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Abstract 
  
Background: The role of epicardial fat (eFat)-derived extracellular vesicles (EVs) in the 
pathogenesis of atrial fibrillation (AF) has never been studied. We tested the hypothesis that 
eFat-EVs transmit proinflammatory, profibrotic, and proarrhythmic molecules that induce atrial 
myopathy and fibrillation.  
Methods: We collected eFat specimens from patients with (n=32) and without AF (n=30) during 
elective heart surgery. eFat samples were grown as organ cultures, and the culture medium was 
collected every two days. We then isolated and purified eFat-EVs from the culture medium, and 
analyzed the EV number, size, morphology, specific markers, encapsulated cytokines, proteome, 
and miRNAs. Next, we evaluated the biological effects of unpurified and purified EVs on atrial 
mesenchymal stromal cells (MSCs) and endothelial cells (ECs) in vitro. To establish a causal 
association between eFat-EVs and vulnerability to AF, we modeled AF in vitro using induced 
pluripotent stem cell-derived cardiomyocytes (iCMs). 
Results: Microscopic examination revealed excessive inflammation, fibrosis, and apoptosis in 
fresh and cultured eFat tissues. Cultured explants from patients with AF secreted more EVs and 
harbored greater amounts of proinflammatory and profibrotic cytokines, as well as profibrotic 
miRNA, than those without AF. The proteomic analysis confirmed the distinctive profile of 
purified eFat-EVs from patients with AF. In vitro, purified and unpurified eFat-EVs from 
patients with AF had a greater effect on proliferation and migration of human MSCs and ECs, 
compared to eFat-EVs from patients without AF. Finally, while eFat-EVs from patients with and 
without AF shortened the action potential duration of iCMs, only eFat-EVs from patients with 
AF induced sustained reentry (rotor) in iCMs.  
Conclusions: We show, for the first time, a distinctive proinflammatory, profibrotic, and 
proarrhythmic signature of eFat-EVs from patients with AF. Our findings uncover another 
pathway by which eFat promotes the development of atrial myopathy and fibrillation.  
 
Key Words: ACE2; Atrial fibrillation; Epicardial fat; Exosomes; Extracellular Vesicles; 
Inflammation; Fibrosis 
 
Non-standard Abbreviations and Acronyms 
5-HT               5-hydroxytryptamine      
ACC               american college of cardiology      
ACE2               angiotensin-converting enzyme 2       
AF               atrial fibrillation        
AHA               american heart association       
ANOVA              analysis of variance        
APD80               action potential duration at 80% repolarization    
AS               aortic stenosis        
BCA               bicinchoninic acid        
BMI               body mass index        
BSA                bovine serum albumin       
CABG               coronary artery bypass grafting      
CAF               chronic atrial fibrillation       
CD               cluster of differentiation       
cDNA               complementary deoxyribonucleic acid     
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COPD               chronic obstructive pulmonary disease     
DTT               dithiothreitol          
ECM               extracellular matrix         
ECs               endothelial cells        
eFat               epicardial Fat         
EGF               epidermal growth factor        
ELISA               enzyme linked immunosorbent assay     
EVs               extracellular vesicles        
FACS               fluorescence activated cell sorting      
FGF               fibroblast growth factor        
FSC               forward scatter        
GFP               green fluorescent protein       
H&E                hematoxylin-eosin        
HCD               high energy collision dissociation      
HDL               high density lipoprotein       
HFpEF               heart failure with preserved ejection fraction    
hiPSC-CCS  human induced pluripotent stem cells - cardiac cell sheets  
hiPSC-CM  human induced pluripotent stem cells - cardiomyocytes   
HRP               horseradish peroxidase       
HUVEC  human umbilical vein endothelial cells     
IHC              immunohistochemistry       
IL              Interleukin         
LA              left atrium         
LDL              low density lipoprotein       
LV              left ventricle          
LVEDD  left ventricular end diastolic diameter     
LVEF               left ventricular ejection fraction      
miRNA  micro ribonucleic acid        
MR               mitral regurgitation        
MS              mass spectrometry        
MS               mitral stenosis         
MSCs              mesenchymal stromal cells 
MΦ   macrophages     
NIDDM           non-insulin-dependent diabetes mellitus     
NTA              nanoparticle tracking analysis       
OCT              optimal cutting temperature       
OD              optical density         
PAF              paroxysmal atrial fibrillation        
PANTHER       protein analysis through evolutionary relationships   
PBS              phosphate buffered saline       
PKH26  red fluorescent cell linker kits for general cell membrane labeling 
PVD              peripheral vascular disease       
RA              right atrium         
RIPA              radioimmunoprecipitation assay       
RNA  ribonucleic acid        
RPMI               roswell park memorial institute medium     
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SD              standard deviation         
SDS              sodium dodecyl sulfate       
SEC              size exclusion chromatography      
SEM  standard error of mean        
SFCA              surfactant free cellulose acetate      
sFLT1              soluble fms-like tyrosine kinase-1      
SMA              smooth muscle actin        
SPAP               systolic pulmonary artery pressure      
SSC               side scattered         
TEM              transmission electron microscope       
TGF-β               transforming growth factor beta      
TIMP-4   tissue inhibitor of matrix metalloproteinase    
TNF-α               tumor necrosis factor – α       
TR              tricuspid regurgitation       
Tris              tromethamine         
TSG101   tumor susceptibility gene 101      
UC              ultra-centrifugation        
VEGF              vascular endothelial growth factor      
VLDL              very low-density lipoprotein       
Wnt              wingless and Int-1 pathway       
XTT              2,3-Bis-(2-methoxy-4-nitro5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt  
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Clinical Perspective  

 

What is new?  

• The present study is the first to examine the role of epicardial fat-derived extracellular 

vesicles (eFat-EVs) in the pathogenesis of atrial fibrillation (AF). 

• We found another pathway that links eFat to AF. 

• We show that eFat-EVs of patients with AF have unique proinflammatory, profibrotic, 

and proarrhythmic properties.  

• eFat-EVs can induce cellular, molecular, and electrophysiological remodeling that can 

result in atrial fibrosis, myopathy, and the development of AF. 

 

What are the clinical implications?  

• Understanding of the role of eFat-EVs in the pathogenesis of AF may lead to the 

discovery of new diagnostic markers and novel targets for the prevention and treatment 

of AF. 

• The proinflammatory, profibrotic, and proarrhythmic effects of eFat-EVs may be relevant 

to the pathogenesis of other cardiovascular diseases associated with obesity and abnormal 

adipose tissue deposition.  
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Introduction 

Atrial fibrillation (AF) is a global epidemic with significant morbidity, mortality, and 

socioeconomic burden.1-3 A major predisposing factor to the initiation and sustention of AF is 

atrial myopathy. It results from hemodynamic or metabolic stresses that stimulate fibrosis, 

remodeling, electrical abnormalities, and rheological dysfunction in the atria.4-6 AF in itself 

exacerbates many of these features, which explain its progressive nature.4-6 Today, an upstream 

treatment for atrial myopathy is lacking.  

 Obesity is a major modifiable risk factor for AF.7 The mechanism is complex and not 

entirely clear but, may be mediated by abnormal deposition of epicardial fat (eFat).8-10 Abnormal 

eFat is a source of proinflammatory and fibrotic molecules, which can affect the adjacent atria, 

induce atrial myopathy, and generate the arrhythmogenic substrate needed to initiate and sustain 

AF.10-13 

Proinflammatory and fibrotic molecules can be secreted while encapsulated within 

extracellular vesicles (EVs).14, 15 These EVs are membrane-bound organelles that are extruded 

from all cell types, traffic to local or distant targets and execute biological functions.14, 15 EVs 

carry proteins, nucleic acids, and lipids that transmit the molecular signature of the cells of 

origin. Adipose tissue-derived EVs have been implicated in obesity-related diseases such as 

metabolic syndrome, type-2 diabetes, and endothelial dysfunction.16 However, the role of eFat-

EVs in the pathogenesis of AF has never been studied. Here, we hypothesized that eFat causes 

atrial myopathy and fibrillation by releasing of EVs that carry proinflammatory, profibrotic, 

proarrhythmic molecules to the atria. Revealing this pathway in the pathogenesis of AF may 

identify new risk markers and therapeutic targets to prevent and treat AF and associated 

complications.   
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Methods   

A detailed description of the methods is provided in the online Supplemental Materials. All data 

that support the findings are available within the article and in the Supplemental Material, as well 

as being available upon reasonable request.  

Patients  

The study was approved by an institutional review board of Sheba Medical Centre and Tel Aviv 

University. The participants gave written informed consent. Cardiac eFat specimens were 

collected from patients with and without AF undergoing elective open-heart surgery. We 

diagnosed AF based on the patient’s medical history and hospital records before the surgery. 

Classification to AF was based on the AHA/ACC Definition.17  

eFat Biopsy and Organ Culture 

The site of biopsy was the eFat near the base of the pulmonary arteries. eFat specimens were cut 

into small pieces of 1 mm³ and incubated as organ culture for 9 days. To isolate and purify EVs, 

medium was collected and renewed 2, 4, 6 and 9 days after organ culture.  

eFat Histology  

We examined fresh and cultured (day 9) eFat specimens. To assess cell viability in vitro, we used 

a 2,3-Bis-(2-methoxy-4-nitro5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt (XTT) based 

colorimetric assay.  

Isolation, Separation, and Purification of eFat-EVs  

Our methods for isolating eFat-EVs were guided by the recent position statement of the 

International Society for Extracellular Vesicles (MIEV2018).18 The information about EV 

isolation and separation has been uploaded to the EV-TRACK knowledgebase. Readers may 
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access the experimental parameters in the following URL: http://evtrack.org/review.php (EV-

TRACK ID: EV190048, Shaihov-Teper).  

Nanoparticle Tracking Analysis (NTA) 

The amount and size distribution of isolated EVs were examined by conducting nanoparticle 

tracking analysis (NTA), using the Malvern NanoSight NS300 (Malvern, Grovewood Road, 

UK) device.  

Electron Microscope  

eFat-EVs of patients with and without AF were loaded onto formvar carbon-coated grids, then 

fixed, washed, and examined in a JEM-1400Plus Transmission Electron Microscope (JEOL, 

Tokyo, Japan). 

Protein Content 

Isolated EVs were treated with radioimmunoprecipitation assay (RIPA) buffer (Thermo-Fisher 

Scientific, Waltham, MA, USA). Protein content of isolated EVs was measured by using BCA 

Pierce Protein Assay Kit (Thermo-Fisher Scientific, Waltham, MA, USA).  

High Density Lipoprotein (HDL) and Low-Density Lipoprotein (LDL)/Very Low Density 

Lipoprotein (VLDL)  

HDL and LDL/VLDL levels in SEC-purified EV fractions were quantified by lipoprotein kit 

(Abcam ab65390, Cambridge, UK). 

EV-Associated Markers by Western Blot 

Markers for eFat-EVs were analyzed by western blot, and were probed for the EV-associated 

markers CD63, CD81 and TSG101 (Santa Cruz Biotechnology, Dallas, TX, USA).  
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EV Characterization by Flow Cytometry  

EV-coated beads were resuspended with PBS and analyzed by flow cytometry using a flow 

activated cell sorter (FACS) Calibur flow cytometer (Cyteck Development, Fremont, CA, USA) 

and FlowJo software (Tree Star, Ashland, OR, USA). 

Cytokine Array and Enzyme-Linked Immunosorbent Assay (ELISA)  

To expose EV protein content, isolated EVs were treated with radioimmunoprecipitation assay 

(RIPA) buffer. Free and EV-encapsulated cytokines were quantified by Q-Plex Human Custom 

(4-plex) array (Quansys Biosciences, Logan, UT, USA) or commercially available kits of 

sandwich ELISAs (Biolegend, San Diego, CA, USA). 

Mass Spectrometry (MS)-Based Proteomic Analysis 

Samples of eFat-EVs, isolated by either UC or SEC were analyzed by a Q-Exactive plus mass 

spectrometer (QE, Thermo).19 The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE partner repository. 

miRNA Extraction and Analysis 

Total miRNA was extracted from the purified EVs using a total EV RNA and Protein Isolation 

kit (Invitrogen, Carlsbad, CA, USA).  

Migration Scratch Assay 

To determine the effect of eFat-EVs on atrial mesenchymal stromal cells (MSCs), we used 

human MSCs, isolated from human right atrial (RA) appendage, and a migration (“scratch”) 

assay. 
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EVs Uptake by Human Endothelial Cells 

eFat-EVs were labeled with PKH26 and incubated with human umbilical cord vascular 

endothelial cells (HUVECs) in a special chamber using the LSM 700 confocal microscope 

(ZEISS, Jena, Germany) with incubator-like conditions and video recording.  

Angiogenic Tube Formation Assay 

We used the HUVEC matrigel tube formation assay. Microscopic pictures of each well, and the 

amount and structure of the tubes were captured and evaluated after 11 hours.  

Generation and Optical Mapping of a Human Induced Pluripotent Stem Cell-Derived 

Cardiac Cell Sheet  

To demonstrate the causal association of eFat-EVs and vulnerability to arrhythmias, we utilized 

a transgenic human-induced pluripotent stem cells (hiPSC) line that stably expresses ArcLight.20 

Optical mapping was performed in a hiPSC-based cardiac cell-sheet (hiPSC-CCS) tissue model 

derived from the ArcLight-expressing hiPSC-CMs.20 From the optically-derived action 

potentials, we constructed detailed activation maps enabling measurements of 

electrophysiological parameters related to conduction velocity and repolarization (APD80 , action 

potential duration at 80% of repolarization) at several time points during the experiment.20 

Arrhythmia inducibility in the culture was evaluated at 168h, using a three-step programmed 

electrical stimulation protocol.20 

Injection of EVs into Rat Hearts 

Animal experiments were performed in accordance with the Guide for the Care and Use of 

Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of 

the Sheba Medical Center. To assess the in vivo profibrotic effects of eFat-EVs, we injected 

eFat-EVs into the left ventricular (LV) anterior wall of the rats. The rats received two injections 
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of 50µl unpurified eFat-EVs (6x108 EVs each, total 10µg/100µl) from patients either with or 

without AF. Hearts were harvested for histological analysis, 7 days after the injections.  

Statistical Analysis 

Demographic and clinical data are expressed as mean± standard deviation (SD). Experimental 

data are expressed as mean± standard error of mean (SEM). Specific statistical tests are detailed 

in the figure legends and supplementary methods.  

 

Results  

Patient Characteristics  

We collected eFat specimens from 62 patients with heart disease, with and without AF, who 

underwent elective open-heart surgery (Table 1). Most of the demographic, clinical 

characteristics, treatments, and indications for surgery were similar for patients with and without 

AF (Table 1). Previous heart surgery was more frequent among patients with AF. The 

prevalence of risk factors for AF, such as obesity, hypertension, and diabetes were similar. The 

mean left atrial (LA) size, pulmonary pressure, use of anticoagulants, and need for tricuspid 

repair or Maze procedure were all greater in patients with AF (Table 1). Overall, the 

characteristics of patients enrolled in our study were representative of patients referred to 

elective heart surgery. 

To further characterize patients with AF, we conducted a subgroup analysis of the first 27 

patients with paroxysmal AF (PAF) vs. chronic AF (CAF - persistent, long-standing persistent, 

or permanent AF). We observed that the frequency of ischemic heart disease and coronary artery 

by-pass graft surgery was higher in patients with PAF (TableIin the Supplement). 
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Excessive Inflammation and Fibrosis in eFat from Patients with Heart Disease 

To characterize the eFat specimens, we examined fresh and cultured (9 days) eFat explants. 

Histological analysis revealed extensive inflammation and fibrosis in eFat from fresh and 

cultured explants from patients with and without AF (Figure 1). Microscopic examination 

revealed regions with distortion of the typically homogeneous and finely divided faint septa with 

excessive extracellular matrix (ECM) deposition (Figure 1A), thick bands of collagen and 

extensive fibrosis (Figure 1B), clusters of macrophages (Figure 1C), myofibroblasts (Figure 

1D), ECs (Figure 1E), and apoptotic cells (Figure 1F).  

Another new finding was a robust expression of angiotensin-converting enzyme 2 

(ACE2) at the sites of ECM thickening in fresh eFat from patients with and without AF (Figure 

1G, H). This finding may explain the vulnerability of obese patients to COVID-19 

complications, given that ACE2 mediates the entry of SARS-CoV-2 into cells.21  

 Next, we assessed changes in cell viability in the eFat explants (n=2) by XTT-based 

colorimetric assay. Cell viability was unchanged throughout nine days (Figure 1I), suggesting 

that the growth and death of cells in the cultured explant remained balanced. Cell activity was 

greater in eFat from patients with AF than those without AF (Figure 1I). Collectively, the eFat 

from all patients referred to open-heart surgery was characterized by unresolved chronic 

inflammation, cell death, fibrosis, and angiogenesis. 

eFat from Patients with AF Secreted EVs with a Distinctive Profile 

EVs carry molecules that transmit the molecular signature of their originating cells.14, 15, 22 To 

determine the profile of eFat-EVs from patients with AF, we tested several methods to isolate 

EVs from the culture medium of eFat explants and compared the results of these methods. UC is 

the most commonly used method for isolating EVs,23 so we used UC on one group of eFat 
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samples (n=39) from patients with (n=20) and without AF (n=19). On a second group of eFat 

samples (n=10), we used SEC to improve EV purity and to reduce contaminants. We then 

compared the characteristics, cargo, and biological functions of EVs isolated by SEC vs. UC. 

Finally, for the electrophysiological studies, we isolated and separated eFat-EVs by 30% density 

sucrose cushion (n=13).  

First, we used UC to isolate eFat-EVs. We analyzed the amount and size of EVs by NTA 

(Figure 2A) and found that most EVs were in the range of 50 to 250 nm (Figure 2B). eFat 

specimens from patients with AF secreted more EVs than did specimens from patients without 

AF (Figure 2B). Particularly, eFat of patients with CAF secreted greater amounts of EVs than 

patients with PAF or without AF (Figure 2C), suggesting higher biological activity in eFat from 

patients with CAF. Next, we confirmed the EV phenotype by transmission electron microscope 

(TEM) (Figure 2D) and immunoblotting by western blot, probed for EV (CD63, CD81) and 

exosome (TSG101) associated markers (Santa Cruz Biotechnology, Dallas, TX, USA) (Figure 

2E).18  

To characterize the content of eFat-derived EVs, we performed a cytokine array which 

identified certain proteins plausibly related to the pathogenesis of atrial myopathy and 

fibrillation. Isolated EVs were treated with RIPA buffer (Thermo-Fisher Scientific, Waltham, 

MA, USA) to expose their protein content. We analyzed both EV-encapsulated (Figure 2F-M) 

and free soluble cytokines (Figure 2N-U) in the medium of eFat explants. Cytokine analysis 

revealed that eFat-EVs from patients with AF harbored higher amounts of proinflammatory and 

profibrotic cytokines as well as adiponectin than patients without AF. These encapsulated 

cytokines, such as IL-1α, IL-6, TNF-α, IL-4 (Figure 2F-I) have been implicated in the 

pathogenesis of AF.24 eFat-EVs from patients with AF had lower levels of IL-10 (an anti-
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inflammatory profibrotic cytokine) (Figure 2J), vascular endothelial growth factor (VEGF) 

(Figure 2L), and soluble VEGF receptor (sFLT-1) (Figure 2M), than patients without AF.  

 In parallel, analysis of free soluble cytokines (Figure 2N-U), from the culture medium 

revealed that, excluding IL-1α, the differences in cytokine levels between patients with and 

without AF disappeared. Furthermore, except for IL-1α, there was no correlation between the 

amount of eFat-derived free (soluble) cytokines and cytokines encapsulated in EVs (Figure 2V). 

Together, our findings indicated that eFat-EVs carried a unique profile of proinflammatory and 

profibrotic cytokines. Compared with free cytokines, the cargo of eFat-EVs better differentiated 

between patients with vs. patients without AF.  

EV Purification Preserved the Distinct Profile of eFat-EVs from Patients with AF 

Isolation of EVs by UC may cause non-vesicular macromolecule contamination which can lead 

to decreased sample purity and may affect downstream analysis.18 To determine the relative 

contribution of pure EVs vs. EVs with contaminated proteins, we purified and enriched EVs by 

SEC,25 which emerged as a reliable and efficient method to improve EV isolation, eliminate 

protein contamination and preserve the biological properties of isolated EVs, all with high 

reproducibility.25 The samples (n=10) were allowed to run into the column and the eluate was 

collected into 36 sequential fractions of 2 mL (Figure 3A). Then, using NTA, we analyzed the 

concentration of particles, proteins and lipoproteins in each fraction. NTA showed that the 

particles were eluted in fractions 2 to 18 and fractions 19-25. Protein analysis of each fraction 

revealed clusters of protein in fractions 26-36 (Figure 3A). The pattern of size distribution in 

SEC fractions (Figure 3B) indicated a greater amount and larger size of particles in fractions 1-

18 than in 19-25 (Figure 3A, B). The unusual pattern of two peaks of EVs over various SEC 
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fractions (Figure 3A) is probably related to the heterogeneous EV sources in the eFat explant, 

compared with a homogenous single cell culture or serum. 

Additional NTA comparison from fractions 2-18 revealed that most of the EVs were in 

the range of 50 to 150 nm, with diverse size distribution between EVs derived from patients with 

vs. patients without AF (Figure 3C). Thus, the SEC-based purified eFat-EVs were compatible 

with the definition of small EVs.18 

Particles detected by NTA are not necessarily EVs, but may also protein aggregates and 

lipoproteins.26 We detected pure EVs in the SEC eluate fractions 2-18, according to TEM 

(Figure 3D) and their positivity for the EV protein CD81, with over 60% purity (Figure 3E, F). 

Fractions 19 to 25 were contaminated by proteins (Figure 3A), and contained higher amounts of 

the lipoproteins VLDL, LDL, and HDL (Figure 3G, H). We thus focused on EV rich, protein 

low eluate fractions (2-18).  

 To determine whether SEC-based EV purification affect the signature of eFat-EVs, we 

re-analyzed several representative cytokines in purified (SEC, upper panel) and unpurified (UC, 

lower panel) eFat-EVs (Figure 3I-N). Both purified and unpurified eFat-EVs from patients with 

AF carried a greater amount of proinflammatory cytokines such as IL-1α and IL-6, profibrotic 

cytokines such as osteopontin, a mediator of cardiac aging, atherosclerosis, and fibrosis,27 as well 

as the protective adipokine adiponectin (Figure 3I-L). The amounts of the EV encapsulated 

cytokines TNFα and IL-1β were similar in patients with and without AF. Collectively, the 

unique profile of eFat-EVs from patients with AF was preserved after EV purification.  

Distinct Proteomic Profile of eFat-EVs from Patients with AF 

Proteomic analysis provides systematic high-throughput analysis of proteins and hold the 

promise for the discovery of novel biomarkers and therapeutic targets. To better determine the 
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distinctive profile of eFat-EVs from patients with AF and explore differences in the proteome of 

eFat-EVs from patients with vs. without AF, we carried out comparative proteomic profiling.  

To further identify potential candidate protein components from the EV cargo that may 

be responsible for the observed fibrosis, angiogenesis, and re-entry arrhythmias, we used MS 

proteomics on eFat-EVs, isolated by UC or SEC, from patients with and without AF (Figure 4). 

First, we analyzed EVs separated by UC. We identified greater abundance of proteins in the 

unpurified EVs from patients without AF (Figure 4A). Of the 581 quantified proteins, we 

identified 206 (35.5%) with a higher abundance in the AF samples and 375 (64.5%) with a 

higher abundance in the non-AF samples. (Figure 4A). All identified proteins were clustered 

according to the PANTHER (Protein ANalysis THrough Evolutionary Relationships) 

classification system to various categories, including PANTHER pathways (Figure 4B), 

biological processes (Figure IA in the Supplement), cellular component (Figure IB in the 

Supplement), protein class (Figure IC in the Supplement), and molecular function (Figure ID 

in the Supplement). Analysis of various pathways indicated that EV-packaged proteins from 

eFat of patients with AF and without AF have distinct proteomic profiles. For example, the 

PANTHER classification system revealed pathways relevant to fibrosis, angiogenesis, and 

coagulation in both EVs from patients both with and without AF. (Figure 4B) These proteins 

tended to be more abundant in EVs from patients without AF (Figure 4B). However, specific 

pathways related to fibrosis and hypertrophy, such as TGF-β and 5-hydroxytryptamine(5-HT) 

pathways, were exclusively expressed in eFat-EVs from patients with AF. Sub-group 

classification of the 16 proteins with difference of p<0.05 (Table II in the Supplement) 

confirmed the distinct profile of EVs from patients with and without AF (Figure II in the 

Supplement). 
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 Contaminants of the unpurified EV samples may mask the signal of lower abundant EV 

proteins and interfere with the MS data analysis. To exclude the effect of contaminated proteins 

on the interpretation of MS data, we repeated the MS analysis with purified EVs by SEC and 

confirmed the elimination of many proteins (Figure 4C). The distinctive proteomic profile of 

eFat-EV-encapsulated proteins from patients with AF was more prominent in purified eFat-EVs. 

Of the 371 quantified proteins, we identified 259 (70%) with a higher abundance in the eFat-EVs 

from patients with AF, and 112 (30%) with higher abundance in the eFat-EV sample from 

patients without AF (Figure 4C).  

The PANTHER classification system revealed that several pathways related to atrial 

fibrosis, angiogenesis, apoptosis, and myopathy were exclusively expressed in purified eFat-EVs 

from patients with AF (Figure 4D). These pathways include Wnt signaling, 5-HT pathways, T 

cell activation, VEGF, fibroblast growth factor (FGF), and epidermal growth factor (EGF) 

signaling (Figure 4D). Further classification to various categories, including biological processes 

(Figure  IIIA in the Supplement), cellular component (Figure IIIB in the Supplement), 

protein class (Figure IIIC in the Supplement), and molecular function (Figure IIID in the 

Supplement) confirmed the unique proteomic profile of eFat-EVs from patients with AF. 

Overall, eFat-EVs from patients with AF secreted a distinct proteomic signature enriched in 

cytoskeletal regulation, inflammatory, fibrotic, and angiogenic proteins. In addition, metabolic 

changes were observed as elevation in glycolytic enzymes as well as other ATP synthesis 

proteins, in patient with AF. Sub-group classification of the 22 proteins with difference of 

p<0.05 (Table II in the Supplement) confirmed the distinct profile of EVs from patients with 

AF (Figure IV in the Supplement). 

 

 

D
ow

nloaded from
 http://ahajournals.org by on A

pril 2, 2021



10.1161/CIRCULATIONAHA.120.052009 

18 

eFat-EVs Stimulated Fibrosis 

Atrial fibrosis plays a significant role in the pathogenesis of AF.12, 13, 28, 29 To demonstrate a 

causal association between eFat-EVs and atrial fibrosis, we used a scratch migration (“wound 

healing”) assay with human RA MSCs.30 We found that eFat-EVs from patients with AF 

stimulated MSC migration and gap closure faster than patients without AF (Figure 5A, B).  

To exclude the potential effect of “contaminated” proteins on the profibrotic effects of 

eFat-EVs, we repeated the scratch assay after EV purification by SEC. EV rich, protein low 

fractions (1-18) were pooled and concentrated by UC to 700µl. Again, the profibrotic effect of 

eFat-EVs from patients with AF was significantly greater than in patients without AF, as 

indicated by the rate and magnitude of the gap closure within 48 hours (Figure 5C, D). The rate 

of the gap closure was slower in EVs isolated by SEC than by UC. Overall, the results of the 

functional assays after EV purification confirmed our initial findings that the eFat-EVs from 

patients with AF have profibrotic effects.  

 miRNAs have been linked to the pathogenesis of atrial remodeling and fibrillation. While 

EVs facilitate transfer of miRNAs that regulate gene expression in recipient cells,31 studies 

investigating the role of miRNAs in AF show conflicting results.32 To determine the potential 

role of eFat EV-encapsulated miRNA, we measured several miRNA that could influence cardiac 

fibrosis. miR-146b targets and inhibits tissue inhibitor of matrix metalloproteinase (TIMP-4) and 

stimulates cardiac fibrosis. Expression of EV miR-146b was upregulated in eFat-EVs from 

patients with AF, compared with those without AF (Figure 5E). miR-133a targets and inhibits 

TGF-β, decreases collagen content, and inhibits atrial remodeling. miRNA-29a suppresses 

collagen synthesis, and down-regulation of miRNA-29a induces fibrosis. 33 Indeed, expression of 

EV miR-133a and 29a was downregulated in eFat-EVs from patients with AF, compared with 
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those without AF (Figure 5F, G). Overall, eFat-EVs from patients with AF carried more 

profibrotic miRNAs than patients without AF. 

Finally, to confirm our findings in vivo, we injected eFat-EVs from patients with and 

without AF to the LV anterior wall of 3 rats. Seven days later, we observed extensive myocardial 

fibrosis in the hearts treated with eFat-EVs from AF patients (Figure 5H) than the heart treated 

with eFat-EVs from non-AF patients (Figure 5I). Thus, our in vivo findings supported our in 

vitro data and indicated that eFat-EVs have profibrotic properties. 

eFat-EVs Targeted Endothelial Cells and Stimulated Angiogenesis 

Recent evidence suggests that ECs have a role in the pathogenesis of atrial fibrosis and AF.34 To 

determine whether eFat-EVs can target and affect ECs, we labeled eFat-EVs with the fluorescent 

dye PKH26 and incubated the labelled EVs with HUVECs. We observed an intensive uptake of 

EVs by the ECs that peaked within an hour and persisted for 56 hours (Figure 6A, B, and 

Online Video I). Therefore, eFat-EVs effectively targeted human ECs. To determine the 

angiogenic impact of eFat-EVs we used the angiogenic tube formation assay. Before purification 

(UC), eFat-EVs from patients with AF had a greater angiogenic capacity and increased the 

number of polygons by 300%, compared with patients without AF (Figure 6C, D). After SEC-

based purification, eFat-EVs from patients with AF increased the number of polygones by 100%, 

(Figure 6E, F). While our data confirmed the independent biological effect of eFat-EVs, the 

number of polygones was decreased by over 50%, after treatment with purified EVs (SEC), 

compared with unpurified EVs (UC). This change was likely due to the elimination of 

“contaminated” proangiogenic proteins. Overall, our results indicated that eFat-EVs are 

efficiently transported into human ECs and stimulate angiogenesis. 
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Proarrhythmic Properties of eFat-EVs 

While it is likely that eFat-EVs contribute to the formation of the arrhythmogenic substrate via 

inflammation and fibrosis, it is possible that there is a direct effect on atrial electrophysiology. 

To study the causal association of the eFat-EVs on the electrophysiological properties of human 

cardiomyocytes, we utilized a novel two-dimensional hiPSC-based cardiomyocyte tissue 

model.20 We generated hiPSC-derived cardiac cell sheets (hiPSC-CCSs) that stably express the 

genetically-encoded voltage fluorescent indicator ArcLight.20 The engineered cells enable long-

term repeated functional assessment of the same hiPSC-CCS tissue over time using optical 

mapping.  

From the optically-derived APs we were able to construct detailed activation and 

repolarization maps, enabling the measurements of multiple electrophysiological parameters. For 

the electrophysiological experiments, we purified eFat-EVs by sucrose (30%) cushion. We found 

that sucrose cushion eliminated the contaminated endoplasmic reticulum (ER) as indicated by the 

resident protein calreticulin (Figure V in the Supplement).  

 Next, we incubated the purified eFat-EVs with the hiPSC-CCSs. We found that eFat-EVs 

from patients with and without AF shortened the APD80, after 168 hours of exposure, compared 

with PBS (Figure 7A). This is important because shortening of the APD predisposes 

cardiomyocytes to AF and is the hallmark of electrophysiological remodeling in AF. eFat-EVs 

from patients with and without AF did not affect the conduction velocity, after 168 hours of 

exposure, compared with PBS (Figure 7B).  

Optical mapping provides high resolution of rotors, reentrant spiral waves that can 

generate fibrillatory atrial activity in AF and provide important insights into the pathogenesis 

and mechanisms of AF. After 168 hours of exposure to eFat-EVs, we evaluated potential 
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differences in reentrant arrhythmia (rotor) propensity between the different groups using pacing 

protocols. We induced sustained rotor in 3 of the 6 hiPSC-CCSs treated with eFat-EVs from 

patients with AF (3 of 6 vs. 0 of 15, p=0.01; Figure 7C, E). The induced rotors in this group 

were sustained (lasting minutes and even hours) and could not be electrically cardioverted 

(Figure 7C, E and Online Video II). In contrast, we were unable to induce stable rotors in 

hiPSC-CCSs treated with eFat-EVs from patients without AF or PBS (Figure 7D, F, G). In each 

control group, we were able to induce transient reentrant arrhythmias in a single culture. 

Moreover, the duration of induced reentrant activity was brief, and self-terminated 2-3 seconds 

after initiation. Together, the optical mapping experiments indicated that eFat-EVs from patients 

with AF promote the initiation and maintenance of reentrant arrhythmias in the hiPSC-CCS 

tissue model. 

 

Discussion 

The present study is the first to examine the role of eFat-EVs in the pathogenesis of AF. Our 

work reveals a previously unrecognized pathway involved in the development of atrial myopathy 

and AF. eFat of patients with AF secrete an high amount of EVs that harbor a unique 

proinflammatory, profibrotic and proarrhythmic signature. Here, we provide evidence that eFat-

EVs stimulate inflammation, fibrosis, and reentry, all of which can trigger and sustain AF 

(Figure 8). Thus, our findings add to emerging insights on the role of eFat in the pathogenesis of 

AF.8-10  

eFat-EVs Mediate Cellular and Electrical Remodeling 

Here we confirm and extend previous reports, 8-10 12, 13, 35 and show robust inflammation, fibrosis, 

angiogenesis, and apoptosis in the eFat tissues from patients referred to heart surgery. eFat can 
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affect the adjacent myocardium by paracrine mechanisms as well as by direct cell infiltration.10-13 

Atrial inflammation and fibrosis are the hallmarks of this process,28 and result in atrial myopathy 

and remodeling.10-12, 36 A new finding of interest was the robust expression of ACE2 in the fresh 

eFat tissues. ACE2 mediates the entry of SARS-CoV-2 into cells. This finding may explain the 

vulnerability of obese patients to COVID-19,21 and associated cardiac complications.37  

eFat-EVs can promote atrial fibrosis that forms the arrhythmogenic substrate for AF. 

Atrial fibrosis disrupts conduction between cardiomyocytes and generate regions of local 

conduction block and conduction heterogeneities, thereby favoring reentry and perpetuation of 

arrhythmias.38 Moreover, mediators of inflammation and fibrosis can directly modify atrial 

electrophysiology, thereby leading to increased susceptibility to AF.39, 40 For example, 

inflammation and fibrosis modulates calcium homeostasis and connexins, which are associated 

with triggers of AF and slow atrial conduction.13, 29, 39, 41 Here we show that eFat-EVs shorten 

APD in cardiomyocytes. APD shortening in atrial tissue has been described in animal models of 

obesity and AF.42, 43 Obesity is associated with a shortened effective refractory period in the 

pulmonary veins, leading to the notion that adiposity can predispose to the initiation of AF.44 A 

shortened effective refractory period is also the main electrophysiological parameter that is 

affected in the process of AF-induced atrial remodeling.45 The mechanism of obesity-induced 

APD shortening, however, is not entirely clear. eFat secretes cytokines that directly influence 

electrical remodeling.11, 12, 46 Inflammatory cytokines such as tumor necrosis factor (TNF)-α, IL-

1 and IL-6, are arrhythmogenic by directly modulating the function of cardiac ion channels.24 

Here we show that eFat-EVs are rich in TNF-α, IL-1, and IL-6 and predispose iCMs to reentrant 

arrhythmias. Together, eFat-EVs can induce both structural and electrical remodeling that 

promotes an AF-prone milieu.  
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Methods of EV Isolation Face Significant Limitations 

EV studies are limited by the imperfections of EV isolation methods.15, 18 The assessment of EV 

biological activities is difficult because there is no “gold standard” protocol for complete 

recovery of EVs with their native shape and function. 15, 18 A major obstacle in EV isolation and 

separation is protein contamination.18 Here, we tested several methods to isolate and purify eFat-

EVs-namely, comparing UC with SEC. The latter emerged as a reliable, efficient and 

reproducible method to improve EV recovery, eliminate protein contamination, preserve vesicle 

structure, and maintain biological activity of EVs.25 Purification and enrichment of EVs, 

however, may attenuate the biological impact of unpurified EVs. This reduced effect was most 

likely due to removal of “contaminated” proteins, which also play a causal role in the 

pathogenesis of atrial myopathy and fibrillation in vivo.  

Another obstacle was ensuring that recovered vesicles were truly from the extracellular 

space, rather than being intracellular vesicles or artefactual particles released from damaged cells 

or tissues.18 Here, to ensure that the EVs were not artefactually created from damaged cells, we 

cultured the eFat tissue for nine days.47 The rationale for a 9-day organ culture was based on a 

previous work that showed that at the early days of culture (1–2 days), the levels of 

inflammatory cytokine were high, compared with the levels in freshly obtained adipose tissue.47 

Thus, short-term incubation would not have been appropriate for our work. Finally, previous 

report have suggested that organ culture is the preferred method to assess the long-term 

regulation of gene expression and adipocyte function within the adipose tissue, as well the 

correlation with in vivo effects.48  

 Finally, apoptotic cells and bodies may contaminate EVs isolated from cells.49 In our 

work, we used several approaches to exclude apoptotic body contamination. We found that high-
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density sucrose cushion eliminated the ER-contamination, as indicated by the resident protein 

calreticulin. But apoptosis characterizes pathological fat deposition because the abnormal 

expansion of adipose tissue generates areas of inflammation, fibrosis and hypoxia, leading to cell 

necrosis and apoptosis.50 We observed many apoptotic cells in fresh eFat specimens from cardiac 

patients with and without AF. Thus, our culture conditions captured the situation in vivo.  

Summary, Potential Implications, and Future Research  

This study is the first to suggest that eFat-EVs contribute, at least in part, to the development of 

atrial myopathy and AF (Figure 8). We show that dissemination of the eFat signals via EVs can 

impact human cardiac cells and increase vulnerability to reentry. These new findings may also 

shed light on the pathogenesis of other cardiovascular diseases linked to eFat and obesity, such 

as coronary artery disease, cardiac ageing, and heart failure with preserved ejection fraction. 

However, further research is needed to confirm this relation to these other diseases. Another 

challenge will be to translate our results into clinical application in terms of EV-based 

diagnostics and therapies to modify eFat inflammation and fibrosis. The relationship between 

eFat and AF is multifactorial and bidirectional. Understanding of the eFat physiology and the 

relative role of EVs may help us to improve future therapies to prevent and treat AF and 

possibly other cardiovascular diseases.  
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Table 1. Patient Characteristics.  
 

Characteristics AF  
n = 32 

No-AF  
n = 30 

p value 
 

Age, in years (mean ±SD) 69 ± 11 63 ± 13 0.06 
Sex (male) (%) 18 (56) 18 (60) 0.8 
PAF (%) 13 (41) 0(0) <0.001 
Previous heart surgery (%)  6 (19) 0 (0) 0.02 
Hypertension (%) 22 (69) 19 (63) 0.79 
BMI, in kg/m2 (mean ±SD) 26.1 ± 3.3 28.1 ± 3.9 0.12 
Obesity (%) 6 (19) 12 (40) 0.09 
Diabetes mellitus (%) 14 (44) 10 (33) 0.44 

Insulin (%) 2 (6) 6 (20) 0.14 
NIDDM (%) 12 (37) 4 (13) 0.04 

Ischemic heart disease (%) 16 (50) 17 (57) 0.62 
HFpEF (%) 0 (0) 0 (0) 1.0 
Renal impairment (%)  9 (28) 6 (20) 0.56 
COPD (%) 3 (9) 3 (10) 1.0 
Obstructive sleep apnea (%) 2 (6) 0 (0) 0.49 
Dyslipidemia (%) 21 (66) 23 (77) 0.41 
PVD (%) 4 (12) 2 (7) 0.67 
Medication     
Anticoagulation (%) 29 (91) 3 (10) <0.001 
Statin therapy (%) 21 (66) 21 (70) 0.79 
Echocardiographic     
LVEF (%, mean ±SD) 53.8 ± 11.1 57.1 ± 10.9 0.05 
LVEDD (mean ±SD) 50.1 ± 7.6 47.8 ± 6.8 0.27 
LA diameter AP (mm, mean ±SD) 50.3 ± 8.7 37.9 ± 5.9 <0.001 
LA systolic area (cm2, mean ±SD) 35.1 ± 11.8 21.4 ± 6 <0.001 
Moderate/severe MR (%) 15 (47) 12 (41) 0.79 
Moderate/ severe MS (%) 8 (25) 3 (10) 0.19 
Moderate/ severe AS (%) 7 (22) 7 (24) 1.0 
Moderate/ severe TR (%) 9 (28) 4 (14) 0.22 
SPAP (mean ±SD) 48.2 ± 18.8 37.8 ± 14 0.02 
Surgery     
Mitral valve repair/replacement (%) 22 (69) 13 (43) 0.07 
Aortic valve replacement (%) 9 (28) 9 (30) 1.0 
Tricuspid valve repair (%) 11 (34) 3 (10) 0.03 
CABG (%) 11 (34) 14 (47) 0.44 
Maze procedure (%) 8 (25) 0 (0) 0.01 

Classification to AF was based on the AHA/ACC Definition: Paroxysmal AF was defined as episodes of AF 
that terminated spontaneously within 7 days. Chronic AF included persistent AF (episodes of AF that lasted for 
more than 7 days and required pharmacologic or electrical intervention to terminate), long-standing persistent 
AF (AF that has persisted for more than 12 months, either because cardioversion had failed or because 
cardioversion had not been attempted), and permanent AF.17 The statistical method used was Fisher's exact test 
for comparison of categorical variables, and a Mann-Whitney U test for comparison of continuous variables. 
Abbreviations: AF = atrial fibrillation; AS = aortic stenosis; BMI = body mass index; CABG = coronary artery 
bypass grafting; COPD = chronic obstructive pulmonary disease; HFpEF = heart failure with preserved 
ejection fraction; LA = left atrium; LVEDD = left ventricular end diastolic diameter; LVEF = left ventricular 
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ejection fraction; MR = mitral regurgitation; MS = mitral stenosis; NIDDM = non-insulin-dependent diabetes 
mellitus; PVD = peripheral vascular disease; SD = standard deviation; SPAP = systolic pulmonary artery 
pressure; TR = tricuspid regurgitation. 
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Figure Legends  

 

Figure 1. Extensive Inflammation and Fibrosis in eFat of Patients with and without AF. 

To characterize the eFat from cardiac patients, we obtained eFat from patients with and without 

AF. The site of biopsy was the eFat near the base of the pulmonary arteries. Fresh and cultured 

eFat were cryosectioned and stained with:  

A) H&E  

B) Picrosirious red for collagen and fibrosis.  

C) Anti-CD68 antibodies for macrophages. 

D)  Anti-SMA antibodies for myofibroblasts, smooth muscle cells and pericytes. 

E) Anti-CD31 antibodies for ECs. 

F) Anti-caspase antibodies for apoptotic cells. 

(G, H) Anti ACE2 antibodies. 

Microscopic examination of eFat specimen revealed distortion of the typically homogeneous and 

finely divided faint septa with excessive extracellular matrix (ECM) deposition (A), thick bands 

of collagen and extensive fibrosis 

 (B), clusters of macrophages (C), myofibroblasts (D), ECs (E), apoptotic cells (F), and robust 

expression of ACE2 at the regions of inflammation and fibrosis (G,H). (n=2) (scale bars 50µm -

100µm).  

(I) XTT- based colorimetric assay of cultured eFat explant from patients (n=2) with and without 

AF revealed a relatively constant number of viable cells in the eFat explant over nine days 

(experiments were performed in triplicates). P values by repeated measures two-way ANOVA 

and Sidak's post-test).  
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Abbreviations: ACE2 -angiotensin converting enzyme 2; AF- atrial fibrillation; EC-endothelial 

cell; eFat-epicardial fat; H&E- hematoxylin-eosin; SMA- smooth muscle actin; XTT- 2,3-bis-(2-

methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt.  

 

Figure 2. Characterization of Unpurified eFat-EVs from Patients with and without AF.  

To characterize the eFat-EVs, we cut eFat specimens into small pieces of 1mm³ and incubated 

the explants in serum-free culture for 9 days. To isolate EVs, the culture medium was collected 

and renewed every 2, 4, 6 and 9 days. eFat-EVs were isolated by UC. Size, distribution and 

concentration of EVs were evaluated by NTA.  

(A) Representative NTA image of eFat-EVs from patients with and without AF.  

(B) Size distribution and concentration analysis of eFat-EVs revealed a higher concentration 

of eFat-EVs secreted from patients with AF (CAF and PAF) than those without AF (p<0.0001 by 

Kolmogorov-Smirnov test). 

(C) Subgroup analysis showed a higher concentration of eFat-EVs from patient with CAF 

than those with PAF or without AF (p<0.0001 by Kolmogorov-Smirnov test).  

(D) Representative TEM image of eFat-EVs from patients with AF (scale bar 200 nm).  

(E) Representative western immunoblot confirmed the presence of the EV-associated 

markers CD63, TSG101 and CD81 (n=3).  

(F-M) To determine the content of eFat-EVs, we measured and compared the levels of EVs-

encapsulated cytokines and free cytokines from patients with and without AF. Cytokine analysis 

revealed that eFat-EVs from patients with AF carried higher amounts of proinflammatory and 

profibrotic cytokines IL1-α (F), IL-6 (G), TNF-α (H), IL-4 (I), as well as adiponectin (K), but 

lower amounts of IL-10 (J), VEGF (L) and sFLT-1 (M) than patients without AF.  
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(N-U) Excluding IL-1 α, the levels of soluble free cytokines secreted from eFat explants were 

similar in patients with and without AF. (n=25, results are presented as the mean of cytokine 

secretion levels (pg/number of EVs±SEM) for EVs-encapsulated cytokines and (pg/mL ±SEM) 

for free cytokines, p values were calculated by Mann-Whitney test).  

(V) Except for IL-1α, there was no correlation between the amount of eFat-derived free (soluble) 

cytokines (N-U) and the cytokines encapsulated in EVs. (n=12, p values were calculated by 

Spearman correlation test).  

Abbreviations: AF - atrial fibrillation; eFat - epicardial Fat; CAF - chronic atrial fibrillation; IL 

- Interleukin; NTA - nanoparticle tracking analysis; PAF - paroxysmal atrial fibrillation; EVs - 

extracellular vesicles; sFLT-1 - soluble fms-like tyrosine kinase-1; TEM - transmission electron 

microscope; TNF-α - tumor necrosis factor – α; TSG101 - tumor susceptibility gene 101; UC - 

ultra centrifugation; VEGF - vascular endothelial growth factor;  

 

Figure 3. Characterization of Purified eFat-EVs from Patients with and without AF. 

To further characterize eFat-EVs, we purified and enriched EVs by SEC. The eFat-EV samples 

were allowed to run into the column and the eluate was collected into 36 sequential fractions of 2 

mL.  

(A) NTA and protein analysis revealed two peaks of particles (fractions 2 to 18 and fractions 19 

to 25), and late peak of protein (fractions 26-36) (n=5, data shown as EV and protein 

concentration).  

(B) NTA analysis revealed a greater amount and larger size of particles in fractions 19-25 than 1-

18 (p value was calculated by Kolmogorov-Smirnov test). 
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(C) NTA analysis of fractions in 1-18 revealed EVs that ranged between 50-150nm and varied 

between patients with and without AF (p values by Kolmogorov-Smirnov test). 

(D) Representative TEM images of EVs from fractions 1-18. (n=5, scale bar 200nm).  

(E) Flow cytometry analysis of the EV marker CD81: FSC versus SSC dot plot where eFat-

EVs are gated. Representative dot plot showing right-shift of fluorescent intensity for the 

positive populations of beads-EVs complex (blue CD81+, red isotype), (n=2).  

(F) eFat-EVs from patients with and without AF are >60% positive for CD81 (n=2, data are 

presented as % of positive cells, p values by Mann-Whitney test).  

(G) Analysis of the lipoproteins VLDL and LDL revealed higher amounts of lipoproteins in 

fractions 19-25 (n=5, data are presented as µg/well of lipoproteins, p values by two-way 

ANOVA and Sidak's post-test).  

(H) HDL analysis revealed higher amounts of lipoproteins in fractions 19-25 (n=5, data are 

presented as µg/well of lipoproteins, p values by two-way ANOVA and Sidak's post-test).  

To determine whether SEC-based EV purification affects the profile of eFat-EVs, we isolated 

(UC) and purified (SEC) EVs from the same medium samples and analyzed several 

representative cytokines by ELISA. Cytokine analysis revealed that unpurified (UC), and 

particularly purified (SEC) eFat-EVs from patients with AF carried a greater amounts of 

cytokines, such as IL1-α (I), adiponectin (J), osteopontin (K), and IL-6 (L). The amount of TNF-

α was greater in unpurified eFat-EVs from patients with AF than patients without AF (M). The 

amounts of purified and unpurified EV-encapsulated cytokine IL1-β (N) were similar in patients 

with and without AF, independent of the mode of EV separation. (n=5, results are presented as 

the mean of cytokine levels per 50µg of protein ±SEM, p values by Mann-Whitney test). 
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Abbreviations: AF -atrial fibrillation; eFat - epicardial Fat; ELISA – enzyme linked 

immunosorbent assay; FSC - forward scatter; HDL - high density lipoprotein; IL - Interleukin; 

NTA - nanoparticle tracking analysis; LDL - low density lipoprotein; SEM - standard error of 

the mean; SEC - size exclusion chromatography; EVs - extracellular vesicles; SSC - side 

scattered; TEM - transmission electron microscope; TNF-α - tumor necrosis factor – α; UC - 

ultra centrifugation; VLDL - very low density lipoprotein.  

 

Figure 4. Proteomic Profiling of eFat-EVs.  

To determine differences in the proteome of crude and purified eFat-EVs from patients with and 

without AF, we carried out comparative proteomic analysis. First, we compared the proteome of 

unpurified eFat-EVs (isolated by UC), from patients with vs. without AF. 

(A) To graphically present the quantitative data, we constructed a volcano of plot (log2 fold 

change of AF vs non-AF) vs p value. Volcano plot illustrates significantly differentially 

abundant proteins in unpurified eFat-EVs from patients with and without AF. Points above the 

lower non-axial horizontal line represent proteins with significantly different abundances 

(p<0.05). Points to the left of the left-most non-axial vertical line denote protein log2 

fold changes of AF/non-AF that are lower than −0.8, while points to the right of the right-most 

non-axial vertical line denote protein fold changes of AF/non-AF higher than 0.8. Colored 

numbers at the right and left upper corners indicates: red – p <0.01, blue – 0.01<p <0.05, purple 

– p >0.05. 

(B) PANTHER classification of unpurified (UC) eFat-EV protein categories: AF vs. non-AF. 

Unpurified eFat-EV-derived proteins were clustered according to different categories by the 

PANTHER classification system (http://pantherdb.org).  
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Analysis of biological pathways revealed that pathways relevant to fibrosis, angiogenesis and 

coagulation were present in EVs from patients with and without AF, with more abundance in 

EVs from patients without AF. PANTHER Pathway classification related to fibrosis and 

hypertrophy such as TGF-β 5-hydroxytriptamine (5-HT) pathways were exclusively expressed in 

eFat-EVs from patients with AF. 

Next, we analyzed the proteome of purified eFat-EVs (isolated by SEC), from patients with vs. 

without AF. 

(C) Volcano plot illustrates significantly differentially abundant proteins in pure eFat-EVs from 

patients with vs. without AF.  

(D) PANTHER classification of purified (SEC) eFat-EV protein categories: AF vs. non-AF. 

Purified eFat-EV-derived proteins were clustered according to different categories by the 

PANTHER classification system. PANTHER Pathway classification revealed that pathways 

related to atrial fibrosis, angiogenesis, apoptosis and myopathy are exclusively expressed in 

purified eFat-EVs from patients with AF (including Wnt signaling, 5-HT pathways, T cell 

activation, VEGF, FGF, EGF signaling).  

Abbreviations: AF - Atrial Fibrillation; eFat - epicardial Fat; EGF – epidermal growth factor; 

FGF – fibroblast growth factor; HT – hydroxytriptamine; EVs - Extracellular Vesicles; VEGF – 

vascular endothelial growth factor; SEC - size exclusion chromatography; EVs - extracellular 

vesicles; UC - ultra centrifugation.  

 

Figure 5. eFat-EVs Stimulated Fibrosis.  

To determine whether eFat-EVs stimulate cardiac fibrosis, we used human MSCs from the RA 

appendage and migration scratch assay. We scratched the sheet of cultured MSCs with tip of 
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pipette (10µl). Next, we exposed the MSCs to eFat-EVs (50µg/ml of protein) from patients with 

and without AF.  

(A) Representative images of human MSCs, 48 hours after scratch and exposure to unpurified 

eFat-EVs from patients with and without AF.  

(B) Unpurified eFat-EVs from patients with AF had a greater effect on MSC proliferation, 

migration and gap closure than those from patients without AF (n=5, data shown as scratch area 

in pixels, p values calculated by repeated measures two-way ANOVA and Sidak's post-test).  

(C) To exclude the effect of “contaminated” proteins, we repeated the scratch assay using SEC-

based purified eFat-EVs. Representative images of human MSCs, 48 hours after scratch and 

exposure to purified eFat-EVs from patients with and without AF.  

(D) Purified eFat-EVs from patients with AF had a greater effect on MSC proliferation, 

migration, and gap closure, than those from patients without AF (n=5, data shown as scratch area 

in pixels, p values calculated by repeated measures two-way ANOVA and Sidak's post-test).  

(E-G) To determine the potential role of eFat EV-derived miRNA, we used PCR to assess 

specific EV-encapsulated miRNAs that could influence cardiac fibrosis. The expression of 

profibrotic EV encapsulated miR-146b was higher (E), while anti-fibrotic miR-133 (F) and miR-

29a (G) were lower in eFat-EVs from patients with AF, than those without AF. (n=5, data shown 

as relative miRNA expression level, calculated values were normalized to U6, p values by Mann-

Whitney test).  

(H-I) To confirm profibrotic properties of eFat-EVs in vivo, we injected eFat-EVs from patients 

with and without AF to the LV free wall of Sprague-Dawley female rats (250-300g) (n=3). 

Picrosirius-Red staining for collagen revealed extensive myocardial fibrosis in the hearts treated 
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with eFat-EVs from patients with AF. The extent of fibrosis appeared smaller in hearts treated 

with eFat-EVs from non-AF patients (I). 

Abbreviations: AF - atrial fibrillation; eFat - epicardial fat; LV - left ventricle; MSCs – 

mesenchymal stromal cells; RA - right atrial; SEC - size exclusion chromatography; EVs - 

extracellular vesicles.  

 

Figure 6. eFat-EVs Targeted Endothelial Cells and Simulated Angiogenesis. 

To determine whether eFat-EVs can target endothelial cells, we labeled eFat-EVs with the 

PKH26 fluorescent dye and incubated them with HUVECs. 

(A) Representative images of PKH26-labeled eFat-EVs uptake labeled with PKH26, by 

HUVEC cells after 11h (n=2, scale bar 50µm).  

(B) An intensive uptake of eFat-EVs by the ECs that peaked within one hour from 

incubation, and remained stable for 56 hours. Data shown as mean intensity per cell, P-value and 

R2 were calculated by simple linear regression.  

(C) To evaluate the angiogenic power of eFat-EVs we used the angiogenic tube formation 

assay. Representative images of angiogenic tube formation of HUVEC cells incubated with eFat-

EVs from patients with and without AF after 11h (n=5, scale bar 200µm). 

(D) Unpurified eFat-EVs from patients with AF had a greater angiogenic effect, than patients 

without AF (n=5, data are shown as the number of polygons, p values were calculated by Mann-

Whitney test).  

(E) To isolate the effect of protein contamination on the proangiogenic effects of eFat-EVs, 

we repeated the angiogenic tube formation assay after eFat-EVs purification by SEC. 

 

D
ow

nloaded from
 http://ahajournals.org by on A

pril 2, 2021



10.1161/CIRCULATIONAHA.120.052009 

41 

Representative images of angiogenic tube formation of HUVEC cells incubated with purified 

eFat-EVs from patients with and without AF after 11h (n=5, scale bar 200µm). 

(F) After SEC-based purification, the angiogenic effect of eFat-EVs was preserved. eFat-EVs 

from patients with AF had a greater angiogenic effect than those from patients without AF (n=5, 

data shown as a number of polygons, p values were calculated by Mann Whitney test).  

Abbreviations: AF - atrial fibrillation; eFat - epicardial Fat; HUVEC - human umbilical vein 

endothelial cells; UC - ultra centrifuge; SEC - size exclusion chromatography; EVs - 

extracellular vesicles.  

 

Figure 7. eFat-EVs Modify hiPSC-CCSs' Electrophysiological Properties and Facilitate 

Reentry. 

To study the potential effects of the EVs on the electrophysiological properties of human cardiac 

tissue, we generated hiPSC-derived cardiac cell sheets (hiPSC-CCSs) that express the 

genetically-encoded voltage fluorescent indicator ArcLight. We used a high density 30% sucrose 

cushion to eliminate microsomes and apoptotic bodies from eFat-EVs, and incubated purified 

eFat-EVs or PBS (no vesicles) with hiPSC-CCSs.  

(A) EVs derived from patients with and without AF shortened the APD80 (action potential 

duration at 80% of repolarization) after 120 and 168 hours of eFat-EV exposure, as compared 

with PBS. A linear mixed-effects model showed a significant decrease in APD80 over time (P < 

0.0001). Over time, the pattern differed significantly by treatment (p for treatment by time 

interaction=0.0006). The slope of APD80 change over time (estimate±SE) with non-AF vesicles, 

control vesicles, and AF vesicles was -9.3 ±1.2, -13.1±1.2, and -16.1± 1.3 (msec/24h), 

respectively (p=0.003 for the AF vesicle vs. no vesicles; p=0.1 for control vesicles vs. no 
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vesicles). At the 169h time point, the mean shortening in APD80 from baseline was 49.6 ± 19.1 

msec higher in the AF vesicles compared with no vesicles (p=0.02).  

(B) The change in conduction velocity over time was similar in the 3 groups (p=0.24).  

(C-D) Representative images of activation maps derived after programmed electrical stimulation 

show sustained rotor activity (C) and normal activation (D) of hiPSC-CCSs after treatment with 

eFat-EVs from patients with and without AF.  

(E-G) Pie charts show the percentage of sustained rotor generation, non-sustained (transient) 

rotor generation, and no arrhythmia after treatment with eFat-EVs from patients with AF (E) or 

without AF (F) or without EVs (G). Note the significant increase in the inducibility of sustained 

rotor in the group of hiPSC-CCSs, treated with eFat-EVs from patients with AF, compared with 

the merged group hiPSC-CCSs, treated with eFat-EVs from patients without AF or PBS (3 of 6 

vs. 0 of 15, p=0.01 by Fisher exact test). 

Abbreviations: ADP - action potential duration; AF - atrial fibrillation; CCSs - cardiac cell 

sheets; eFat - epicardial Fat; hiPSC - human induced pluripotent stem cells; PBS – phosphate 

buffered saline; EVs - extracellular vesicles. 

 

Figure 8. eFat-EVs Trigger Atrial Inflammation, Fibrosis and Fibrillation. 

Systemic disorders such as metabolic syndrome, obesity, and oxidative stress stimulate eFat 

expansion, inflammation and fibrosis. EVs secreted from eFat carry proinflammatory, 

profibrotic, and proarrhythmic molecules. eFat-EVs target atrial cells such as cardiomyocytes, 

mesenchymal stromal cells and endothelial cells. eFat-EVs induce cellular, molecular and 

electrophysiological remodeling resulting in atrial myopathy and generation of the 
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arrhythmogenic substrate for the initiation and maintenance of AF. Abbreviations: AF - atrial 

fibrillation; eFat - epicardial fat; EVs - extracellular vesicles;  

Created with BioRender.com 
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