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Abstract. The majority of proteomic studies have focused on 
identifying atrial fibrillation (AF)‑associated proteins in the 
right atrium (RA), thus potential differences in AF‑associated 
proteins between the RA and left atrium (LA) remain unknown. 
The aim of the present study was to perform proteomic 
analysis to compare the potential differences in AF‑associated 
proteins between the right atrial appendage (RAA) and left 
atrial appendage (LAA) in patients with rheumatic mitral 
valve disease (RMVD). RAA and LAA tissues were obtained 
from 18 patients with RMVD (10 with AF) during mitral 
valve replacement surgery. Two‑dimensional fluorescence 
difference gel electrophoresis (2‑D DIGE) proteomics analysis 
was performed using these tissues to identify AF‑associated 
proteins in RAA and LAA. Subsequently, the proteomics 
data was validated using western blot analysis of nine 
selected proteins. In RAA, 32 AF‑associated proteins were 
significantly dysregulated (15 upregulated and 17 downregu-
lated). In LAA, 31 AF‑associated proteins were significantly 

dysregulated (13 upregulated and 18 downregulated). Among 
these AF‑associated proteins, 17 were AF‑associated in both 
RAA and LAA, 15 were AF‑associated only in RAA, and 
14 were AF‑associated only in LAA. Amongst the differen-
tially expressed proteins, western blot analysis validated the 
results for 6 AF‑associated proteins, and demonstrated similar 
distributions in RAA and LAA compared with the 2‑D DIGE 
results. Of these proteins, 2 proteins were AF‑associated in 
both RAA and LAA, 2 were AF‑associated only in RAA, and 
2 were AF‑associated only in LAA. Additionally, the different 
distributions of AF‑associated proteins in the RAA and LAA 
of patients with RMVD was analyzed, which may reflect the 
different regulatory mechanisms of the RA and LA in AF. 
These findings may provide new insights into the underlying 
molecular mechanisms of AF in patients with RMVD.

Introduction

Atrial fibrillation (AF) is the most common sustained 
arrhythmia in clinical practice (1). It often occurs concomitantly 
with other cardiovascular diseases, including hypertension, 
congestive heart failure, coronary artery disease, and valvular 
heart disease (2,3). Rheumatic mitral valve disease (RMVD), a 
major cardiovascular disease in developing countries affected 
by rheumatic fever, is a major clinical risk factor for AF (4,5). 
Development of effective therapies and preventative strategies 
are crucial for the control of AF‑associated morbidity and 
mortality. However, Currently, medical interventions for AF 
are relatively limited, as the precise mechanisms of AF have 
not been completely elucidated. Therefore, novel methods to 
probe the underlying mechanisms of AF and potential novel 
mechanism‑based therapeutic strategies are required (6).

The field of cardiovascular proteomics has shed new 
light on understanding the regulatory mechanisms of AF (7). 
Progression from paroxysmal AF to persistent, and then to 
permanent AF involves complex changes in gene expression, 
and subsequent changes in protein expression and activity (8). 
Proteomic techniques are a powerful tool to evaluate global 
protein changes in diseased hearts and discover novel proteins, 
diagnostic biomarkers, and potential drug targets for the 
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development of novel therapeutic agents (7). Two‑dimensional 
fluorescence difference gel electrophoresis (2‑D DIGE) can 
provide an overview of the proteome during disease  (9). 
Previous use of proteomic methods have identified differen-
tially expressed proteins associated with AF (AF‑associated 
proteins) in several animal models (10,11) and human heart 
tissue (12‑16).

Genom ic   (8,17),  mor pholog ica l   (18,19),  and 
electrophysiological (20‑22) differences have been observed 
between the right atrium (RA) and left atrium (LA). This 
suggests that different mechanisms regulate the RA and LA 
in AF (23). Thus, it is unsurprising that the AF‑associated 
proteins of the RA may differ from those of the LA. However, 
the majority AF proteomics studies have primarily focused on 
the RA. Thus, potential differences in AF‑associated proteins 
between RA and LA remain unknown. Given the complexity 
of AF progression, a better understanding of the differences 
in AF‑associated proteins between RA and LA may elucidate 
novel cardioprotective strategies.

Thus, the aim of the present study was to perform 2‑D 
DIGE proteomics analysis to compare potential differences of 
AF‑associated proteins in the right atrial appendage (RAA) 
and left atrial appendage (LAA) from patients with RMVD 
that were either in sinus rhythm (SR) or AF.

Materials and methods

Ethics approval. Approval for this study was obtained from 
the Human Ethics Committee at the First Affiliated Hospital 
of Sun Yat‑Sen University. The investigation complied with 
the principles that govern the use of human tissues outlined 
in the Declaration of Helsinki. All patients provided informed 
consent prior to participation in the study.

Human tissue preparation. Human tissue preparation was 
performed as previously described  (8). Briefly, RAA and 
LAA tissues were obtained from the same patient as surgical 
biopsies at the time of the mitral valve replacement surgery 
(RAA from cannulation site and LAA during ligation). 
Tissues were immediately snap frozen in liquid nitrogen, 
and stored at ‑80˚C prior to use. Tissue samples from the 
RAA and LAA were obtained from 18 patients with RMVD. 
The patients in the SR group (n=8) had no history of AF. 
The patients in the AF group (n=10) presented with a docu-
mented history of arrhythmias for >6 months prior to surgery. 
The diagnosis of AF was reached by evaluating medical 
records and 12‑lead electrocardiogram findings. Patients with 
SR also had no history of using antiarrhythmic drugs and 
were screened to ensure that they had never experienced AF. 
Routine pre‑operative color Doppler echocardiography was 
performed on all patients. Pre‑operative functional status was 
recorded according to New York Heart Association (NYHA) 
classifications.

Preparation of protein extracts. Protein extracts were isolated 
from tissues based on previously published protocols (24). 
Briefly, tissues (approximately 0.1 g) were homogenized in 
lysis buffer [7 M urea, 2 M thiourea, 30 mM Tris, 4% (w/v) 
CHAPS cell lysis buffer, 40 mM dithiothreitol (DTT), 0.6 mM 
phenylmethylsulfonyl fluoride] and the supernatant was 

collected following centrifugation (2,000 x g, 4˚C, 40 min). To 
remove non‑protein material from the extract and determine 
the final protein concentration, the 2‑D Clean‑up kit (GE 
Healthcare Life Sciences, Chalfont, UK) and 2‑D Quant kit 
(GE Healthcare Life Sciences) were used according to manu-
facturer's instructions.

Protein labeling with CyDye DIGE fluorophores. Protein 
extracts were labeled with three CyDye DIGE fluorophores, 
Cy2, Cy3 and Cy5 (GE Healthcare Life Sciences), for 2‑D DIGE 
technology, according to the manufacturer's protocols. Briefly, 
equal amounts of protein from the same group were pooled 
and divided into four equal portions (50 µg each). The latter 
portions were labeled with 400 pmol Cy3 or Cy5 according 
to the experimental design. A pooled sample consisting of 
equal amounts of all samples was used as the pooled internal 
standard and labeled with Cy2. After incubating samples on 
ice for 30 min in the dark, the labeling reaction was stopped 
with 10 mM lysine. For each gel, Cy2‑, Cy3‑ and Cy5‑labeled 
proteins (50 µg each) were mixed and calibrated to 450 µl with 
rehydration buffer [7 M urea, 2 M thiourea, 4% (w/v) CHAPS 
cell lysis buffer, 40 mM DTT, 1% IPG buffer (pH 4‑7), 0.002% 
(w/v) bromophenol blue].

2‑D electrophoresis. 2‑D electrophoresis was performed as 
previously described (25). The labeled protein mixture in each 
gel was applied to ImmobilineDryStrip strips (24 cm, pH 4‑7; 
GE Healthcare Life Sciences). Isoelectric focusing (IEF) was 
performed with an EttanIPGphor II apparatus (GE Healthcare 
Life Sciences) using the follow steps: 30 V for 12 h, 500 V 
for 1 h, 1,000 V for 1 h, and 10,000 V for up to a total of 
85,000 V/h. Following IEF, the proteins were reduced and 
alkylated by successive 15 min treatments with equilibration 
buffer containing 2% (w/v) DTT followed by 2.5% (w/v) iodo-
acetamide. Proteins were then resolved on 12.5% SDS‑PAGE 
gels using an EttanDALTsix instrument (GE Healthcare Life 
Sciences). In order to facilitate mass spectrometry analysis, 
500 µg of unlabeled pool protein sample was run in parallel 
on a preparative gel and stained by Deep Purple staining (GE 
Healthcare Life Sciences) according to the manufacturer's 
instructions.

Gel image acquisition and analysis. Gel images were acquired 
on a Typhoon 9400 scanner (GE Healthcare Life Sciences) and 
analyzed using DeCyder software (version 6.0; GE Healthcare 
Life Sciences) as previously described (26,27). Briefly, Cy2‑, 
Cy3‑ and Cy5‑labeled images of each gel were scanned with 
excitation/emission wavelengths of 488/520, 532/580 and 
633/670 nm, respectively. Following CyDye labeling, signals 
were imaged and the gels were stained using Deep Purple 
total protein stain (GE Healthcare Life Sciences) according 
to standard protocols and scanned with excitation/emission 
wavelengths of 532/560 nm. The 2‑D DIGE gel images were 
subsequently analyzed with DeCyder software. Protein expres-
sion patterns for SR‑RAA were compared with AF‑RAA, and 
SR‑LAA were compared with AF‑LAA. Ratios of proteins 
that increased or decreased >1.5‑fold (t‑test, P<0.05) were 
considered significant changes (9). The corresponding protein 
spots were also selected in the stained preparative gel for spot 
picking.
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Spot picking and enzymatic digestion. Selected protein spots 
in the preparative gels were automatically picked and handled 
in an Ettan Spot Handling Workstation (GE Healthcare 
Life Sciences) for the preparation of the protein sample for 
matrix‑assisted laser desorption/ionization time‑of‑flight mass 
spectrometer/mass spectrometry (MALDI‑TOF/TOF MS) 
analysis. In the automated procedure, the selected protein 
spots were picked, washed with 15 mM NH4HCO3 and 50% 
v/v methanol, then digested with 20 ng/ml trypsin (sequencing 
grade; Promega Corporation, Madison, WI, USA) in 20 mM 
NH4HCO3 for 2 h at 37˚C. Tryptic peptides were extracted with 
50% v/v acetonitrile (ACN) and 0.5% v/v trifluoroacetic acid 
(TFA), and dissolved in 5 mg/ml R‑cyano‑4‑hydroxycinnamic 
acid (GE Healthcare Life Sciences) matrix in 50% (v/v) ACN 
and 0.1% (v/v) TFA. Finally, samples were spotted on the mass 
spectrometry sample plate.

MALDI‑TOF/TOF MS analysis and database searching. 
Mass spectrometry analysis was performed using an Utraflex 
III MALDI‑TOF/TOF MS (Bruker Corporation, Ettlingen, 
Germany) operating in a positive ion reflector mode. 
Monoisotopic peak masses were acquired in a mass range of 
700‑4,000 Da, with a signal‑to‑noise ratio >200. Four of the 
most intense ion signals, excluding common trypsin autolysis 
peaks and matrix ion signals, were automatically selected as 
precursors for mass spectrometer/mass spectrometry (MS/MS) 
acquisition. Peptide mass fingerprint (PMF) combined with 
MS/MS spectra was blasted against the NCBInr database 
using the Biotools software (version 3.2; Bruker Corporation) 
and MASCOT version 2.2 (Matrix Science, Inc., Boston, MA, 
USA). Search parameters were set as follows: Homo sapiens, 
trypsin cleavage, one missed cleavage allowed, carbamido-
methylation as fixed modification, oxidation of methionines 
allowed as variable modification, peptide mass tolerance at 
50 ppm, and fragment tolerance at 0.5 Da. The criteria for 
successfully identifying a protein was as follows: Ion score 
confidence interval (%) for PMF and MS/MS data >95%, 
peptide count (hit) ≥4, and at least two peptides of distinct 
sequence were identified in MS/MS analysis.

Protein categorization and protein‑protein interaction 
prediction. Protein categorization and protein‑protein interac-
tion predictions were performed as previously described (9). 
Briefly, the identified proteins were classified, according to 
the Protein Analysis Through Evolutionary Relationships 
(PANTHER) system (http://www.pantherdb.org), which clas-
sified genes and proteins by their function. The PANTHER 
ontology, a highly controlled vocabulary (ontology terms) 
by molecular function, biological processes and molecular 
pathways, was employed to categorize proteins into families 
and subfamilies with shared function. The prediction of 
protein‑protein interactions was performed by utilizing the 
Search Tool for the Retrieval of Interacting Genes/Proteins 
(STRING) system (http://www.string‑db.org). STRING is 
a database of known and predicted protein interactions that 
include direct (physical) and indirect (functional) associations.

Western blot analysis. Western blot analysis was performed as 
previously described (28). Briefly, protein lysates were prepared 
from human tissues, separated on SDS‑PAGE, transferred to a 

polyvinylidene difluoride membrane, and subjected to immu-
noblotting at 4˚C overnight with the following antibodies: 
Anti‑aldo‑keto reductase family 1 member B10 (AKR1B10; 
diluted 1:10,000; polyclonal antibody; cat. no. S1646; Epito-
mics, Burlingame, CA, USA), anti‑crystallin α B (CRYAB; 
diluted 1:2000; polyclonal antibody; cat. no. PAB7394; Abnova 
Corporation, Taipei, Taiwan), anti‑annexin 4 (ANAX4; diluted 
1:800; polyclonal antibody; cat. no. H00000307‑B01P; Abnova 
Corporation), anti‑G protein subunit α o1 (GNAO1; diluted 
1:10,000; polyclonal antibody; cat.  no. S3107; Epitomics), 
anti‑ribonuclease H1 (RNase H1; diluted 1:800; monoclonal 
antibody; cat. no. ab56560; Abcam, Cambridge, MA, USA), 
anti‑moesin (MSN; diluted 1:2,000; polyclonal antibody; 
cat. no. PAB7062; Abnova Corporation), anti‑nestin (NES; 
diluted 1:6,000; polyclonal antibody; cat. no. PAB12375; Abnova 
Corporation) and anti‑transferrin (diluted 1:8,000; polyclonal 
antibody; cat. no. S0860; Epitomics), anti‑osteoglycin (diluted 
1:500; monoclonal antibody; cat.  no.  5518‑1; Epitomics). 
β‑actin was assessed as a loading control (diluted 1:20,000; 
monoclonal antibody; cat. no. 60008‑1‑Ig; ProteinTech Group, 
Inc., Chicago, IL, USA). After washing, membranes were 
incubated with horseradish peroxidase (HRP)‑conjugated 
secondary antibodies (goat anti‑mouse, cat. no. SA00001‑1; 
goat anti‑rabbit, cat.  no.  SA00001‑2; or rabbit anti‑goat, 
cat. no. SA00001‑4; all from ProteinTech Group, Inc.) and 
visualized using an enhanced chemiluminescence western 
blot detection system (Immobilon Western Chemiluminescent 
HRP substrate; Merck Millipore, Darmstadt, Germany) on 
X‑ray film (Kodak, Rochester, NY, USA). All the proteins were 
detected on the same blot. For certain protein with molecular 
weights very close to each other, the blots were stripped and 
reprobed using Restore™ PLUS Western Blot Stripping 
Buffer(Thermo Fisher Scientific Inc., Waltham, MA, USA) 
according to the manufacturer's instructions. Images were 
scanned and analyzed using Kodak Molecular Imaging soft-
ware (version 5.0). Non‑specific binding was subtracted, and 
the band signals were expressed as relative protein amounts 
compared with β‑actin protein levels.

Statistical analysis. Data of clinical characteristics of 
patients and western blot quantification are presented as the 

Table I. Clinical characteristics of the patients with SR and AF.

Characteristic	 SR (n=8)	 AF (n=10)

Gender (male/female)	 5/3	 5/5
Age (years)	 50.16±6.88	 51.42±7.12
LA size (mm)	 43.31±3.23	 57.65±5.08a

LVEDD (mm)	 48.35±5.15	 50.13±3.07
LVEF (%)	 61.34±5.66	 58.71±3.81
NYHA class
  Ⅱ	 6	 7
  Ⅲ	 2	 3

aP<0.05 vs. SR patients. Values are presented as the mean ± standard devia-
tion. SR, sinus rhythm; AF, atrial fibrillation; LA, left atrium; LVEDD, left 
ventricular end‑diastolic diameter; LVEF, left ventricular ejection fraction; 
NYHA class, New York Heart Association classifications.
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mean  ±  standard deviation. Student's t‑test was used for 
statistical comparison of the data and to calculate significant 
differences in the relative abundance of individual protein spots 
between the two groups during 2‑D DIGE analysis. The SPSS 
16.0 software package (SPSS, Inc., Chicago, IL, USA) was used 
to conduct the statistical analyses and P<0.05 (two‑tailed) was 
considered to indicate a statistically significant difference.

Results

Clinical characteristics of the patients with SR and AF. Tissue 
from RAA and LAA was obtained from each patient. No 
significant differences in terms of age, gender or NYHA class 
were observed between the SR and AF groups. Pre‑operative 
color Doppler echocardiography demonstrated that the LA 
size of the patients with AF was significantly increased 
compared with the SR patients. However, no differences in 
the left ventricular end‑diastolic diameter and left ventricular 
ejection fraction were observed between the groups (Table I).

2‑D DIGE analysis and MALDI‑TOF/TOF MS identification. 
Following 2‑D DIGE analysis, a total of 2,813 spots were 
observed to be well matched across all gels using the DeCyder 
software analysis. The 2‑D DIGE gel images are presented 
in Fig. 1. Following visual review, 61 protein spots of high 
abundance that exhibited significantly altered expression 
(AF‑RAA vs.  SR‑RAA and AF‑LAA vs.  SR‑LAA) were 
selected for MALDI‑TOF/TOF MS analysis. A total of 
32 differentially expressed proteins were identified, including 
15 that were upregulated and 17 that were downregulated 
in the AF‑RAA tissues compared with the SR‑RAA tissues 
(Table II). Additionally, a total of 31 differentially expressed 
proteins, including 13 that were upregulated and 18 that were 
downregulated in the AF‑LAA tissues compared with the 
SR‑LAA tissues (Table II).

Comparison of differentially expressed proteins between 
RAA and LAA tissues. Using 2‑D DIGE proteomics meth-
odology, a total of 46 differentially expressed proteins were 
detected (in RAA or LAA tissues). Among these, 32 proteins 
were expressed in RAA tissues, and 31 proteins in LAA 
tissues. Furthermore, 17 proteins were identified in RAA and 
LAA tissues, whereas 15 proteins were detected only in RAA 
tissues and 14 proteins were only in LAA tissues (Table II; 
Fig. 2).

Classification of differentially expressed proteins and the 
protein‑protein interaction network. According to cellular 
function and processes, a total of 46 differentially expressed 
proteins were distributed into categories based on molecular 
function, biological processes and protein classes using the 
PANTHER classification system. Results are presented in 
Fig. 3. The most dominant function that the identified proteins 
were involved in was structural activity (34.8%), followed by 
binding (19.6%), catalytic activity (19.6%), transporter activity 
(8.7%), receptor activity (8.7%), nucleic acid/protein binding 

Figure 2. Distribution of differentially expressed proteins in RAA and LAA 
tissues. A total of 32 proteins were detected in RAA tissues and 31 proteins 
in LAA tissues. Additionally, 17 proteins were detected in both RAA and 
LAA tissues, and 15 proteins were detected only in RAA tissues and 14 pro-
teins only in LAA tissues. RAA, right atrial appendage; LAA, left atrial 
appendage.

Figure 1. Analysis of RAA and LAA samples by 2‑D DIGE analysis. Proteins extracted from AF (AF‑RAA or AF‑LAA) and SR (SR‑RAA or SR‑LAA) groups 
were labeled with Cy3 and Cy5, respectively. An internal standard comprised of proteins pooled from a combination of the AF‑RAA, AF‑LAA, SR‑RAA 
and SR‑LAA groups was labeled with Cy2 and included in all gels. The labeled AF and SR samples were mixed and separated on a 2‑D DIGE gel (isoelectric 
focusing on pH 4‑7 strips followed by 12.5% second dimension SDS‑PAGE). Green spots represent downregulated proteins, and red spots represent upregu-
lated proteins in AF samples compared with SR samples. The yellow arrows represent the identified proteins that exhibited significantly differential expression 
in the AF and SR samples. (A) AF‑RAA vs. SR‑RAA samples. (B) AF‑LAA vs. SR‑LAA samples. RAA, right atrial appendage; LAA, left atrial appendage; 
2‑D DIGE, two‑dimensional fluorescence difference gel electrophoresis; AF, atrial fibrillation; SR, sinus rhythm; MW, molecular weight.

  A   B
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Figure 4. The protein‑protein interaction network predicted by STRING. OGN, osteoglycin; LUM, lumican; COL6A2, collagen type VI α 2 chain; 
ANXA4, annexin A4; NES, nestin; HLA‑A, major histocompatibility complex class I A; KRT9, keratin 9; RNase H1, ribonuclease H1; DCLRE1B, DNA 
cross‑link repair 1B; LMNA, lamin A/C; ALB, albumin; FGG, fibrinogen γ chain; HSPA8, heat shock protein family A (Hsp70) member 8; HSPA1A, heat 
shock protein family A (Hsp70) member 1A; TF, transferrin; ATP5C1, ATP synthase H+ transporting mitochondrial F1 complex γ polypeptide 1; DLD, 
dihydrolipoamide dehydrogenase; UQCRC1, ubiquinol‑cytochrome c reductase core protein I; AKR1B10, aldo‑keto reductase family 1 member B10; GNAO1, 
G protein subunit α o1; PKD2L2, polycystin 2 like 2 transient receptor potential cation channel; VCL, vinculin; VIM, vimentin; ACTN2, actinin α 2; TNNT2, 
troponin T2 cardiac type; DES, desmin; ACTC1, actin α cardiac muscle 1; MYH6, myosin heavy chain 6; MSN, moesin; ACTA1, actin α 1 skeletal muscle; 
MYL2, myosin light chain 2; MYH7, myosin heavy chain 7; CRYAB, crystallin α B; PPP1CB, protein phosphatase 1 catalytic subunit β; STRING, Search Tool 
for the Retrieval of Interacting Genes/Proteins.

Figure 3. Classification of differentially expressed proteins using the PANTHER system. (A) Classification of the differentially expressed proteins according 
to molecular function. (B) Classification of the differentially expressed proteins according to biological processes. (C) Classification of the differentially 
expressed proteins according to protein class. PANTHER, Protein Analysis Through Evolutionary Relationships.

  A   B

  C
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transcription factor activity (4.4%) and enzyme regulator 
activity (4.3%). The majority of the identified proteins had 
functions in cellular processes (17.3%), cellular component 
organization or biogenesis (13.6%), metabolic processes 
(13.6%) and developmental processes (13.6%). Other biolog-
ical processes that the proteins were involved in included 
localization (9.1%), response to stimuli (9.1%), and multicel-
lular organismal processes (7.3%). As for protein class, the 
majority of the proteins belonged in categories associated with 
cytoskeletal proteins (23.7%) and structural proteins (10.2%), 
while others belonged to categories associated with enzyme 
modulators (6.8%), receptors (6.8%) and calcium‑binding 
proteins (3.4%).

The protein interaction network for the identified proteins 
was constructed by STRING (Fig. 4) in order to improve the 
understanding of the pathogenic mechanisms in AF with 
RMVD. Biological systems can be modeled as complex 
network systems with many interactions between components 
of different pathways. These interactions provide us with 
essential information about the function and behavior of the 
analyzed proteins (9).

Validation of the 2‑D DIGE proteomics data by western 
blot analysis. To validate the data obtained from the 2‑D 
DIGE proteomics, western blot analysis was performed on 
9 selected proteins (Table II). According to the western blot 
data, AKR1B10 and ANAX4 were AF‑associated proteins in 
RAA and LAA tissues (Fig. 5), whereas CRYAB and MSN 
were AF‑associated proteins in only RAA tissues. RNase H1 
and transferrin were AF‑associated proteins only in LAA 
tissues (Fig. 5). The western blot data validated the results for 
all of these proteins, excluding osteoglycin, NES and GNAO1, 
AF‑associated proteins which were not detected to be differ-
entially expressed in the RAA or LAA of AF tissues when 
assessed using western blot analysis (Fig. 5).

Comparative analysis of the expression of six validated proteins 
between the RAA and LAA tissues from RMVD patients with 
SR. Six differentially expressed proteins were identified and 
validated using 2‑D DIGE proteomics and western blot analysis. 
These proteins had different tissue distributions between RAA 
and LAA. Additionally, it was aimed to elucidate whether 
expression of these proteins was also different between RAA 

Figure 5. Validation of the two‑dimensional fluorescence difference gel electrophoresis proteomics data by western blot analysis of nine selected differentially 
expressed proteins. β‑actin is used as an internal loading control to normalize the results. Data are presented as the mean ± standard deviation of three 
independent experiments. *P<0.05, AF‑RAA vs. SR‑RAA. #P<0.05, AF‑LAA vs. SR‑LAA. AKR1B10, aldo‑keto reductase family 1 member B10; ; SR, sinus 
rhythm; AF, atrial fibrillation; RAA, right atrial appendage; LAA, left atrial appendage; CRYAB, crystallin α B; GNAO1, G protein subunit α o1; MSN, 
moesin; NES, nestin; RNase H1, ribonuclease H1.
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and LAA tissues based on SR status. Western blot analysis 
was used to compare the expression level of these proteins 
between the SR‑RAA and SR‑LAA groups. Expression levels 
of AKR1B10, ANAX4 and RNase H1 were not different in the 
RAA and LAA of patients with SR (Fig. 6). However, CRYAB 
and MSN expression was increased in the SR‑LAA group 
compared with SR‑RAA (Fig. 6). Transferrin expression was 
increased in the SR‑RAA group compared with the SR‑LAA 
group (Fig. 6).

Discussion

Previous studies have identified that both the RA (29,30) and 
LA (31,32) serve an important role in AF. However, interven-
tion strategies that only target the RA or LA do not ameliorate 
all of the complications associated with AF (33‑35). This may 
reflect the necessity to understand the different mechanisms 
involved in AF between the RA and LA. The development of AF 
involves complex changes in gene expression and subsequent 
changes in protein expression and activity. Thus, it is important 
to understand the protein mechanisms of AF to facilitate the 
development of potential novel mechanism‑based therapeutic 
strategies. Proteomic technology provides a comprehensive 
strategy to investigate AF‑associated proteins. Recently, 
there have been many proteomic studies associated with 
AF (10‑16). However, the majority of proteomics studies on 
AF primarily focus on the RA and less on the LA. Although 
two previous studies  (12,16) used proteomics analysis to 
identify AF‑associated proteins in RA and LA tissue from 
patients with mitral valve disease, potential differences in 
AF‑associated proteins between the RA and LA were not 
determined. Therefore, the potential differential expression 
of AF‑associated proteins between the RA and LA remain 
unknown. To the best of our knowledge, the current study is 

the first to compare the potential differences of AF‑associated 
proteins in the RA and LA from RMVD patients.

Profiling protein expression patterns at specific stages 
of disease can reflect the status of disease progression. We 
hypothesize that if there are different mechanisms involved in 
AF between the RA and LA, then changes in protein expres-
sion profiles will also reflect this pattern. The differentially 
expressed proteins were compared between RA and LA to 
reveal different disease mechanisms underlying AF in the RA 
and LA. The present study demonstrated that the development 
of AF in patients with RMVD was associated with significant 
changes in protein expression in RAA and LAA tissues and 
that these AF‑associated proteins had different distributions 
in RAA and LAA. Certain AF‑associated proteins were 
differentially expressed both in the RA and LA compared with 
expression in SR samples, while others were different only in 
the RA or LA. The current study further demonstrated that 
the expression of certain proteins were not changed between 
the RAA and LAA in patients with SR, whereas there is a 
difference in the protein expression profiles of SR and AF 
between the RAA and LAA. Therefore, it was hypothesize that 
differential distribution of these AF‑associated proteins may 
reflect different protein mechanisms in the RA and LA during 
AF. Genomic (8,17), morphological (18,19), and electrophysi-
ological (20‑22) differences have been observed between the 
RA and LA in mechanisms involved in AF. Thus, the present 
study provided proteomic evidence that different mechanisms 
regulate the RA and LA in AF.

Protein expression profiles also reflect certain spatial 
characteristics (depending on cell, tissue or organ type). 
The current study observed that the protein expression 
levels of CRYAB, MSN and transferrin were different when 
comparing RAA and LAA tissues in patients with RMVD 
and SR. CRYAB and MSN expression was increased in the 

Figure 6. Comparison of the expression level of six validated AF‑associated proteins in SR‑RAA vs. SR‑LAA by western blot analysis. β‑actin is used as an 
internal loading control to normalize the results. Data are presented as the mean ± standard deviation of three independent experiments. *P<0.05 vs. SR‑RAA. 
AKR1B10, aldo‑keto reductase family 1 member B10; SR, sinus rhythm; RAA, right atrial appendage; LAA, left atrial appendage; CRYAB, crystallin α B; 
MSN, moesin; RNase H1, ribonuclease H1.
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SR‑LAA group compared with the SR‑RAA group, however 
they were identified as AF‑associated proteins only in RAA 
tissue. By contrast, transferrin expression was increased in the 
SR‑RAA group compared with the SR‑LAA, and was identi-
fied as an AF‑associated protein only in LAA tissue. These 
results suggest that CRYAB, MSN and transferrin are tissue 
dependent AF‑associated proteins that may be involved in the 
progression from SR to AF as observed by the initial expres-
sion studies performed in RAA and LAA of RMVD patients 
with SR. The difference in the initial expression of these 
proteins between RAA and LAA in patients with RMVD and 
SR may due to the progress from healthy to RMVD status. 
Cooley et al (36) reported that microRNA expression profiles 
caused differential changes in the RA and LA with the devel-
opment from healthy to valvular heart diseased condition. 
Thus, potentially, the certain proteins become differentially 
expressed in the RA and LA during RMVD compared with 
healthy settings. In addition, in patients with RMVD, the 
association between LA size and AF is well established and 
LA dilatation is considered to be a cause and a consequence 
of AF (5). The results of the present study revealed that the 
LA size of patients with AF was significantly greater than in 
patients with SR (Table I), thus, potentially, the significant 
structural remodeling occurring in the LA may also alter the 
protein expression profiles and cause, at least partially, differ-
ential regulation of AF‑associated proteins in the RA and LA 
in patients with RMVD.

The current study identified several AF‑associated proteins 
using 2‑D DIGE proteomics analysis. Of these proteins, a 
number may participate in the mechanisms associated with 
AF, whereas others maybe a result of AF. The exact role 
of these differentially expressed proteins in AF requires 
further investigation. Stringent bioinformatics analysis will 
be required to select for candidate proteins for future func-
tional studies. Bioinformatics analysis was performed in the 
current study using the PANTHER and STRING systems to 
classify AF‑associated proteins and predict a protein‑protein 
interaction network (Figs. 5 and 6). This analysis may provide 
investigators with vital information to direct future research.

A major limitation of this study was the small number 
of patients. This was due, in part, to the difficulty in finding 
patients with RMVD and SR. In addition, because the study was 
performed with human tissues with existing disease, experi-
ments could not be conducted to modulate the protein levels. 
Therefore, exact targets and pathways by which alterations in 
these proteins may cause AF in patients with RMVD remain 
elusive and require further investigation. Finally, patients 
in this study were a specific cohort with preserved systolic 
left ventricular function and little comorbidity, undergoing 
mitral valve replacement surgery. Thus, changes identified 
in this population may not be representative of other cohort 
populations.

In conclusion, the current study identified differentially 
expressed proteins that have potential associations with AF 
in the RAA and LAA tissues from patients with RMVD. 
The different distribution of these AF‑associated proteins 
may reflect different mechanisms underlying RAA and LAA 
involvement in AF. These findings may be useful for the 
biological understanding of AF in patients with RMVD and 
suggest potential therapeutic targets for AF.
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