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Biomarkers and key pathways in atrial fibrillation associated with
mitral valve disease identified by multi-omics study
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Background: Mitral valve disease (MVD)-associated atrial fibrillation (AF) is one of the most common
arrhythmias with an increased risk of thromboembolic events. This study aimed to identify the molecular
mechanisms and possible biomarkers for chronic AF in MVD by using multi-omics methods.

Methods: This prospective study enrolled patients with MVD (n=100) undergoing mitral valve
replacement surgery. The patients were allocated into chronic AF and sinus rhythm (SR) groups. Plasma
samples were collected preoperatively. Proteomics was performed with isobaric tags for relative and absolute
quantitation (ITRAQ) to identify differential proteins (DPs) between the two groups. The selected DPs
were then validated in a new cohort of patients by enzyme-linked immunosorbent assay (ELISA). A gas
chromatography-mass spectrometer was used in the metabolomics study to identify differential metabolites
(DMs). Bioinformatics analyses were performed to analyze the results.

Results: Among the 447 plasma proteins and 322 metabolites detected, 57 proteins and 55 metabolites,
including apolipoprotein A-I (ApoA-I), apolipoprotein A-II (ApoA-II), LIM domain only protein 7 (LMO7),
and vitronectin (VN) were differentially expressed between AF and SR patients. Bioinformatics analyses
identified enriched pathways related to AF, including peroxisome proliferator-activated receptor alpha
(PPARG0), the renin angiotensin aldosterone system (RAAS), galactose, biosynthesis of unsaturated fatty acids,
and linoleic acid metabolism.

Conclusions: Using integrated multi-omics technologies in MVD-associated AF patients, the present
study, for the first time, revealed important signaling pathways, such as PPARa, as well as possible roles
of other signaling pathways, including the RAAS and galactose metabolism to understand the molecular
mechanism of MVD-associated AF. It also identified a large number of DPs and DMs. Some identified
proteins and metabolites, such as ApoA-I, ApoA-II, LMO7, and VN, may be further developed as biomarkers
for MVD-associated AF.
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Introduction

Atrial fibrillation (AF) is one of the most common
arrhythmias (1,2). It is known that electrical, contractile, and
structural remodeling play important roles in the initiation
and maintenance of AF (3). Patients with mitral valve
disease (MVD) and AF are associated with an increased
risk of thromboembolic events. A recent study (4) reported
that the prevalence of persistent or permanent AF in MVD
is as high as 87.1% in mitral regurgitation and 86.6% in
aortic regurgitation, highlighting the importance of AF
in MVD. Despite efforts to discover plasma biomarkers
in MVD (5) and to identify the role of ion channels (6),
the molecular mechanism of AF in MVD remains unclear.
Recently, proteomics studies were performed to explore
the mechanisms of AF (6-10). These studies identified
the differential proteins (DPs) in the right and left atrial
appendage of rheumatic MVD patients (6,7,9), or pathways
including ketone body (8) or glutathione (10) metabolism
and the peroxisome proliferator-activated receptor (PPAR)
pathway (9,10), which are related to postoperative AF (8-10).

We recently performed multi-omics studies in
MVD (5,6,9), congenital heart disease (11-14), and coronary
artery disease (15). In human atrial tissues from patients
with rheumatic MVD in persistent AF compared to sinus
rhythm (SR) using a combined transcriptomic and proteomic
approach, we found that intracellular chloride channels (6) as
well as PPARo, B, and y pathways play an important role in the
development of AF (9). However, for persistent and chronic AF
in MVD, no combined proteomics and metabolomics studies
have been reported. In this study, we used multi-omics methods
to investigate plasma samples from patients with MVD in AF
or in SR undergoing heart valve replacement surgery to identify
pathways and biomarkers associated with AF. We present the
following article following the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting
checklist (available at http://dx.doi.org/10.21037/atm-20-3767).

Methods
Patient recruitment and sample collection

From January 2013 to December 2017, 100 consecutive
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patients with MVD who underwent mitral valve
replacement surgery at TEDA International Cardiovascular
Hospital were enrolled and grouped into either chronic
AF (n=70) or SR (n=30). AF was diagnosed by history,
physical examination, and a 12-lead electrocardiogram. For
comparison, patients in SR were screened to ensure that they
had no AF by direct questioning about symptoms suggestive
of AF and by analysis of 12-lead electrocardiograms. Patients
with infective endocarditis, sick sinus syndrome, familial
paroxysmal AF (lone AF/familial AF), pulmonary heart
disease, cardiomyopathy, hyperthyroidism, chronic kidney
diseases, coronary artery disease, and those under the age
of 18 years in both groups were also excluded to reduce
prevalence-incidence bias. The demographic characteristics
of patients are shown in Tables S1,52.

"This study was approved by the Ethics Committee of the
TEDA International Cardiovascular Hospital {No. [2019]-
0315-1}. Written informed consent was obtained from all
patients enrolled in the study and conforms to the principles
outlined in the Declaration of Helsinki (as revised in 2013).
Blood samples were collected from all patients the day
before surgery and were then centrifuged at 3,500 rpm for
10 min to separate the plasma from blood cells.

Proteomics analysis

A discovery-validation workflow was utilized in the
proteomics analysis, and isobaric tags for relative and
absolute quantitation (iTRAQ) were used for the
proteomics study. As eight isobaric tags (m/z 113, 114, 115,
116, 117, 118, 119, and 121) were applied in the study,
the plasma samples from 24 patients were divided into
six groups (three AF groups and three SR groups). Each
of these groups contained the plasma samples from four
patients. Also, plasma samples from 12 AF or 12 SR patients
were used as controls (Figure S1). Thus, the eight isobaric
tags were concomitantly labeled in the plasma samples for
the iTRAQ study (16).

In the validation phase, DPs identified by the above
iTRAQ study were validated in plasma samples taken from a
new cohort of patients using enzyme-linked immunosorbent

assays (ELISA).
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Metabolomics analysis

Plasma samples were thawed at room temperature and were
then prepared for gas chromatography-mass spectrometry
(GC-MYS) analysis (Figure S1). ChromaTOF software
(v4.34, LECO, St. Joseph, MI, USA) and the Fiehn
database were used to process the raw data and to provide
qualitative information about the metabolites. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
database was used to generate significant pathways in the
metabolomics dataset (17).

Creation of pathway maps

All of the omics data were used to compare proteins/
enzymes with metabolic pathways. Quantitative changes
of individual metabolites and proteins were calculated and
graphed using the KEGG mapping tools. By combining
proteomics and metabolomics data, we were able to identify
the common pathways involved in AF.

Statistical analysis

SPSS 23.0 software (SPSS Inc., Chicago, IL, USA) and
GraphPad 6.0c software (GraphPad Software, La Jolla, CA,
USA) were used for statistical analysis. Data are expressed as
mean + standard error of the mean (SEM). Comparisons of
statistical data were performed using either the independent
samples 7-test or Chi-square tests. A P value of <0.05 was
considered statistically significant.
More detailed methods are presented in Appendix 1.

Results
Patient characteristics

The clinical characteristics of the study cohorts are
summarized in Tables S1,S2. Patients in the AF group
presented with larger left atrium-systolic diameters (LA-Ds),
right ventricular-diastolic diameters (RV-Dd), right atrium-
systolic diameters (RA-Ds), and lower left ventricular
ejection fraction (LVEF) than those in the SR group in both
iTRAQ (Table S1) and ELISA validation (Table S2).

Proteomics

A large number of unique peptides were detected by iTRAQ.
By matching this data with the theoretical spectrum, 447
reliable proteins were identified. Under the condition of fold
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change (FC) >1.2 or <0.83 and P value <0.05, the number
of differentially expressed proteins in the AF group was 57
(Table S3, Figure 1A4), including 33 up-regulated and 24
down-regulated (https://cdn.amegroups.cn/static/public/
atm-20-3767-1 xlsx).

Bioinformatics analyses including Gene Ontology (GO)
function and enrichment, KEGG pathway, and protein-
protein interaction (PPI) were also performed (https://cdn.
amegroups.cn/static/public/atm-20-3767-1.xlsx), and the
results are shown in Figure 1B,C,D,E. Biological processes
such as immune response (72.7%), defense response
(74.5%), receptor-mediated endocytosis (50.9%), protein
activation cascade (56.3%), and complement activation
(52.7%) were enriched. Cellular component enrichment
analysis revealed that most of the differentially expressed
proteins were from the extracellular region (94.7%) and
that binding (96.3%) was their main molecular function.
Furthermore, KEGG pathway analysis demonstrated
several pathways, such as the PPAR signaling pathway,
renin-angiotensin system, complement and coagulation
cascades, cell adhesion molecules, and adherent junction,
were enriched. The PPI is shown in Figure 1E.

Protein validation by ELISA

Ten proteins were selected to validate the proteomics
result by ELISA: apolipoprotein A-I (ApoA-I),
apolipoprotein A-II (ApoA-II), LIM domain only protein
7 (LMQ7), prothrombin fragment 1+2, vitronectin (VN),
angiotensinogen, ficolin-3, serum amyloid P-component
(SAP), macrophage colony-stimulating factor 1 receptor
(CSF-1R), and purine nucleoside phosphorylase (PNP)
(Figure 2). Six were successfully validated. Of these,
the concentration of ApoA-I, angiotensinogen, CSF-
IR, and VN 2 was lower in the AF group than those in
the SR group, whereas the concentration of LMO7 and
prothrombin fragment 1+2 was higher.

Metabolomics analysis in chronic AF

In the comparison of the plasma metabolite profile between
30 AF patients and 26 SR patients, 322 metabolites were
discovered, including 55 differential metabolites (DMs)
(Table S4) between AF and SR patients under the condition
of variable importance in projection (VIP) >1 in the partial
least-squares discriminant analysis (PLS-DA) model and
P values <0.05 (https://cdn.amegroups.cn/static/public/
atm-20-3767-2.xlsx). The heatmap of these metabolites is
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Figure 1 Analysis of proteomics in patients with AF compared to SR. (A) Unsupervised hierarchical clustering heatmap of proteins
identified from the iTRAQ study (12 patients of AF and 12 patients of SR). The functional cluster analysis of DPs (left of heatmap) and the

protein expression values (red: up-regulation, green: down-regulation) are demonstrated. (B,C,D) Classification of identified DPs based

on their functional annotations using GO function and enrichment analysis: (B) biological process, (C) cell component, and (D) molecular

function. (E) PPI network. Circular and square nodes represent the identified proteins and KEGG pathway terms, respectively. AF, atrial
fibrillation; SR, sinus rhythm; iTRAQ, isobaric tags for relative and absolute quantitation; DPs, differential proteins; GO, Gene Ontology;

PPI, protein-protein interaction; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 2 Validation of DPs identified from proteomics study. ELISA validation of DPs in AF patients (n=50) and SR patients (n=30).

The figure shows that plasma levels of ApoA-I, angiotensinogen, CSF-1R, and VN were lower in AF patients compared to SR patients.

Furthermore, the plasma level of LMO?7 and prothrombin fragment 1+2 was higher in AF patients compared to SR patients. Data are shown

as mean = SEM. DPs, differential proteins; ELISA, enzyme-linked immunosorbent assay; AF, atrial fibrillation; SR, sinus rhythm; ApoA-I,

apolipoprotein A-I; CSF-1R, colony-stimulating factor 1 receptor; VN, vitronectin; LMO7, LIM domain only protein 7; SEM, standard

error of the mean.

displayed in Figure 3. The sucrose concentration, cellobiose,
lactose, raffinose, and galactinol was elevated in AF, along
with several unsaturated fatty acids (such as arachidonic
acid, palmitic acid, and linoleic acid). Furthermore,
bioinformatics analysis was performed, and metabolic
pathways including galactose metabolism, biosynthesis of
unsaturated fatty acids, linoleic acid metabolism, ATP-
binding cassette (ABC) transporters, and starch and
sucrose metabolism were enriched, demonstrating a close
connection between AF and these pathways.

Combined proteomics and metabolomics analysis in chronic
AF

We integrated the proteomics and metabolomics datasets
to generate a global view of AF patients’ plasma signatures.
The global cross-correlation analysis of identified metabolites
and proteins demonstrated the recapitulation of known
metabolome-proteome reaction models. As a result, the
connection between identified proteins, metabolites, and

© Annals of Translational Medicine. All rights reserved.

several known enzymatic reaction models were established in
Figure 4. On the other hand, KEGG mapping tools were used
to integrate the above proteomics and metabolomics datasets
into the human metabolic reference map (hsa01100) to provide
a unified metabolic signature. As shown in Figure 4, each node
represents a metabolite, the concentration of which was altered
between the two groups. There were concurrent changes in
both metabolites and proteins in the PPARa pathway and
nucleotide metabolism. Notably, ELISA validation of PNP,
an enzyme that regulates several purine metabolism reactions,
revealed that the concentration of PNP was not significantly
different between the two groups. Interestingly, proteomics and
metabolomics analyses revealed that two proteins in the PPARa
pathway, ApoA-I, and ApoA-1II, were down-regulated in the AF
patients.

Discussion

In the present combined study of proteomics and
metabolomics on the plasma of patients with heart valve
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component analysis; PLS-DA, partial least-squares discriminant analysis; OPLS-DA, orthogonal partial least-squares discriminant analysis;
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disease, we found that: (I) among the 447 proteins and
322 metabolites detected, 57 proteins and 55 metabolites
were differentially expressed between AF patients and
SR patients; (II) by using bioinformatics tools, several
pathways, particularly the PPARa pathway, were enriched;
(III) other enriched pathways included the metabolic
pathway, renin angiotensin aldosterone system (RAAS),
galactose metabolism, biosynthesis of unsaturated fatty
acid, and linoleic acid metabolism; and (IV) several DPs
and metabolites, such as ApoA-I, ApoA-II, and LMO7, may
be further developed as biomarkers for AF in patients with
MVD in order to monitor disease progress. The results

© Annals of Translational Medicine. All rights reserved.

from our integrated omics study in the plasma of MVD
patients with AF compared to MVD patients in SR have
not been previously reported (see Table S5 for published
studies). Figure 5 is a schema that briefly demonstrates our
findings. The findings of this study complement the results
of other studies regarding AF (18,19). However, our study
provides important insights into multi-omics changes in
MVD-associated AF.

In this study, down-regulation of ApoA-I was observed
in the AF patients. In comparison, the change of ApoA-II
was only found in the proteomics study. ApoA-I and ApoA-
II are the major components of high-density lipoprotein

Ann Transl Med 2021;9(5):393 | http://dx.doi.org/10.21037/atm-20-3767
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cholesterol (HDL-C), and the genes encoding these two
proteins are activated by PPARa via direct transcriptional
control (20). PPAR is a major transcriptional regulator of
fatty acid metabolism (21). The PPAR pathway regulates

the expression of various genes, including proteins

© Annals of Translational Medicine. All rights reserved.

involved in fatty acid degradation, glycerophospholipid
metabolism, synthesis and degradation of ketone bodies,
etc. (16).

Moreover, PPARa is a member of the ligand-activated
nuclear receptor superfamily (22), and the dimer binds

Ann Transl Med 2021;9(5):393 | http://dx.doi.org/10.21037/atm-20-3767
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Discovery of biomarkers and key pathways at the protein and metabolite levels in atrial fibrillation (AF)

associated with mitral valve disease
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Figure 5 Schema of discovery of biomarkers and key pathways at the protein and metabolite levels in AF associated with MVD. The

potential biomarkers and key pathways were investigated in the plasma of MVD patients with chronic AF by using multi-omics technologies.

Dysregulation of the PPARa pathway (lower ApoA-I and ApoA-II) and upregulation of the galactose metabolism (higher lactose, sucrose,

galactinol, and raffinose) indicates changes in the metabolism status in patients with MVD-associated AF. These proteins/metabolites may be

developed as biomarkers to monitor the disease progress of MVD-associated AF. AF, atrial fibrillation; MVD, mitral valve disease; PPARa,

peroxisome proliferators-activated receptor alpha; ApoA-I, apolipoprotein A-I; ApoA-II, apolipoprotein A-II.

to PPAR response element (PPRE) on the promoter
region of target genes and activates their expression (23).
PPARa also serves as a xenobiotic and lipid sensor to
regulate fatty acid oxidation, fatty acid storage, lipid
uptake, triacylglycerol (TAG) synthesis, glucose oxidation,
lipoprotein synthesis, and inflammatory responses, and
thus plays a key role in energy combustion (24). The
down-regulation of PPARa is most likely attributable
to the down-regulation of ApoA-I and ApoA-II. As a
result of PPARa down-regulation, lipid metabolism is
suppressed, and glucose oxidation is activated to force the
heart to utilize more glucose instead of fatty acids. This
notion is supported by the present study’s metabolomic
findings, as the concentration of plasma unsaturated
fatty acids increased, indicating the accumulation of
fatty acids in the circulation. Considering these findings,
we hypothesize that AF is associated with the heart’s
altered metabolic status and PPARa plays an important
role in this alternation (Figure 6). Our study suggests
that AF may impair the heart’s energy metabolism, and
thus, the balance between lipid uptake and utilization is
compromised. As a result, metabolic remodeling exists in
the heart and is involved in the development of AF.
Several other proteins were also validated in the
plasma of AF patients. Angiotensinogen is an essential

© Annals of Translational Medicine. All rights reserved.

component of the RAAS. It has recently been established
that angiotensinogen and RAAS are closely associated
with AF initiation and maintenance (25). It was reported
that angiotensinogen gene polymorphisms and several
other RAAS-related gene polymorphisms were associated
with non-familial structural AF (26). The present study
demonstrated that angiotensinogen concentration decreased
in MVD patients with AF compared to those with SR.
However, further exploration is required to understand the
role of RAAS in AF better.

LMO?7 is a member of the LIM domain-containing
protein family and has been linked to the actin cytoskeleton
organization. Interestingly, it has been reported that LMO7
is functionally involved in mammalian heart development,
especially the development of the conduction system, and
that knockdown of the LMO7 gene in zebrafish model
may lead to arrhythmia, bradycardia, and delocalization
of the heart (27). The present study showed up-regulation
of LMO7 in the AF patients, suggesting that LMO7 plays
a pathophysiological role in AF development. To our
knowledge, this study is the first to reveal the alternation of
the LMO7 protein in MVD-associated AF patients. These
results suggest that the plasma level of LMO7 may be
developed as a biomarker of AF.

VN is a glycoprotein found in serum and tissues, and
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process of AF inhibits the expression of PPARa targeted genes, resulting in down-regulation of lipid uptake, fatty acid storage, fatty acid

B-oxidation and TAG synthesis, as well as up-regulation of glucose oxidation. Therefore, the concentration of circulating unsaturated fatty
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serves as a cell-to-substrate adhesion molecule. Biological
processes, including immune response, complement
activation, and vascular endothelial growth factor receptor
signaling pathway regulation, are also related to VN (28).
VN inhibits the membrane-damaging effect of the terminal
cytolytic complement pathway (28). In this study, we
observed a down-regulation of VN concentration in AF
patients, suggesting that the complement system is activated
in MVD-associated AF, and that the plasma level of VN
may be a potential biomarker of AF.

In this study, AF’s development was inevitably correlated
to some clinical variables, such as left atrium (LA) size (see
Tables S1,S2). Nevertheless, our study aimed to identify
biomarkers of AF. Therefore, we included all patients who
satisfied the study’s selection criteria and divided them into

© Annals of Translational Medicine. All rights reserved.

two groups according to the heart rhythm (either sinus
or AF). The differences in the protein and metabolite
levels between the two groups were then investigated. The
above DPs and metabolites were successfully identified as
potential biomarkers for AF.

Study limitations

This study has some limitations that should be noted. Both
proteomics and metabolomics studies reveal abundant
unnamed proteins and metabolites. In order to perform
bioinformatics analyses, the corresponding identification
(ID) in certain databases is required. In fact, some proteins
or metabolites failed to be recognized by these databases,
and therefore the data were “invalid” and were unable to be
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analyzed at this stage. With future advances in technology,
more information may be provided.

Conclusions

In conclusion, the present study, for the first time,
identified a large number of DPs and metabolites by
using multi-omics technologies in MVD-associated AF
patients. Our study provides an integrative view with the
combined analyses of proteomics and metabolomics, and
reveals that the PPAR signaling pathway, and particularly
PPARa pathway, plays an important role in AF. Other
pathways involved in MVD-associated AF are the RAAS,
galactose metabolism, biosynthesis of unsaturated fatty
acids, and linoleic acid metabolism. Some identified DPs
and metabolites, such as ApoA-I, ApoA-II, LMO7, and
VN, may be further developed as biomarkers for MVD-
associated AF patients to monitor disease progress.
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