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Abstract 

Background: Atrial fibrillation (AF) is the most common cardiac heterogeneous rhythm disorder. It represents a 
major cause of mortality and morbidity, mainly related to embolic events and heart failure. Mechanisms of AF are 
complex and remain incompletely understood. Recent evidence suggests exosomes are membrane-coated objects 
released by many cell-types. Their presence in body fluids and the variable surface composition and content render 
them attractive as a mechanism for potential biomarkers. However, the content of serum exosomes of AF patients has 
not been fully delineated.

Methods: In this work, the serum exosomes from AF patients and healthy donors were used to compare changes in 
the exosome protein content. Exosomes were isolated from serum of AF patients and healthy donors and their purity 
was confirmed by Western blotting assays and transmission electron microscopy (TEM). Label-free LC–MS/MS quanti-
tative proteomic analysis was applied to analyze protein content of serum exosomes.

Results: A total of 440 exosomal protein groups were identified, differentially expressed proteins were filtrated with 
fold change ≥ 2.0 (AF/controls protein abundance ratio ≥ 2 or ≤ 0.5) and p value less than 0.05 (p < 0.05), significantly 
changed in abundance group contains 39 elevated proteins and 18 reduced proteins, while consistent presence/
absence expression profile group contains 40 elevated proteins and 75 reduced proteins. Bioinformatic analysis of 
differential exosomal proteins confirmed the significant enrichment of components involved in the anticoagulation, 
complement system and protein folding. Parallel-Reaction Monitoring Relative Quantitative Analysis (PRM) further 
suggested that AF related to complement system and protein folding.

Conclusions: These results revealed the composition and potential function of AF serum exosomes, thus providing a 
new perspective on the complement system and protein folding to AF.
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Background
Atrial fibrillation (AF) is the most common chronic 
arrhythmia leading to adverse prognosis and having a 
significant impact on healthcare costs [1]. According to 
previous studies, AF was associated with a 1.5- to 1.9-
fold mortality risk [2]. A worldwide epidemiology study 
also suggested the progressive increase in overall burden, 
incidence, prevalence, and AF-associated mortality [3].
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Atrial fibrillation occurs when structural or electro-
physiological abnormalities alter atrial tissue [4, 5]. These 
abnormalities are caused by diverse pathophysiological 
mechanisms, such that AF represents a final common 
phenotype for multiple disease pathways and mecha-
nisms that are incompletely understood [1]. Several 
hypotheses have been proposed to explain the electro-
physiological mechanisms that initiate and maintain AF. 
The multiple mechanisms likely coexist in an individual 
patient [6].

While the electrophysiological mechanism of AF 
remains controversial, its underlying biochemical mecha-
nism was also not clearly explained. Several studies exam-
ined biomarkers in AF over the past decade, Troponin, 
B-type natriuretic peptide, D-dimer to name a few were 
potential indicators in AF stroke risk assessment evalua-
tion [7]. However, few of the proposed markers revealed 
the possible pathophysiological genesis. Recent research 
found that exosomes were closely related to cardiovas-
cular disease. The content of serum exosomes changes 
based on the type of cellular stress [8] and exosomes pos-
sibly played a pathologic role in the progression of car-
diovascular disease [9].

Exosomes are nanosized membrane-derived vesicles 
(50–100 nm in diameter) secreted by a number of healthy 
and diseased cell types. Exosomes contain functional bio-
molecules (including proteins, RNA, DNA and lipids) 
that can be transferred to recipient cells with preserva-
tion of their function [10]. Characterization of exosomal 
cargo can provide clues to exosome biogenesis, targeting, 
and cellular effects and may be a source of biomarkers for 
disease diagnosis, prognosis and response to treatment. 
Both protein and RNA products have been used for these 
purposes. With recent improvements in proteomics tech-
nologies, both qualitative and quantitative characteriza-
tion of exosomal proteins is possible. Modern molecular 
medicine is rapidly moving beyond functional genom-
ics to proteomics [11]. The profile of proteins which are 
packaged into the serum exosomes may yield a molecu-
lar signature that is informative about physiological sta-
tus and disease conditions induced by AF. The aim of this 
study was to demonstrate that the proteomics of serum 
exosome in AF and the better understood of exosomes in 
molecular mechanisms of AF.

Materials and methods
General experiment design
To investigate differences in the protein content of 
serum exosomes in AF patients and healthy donors. 
Exosomes were isolated from serum of 15 AF patients 
and 15 healthy donors and their purity was confirmed 
by Western blotting assays and TEM. The serum 
exosomes of 15 patients were randomly divided into 

three groups. The serum exosomes of 15 healthy donors 
were also randomly divided into three groups as a 
control specimen. Label-free LC–MS/MS Quantita-
tive Proteomic Analysis was applied to analyze protein 
content of serum exosomes. Data were analyzed using 
Gene Ontology (GO) and Protein interaction network 
(PPI). Parallel-Reaction Monitoring (PRM) relative 
quantitative analysis assays were performed to con-
firm the mass spectrometry results of AF and control 
groups.

Patients and serum samples
The serum samples were obtained from 15 healthy 
donors and 15 hospitalized paroxysmal AF patients. 
All patients experienced fatigue, palpitations, dyspnea, 
hypotension or syncope. All patients were diagnosed 
as atrial fibrillation by electrocardiogram (ECG). The 
ECG diagnostic criteria were (1) irregular R–R inter-
vals, (2) absence of distinct repeating P Waves, and (3) 
irregular atrial activity [1]. AF of all patients recur with 
variable frequency but terminated within 7 days, either 
spontaneously or with intervention. All patients were 
refractory to at least one class I or III antiarrhythmic 
medication, undergoing new oral anticoagulant therapy 
and ready to receive AF catheter ablation. All samples 
were obtained from Ruijin Hospital Affiliated to Shang-
hai Jiao Tong University Medical School. The samples 
were obtained from the patients with informed consent 
and with approval of the institutional ethics commit-
tee. All paroxysmal atrial fibrillation in this study was 
defined according to the 2014 AHA/ACC/HRS Guide-
line for the Management of Patients with Atrial Fibril-
lation. The patient information is in Table  1 and the 
details can be found in Additional file 1: Table S1.

Table 1 Patient and control group information

Patient Normal p

Age (years) 52.53 ± 7.19 43.47 ± 6.74 0.00

Women (%) 47 53 0.93

Hypertension (%) 53 26.67 0.15

Systolic BP (mm Hg) 128.4 ± 17.55 119 ± 14.94 0.12

Diastolic BP (mm Hg) 80.27 ± 10.76 66 ± 5.4 0.00

BMI (kg/m2) 25.09 ± 3.61 24.12 ± 1.37 0.34

NOAC (%) 93 0 N/A

Duration of disease (months) 37.7 0 N/A

Cholesterol (mmol/L) 4.05 ± 0.64 1.03 ± 0.33 0.00

HDL-C (mmol/L) 1.15 ± 0.24 1.48 ± 0.24 0.00

LDL-C (mmol/L) 2.4 ± 0.58 2.88 ± 0.5 0.02

Average left atrial dimension (mm) 39.33 ± 4.08 32.53 ± 2.67 0.00
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Exosome isolation from human serum
After centrifuged at 500g for 5  min of blood, serum 
placed in − 80  °C. Serum specimens were thawed and 
centrifuged at 2000g for 10  min at 4  °C and then at 
12,000g for 30 min at 4 °C.

Clarified serum was passed through 0.22  μm-pore 
Millipore filter and used for exosome isolation by SEC 
performed using 1.5 ~ 12  cm mini columns (Bio-Rad, 
Hercules, CA, USA; Econo-Pac columns) packed with 
Sepharose 2B (Sigma-Aldrich, St. Louis, MO, USA). The 
column bed volume is 10 ml. Prior to applying clarified 
serum, the column was washed with phosphate-buffered 
saline (PBS) 20 ml, and a porous frit was placed at the top 
of the gel to prevent its disturbance during subsequent 
elution with PBS. Clarified serum 1.0 ml was loaded onto 
the column and five 1 ml fractions corresponding to the 
void volume peak were collected. Fractions No. 3, 4 and 
5 were tested for protein measurements, western blot, 
proteomic analysis, morphology by transmission electron 
microscopy (TEM) and proteomic analysis [12].

Western blots
In preparation for western blotting, the fractions were 
concentrated using 300,000 MWCO VivaSpin 500 Cen-
trifugal Concentrators (Sartorius Corp, New York, NY, 
USA) by centrifugation at 5000g for 10 min, depending 
on the content.

Protein concentrations in isolated exosome fractions 
were measured using a BCA protein assay kit (Pierce Bio-
technology, Rockford, IL, USA) according to the manu-
facturer’s instructions.

Isolated exosomes were tested for the exosomal mark-
ers, CD9, CD63 (Santa Cruz, Dallas, TX, USA) using 
western blots. Briefly, exosomes (10  mg protein) were 
separated on 12% SDS-PAGE gels and transferred onto 
the polyvinylidene fluoride (PVDF) membrane (Mil-
lipore, Billerica, MA, USA) for western blot analysis. 
Membranes were incubated overnight at 48  °C with 
antibodies specific for the designated antigens and pur-
chased from Santa Cruz, Dallas, TX, USA: CD63 (1:200, 
sc-5275), CD9 (1:200, sc-13118); from Proteintech, Chi-
cago, IL, USA:β-actin (1:2000, SA00001-1). Next, Anti-
mouse IgG, HRP-linked Antibody (1:2000, Cell Signaling, 
Danvers, MA, USA:) was added for 1 h at room tempera-
ture (RT), and blots were developed with ECL detection 
reagents (GE Healthcare Biosciences). Band intensities 
on exposed films were quantified using Image J software 
(NIH, USA).

Transmission electron microscopy (TEM)
TEM of isolated exosomes was performed at the Center 
for Biological Imaging at the School of Medical, Shanghai 

Jiao Tong University. Freshly isolated exosomes were put 
on a copper grid for 3 min at room temperature, coated 
with 2% phosphotungstic acid (PTA), negatively stained 
at room temperature for 3 min, filter paper to absorb 
the excess dye solution, then the stained copper grid 
with exosome was parched by the lamp for about 1 min. 
HITACHI H7650 TEM was used for imaging.

Label‑free quantitative proteomic analysis
Sample preparation
The serum exosomes of 15 patients were randomly 
divided into three groups. The serum exosomes of 5 
patients in each group were balanced mixed. As a test 
sample, the serum exosomes of 5 patients in each group 
were detected in the same three groups. The serum 
exosomes of 15 normal persons were also selected and 
randomly divided into three groups. The serum exosomes 
of 5 patients in each group were balanced mixed as a con-
trol specimen, and the control samples were detected 
with the same three groups.

MS sample preparation
SDT lysis [13] SDT buffer was added to AF serum 
exosomes. The lysate was sonicated and then boiled for 
15 min. After centrifuged at 14,000g for 40 min, the super-
natant was quantified with the BCA Protein Assay Kit 
(Bio-Rad, USA). The sample was stored at − 80 °C.

SDS‑PAGE separation 20 µg of proteins for each sam-
ple were mixed with 5X loading buffer respectively and 
boiled for 5 min. The proteins were separated on 12.5% 
SDS-PAGE gel (constant current 14 mA, 90 min). Protein 
bands were visualized by Coomassie Blue R-250 staining.

Filter‑aided sample preparation (FASP digestion) 
[13] 200  μg of proteins for each sample were incor-
porated into 30  μl SDT buffer (4% SDS, 100  mM DTT, 
150  mM Tris–HCl pH 8.0). The detergent, DTT and 
other low-molecular-weight components were removed 
using UA buffer (8  M Urea, 150  mM Tris–HCl pH 8.0) 
by repeated ultrafiltration (Microcon units, 10 kD). Then 
100  μl iodoacetamide (100  mM IAA in UA buffer) was 
added to block reduced cysteine residues and the samples 
were incubated for 30  min in darkness. The filters were 
washed with 100 μl UA buffer three times and then 100 μl 
25 mM  NH4HCO3 buffer twice. Finally, the protein sus-
pensions were digested with 4  μg trypsin (Promega) in 
40  μl 25  mM  NH4HCO3 buffer overnight at 37  °C, and 
the resulting peptides were collected as a filtrate. The 
peptides of each sample were desalted on C18 Cartridges 
(Empore™ SPE Cartridges C18 (standard density), bed 
I.D. 7 mm, volume 3 ml, Sigma), concentrated by vacuum 
centrifugation and reconstituted in 40  µl of 0.1% (v/v) 
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formic acid. The peptide content was estimated by UV 
light spectral density at 280 nm using an extinctions coef-
ficient of 1.1 of 0.1% (g/l) solution that was calculated on 
the basis of the frequency of tryptophan and tyrosine in 
vertebrate proteins.

Mass spectrometry HPLC: Each fraction was injected 
for nano LC–MS/MS analysis. The peptide mixture was 
loaded onto a reverse phase trap column (Thermo Scien-
tific Acclaim PepMap100, 100 μm*2 cm, nanoViper C18) 
connected to the C18-reversed phase analytical column 
(Thermo Scientific Easy Column, 10 cm long, 75 μm inner 
diameter, 3 μm resin) in buffer A (0.1% Formic acid) and 
separated with a linear gradient of buffer B (84% acetoni-
trile and 0.1% Formic acid) at a flow rate of 300 μl/min 
controlled by IntelliFlow technology. The linear gradi-
ent was determined by 2 h gradient: 0–55% buffer B for 
110 min, 55–100% buffer B for 5 min, hold in 100% buffer 
B for 5 min.

LC–MS/MS analysis: LC–MS/MS analysis was per-
formed on a Q Exactive mass spectrometer (Thermo 
Scientific) that was coupled to Easy nLC (Proxeon Bio-
systems, now Thermo Fisher Scientific) for 240 min. The 
mass spectrometer was operated in positive ion mode. 
MS data was acquired using a data-dependent top 10 
method dynamically choosing the most abundant pre-
cursor ions from the survey scan (300–1800  m/z) for 
HCD fragmentation. Automatic gain control (AGC) tar-
get was set to 3e6, and maximum inject time to 10  ms. 
Dynamic exclusion duration was 40.0  s. Survey scans 
were acquired at a resolution of 70,000 at m/z 200 and 
resolution for HCD spectra was set to 17,500 at m/z 200, 
and isolation width was 2  m/z. Normalized collision 
energy was 30 eV and the underfill ratio, which specifies 
the minimum percentage of the target value likely to be 
reached at maximum fill time, was defined as 0.1%. The 
instrument was run with peptide recognition mode ena-
bled [14].

Data analysis The MS data were analyzed using Max-
Quant software version 1.3.0.5 (Max Planck Institute of 
Biochemistry in Martinsried, Germany) [15]. The fol-
lowing parameters were set, Enzyme = Trypsin, Max 
Missed Cleavages = 2, Main search = 6  ppm, First 
search = 20  ppm, MS/MS Tolerance = 20  ppm, Peptide 
FDR ≤ 0.01, Protein FDR ≤ 0.01, Time window (match 
between runs) = 2  min, Protein Quantification = Razor 
and unique peptides were used for protein quantification. 
LFQ [14] = True, LFQ min. ratio count = 1.

Differentially expressed protein analysis
The differentially expressed proteins in AF serum exo-
some samples compared to normal control samples 

were identified with |Abundance Ratio ≥ 2 or ≤ 0.5, p 
value < 0.05 was considered significant. Hierarchical clus-
tering of the expression of the differentially expressed 
proteins was performed by heatmap. The data can be 
found in Additional file 2: Table S2.

Bioinformatic analysis
The sequence data of the selected differentially 
expressed proteins were retrieved in batches from the 
UniProtKB database (Release 2013_12) in FASTA for-
mat. The retrieved sequences were locally searched 
against the SwissProt database (human) using the NCBI 
BLAST + client software (ncbiblast-2.2.28+-win32.
exe) to find homolog sequences so that the identified 
sequences can be functionally annotated. The top 10 
blast hits with an E-value less than 1e−3 for each query 
sequence were retrieved and loaded into Blast2GO [16] 
(Version 2.7.0) for gene ontology (GO) [17] mapping 
and annotation. An annotation configuration with an 
E-value filter of 1e−6, default gradual enzyme codes (EC) 
weights, a GO weight of 5, and an annotation cutoff of 
90 were chosen. Unannotated sequences were then rean-
notated with more permissive parameters. Sequences 
without BLAST hits and unannotated sequences were 
then selected for InterProScan [18] against EBI databases 
to retrieve functional annotations of protein motifs and 
merge the InterProScan GO terms to the annotation set. 
The protein–protein interaction network was generated 
by STRING 10 (http://strin g-db.org/) [19]. The data can 
be found in Additional file 3: Table S3.

PRM MS analysis
Target analysis by Parallel reaction monitoring (PRM). 
The targeted quantification and verification were carried 
out 19 target peptides of 9 target proteins were quanti-
tatively analyzed by PRM. PRM analysis was performed 
by Q-Exactive HF mass spectrometer (Thermo Scien-
tific Bremen, Germany) with 60 min. The MS acquisition 
mode was a combination of two scan events: a full scan 
and a time-scheduled scan. The full scan was taken at a 
resolution of 60,000 at m/z 200 with a scan mass range 
of 300 to 1800 m/z, a target (AGC) of 3e6 and maximum 
injection fill time is 200  ms. The scheduled scan was 
employed at a resolution of 30,000 at m/z 200, a target 
AGC of 3e6, and maximum injection fill time is 120 ms. 
Precursor ions were fragmented with normalized colli-
sion energy 27 [20].

Peptide digests were loaded onto a trap column 
(100 μm × 2 cm, Nanoviper) at a flow rate of 3 μl  min−1. 
For PRM analysis, 2 μl of serum exosome peptides from 
each group were separated on an analytical column 
(75  μm × 50  cm, RSLC C18). Linear gradient ranging 
from 30% to 100% buffer B over 60  min was used. For 

http://string-db.org/
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each target protein, multiple peptides were monitored 
using a targeted inclusion list.

The raw data from target proteomics analysis were 
analyzed by software Skyline 3.5.0 [21]. Results were 
exported for additional data and statistical analysis 
(Additional file 4: Table S4). PRM data were further cal-
culated in Table 3.

Results
Serum exosomes proteomic profiles of AF patient 
and normal show marked differences in protein expression
Serum exosomes from 15 AF patients and 15 normal 
volunteers as control groups were separated and verified 
exosomes markers CD9, CD63 by western blot. TEM also 
observed the exosomes (Fig.  1). Serum exosomes of AF 
patients and normal were grouped and done by label-free 
quantitative proteomic analysis. A total of 440 proteins 
were identified (Additional file 2: Table S2). Differentially 
expressed proteins were filtrated with fold change ≥ 2.0 
(AF/controls protein abundance ratio ≥ 2 or ≤ 0.5) and 
p value less than 0.05 (p < 0.05). The accession numbers, 
gene names, score, unique peptides and relative ratios of 
the differentially expressed proteins are listed in Addi-
tional file 2: Table S2. Significantly changed in abundance 
group contains 39 elevated proteins and 18 reduced 

proteins, while consistent presence/absence expres-
sion profile group contains 40 elevated proteins and 75 
reduced proteins. Hierarchical Cluster showed the dif-
ferentially expressed proteins of serum exosomes of AF 
compared to the control groups (Fig.  2), original quan-
titative data for the heatmap can be found in Additional 
file 2: Table S2.

Bioinformatic analysis of serum exosomes proteomic 
profiles of AF
To study the changes of differentially expressed proteins 
of serum exosomes of AF, it is important to understand 
functions, cellular localization and biological processes of 
each protein. Therefore, it is necessary to systematic sum-
marize and analyze the proteins and their functions. We 
used Blast2Go (https ://www.blast 2go.com/) to perform 
Gene Ontology (GO) function annotation and Fisher’s 
Exact Test for GO functional enrichment analysis. GO 
functional analysis included three categories: biological 
processes (BP), molecular function (MF), and cell com-
ponents (CCs) (Fig. 3). In biological processes (BP), these 
processes significantly changed in complement activa-
tion, alternative pathway; response to oxidative stress; 
response to hydrogen peroxide; protein oligomerization. 
In molecular function (MF), RNA binding, nucleic acid 

Fig. 1 Molecular protein profiles of plasma exosomes from patients with AF and control groups. A Western blots were performed after loading 
10 mg of exosomal protein/lane. Protein profiles are shown for exosomes of patients with AF and of controls. CD9, CD63 serves as an exosome 
marker. B TEM images of exosomes isolated from serum of patients with AF and controls. Exosomes appear as vesicles ranging in size from 30 to 
100 nm. a exosomes of AF patients, b exosomes of healthy donors

https://www.blast2go.com/


Page 6 of 14Ni et al. Clin Proteom            (2021) 18:1 

binding and oxidoreductase activity are the major func-
tional classes. In cell components (CCs), the changes 
of isolocalized proteins enriched in intracellular part, 
plasma membrane protein, pore complex and membrane 

attack complex. GO functional classification is calcu-
lated based on Fisher’s Exact Test. The color gradient 
represents the size of p value. The color gradient changes 
from orange to red. The closer to red, the smaller the p 

Fig. 2 Differentially expressed protein profiles between AF serum exosome and controls. Total of 440 proteins are identified in patients, with 39 
Proteins significantly increased, and 18 decreased in abundance, 40 consistent presence, 75 decreased by greater than two-fold and p < 0.05. 
Volcanic maps showed the significant changing of proteins between the patients and controls. The ratio of expression of these proteins in patients 
to controls are plotted against the p value. Selected proteins with a greater than two-fold change in expression are annotated. The red spots 
indicate proteins in significant changing. The black spots indicate proteins had no significant difference. Log2 expression values of the significantly 
differentially expressed proteins in different samples are displayed in the thermograph in different colors. Red and blue indicate up- or down 
regulation respectively, grey indicates no protein quantitative information
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value and the higher the saliency level of corresponding 
GO functional categories. The smaller the p value of GO 
enrichment results (p < 0.05), the more significant the 
corresponding GO functional classification is statistically 
enriched. The number of differentially expressed proteins 
related to GO functional classification reflects to some 
extent the degree of influence of biological treatment on 
each classification in experimental design. Therefore, the 
p value and the number of differentially expressed pro-
teins can be combined to select more interesting biologi-
cal functions. The differentially expressed proteins that 
significantly affect these functions will be verified by 
subsequent biological experiments or mechanism stud-
ies. Based on this research, the differentially expressed 
proteins that affect these functions will focus on the 

processes of complement activation, response to oxida-
tive stress, protein oligomerization.

To further understand protein–protein interactions 
in the differentially expressed proteins, IntAct Uni-
prot and MINT database were queried to determine 
the interaction between target proteins and other pro-
teins directly acting with them. CytoScape software was 
used to generate interaction network. Three relatively 
concentrated nets were obtained by protein–protein 
interactions (PPI) analysis (Fig.  4). The proteins were 
enriched in blood anticoagulation, immune system, 
and protein folding. The proteins involved in immune 
system, and protein folding consistent with the result 
of GO analysis (Table  2). Indeed, the accurate regula-
tion of cardiac proteostasis may be impaired by several 

Fig. 3 Gene Ontology (GO) analyses of the proteins in AF serum exosome and controls. GO function included three categories: biological processes 
(BP), cell components (CCs), and molecular function (MF) The abscissa in the graph represents the enriched GO functional classification, the 
ordinate represents the number of differentiated proteins under each functional classification; and the bar color represents the significance of 
enriched GO functional classification, i.e. based on Fisher exact test. (Fisher’s Exact Test) calculates p value. The color gradient represents the size of 
p value. The color gradient changes from orange to red, and the closer the red represents p value, the higher the significance level of GO functional 
category enrichment. The upper label on bar chart shows richFator <= 1, and the enrichment factor represents the number of differentially 
expressed proteins annotated to a GO functional category, proportion of all identified proteins released into the GO functional category
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stress conditions, including oxidative stress, causing an 
accumulation of damaged and misfolded proteins that 
exceed the cellular degradation ability. Unfolded pro-
teins can thus aggregate in toxic oligomers and finally 
in bigger insoluble aggregates disrupting cardiomyo-
cyte structure and function and leading to cardiomyo-
pathy [22]. Therefore, combined with the results of 
GO and PPI, we will focus on the protein folding that 
also involve in oxidative stress. In addition to immune 

system, particularly complement system will be the 
other target.

Studied and identified the protein expression by PRM
GO and PPI analysis result suggests that immune sys-
tem and protein folding, especially in complement sys-
tem has significantly altered in the AF. We tried to verify 
the association between immune system, protein folding 
and AF by PRM relative quantitative Analysis. From the 

Fig. 4 Three relatively concentrated nets were obtained by PPI analysis. These changes were manifested in blood anticoagulation, changes of 
immune system, and changes related to protein folding (a)
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differentially expressed proteins (S2), we selected 9 pro-
teins were quantitatively analyzed by LC-PRM/MS. In 9 
proteins, complement 7 (C7), complement 8 (C8), com-
plement 5 (C5), complement factor I, complement factor 
B, complement factor H are relevant to immune system. 
The other three proteins with the functions in protein 
synthesis and protein folding were selected: elongation 
factor 1-alpha, protein disulfide-isomerase and Peptidyl–
prolyl cis–trans isomerase (Table 3).

The 19 peptide segments of 9 target proteins in 6 sam-
ple groups were quantitatively analyzed by LC-PRM/MS 
and analyzed by Skyline (https ://skyli ne.ms/). The quanti-
tative information of target peptide segments was found, 
the details are shown in Additional file 4: Table S4. Quan-
titative information was normalized by isotope rescaled 
peptide fragments, and then the target peptide fragments 
and target proteins were quantitatively analyzed. The 
results of differential multiples and TTEST test showed 
that there were some differences in the expression of 9 
target proteins under two different conditions, AF and 
control groups (Table 3).

We performed PRM assays to confirm the mass 
spectrometry results of AF and control groups. The 

expression levels of these 9 proteins showed a consist-
ent trend with the mass spectrometry results. We found 
that C7, C8, C5, complement factor I, complement fac-
tor B, complement factor H, protein expression levels 
were upregulated in AF patients, and elongation factor 
1-alpha, protein disulfide-isomerase and Peptidyl–prolyl 
cis–trans isomerase were downregulated in AF patients. 
The effects of 9 proteins are on complement system and 
protein folding in AF patients.

Discussion
This is the first proteomic analysis in serum exosomes of 
AF patients. The proteomic analysis is based on pooled 
samples. In our study, comparison of serum exosomes 
from AF patients with healthy volunteers by label-free 
LC–MS/MS quantitative proteomic yielded many differ-
entially expressed proteins, revealing obvious differences 
in complement activation and protein folding.

AF is the most common chronic arrhythmia leading 
to adverse prognosis and having a significant impact on 
healthcare costs [1]. Ageing, oxidative stress and inflam-
mation are the key risk factors of atrial fibrillation. With 
the development of age-related cardiovascular disease, 

Table 2 Proteins selected from PPI analysis

Protein group Protein name Function

A8K2T4 C7, Complement component 7 Constituent of the membrane attack complex (MAC) that plays a key role in 
the innate and adaptive immune response by forming pores in the plasma 
membrane of target cells. C7 serves as a membrane anchor

G3XAM2 CFI, Complement factor I Responsible for cleaving the alpha-chains of C4b and C3b in the presence of 
the cofactors C4-binding protein and factor H respectively

B7Z550 C8B, Complement component 8, beta polypeptide Constituent of the membrane attack complex (MAC) that plays a key role in 
the innate and adaptive immune response by forming pores in the plasma 
membrane of target cells

P07357 C8A, Complement component 8, alpha polypeptide Constituent of the membrane attack complex (MAC) that plays a key role in 
the innate and adaptive immune response by forming pores in the plasma 
membrane of target cells. C8A inserts into the target membrane, but does 
not form pores by itself

P07360 C8G, Complement component 8, gamma polypeptide C8 is a constituent of the membrane attack complex. C8 binds to the C5B-7 
complex, forming the C5B-8 complex. C5-B8 binds C9 and acts as a catalyst 
in the polymerization of C9. The gamma subunit seems to be able to bind 
retinol

P08603 CFH, Complement factor H Factor H functions as a cofactor in the inactivation of C3b by factor I and 
increases the rate of dissociation of the C3bBb complex (C3 convertase) 
and the (C3b) NBB complex (C5 convertase) in the alternative complement 
pathway

Q6IPT9 EEF1A1 Eukaryotic translation elongation factor 1 alpha 1 This protein promotes the GTP-dependent binding of aminoacyl-tRNA to the 
A-site of ribosomes during protein biosynthesis. With PARP1 and TXK, forms 
a complex that acts as a T helper 1 (Th1) cell-specific transcription factor 
and binds the promoter of IFN-gamma to directly regulate its transcription, 
and is thus involved importantly in Th1 cytokine production

Q15084 PDIA6, Protein disulfide isomerase family A, member 6 May function as a chaperone that inhibits aggregation of misfolded proteins. 
Plays a role in platelet aggregation and activation by agonists such as 
convulxin, collagen and thrombin

F8WE65 PPIA, Peptidylprolyl isomerase A (cyclophilin A) PPIases accelerate the folding of proteins. It catalyzes the cis–trans isomeriza-
tion of proline imidic peptide bonds in oligopeptides

https://skyline.ms/
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increased production of reactive oxygen species and sys-
temic inflammation promote cardiac structural and elec-
trophysiologic remodeling. AF is a heterogeneous heart 
rhythm disorder related to a wide spectrum of etiologies 
and has broad clinical presentations. Despite extensive 
research, the mechanisms underlying AF remain incom-
pletely understood.

The mechanisms underlying AF are classically 
described as mechanisms responsible for its initiation 
and mechanisms responsible for its perpetuation [23]. 
In this study, a multi-stage discovery-verification prot-
eomic strategy was used to develop potential AF-related 
biomarkers from patients’ blood samples. All patients are 
symptomatic paroxysmal atrial fibrillation, refractory to 
at least 1 class I or III antiarrhythmic medication, under-
going new oral anticoagulant therapy and ready to accept 
AF catheter ablation.

Exosomes are released from multiple cell types. 
Exosomes contain protein and RNA species and have 
been exploited as a novel reservoir for disease biomarker 
discovery. The molecular content, including proteins, of 
exosomes are heavily dependent on the tissue/cell-type 
derived from. Exosomes from diverse origins contain a 
conserved set of proteins as well as a subset of cell type/
tissue specific proteins. Many diseases alter the proteins 
and RNAs of exosomes in bodily fluids including plasma, 
serum, urine of patients. This is now being investigated 
as a potential source of biomarkers. Studies in cardiovas-
cular diseases are now focused on the contents of these 
vesicles, either microRNAs or proteomic analysis of car-
diac exosomes under normal and disease conditions. 
Exosomes were recently found involved in the pathologic 
process in the progression of cardiovascular disease. The 
content of exosomes also changes based on the type of 
cellular stress [8]. But proteomic analysis of bodily flu-
ids in AF is still unknown. In our study, we focus on 
the serum exosomes proteomic analysis in AF patients, 
which might lead to further understanding of the initia-
tion, maintenance, progression and biomarkers of AF on 
molecular biology level.

Serum exosomes were obtained by exosome separa-
tion method and were identified by electron microscopy 
and Western Blot detection of CD63 and CD9. Serum 
exosomes of 15 patients with paroxysmal AF and 15 
normal subjects were divided into 3 study groups and 
control groups, and the Label Free relative quantita-
tive proteomics analysis was performed and identified a 
total of 440 proteins in serum exosomes. Differentially 
expressed proteins were obtained by standard screening 
of fold change ≥ 2 and p value < 0.05. Significantly chang-
ing in abundance group contains 39 elevated proteins 
and 18 reduced proteins. Consistent presence/absence 
expression profile group contains 40 elevated proteins 

and 75 reduced proteins. GO functional enrichment 
analysis and PPI network analysis found these pathways 
have significantly changed: complement activation and 
protein folding. 9 proteins involved in complement acti-
vation and protein folding were selected to perform PRM 
verification. Proteomics provide large quantities of data 
and many candidate proteins between a normal and dis-
ease condition. These candidates are normally subjected 
to use conventional techniques such as western blotting, 
ELISA and immunofluorescence to be validated. But 
there are problems that the antibodies and many novel 
proteins how to be detected. PRM provides not only an 
alternative in the lab but also high-grade quantification 
in the clinic. In this way multiple proteins (1–20) can 
be detected from one sample allowing the rapid identi-
fication of a panel of proteins and biomarkers. Novel 
biomarkers may not have established antibodies and rea-
gents for conventional assays from patient samples. The 
PRM analysis result confirmed that patients with AF had 
a significant change in complement system and protein 
folding.

There are relatively few studies on atrial fibrillation and 
complement. Past studies suggested possible relation-
ship between increased CRP level, complement activa-
tion and the increased risk of post-surgery arrhythmia. 
With increased inflammation, as defined by serum levels 
of CRP, C3 and C4, the risk of atrial fibrillation increase. 
But complement factors C3 and C4 separately failed to 
predict risk of atrial fibrillation, whereas a combination 
of inflammation sensitive proteins, including C3 and C4 
[24, 25].

The complement system is a complex protein network 
of the innate immune system. It consists of soluble and 
membrane-bound proteins functioning in cascades of 
stepwise protease activation. Complement factors can be 
activated by three major pathways, the classical pathway, 
the lectin pathway and the alter-native pathway. Activa-
tion of any of the three pathways can lead to the cleav-
age of C3, and subsequent activation of C5, C6, C7, C8 
and C9 of the terminal pathway. C1q and MBL are pat-
tern recognition molecules of the classical and the lectin 
pathway, respectively; C1s, C1r, MBL-associated serine 
proteases (MASP), C2 and C4 further participate in clas-
sical and lectin pathway activation of C3. The alternative 
pathway activates C3 spontaneously in combination with 
Factor B (FB), Factor D (FD) and properdin. Further-
more, activation of C3 and C5 via extrinsic proteases of 
the coagulation, fibrinolysis and the kinin systems have 
nowadays been recognized as a fourth complement acti-
vation pathway [26, 27].

Inflammation is an important risk factor of atrial fibril-
lation. Complement mediated inflammation has been 
proved an important player in a variety of heart diseases 
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[24, 28]. The role for the complement system is also in 
systemic inflammation. C3, C3a, C5a and C5b-9 were, 
independently of confounding factors, associated with 
systemic low-grade inflammation. The expression of C7, 
C8, C5, complement factor I, complement factor B, com-
plement factor H were upregulated in AF patients may 
be accompanied by inflammation [29, 30]. Significant 
changes in complement activation are found in the serum 
exosome, because exosomes came from cells and tissues, 
which can better reflect the changes of cells and tissues 
under pathological conditions. Proteomics analysis in the 
serum exosome. The activation of complement system is 
accompanied by inflammation. AF is closely related to 
inflammation, meanwhile the change of complement sys-
tem may be another reason for AF. The exact role of com-
plement in AF will help to identify patients that might 
benefit from therapeutic complement intervention.

Atrial fibrillation (AF) is an age-related atrial tachyar-
rhythmia. A hallmark of aging means gradual derailment 
of proteostasis, including the homeostasis of protein syn-
thesis, folding, assembly, trafficking, function, and deg-
radation [31, 32]. The derailment of proteostasis during 
aging is an important factor for the development of age-
related atrial fibrillation [32]. Protein homeostasis (pro-
teostasis) is the maintenance of a functional equilibrium 
between protein synthesis, fidelity, folding, localization, 
modification, and degradation. The ability to maintain 
equilibrium in response to internal and external cues is 
essential for cellular and organismal health. Loss of pro-
teostasis is a “hallmark” of aging [33].

Cellular protein synthesis consists of three distinct 
stages: initiation, elongation and termination, and all 
stages depend on translation factors. Eukaryotic elonga-
tion factor 1 alpha (eEF1A) delivers aminoacyl-tRNA to 
the ribosome and thereby plays a key role in protein syn-
thesis [34]. Besides its essential role in the protein syn-
thesis machinery, several non-canonical functions have 
also been described for eEF1A, such as regulation of the 
actin cytoskeleton and the promotion of viral replication. 
The functional significance of the extensive lysine meth-
ylations on eEF1A [35].

Protein disulfide isomerase (PDI) family are enzymes 
in productive protein folding accompanied by disulfide 
formation. PDIs have multiple functions in different 
states. PDIs are also a family of thioredoxin superfam-
ily thiol oxidoreductase chaperones. PDIs have diverse 
functions in the endoplasmic reticulum [36]. PDIs play 
in thiol switches involving oxidation, reduction, isomeri-
zation and protein oligomerization. PDIs have the roles 
in oxidase activation and cell migration in vascular cells 
and macrophages. PDIs have peculiar redox/chaperone 
properties in redox signaling, which made them possible 
therapeutic targets [37].

The prolyl cis–trans isomerase (PIN1) is known to alter 
the structure of several proteins and stability of the pro-
teins [38, 39]. PIN1-mediated isomerization alters the 
structure and activity of these proteins, regulating func-
tions in cell metabolism, cell mobility, tumor develop-
ment, oxidative stress and inflammation [40].

We demonstrated that altering of protein folding in the 
proteomics of serum exosome in AF patients. eEF1A, 
PDI and PIN1 play important role in protein synthesis 
and protein folding. The proteins expression decreased in 
serum exosomes in AF indicating the protein misfolded 
and unfolded. That also indicated the loss of proteosta-
sis and aging. Misfolded or unfolded proteins have been 
found to play a role in arrhythmogenesis during human 
heart failure. Oxidative stress Reactive and oxygen spe-
cies (ROS) are also the mechanism of AF [31]. ROS favor 
accumulation of misfolded proteins, in turn, further 
enhances oxidative stress. The expression of eEF1A, PDI 
and PIN1 decreased in serum exosomes in AF may break 
proteostasis and accelerate the oxidative stress and ROS. 
Blocking of misfolded or unfolded proteins may have an 
antiarrhythmic effect.

Conclusions
Serum exosomes showed great promise for providing 
new insights into the mechanism of the initiation, main-
tenance, and progression of AF. The proteomics of serum 
exosomes indicated complement activation and altering 
of protein folding in AF patients. This is another sight 
in the mechanism of AF. With more understanding of 
serum exosomes, it might be helpful in early diagnostics 
of atrial fibrillation and, hopefully, monitoring the pre-
operative and postoperative rhythm control condition of 
catheter ablation.
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