Dis. (2022) 9(1):30–45. doi: 10.3390/jcdd9010030

30. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A. (2005) 102(43):15545–50. doi: 10.1073/pnas.0506580102

31. Correia LC, Andrade BB, Borges VM, Clarencio J, Bittencourt AP, Freitas R, et al. Prognostic value of cytokines and chemokines in addition to the GRACE score in non-ST-elevation acute coronary syndromes. Clin Chim Acta. (2010) 411(7–8):540–5. doi: 10.1016/j.cca.2010.01.011

32. Fang C, Chen Z, Zhang J, Pan J, Jin X, Yang M, et al. The value of Serum YKL-40 and TNF-alpha in the diagnosis of acute ST-segment elevation myocardial infarction. Cardiol Res Pract. (2022) 2022:4905954. doi: 10.1155/2022/4905954

33. Wu Y, Liu F, Ma X, Adi D, Gai MT, Jin X, et al. iTRAQ analysis of a mouse acute myocardial infarction model reveals that vitamin D binding protein promotes cardiomyocyte apoptosis after hypoxia. Oncotarget. (2018) 9(2):1969–79. doi: 10.18632/oncotarget.23025

34. de Oliveira KA, Kaergel E, Heinig M, Fontaine JF, Patone G, Muro EM, et al. A roadmap of constitutive NF-kappaB activity in hodgkin lymphoma: dominant roles of p50 and p52 revealed by genome-wide analyses. Genome Med. (2016) 8(1):28. doi: 10.1186/s13073-016-0280-5

35. Huang S, Liu D, Sun J, Zhang H, Zhang J, Wang Q, et al. Tim-3 regulates sepsis-induced immunosuppression by inhibiting the NF-kappaB signaling pathway in CD4 T cells. Mol Ther. (2022) 30(3):1227–38. doi: 10.1016/j.ymthe.2021.12.013

36. Schlein LJ, Thamm DH. Review: nF-kB activation in canine cancer. Vet Pathol. (2022) 59(5):724–32. doi: 10.1177/03009858221092017

37. Zheng Y, Li Y, Ran X, Wang D, Zheng X, Zhang M, et al. Mettl14 mediates the inflammatory response of macrophages in atherosclerosis through the NF-kappaB/IL-6 signaling pathway. Cell Mol Life Sci. (2022) 79(6):311. doi: 10.1007/s00018-022-04331-0

38. Liu Y, Zhao C, Meng J, Li N, Xu Z, Liu X, et al. Galectin-3 regulates microglial activation and promotes inflammation through TLR4/MyD88/NF-kB in experimental autoimmune uveitis. Clin Immunol. (2022) 236:108939. doi: 10.1016/j.clim.2022.108939

39. Liu S, Song D, Yuan D. Bergamottin protects against LPS-induced endotoxic shock by regulating the NF-kappaB signaling pathway. Immunol Res. (2022) 70(1):33–43. doi: 10.1007/s12026-021-09235-y

40. Bartolini D, Stabile AM, Vacca C, Pistilli A, Rende M, Gioiello A, et al. Endoplasmic reticulum stress and NF-kB activation in SARS-CoV-2 infected cells and their response to antiviral therapy. IUBMB Life. (2022) 74(1):93–100. doi: 10.1002/iub.2537

41. Mirershadi F, Ahmadi M, Rahbarghazi R, Heiran H, Keyhanmanesh R. C-Kit(+) cells can modulate asthmatic condition via differentiation into pneumocyte-like cells and alteration of inflammatory responses via ERK/NF-kB pathway. Iran J Basic Med Sci. (2022) 25(1):96–102. doi: 10.22038/IJBMS.2021.59946.13293

42. Tan W, Dai F, Yang D, Deng Z, Gu R, Zhao X, et al. MiR-93-5p promotes granulosa cell apoptosis and ferroptosis by the NF-kB signaling pathway in polycystic ovary syndrome. Front Immunol. (2022) 13:967151. doi: 10.3389/fimmu.2022.967151

43. Dong P, Liu K, Han H. The role of NF-kappaB in myocardial ischemia/reperfusion injury. Curr Protein Pept Sci. (2022) 23(8):535–47. doi: 10.2174/1389203723666220817085941

44. Dong X, Jiang J, Lin Z, Wen R, Zou L, Luo T, et al. Nuanxinkang protects against ischemia/reperfusion-induced heart failure through regulating IKKbeta/IkappaBalpha/NF-kappaB-mediated macrophage polarization. Phytomedicine. (2022) 101:154093. doi: 10.1016/j.phymed.2022.154093

45. Lillo-Moya J, Rojas-Sole C, Munoz-Salamanca D, Panieri E, Saso L, Rodrigo R. Targeting ferroptosis against ischemia/reperfusion cardiac injury. Antioxidants (Basel). (2021) 10(5):667–91. doi: 10.3390/antiox10050667

46. Komai K, Kawasaki NK, Higa JK, Matsui T. The role of ferroptosis in adverse left ventricular remodeling following acute myocardial infarction. Cells. (2022) 11(9):1399–413. doi: 10.3390/cells11091399

47. Huang Z, Du G, Huang X, Han L, Han X, Xu B, et al. The enhancer RNA lnc-SLC4A1-1 epigenetically regulates unexplained recurrent pregnancy loss (URPL) by activating CXCL8 and NF-kB pathway. EBioMedicine. (2018) 38:162–70. doi: 10.1016/j.ebiom.2018.11.015

48. Mitchell JP, Carmody RJ. NF-kappaB and the transcriptional control of inflammation. Int Rev Cell Mol Biol. (2018) 335:41–84. doi: 10.1016/bs.ircmb.2017.07.007

49. Ong SB, Hernandez-Resendiz S, Crespo-Avilan GE, Mukhametshina RT, Kwek XY, Cabrera-Fuentes HA, et al. Inflammation following acute myocardial infarction: multiple players, dynamic roles, and novel therapeutic opportunities. Pharmacol Ther. (2018) 186:73–87. doi: 10.1016/j.pharmthera.2018.01.001



OPS/images/fcvm-10-1153625-t002.jpg
Protein Protein description Gene | MI-HF/MI_WHF | MI-HF/MI_WHF | MI-HF/MI_WHF Trend
accession no. name P-value Ratio PRO consistency
Llactate 0S = Homo sapiens OX =9,606 228e-02
GN=1DHB PE=15V=1

BOQYF§ Myoglobin (Fragment) OS = Homo sapiens OX =9,606 673107
GN=MB PE=15V
060610 Protein diaphanous homolog 1 OS = Homo sapiens OX | DIAPHI 330 107
=9,606 GN = DIAPH1 PE=15V =2
095497 Pantetheinase OS = Homo sapiens OX = 9,606 GN = VNNI 942107
VNNIPE=15V=2
00505 Aspartate aminotransferase, mitochondrial OS = Homo 227x107
sapiens OX = 9,606 GN = GOT2 PE=15V =3
P02730 Band 3 anion transport protein OS = Homo sapiens OX 640107
=9,606 GN = SLC4A1 PE=15V =
P02741 C-reactive protein OS = Homo sapiens OX = 9,606 GN = 335x107
CRPPE=15V=1
P06732 Creatine kinase M-type OS = Homo sapiens OX = 9,606 438x107
GN=CKM PE=15V=
P08294 Extracellular superoxide dismutase [Cu-Zn] OS = Homo 414x107
sapiens OX = 9,606 GN = SOD3 PE=1 5V =2
P08709 Coagulation factor VII OS = Homo sapiens OX = 9,606 240 107
GN=F7PE=15V=1
P09622 Dihydrolipoyl dehydrogenase, mitochondrial OS = Homo 150 % 107~
sapiens OX = 9,606 GN = DLD PE=15V =2
P15259 Phosphoglycerate mutase 2 O$ = Homo sapiens OX = 173% 107
9,606 GN =PGAM2 PE=1 SV =
P17174 Aspartate aminotransferase, cyloplasmic OS = Homo 274x 107
sapiens OX = 9,606 GN = GOT1 PE=15V =3

T

0

P41226 Ubsiquitin-like modifier-activating enzyme 7 OS = Homo 238x 107"
sapiens OX = 9,606 GN = UBA7 PE=1 SV =2
P48506 Glutamate-cysteine ligase catalytic subunit OS = Homo 419107
sapiens OX = 9,606 GN = GCLC PE=1 5V =2
QoY4Ll Hypoxia up-regulated protein 1 OS = Homo sapiens OX 12x107






OPS/images/fcvm-10-1153625-t001.jpg
N

MI-HF group

10

MI-WHF
group
10

High (cm)

165 (163, 167.75)

164 (160.5, 165)

Weight (kg)

64 (62.25, 66.5)

6375 (615, 65)

Age (year)

60 (55.75, 75.5)

57.5 (53.25, 71.5)

Smokers.

6

8

Drinkers

7

6

Hypertension

6

7

Diabetes

6

5

Cr (umol/L)

805 (73, 97.25)

92 (76.5, 98)

UA (umol/L)

362 (33725,
419.75)

4595 (360.75,
499)

GER (%)

84935 (69.285,
95.312)

7878 (7126,
91.64)

AST (U/L)

30475 (72725,
435.25)

20455 (61,
303.75)

ALT (U/L)

7115 (35.1, 105.5)

55 (35.6, 61)

HbAlc (%)

7(59,7.7)

5.8 (5325, 6.675)

Glu (mmol/L)

6.59 (5.375, 7.992)

5.855 (5.69, 6.495)

WBC (x10°/L)

1238 (11.043,
15.79)

12245 (8.58,
13.003)

Hb (g/L)

127 (1035, 1505)

153 (13725,
171.25)

PLT (x10°/L)

2305 (1965,
359.75)

246 (2235, 263.5)

CHO (mmol/L)

501 (3.71, 5.805)

4485 (3373,
5.385)

TG (mmol/L)

16 (1397, 2.49)

1175 (0.892,
1.478)

HDLC (mmol/L)

095 (0832, 1.228)

1085 (0.923,
1.448)

LDLC (mmol/L)

3015 (2443, 3.318)

264 (224 2.968)

VLDLC (mmol/
L)

073 (0638, 1.135)

0535 (0.408 0.67)

APOAI (g/L)

1.27 (1183, 1.36)

1015 (0.942,
1.367)

APOB (g/L)

0985 (0792, 1.165)

0875 (0762,
0995)

Lpa (nmol/L)

2265 (1965,
27.575)

49.95 (16.45,
201.025)






OPS/xhtml/Nav.xhtml




Contents





		Cover



		A plasma proteomic approach in patients with heart failure after acute myocardial infarction: insights into the pathogenesis and progression of the disease

		Introduction



		Materials and methods



		Study subjects



		Plasma sample collection and storage











		Experimental procedures



		Protein extraction



		Trypsin digestion



		Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) analysis



		Database search











		Bioinformatics methods



		GO annotation



		Domain annotation



		KEGG pathway annotation



		Statistical analysis



		Enrichment-based clustering



		Protein-protein interaction network



		PRM validation of proteomics











		Results



		Patient characteristics



		Protein identification



		Differential protein identification



		Annotation and classification of the identified DEPs



		Enrichment analysis of DEPs



		Functional enrichment analysis of DEPs



		Cluster analysis



		Protein interaction network analysis



		Heatmap results of PRM



		Power calculation











		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

A plasma proteomic approach in patients
with heart failure after acute myocardial
infarction: insights into the pathogenesis and
progression of the disease





OPS/images/fcvm-10-1153625-g001.jpg
2589

13747

1353086
406066
I 15193

1e+05
1e+03
1e+01





OPS/images/fcvm-10-1153625-g003.jpg
" 2 ez
P A— ety
oo s (3600
[ Socsona 76







OPS/images/fcvm-10-1153625-g002.jpg
w

=Log10 P value

N

CDK5RAP2

/ e Regulated.Type

Unchange
© Down
° Up

\ [ ]
NPS, o
SNRF‘DS/M .
/ume'@‘ &
SNX3
AGL

SBzw1 /
APOBR

e

% JUP
31 HSPA1B
LMANA

0
Log2 MI_W_HF vs MI_HF






OPS/images/fcvm-10-1153625-g005.jpg
A
Protein number
hsa05221 Acte myeloid leukemia @ o:
P value
0022
0021
0020
hsa04064 NF-kappa B signaiing pathway { (@)
0019
2.25 228 231 234
Log2 Fold enrichment
B
P value
EF hand .
003
CD80-~like C2-set immunoglobulin domain ° 0.02
Protein number
‘Sushi domain (SCR repeat) . i
[ 3]
[ X
Protein tyrosine kinase { (@) . 5

20 28

24
Log2 Fold enrichment






OPS/images/fcvm-10-1153625-g004.jpg
GO terms name

cellular process
biological regulation

metabolic process

response to stimulus
localization

multicellular organismal process
developmental process
signaling

immune system process

other

multi-organism process

locomotion

cell
intracellular

protein-containing complex

binding

catalytic activity

molecular transducer activity
molecular function regulator
structural molecule activity
transporter activity

transcription regulator activity

Biological Process
l I
3

| [cetutar Component| |

Molecular Function

Y
3
Y
3
o
a
3
=3
-
~
B o

N
S

N
S

Y]

w |
&

“
2

0 30 60

Number of proteins






OPS/images/fcvm-10-1153625-g007.jpg
CHMP4A

Q@ eerim yecion
Fere PPILY
CHMP1A
ATP5F1B
[ J
DHX15
SFgM SEC23IP
[ LMAN1 ®
cD14 NT5C3A
Py o UMPS
LBP GPT
A e
CRP Bt MASP1 @
[ J FCN3
SAA1
€]
ACE
[e]
APOC3
[ J
APOH
4
MNDA
@ e s}
LULS ]  PYGB
. KRT14 RG1 @
KR,“ 2 ® ® . GGH ®
® LORICRIN ' EAEA
KRT77 Y

PDIA3

. HSP90B1
RONY, |

[ = [ goLm

CALU ‘

SERPINA10

F7

PYGL





OPS/images/fcvm-10-1153625-g006.jpg
KEGG pathway
— 2 e |

hsa04910 Insulin signaling pathway

hsa04922 Glucagon signaling pathway
hsa04931 Insulin resistance

hsa04217 Necroptosis

hsa00500 Starch and sucrose metabolism
hsa04640 Hematopoietic cell lineage

hsa04918 Thyroid hormone synthesis

hsa05202 Transcriptional misregulation in cancer
hsa05134 Legionellosis

hsa04141 Protein processing in endoplasmic reticulum
hsa05417 Lipid and atherosclerosis

hsa04915 Estrogen signaling pathway

hsa05221 Acute myeloid leukemia

hsa04064 NF-kappa B signaling pathway
hsa05150 Staphylococcus aureus infection
hsa05152 Tuberculosis

hsa04668 TNF signaling pathway

hsa04620 Toll-like receptor signaling pathway

15 q Category

;Lo

Q2
05 | B
Q4
0
-05
-1
-15





OPS/images/ld.jpg





OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





