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A B S T R A C T   

Background: Fibroblast-derived exosomes can regulate the electrical remodeling of car-
diomyocytes, and the intermediate-conductance calcium-activated potassium channel (KCa3.1) is 
important in atrial electrical remodeling. However, the underlying molecular mechanisms remain 
unclear. This study aimed to investigate the regulation of cardiac electrophysiology by exosomes 
linked to KCa3.1. 
Methods: Atrial myocytes (AMs) and atrial fibroblasts were isolated from Sprague-Dawley suck-
ling rats and cultured individually. The cellular atrial fibrillation (AF) model was established via 
electrical stimulation (1.0 v/cm, 10 Hz), and fibroblast-derived exosomes were isolated via ul-
tracentrifugation. Exosomes were co-cultured with AMs to investigate their influences on KCa3.1 
and the underlying mechanisms. Nanoparticle tracking analysis and transmission electron mi-
croscopy were used to measure exosome particle sizes and concentrations. Whole-cell patch 
clamp was applied to record the current density of KCa3.1 and action potential duration (APD). 
The expression of miR-21-5p was detected by reverse-transcription polymerase chain reaction 
(RT-PCR). Western blotting or immunofluorescence was used to measure the expression of exo-
somal markers, Akt phosphorylation, and KCa3.1. 
Results: Rapid pacing promoted the secretion of exosomes from atrial fibroblasts and miR-21-5p 
expression in atrial fibroblasts and exosomes. KCa3.1 protein expression and current density 
significantly increased, and APD50 and APD90 were sharply shortened after rapid pacing in AMs. 
TRAM-34 (KCa3.1 blocker) extended APD and reduced susceptibility to AF. KCa3.1 and P-AKT 
expressions were amplified after co-culturing AMs with exosomes secreted by atrial fibroblasts. In 
contrast, the increase in KCa3.1 expression was reversed after the cells were co-cultured with 
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exosomes secreted by atrial fibroblasts that were transfected with miR-21-5p inhibitors or after 
the use of LY294002, a PI3K/Akt pathway inhibitor. 
Conclusions: Rapid pacing promoted the secretion of exosomes from fibroblasts, and miR-21-5p 
was upregulated in exosomes. Moreover, the miR-21-5p-enriched exosomes upregulated KCa3.1 
expression in AMs via the PI3K/Akt pathway.   

1. Introduction 

Current experimental and clinical studies have found that electrical and structural remodeling, inflammation responses, and 
autonomic neural dysregulation are involved in the incidence and maintenance of atrial fibrillation (AF) [1–3]. However, the mo-
lecular mechanisms underlying the occurrence of AF are still unclear. Recent studies have demonstrated that exosomes have unique 
pro-inflammatory, profibrotic, and pro-arrhythmic characteristics [4]. For instance, microRNA-21 (miR-21) is an important compo-
nent of exosomes that promotes myocardial interstitial fibrosis [4,5]. The exosomal miR-1247-3p is secreted by hepatocellular car-
cinoma cells into fibroblasts, producing inflammatory factors [6]. According to our previous study of a canine model, GW4869-induced 
inhibition of exosome release may alleviate atrial fibrosis to suppress AF induction. This mechanism could be correlated with profi-
brotic miR-21-5p enriched in exosomes and its downstream TIMP3/TGF-β1 pathway [7]. 

The accumulation of cross-linked collagen in atrial myocardial fibroblasts is associated with the structural remodeling of AF 
[8–10]. For example, fibroblasts can be transformed into myofibroblasts as a result of mechanical stress or ischemic injury, inflam-
mation, or irregular high-frequency electrical activity, which in turn secrete large quantities of paracrine factors and extracellular 
matrix proteins, leading to cardiac fibrosis and impairing regular impulse propagation [11]. In addition, Fibroblasts can couple to 
cardiomyocytes and substantially affect the cell’s electrical characteristics, including conduction, excitability, resting potential, and 
repolarization [12–16]. Recently, Li et al. revealed that fibroblast-derived exosomes could affect the electrical remodeling of car-
diomyocytes and contribute to AF, but, the detailed composition and mechanism are still unclear [17]. 

Intermediate-conductance calcium-activated potassium channel (KCa3.1) is one of the family members of calcium-activated po-
tassium channels, crucial for arrhythmia development [18]. For instance, KCa3.1 helps to regulate the repolarization phase of the 
cardiac action potential. It allows potassium ions to leave the cell when intracellular calcium ions are elevated, contributing to the 
return of the cell membrane potential to its resting state [18,19]. Dysregulation or dysfunction of KCa3.1 can lead to alterations in 
repolarization, which is a known risk factor for the development of cardiac arrhythmias [20,21]. KCa3.1 plays a role in the activation 
of immune cells and the production of inflammatory cytokines. Chronic inflammation within the heart can lead to structural and 
electrical remodeling, further increasing the risk of arrhythmias [22]. Our previous studies have revealed that during rapid atrial 
pacing in canines, the KCa3.1 expression in the atrium was enhanced. TRAM-34 completely blocked AF induction and suppressed 
electrical remodeling and atrial fibrosis development [21,23]. However, the effects of fibroblasts on KCa3.1 in atrial myocytes (AMs) 
are unknown. 

Therefore, we hypothesized that exosomes derived from cardiac fibroblasts facilitate atrial electrical remodeling by regulating 
KCa3.1. This study aimed to investigate the roles of fibroblast-originated exosomes in the AMs during AF and explore the underlying 
mechanisms. 

2. Methods 

The research work was carried out in accordance with the Guidelines for the Care and Use of Laboratory Animals of the National 
Institutes of Health (NIH) and was approved by the Animal Research Subcommittee of the Renmin Hospital of Wuhan University 
Institutional Review Board (Approval NO. WDRM 20191211). 

2.1. Culture of atrial fibroblasts and AMs 

Sprague-Dawley suckling rats (male, 1–3 days old, SPF class) were used in this study. The operation site was disinfected with 75 % 
ethanol for 10 s, and the chest cavity was opened with ophthalmic scissors; then, the heart was resected with ophthalmic forceps and 
subsequently placed in pre-chilled phosphate buffer saline (PBS). The residual blood in the heart was washed out by squeezing both 
sides of the heart with straight ophthalmic forceps. The atria were cut into small pieces in sterile PBS and digested for 10 min at 37 ◦C 
with 0.04 % collagenase and 0.08 % trypsin. 

The supernatant was collected, and 0.125 % of trypsin was added 5–10 times for 5 min each time until the heart tissue was entirely 
digested. After that, the cell suspension was centrifuged for 10 min at 1000 rpm, followed by the collection of cell pellets, which were 
suspended in Dulbecco’s Modified Eagle’s Medium (5 mM glucose, Gibco) with 10 % fetal bovine serum (FBS, Invitrogen), penicillin 
(100 U/mL) and streptomycin (100 mg/mL). After 2 h of incubation in humid conditions in flasks with 5 % CO2 at 37 ◦C, the AMs and 
atrial fibroblasts were isolated via differential attachment. 

2.2. Tachypacing of AMs and atrial fibroblasts 

The cells were processed when their sizes increased by approximately 60–80 %. Holes were punched on either side of the petri 
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dishes using an electric soldering iron, and the high-temperature-disinfection carbon electrode with a 0.5 cm diameter was ensconced 
in these dishes to connect with the culture medium. An external connection was established between the carbon electrode and the 
stimulation system (Master 8, Israel), and 1.0 v/cm of electric field and 10 Hz of frequency were used to stimulate the incubator. The 
cells were harvested after 48 h of incubation [24]. 

2.3. Exosome isolation and characterization 

The atrial fibroblast culture supernatant (40 mL) was collected from an average of 20 plates after incubation with and without 
pacing for 48 h. Centrifugation was performed at 3000 rpm at 4 ◦C for 30 min to eliminate dead cells, and the supernatant was further 
centrifuged at 10,000 rpm at 4 ◦C for 20 min to remove swollen vesicles and debris. After filtration (0.2 μm), centrifugation was 
performed on a 60 % iodixanol cushion (Sigma-Aldrich) for 70 min at 100,000 rpm (Type 45 Ti, Beckman Coulter). Supernatant 
centrifugation was performed again at 100,000 rpm at 4 ◦C for 70 min (SW 40 Ti Rotor) with optiPrep (5 %, 10 %, and 20 % w/v 
iodixanol) for further exome purification. 

Several techniques were employed to characterize exosomes, including transmission electron microscopy (TEM), nanoparticle 
tracking analysis (NTA), and western blotting. For TEM, isolated exosomes (100 μL) were fixed overnight with 25 % glutaraldehyde, 
placed in a copper net, and stained for 2 min with 2 % phosphotungstic acid oxalate. A transmission electron microscope (HT-7700, 
Japan) was utilized to capture images. Using NTA, exosome concentrations and particle sizes were assessed with the aid of the 
ZetaView PMX 110 (Particle Metrix, Meerbusch, Germany) and the ZetaView 8.04.02 software. A PBS buffer (Biological Industries, 
Israel) was added to isolated exosomes for the dilution and measurement of particle sizes and concentrations by NTA. The calibration 
of the ZetaView system was performed using 110-nm polystyrene particles while maintaining the temperature between 23 and 37 ◦C. 
Exosome protein markers (CD63, CD81, and TSG101) were examined via Western blot. 

2.4. Electrophysiology 

The membrane current in cultured AMs was measured by the whole-cell patch-clamp technique utilizing an EPC-9 amplifier (HEKA 
Instruments). Borosilicate glass patch pipettes with 4–10 MΩ tip resistance were pulled (PB-7; Narishige, Tokyo, Japan), and the seal 
resistance was greater than 1 GΩ. After placing in a small chamber (approximately 1.0 mL) for infusion, the cells were examined with 
the inverted microscope (IX70; Olympus, Japan), with built-in standard video camera systems and Hoffman modulation contrast 
optics. All data were recorded and saved on a computer with the Pulse/PulseFit software for further analysis. The recording performing 
temperature was approximately 20–21 ◦C. 

For KCa3.1, the bath solution was prepared using 140 mmol/L NaCl, 5 mmol/L KCl, 3.8 mmol/L CaCl2, 1.2 mmol/L MgSO4, 10 
mmol/L glucose, and 10 mmol/L HEPES, at pH 7.4. The pipette solution was prepared using 2 mmol/L MgSO4, 135 mmol/L KCl, 2.5 
mmol/L ATP, 10 mmol/L EGTA, 7 mmol/L Cacl2, and 10 mmol/L HEPES, at pH 7.2 adjusted with KOH. For action potential duration 
(APD) recording, atrial myocytes were bathed with Tyrode solution containing 136 mmol/L NaCl, 5.4 mmol/L KCl, 1.8 mmol/L CaCl2, 
1 mmol/L MgCl2, 0.33 mmol/L NaH2PO4, 10 mmol/L HEPES, and 5.5 mmol/L glucose, at pH 7.4 adjusted with NaOH. The pipette 
solution used 110 mmol/L potassium aspartate, 20 mmol/L KCl, 8 mmol/L NaCl, 1 mmol/L MgC12, 1 mmol/L CaC12, 10 mmol/L 
EGTA, 4 mmol/L Na2ATP, and 10 mmol/L HEPES, at pH 7.2 adjusted with KOH. APD50 and APD90 were the APD values from the peak 
to the 50 % and 90 % repolarization levels. 

2.5. Western blotting 

AMs were lysed using the Western-IP Lysis Buffer (Beyotime, Shanghai, China) and centrifuged for 5 min at 4 ◦C for protein 
lysates. Protein concentrations were measured using the bicinchoninic acid (BCA) protein concentration determination assay kit 
(Beyotime, Shanghai, China). Western blot was performed on SDS-PAGE, and proteins on the gel were transferred to the poly-
vinylidene fluoride (PVDF) membrane (Millipore, USA). After blocking for 1 h, the transfer membrane was incubated with the 
rabbit anti-rat primary antibody (1:1000) at 4 ◦C overnight. Then, the membrane was washed with the tris-buffered saline with 0.1 
% Tween® 20 Detergent (TBST), and it was incubated with the goat anti-rabbit secondary antibody (1:5000) for 1 h at room tem-
perature. Electrochemiluminescence was used to develop and capture images, and protein band intensities were assessed using 
ImageJ software. 

2.6. Real-time fluorescent quantitative PCR 

TRIpure Total RNA Extraction Reagent (ELK Biotechnology, China) was used to extract total RNA, following the manufacturer’s 
instructions. Relative expression of U6 and miR-21-5p was measured using Stem-Loop RT-qPCR with the Enturbo™ SYBR Green PCR 
Supermix Kit (ELK Biotechnology, China) and the StepOne™ Real-Time PCR instrument (Life Technology, the USA). Data were 
analyzed using the 2− ΔΔCT method. 

2.7. Immunofluorescence 

Formaldehyde (4 %) was used to fix AMs (20 min). Then, AMs were washed thrice with PBS (5 min each). Blocking was performed 
using 3 % BSA, and AMs were incubated overnight with KCa3.1 antibody (Bioss, the USA) at a dilution of 1:150 at 4 ◦C. After washing 
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and incubation with secondary antibody for 1 h at room temperature, DAPI (Biotechnology, China) was employed to counterstain the 
nuclei, and images were observed using fluorescence microscopy. 

2.8. Statistical analysis 

The data was presented using mean ± standard deviation. Tukey-Kramer test was used to determine significant differences, and the 
two-tailed independent Student’s t-test and ANOVA and Newman-Keuls tests were used for the analysis of the means of two groups and 
the mean values of continuous variables in multiple groups, respectively. All data were assessed using GraphPad Prism 9 (GraphPad, 
the USA). All statistical tests were two-sided. A P-value of ＜0.05 was considered statistical significance. 

3. Results 

3.1. Increased release of exosomes derived from atrial fibroblasts with rapid pacing 

The characteristics of exosomes isolated from the atrial fibroblast supernatant were confirmed by TEM, NTA, and Western blot 
(Fig. 1). The isolated exosomes were identified as extracellular vesicles (EVs) with a diameter of approximately 100–200 nm diameter 
measured by TEM (Fig. 1A, B, C, D), and the distribution of size and proximal density were determined by NTA. Fig. 1E shows the 
concentration of exosomes in the supernatant. It increased from (1.193 ± 0.09) × 1012 to (1.613 ± 0.10) × 1012 vesicles/mL (P < 0.05) 

Fig. 1. Characteristics of exosomes secreted by atrial fibroblasts. A, B Typical electron microscopic images of exosomes isolated from the atrial 
fibroblast supernatant (n = 3, scale bar: 200 nm). C, D Typical nanoparticle tracking analysis (NTA) images of particle size of exosome and its 
concentration (n = 3; dilution ratio: 1:1000). E NTA analysis and the volume of supernatant were used for the determination of supernatant exosome 
concentration (n = 3, **P < 0.01). F Western blot images of the typical exosome markers CD63, CD81, and TSG101. G–I The average expression 
levels of CD63, CD81, and TSG101 in exosomes (n = 3, *P < 0.05, **P < 0.01). 
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after rapid pacing. The exosome markers CD63, CD81, and TSG101 (Fig. 1F) were analyzed via Western blot, and their levels increased 
after rapid pacing compared to the control (CD63: 0.24 ± 0.01 vs. 0.56 ± 0.05, P < 0.01; CD81: 0.55 ± 0.03 vs. 0.94 ± 0.02, P < 0.01; 
TSG101: 0.40 ± 0.01 vs. 0.70 ± 0.10, P < 0.01 (Fig. 1G–I)). 

3.2. miR-21-5p expression in exosomes and atrial fibroblasts 

Fig. 2A demonstrates that miR-21-5p expression in the exosomes was substantially amplified compared to the control after rapid 
pacing (P < 0.001). However, the amplification was reversed by miR-21-5p inhibition treatment (P < 0.001). Furthermore, its 
expression in fibroblasts was consistent with that in exosomes (Fig. 2B). Therefore, these observations indirectly indicate that 
tachypacing of atrial fibroblasts increased miR-21-5p expression. 

3.3. Alterations of KCa3.1 current and APD in AMs with tachypacing 

The KCa3.1 current regulation and the effect of tachypacing on the alterations of KCa3.1 current and APD in rat AMs were 
investigated. Using the whole-cell patch clamp method, we recorded KCa3.1 expression in isolated rat AMs with 100-ms voltage steps 
between − 100 and + 100 mV from a holding potential of − 70 mV (inset) (Fig. 3A). The membrane current was blocked by a KCa3.1 
blocker, TRAM-34 (1 μmol/L), with weak inward rectification at more positive potential. Therefore, the KCa3.1 current was one of the 
predominant potassium-channel currents in AMs. The rapid pacing for 48 h revealed that the membrane current and TRAM-34 in-
hibition were significantly elevated in AMs (Fig. 3B). Compared to the control, APD50 and APD90 were significantly shortened in AMs 
after rapid pacing (46.16 ± 3.98 vs. 18.82 ± 2.20 ms, 106.51 ± 4.04 vs. 46.60 ± 4.23 ms, respectively; P < 0.01; Fig. 3F, G, H). After 
TRAM-34 treatment, APD50 and APD90 were increased (18.82 ± 2.20 vs. 28.16 ± 1.58 ms, 46.60 ± 4.23 vs. 57.84 ± 2.51 ms, 
respectively; P < 0.05; Fig. 3F–H, I). Fig. 3E shows the average of the current-voltage relationships of the TRAM-34-sensitive current, 
which was derived by numerically subtracting the current level before TRAM-34 and the level of current after adding TRAM-34 to AMs. 

3.4. Role of exosomal miR-21 secreted by atrial fibroblasts on the KCa3.1 current in AMs 

We investigated the upregulation of KCa3.1 currents caused by exosomes secreted by atrial fibroblasts in AMs. To measure changes 
in the expression level of KCa3.1 currents, AMs were cultured in the medium with and without exosomes at a concentration of 2 × 109 

particles/mL. 
Fig. 3C shows that KCa3.1 membrane current and its suppression increased in cells with exosomes compared to the pacing group. 

Following the addition of miR-21-5P inhibitor to atrial fibroblasts and co-culturing of their secreted exosomes with cardiomyocytes, 
the expression of KCa3.1 current was reduced (Fig. 3D). Therefore, in the AMs, the expression of KCa3.1 currents can be upregulated by 
miR-21-5p-containing exosomes from atrial fibroblasts. 

Fig. 2. miR-21-5p expression in exosomes and atrial fibroblasts. A, B Relative expression levels of miR-21-5p and U6 in atrial fibroblasts and 
exosomes. n = 3, **P < 0.01, ***P < 0.001 compared to the control group, ##P < 0.01 compared to the pacing group. 
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3.5. KCa3.1 upregulation by miR-21-5p via the PI3K/Akt pathway 

Rat AMs were cultured in a medium without (control group) and with rapid pacing for 48 h to determine KCa3.1 expression 
changes to examine whether the increased expression is linked to increased KCa3.1 currents. Figs. 4 and 5C, D illustrate a substantial 

Fig. 3. KCa3.1 currents and APD in atrial myocytes (AMs) isolated from rats. A, B, C, and D According to the protocol provided in the inset, 
membrane currents of the isolated AMs were recorded from rats in various groups before and after the TRAM-34 application (1 μmol/L). E Current- 
voltage relationships of the mean values of TRAM-34-sensitive current obtained via digital subtraction of the current before TRAM-34 application by 
the current after TRAM-34 application. Mean ± SEM was used to present the data, n = 5, *P < 0.05, **P < 0.01 versus control, #P < 0.05, ##P <
0.01 vs. pacing, &P < 0.05, &&P < 0.01 vs. pacing + mir-21 inhibitor. F, Effects of different interventions on APD50 and APD90 in AMs, n = 5, **P <
0.01, ***P < 0.001 vs. the control group, *P < 0.05, vs. the pacing group. G, H, I APD in AMs. 

Fig. 4. Immunofluorescence of KCa3.1 in atrial myocytes (magnification: × 400).  
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increase in KCa3.1 expression in the rapid pacing group compared to the control group (0.513 ± 0.057 vs. 0.190 ± 0.010, P < 0.001). 
When AMs and exosomes with overexpressed miR-21-5p were co-cultured, KCa3.1expression was further increased from 0.513 ±
0.057 to 0.790 ± 0.020 (P < 0.001). The increase was reversed by co-culturing AMs with the exosomes secreted by miR-21-5p in-
hibitor-transfected atrial fibroblasts (0.790 ± 0.02 vs. 0.570 ± 0.056, P < 0.001). Therefore, rapid pacing could upregulate KCa3.1, 
and this effect could be further enhanced by miR-21-5p in exosomes. To explore whether the effect of miR-21-5p on KCa3.1 expression 
is related to the enhanced phosphorylation of PI3K/Akt pathway, we examined the total and phosphorylated Akt levels in AM (Fig. 5A 

Fig. 5. Effects of miR-21-5p on Akt phosphorylation and KCa3.1 in rat atrial myocytes. A, B Western blots and relative levels of the total Akt (T- 
AKT) to the phosphorylated Akt (P-AKT) in rat atrial myocytes treated with exosomes containing miR-21-5p (n = 3, *P < 0.05, **P < 0.01, ***P <
0.001 vs. the control group). C, D Western blots and relative levels of KCa3.1 in rat atrial myocytes treated with exosomes containing miR-21-5p (n 
= 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the control group). E, F Western blots and relative levels of the KCa3.1 channel in cells (n = 3, *P <
0.05, **P < 0.01, ***P < 0.001 vs. the control group, LY: cells treated with 10 μM LY294002). 
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and B). As illustrated in Fig. 5A, under the same treatment, the relative levels of phosphorylated Akt had the same trend as KCa3.1. 
Therefore, miR-21-5p in exosomes could regulate the PI3K/Akt pathway. When exosomes with overexpressed miR-21-5p were co- 
cultured with AMs, KCa3.1 expression was substantially decreased by LY294002 (0.676 ± 0.025 vs. 0.480 ± 0.043, P < 0.001; 
Fig. 5E and F). 

4. Discussion 

This study investigated the impact of fibroblast-derived exosomes on KCa3.1 in AMs and the potential mechanisms in the cellular 
AF model. Novel findings included the following. First, tachypacing enhanced exosome release and miR-21-5p expression in atrial 
fibroblasts. Second, tachypacing upregulated KCa3.1 and APD in AMs. Third, TRAM-34 extended APD in AMs. Finally, the release of 
miR-21-5p-enriched exosomes upregulated KCa3.1 in AMs by activating the PI3K/Akt pathway (Fig. 6). 

Exosomes are EVs secreted by different types of cells, such as macrophages, fibroblasts, and cardiomyocytes, and they function in 
local or distant targets [25]. Because exosomes contain pro-inflammatory and profibrotic molecules, they can significantly affect the 
development of cardiovascular diseases, such as coronary artery disease and myocardial infarction [25,26]. For example, microRNA 
155 in macrophage-derived EVs exacerbates cardiac inflammation, and angiotensin II induces EV release from myocardial fibroblasts, 
enhancing cardiac hypertrophy by altering gene expression in cardiomyocytes [27,28]. Exosomes are correlated with AF occurrence; 
however, the underlying mechanisms remain unclear. Shaihov et al. revealed that epicardial fat (eFat)-derived EVs secreted by patients 
with AF contain more pro-inflammatory and profibrotic cytokines and profibrotic microRNAs than those from patients without AF. 
Only eFat-EVs from patients with AF induced sustained reentry (rotor) in induced pluripotent stem cell-derived cardiomyocytes [4]. 
Our previous study showed an increase in exosome release due to rapid atrial pacing, and AF development was suppressed by atrial 
fibrosis alleviation due to exosome release inhibition by GW4869; therefore, exosomes are closely associated with AF [7]. 

KCa3.1 overexpression or activation in embryonic stem cell-derived cardiomyocytes (ESCMs) significantly increased the triggering 
frequency and area of the embryoid pulse; in contrast, KCa3.1 inhibition significantly reduces or even stops human ESCM autonomy 
[29,30]. It is well known that early or delayed depolarizations are essential for the initiating activity of arrhythmias. Shiraz et al. found 
that in human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) from patients with Catecholaminergic polymorphic 
ventricular tachycardia (CPVT), KCa3.1 inhibition significantly reduces delayed after depolarization (DAD) and calcium transients, 
suppressing ventricular arrhythmias occurrence [18]. Our recent study has revealed that KCa3.1 was subjected to considerable 
upregulation in the atria of canines with sustained rapid atrial pacing, KCa3.1 inhibition significantly prolonged atrial effective re-
fractory period (AERP), shortened AERP dispersion (dAERP), and suppressed AF occurrence [22]. The current study revealed that 
KCa3.1 expression was significantly upregulated in AMs during rapid pacing, consistent with our previous in vivo studies. However, 
the underlying mechanism for the increased KCa3.1 expression with rapid pacing in AMs is unknown. 

Fibroblasts are non-excitable but can transmit currents via connexins between cardiomyocytes in vitro [31]. Exosomes secreted by 
fibroblasts promote fibrosis and regulate the electrical remodeling of AF [17]. Therefore, we studied the effect of fibroblast-derived 
exosomes on KCa3.1 in AMs during AF. We showed that KCa3.1 current and expression were increased in AMs following the addi-
tion of purified exosomes from pacing atrial fibroblasts. Furthermore, rapid pacing enhanced miR-21-5p expression in exosomes and 
atrial fibroblasts. Following the transfection of miR-21-5p inhibitor into atrial fibroblasts, exosomes from these cells were co-cultured 

Fig. 6. Rapid atrial fibroblast pacing induces exosome release. Exosomes containing miR-21-5p were transferred into the atrial myocytes via 
endocytosis. miR-21-5p then upregulated the KCa3.1 by activating the PI3K/Akt pathway, altering myocyte electrophysiology. KCa3.1, 
intermediate-conductance calcium-activated potassium channel; PI3K, phosphoinositide 3-kinases; P-AKT, phosphorylated Akt. 
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with AMs, and KCa3.1 upregulation by exosomes was counteracted. Hence, KCa3.1 upregulation by exosomes secreted by atrial fi-
broblasts is mainly attributed to miR-21-5p. 

The PI3K/Akt signaling pathway has a role in important biological activities, such as apoptosis, cell proliferation, and differen-
tiation. Moreover, it is involved in the pathophysiological processes of several diseases [32]. For instance, previous studies have shown 
that an imbalance in the expression of the PI3K/Akt pathway leads to tumor initiation and angiogenesis [33,34]. Maher et al. found 
that PI3K/Akt activation releases pro-fibrotic mediators, which promotes pulmonary fibrosis development [35]. The PI3K/Akt 
signaling pathway contributes to AF development via different mechanisms, including atrial fibrosis, inflammation, oxidative stress, 
and neuroendocrine regulation [36–38]. Hence, miR-21-5p overexpression upregulates Akt phosphorylation. In contrast, miR-21-5p 
inhibitor decreased Akt phosphorylation. LY294002, a PI3K/Akt pathway inhibitor, significantly inhibited KCa3.1 expression. These 
observations support that KCa3.1 upregulation in AMs was caused by PI3K/Akt activation due to miR-21-5p expression in exosomes 
secreted by atrial fibroblasts. 

5. Conclusions 

This study demonstrated that rapid pacing increased exosome secretion from atrial fibroblasts and miR-21-5p levels within these 
exosomes, which significantly upregulated KCa3.1 expression in atrial myocytes through the PI3K/Akt pathway. KCa3.1 upregulation 
contributes to alterations in APD, highlighting a novel mechanistic pathway for atrial electrical remodeling associated with AF. Our 
findings suggest a critical link between fibroblast-derived exosomes and cardiac electrophysiology, offering potential avenues for 
innovative AF treatments. 
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