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Background. Even though nuclear factor-erythroid 2-related factor 2 (Nrf2) signaling has been associated with the pathogenesis of
multiple heart conditions, data on roles of Nrf2 within atrial fibrillation (AF) still remain scant. The present investigation had the
aim of analyzing Nrf2-overexpressing role/s upon bone mesenchymal stem cell- (BMSC-) derived exosomes in rats with AF.
Methods. Exosomes were collected from control or Nrf2 lentivirus-transduced BMSCs and then injected into rats with AF
through the tail vein. AF duration was observed using electrocardiography. Immunohistochemical staining was then employed
for assessing Nrf2, HO-1, α-SMA, collagen I, or TGF-β1 expression profiles within atrial myocardium tissues. Conversely,
Masson staining was utilized to evaluate atrial fibrosis whereas apoptosis within myocardia was evaluated through TUNEL
assays. In addition, TNF-α, IL-1β, IL-4, or IL-10 serum expression was assessed through ELISA. Results. Results of the current
study showed significant downregulation of Nrf2/HO-1 within AF rat myocardia. It was found that injection of the control or
Lv-Nrf2 exosomes significantly alleviated and lowered AF timespans together with reducing cardiomyocyte apoptosis.
Moreover, injection of Lv-Nrf2 exosomes essentially lowered AF-driven atrial fibrosis and also inhibited inflammatory
responses in the rats with AF. Conclusion. Delivery of BMSC-derived exosomes using overexpressed Nrf2 inhibited AF-induced
arrhythmias, myocardial fibrosis, apoptosis, and inflammation via Nrf2/HO-1 pathway triggering.

1. Introduction

Atrial fibrillation (AF) is an irregular rhythm of the heart
which is mainly characterized by arrhythmia, pulse disorder,
palpitation, dizziness, chest discomfort, and shortness of
breath [1]. Further, the main histological feature for AF is
atrial fibrosis which is often caused by deposition of exces-
sive fibrinogen due to dysregulation of extracellular matrix
metabolism [1, 2]. Several previous studies have shown that
apoptosis of atrial myocytes and atrial fibrosis lead to decel-
eration of atrial conduction velocity which mediates the
occurrence and development of AF [3, 4].

Exosomes are vesicles discharged through multiple cell
types and highly prevalent across bodily fluids. The exo-
somes have significant parts within cellular communications

through DNA, RNA, and proteins [5, 6]. Exosomes have
been widely utilized in the delivery of functional vectors to
recipient cells. Besides, the exosomes have multiple pivotal
parts within cellular signaling, cell differentiation, immune
regulation, metabolic activities, and genomic expression
control [7–9].

As vector delivery systems, exosomes were found to have
pivotal parts within myocardial protection in cardiovascular
diseases. For instance, after acute myocardial infarction, the
exosomes obtained through adipose tissue-derived mesen-
chymal stem cells (AMSCs) upregulating sirtuin 1 (SIRT1)
were found to reduce infarct size and atrial fibrotic area
[10], whereas it is evident that the BMSC-derived exosomal
microRNA-185 can inhibit ventricular remodeling in mice
with myocardial infarction [11]. Further, a previous study
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conducted by Liu et al. [12] showed that AMSC-derived exo-
somal miR-320d inhibited apoptosis of myocardial cells in
mice with AF.

However, data on the mechanisms of the exosomes in the
treatment of AF has still remained elusive. Conversely, oxida-
tive stress and inflammatory responses are thought to promote
atrial fibrosis. Nuclear factor-erythroid 2-related factor 2
(Nrf2) is an essential transcription factor in cells [13, 14] and
a key regulator of oxidative homeostasis. The Nrf2 remains
continuously triggered throughout high oxidative stress, pro-
moting transcription for target genes as well as translation of
antioxidant and anti-inflammatory proteins [14, 15].

Previous studies demonstrated Nrf2 signaling to mediate
the occurrence and development of a variety of heart diseases
such as myocardial infarction, AF, or myocarditis [16–18].
However, data on whether Nrf2-overexpressed BMSC exo-
somes could block atrial fibrosis and thereby alleviate AF has
still remained scant. Therefore, an AF rat model was con-
structed within this investigation, focusing upon Nrf2 influ-
ence within AF-specific atrial fibrosis and assess whether
BMSC exosomes could serve as effective Nrf2 delivery systems
in the alleviation of AF.

2. Materials and Methods

2.1. Animals. A total of 35 male Sprague-Dawley (SD) rats
weighing between 230 and 250 g were purchased from Jiesi-
jie Experimental Animal Company (Shanghai, China) and
kept at 22-26°C, with between 40 and 60% humidity and
under a 12-hour-12-hour light/dark cycle. Animals had
unrestricted food/water supply. All in vivo assays were per-
formed in line with directives and approvals from the animal
ethics committee of Shidong Hospital Affiliated to Univer-
sity of Shanghai for Science and Technology.

2.2. BMSC Isolation. BMSCs were isolated from SD rats fol-
lowing the previous protocols [19]. Four-week-old rats were
anesthetized through intraperitoneal injection of 1% pento-
barbital (80mg/kg) and soaked in 75% ethanol (15min).
Bilateral femurs/tibias were excised under aseptic environ-
ment and were consequently cleansed for between 3 and 5
times in 1X PBS containing penicillin (100U/mL) and strep-
tomycin (100U/mL). After marrow cavity exposure, bone
marrow was washed using serum-free DMEM/F12, followed
by supernatant aspiration to prepare a single-cell suspen-
sion. This was placed into centrifugation (five minutes/
1000 rpm) for cellular isolation. Pellets were washed with
PBS followed by centrifugation and resuspension within
15mL growth medium augmented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. Cellular sus-
pension was transported into 25 cm2 culturing flasks and
incubated at 37°C/5% CO2. Nonadherent cells were cultured
in whole bone marrow adherent culture, and the culture
medium was changed every 48 hours until cultures attained
80% confluency, whereby they underwent subculturing.
Growth medium was discarded and the cells were washed
twice in PBS. Eventually, cultures were trypsinized using
1mL 2.5 g/L trypsin, and this cycle was repeated in order

to attain the third passage of BMSCs required for subsequent
assays.

2.3. BMSC Identification. BMSCs were introduced within
1.5mL centrifuging tubes (105 cells/tube) and then centri-
fuged for 5 minutes at 170 g. The supernatant was removed,
followed by BMSC resuspension within 100mL PBS. BMSCs
were subjected to staining using FITC-labeled antibodies
against CD29, CD90, or CD45 (Invitrogen™, USA) at room
temperature (RT) (45min/darkness). Following a triple
wash using PBS, BMSCs were scrutinized using flow cytom-
etry (FACScan, BD Biosciences).

2.4. BMSC Differentiation into Adipocytes/Osteoblasts. In
order to obtain adipogenic/osteogenic differentiation,
BMSCs were cultured as previously described, using adipo-
genic differentiation medium (Invitrogen) for 14 days and
osteogenic differentiation medium (Invitrogen) for 21 days,
respectively [20]. Cultures were consequently fixated
through 10% formalin at 4°C. In order to visualize adipo-
genic differentiation, such cultures were subsequently
treated with 0.3% Oil Red O staining solution (20min/RT).

Further, fixed cells were stained using 2% Alizarin Red S
(20 minutes/RT) for visualization of osteogenic differentia-
tion. Cultures were triple washed using PBS, and imaging
was performed through light microscopy (Olympus™,
Japan).

2.5. Lentiviral Transduction. The lentiviral vector bears the
Nrf2 (pHBLV-CMV-MCS-3FLAG-EF1-ZsGreen-T2A-
PURO-Nrf2) or control vector (pHBLV-CMV-MCS-
3FLAG-EF1-ZsGreen-T2A-PURO), with lentivirus develop-
ment conducted through Hanbio Biotechnology™ (Hanheng
Biotechnology Co., Ltd.™, China). Further, recombinant len-
tiviral vector or control vector, together with two auxiliary
packaging plasmids (pSPAX2 and pMD2G), were cotrans-
fected within HEK293T cultures for the lentiviral genera-
tion. The cells were cultured for 48 hours, and then, the
supernatant was collected. The BMSCs were incubated using
the lentiviral supernatant with initial multiplicity of infec-
tion (MOI) of 50. Transduction effectiveness was investi-
gated following 48h through Western blot.

2.6. Extraction, Identification, and Labeling of Exosomes.
Exosomes derived from the BMSCs or BMSCs with Nrf2-
overexpressed lentivirus (Lv-Nrf2 BMSCs) were isolated
through the Total Exosome Isolation Kit (from cellular cul-
turing media) (Invitrogen™, USA) following the specifica-
tion provided by the manufacturer. The exosomes were
resuspended in PBS and then spread evenly over a copper
grid. Thereafter, the exosomes were negatively stained with
3% phosphotungstate (five minutes/RT) and consequently
scrutinized through transmission electron microscopy (Libra
120®; Zeiss™, Germany).

In the Western blot assay, exosomal biomarkers (CD63,
CD81, CD9, TSG101, and Alix) served as positive controls,
while the endoplasmic reticulum protein calnexin served as
the negative control. The dimension range together with
exosomal levels within nanoparticles was evaluated through
nanoparticle monitoring assessments (Nanosight NS300®,
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Malvern, France) according to instructions provided by the
manufacturer. Moreover, for tracking experiments, the exo-
somes were PKH26 Red-labeled through the PKH26 Red
Fluorescent Labeling Kit® (Sigma™, USA) depending upon
kit protocols [21].

2.7. Induction of AF in the Rat Model and Groups. Animals
were segregated in a randommanner within either the healthy
control group (n = 5) or the AF group (n = 30). Animals
within the control group were intravenously subjected to
physiological sodium chloride once per day (0.1mL/100g)
through the tail vein for 7 consecutive days. Conversely, the
rats in the AF group received an injection of calcium
chloride-acetylcholine (CaCl2-Ach; CaCl2, 10mg/mL; Ach,
66μg/mL) once daily for a week for preparing the AF rat
model [22]. The presence of standard F-waves and the absence
of P-wave monitored through electrocardiogram (ECG) mon-
itoring were deemed as reflective of achievement in developing
AF animal models, which were consequently segregated in a
randommanner within three groups (n = 10/group): AF+PBS,
AF+control exosomes, or AF+Lv-Nrf2 exosomes. In the
AF+PBS group, AF rats were treated with intramyocardial
injection of PBS whereas the AF+control exosome group
received intramyocardial injection of exosomes from BMSCs.

Rats in the AF+Lv-Nrf2 exosomes were treated with
intramyocardial injection of exosomes from Lv-Nrf2
BMSCs. In addition, PKH26-labeled exosomes or PBS injec-
tion was performed once a week to the AF rats, whereas
injection of CaCl2-Ach solution was performed every after
3 days for 3 weeks. Further, exosomes (100μg proteomic
content) within 20μL PBS were injected within the free wall
of the left ventricle. Within the present study, the duration of
AF in each group was recorded on assay termination. Blood
samples were extracted from the carotid artery after ECG
monitoring and subjected to centrifugation (15 minutes/
3500 g), with the supernatant consequently stored at -80°C
for biochemical analysis. Conversely, myocardial tissue
samples were collected either in 4% paraformaldehyde for
tissue sectioning at room temperature or at -80°C for further
biochemical and histological analyses. Finally, the exosomal
distribution within the myocardium was then monitored
under fluorescence microscopy (Nikon™, Japan).

2.8. Masson Staining. The hearts were sliced into coronal
plane segments, fixed using 4% paraformaldehyde at 4°C,
and dried within graded ethanol, followed by paraffin
embedding to quantify atrial fibrosis. The sections were cut
into 4μm thick slices and stained using Masson’s trichrome,
with subsequent imaging through the use of a digital camera
under a microscope (Olympus™, Japan). ImageJ® software
(National Institutes of Health, USA) was employed for
quantifying fibrotic areas and reflected the percentage of
the blue-positive stained region to the total tissue region.

2.9. Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick-End Labeling (TUNEL) Assay. Cellular apoptosis
within myocardial tissues was assessed through TUNEL
staining using a TUNEL Kit® (Roche™, Germany) in line
with kit protocols. Brown-nucleated cells were deemed as

TUNEL positive, whereby all TUNEL-positive cells within
three randomized 200x visual fields were quantified under
a microscope (Olympus). The observer was blinded to the
treatment groups, and the TUNEL-positive cells were
reflected as percentage of total cells.

2.10. Western Blot Analysis. The BMSCs, exosomes, and
myocardial tissue were subjected to lysis through RIPA lysis
buffer® (Millipore Corporation™, Billerica, MA, USA), with
the total proteomic concentration in cell exosomes or tissue
asserted using a BCA protein assay kit® (Beyotime™, Shang-
hai, China), following the protocol provided by the manu-
facturer. Equivalent proteomic content was resolved in
10% SDS-PAGE gels and transferred into PVDF membranes
(Merck Millipore™, MA, USA) which were blocked using
5% nonfat milk for 60min/RT.

The membranes were incubated using primary anti-
bodies against Nrf2 (1 : 1000, Invitrogen), HO-1 (1 : 1000,
Abcam, Cambridge, UK), CD9 (1 : 500, Invitrogen), CD63
(1 : 500, Invitrogen), CD81 (1 : 2000, Abcam), TSG101
(1 : 500, Santa Cruz, CA, USA), Alix (1 : 500, Santa Cruz),
calnexin (1 : 500, Santa Cruz), or GAPDH (1 : 10000, Abcam)
at 4°C overnight, followed by incubation using HRP-linked
goat anti-rabbit IgG (1 : 5000, Abcam) at 37°C for 1 hour.
Proteomic bands were developed and scrutinized through
enhanced chemiluminescence (ECL) (Thermo Scientific™,
Rockford, IL, USA), quantified using ImageJ software.

2.11. Immunohistochemistry. Paraffin-embedded myocardial
tissues in each group were sliced into 4μm thick segments,
which were consequently deparaffinized using xylene
(Sigma) and then treated using 3% H2O2 for quenching
endogenous peroxidase action. Segments were then incu-
bated (30min) using citrate buffer within a steamer for
mediating antigen retrieval. Thereafter, the segments were
stained overnight using primary antibodies against Nrf2
(1 : 100, Invitrogen), HO-1 (1 : 500, Abcam), α-SMA
(1 : 1000, Abcam), collagen I (1 : 500, Abcam), or TGF-β1
(1 : 500, Abcam) at 4°C, with a subsequent 45-minute incu-
bation period using goat anti-rabbit IgG (1 : 1000, Abcam)
at RT. The DAB was consequently employed to identify spe-
cific protein within such samples, followed by rinsing/coun-
terstaining using hematoxylin (30 s). Finally, the samples
were scrutinized under a microscope (Olympus) and evalu-
ated through ImageJ® software.

2.12. Enzyme-Linked Immunosorbent Assay (ELISA) Analysis.
TNF-α, IL-1β, IL-4, or IL-10 serum levels were determined in
the present study using ELISA kits (R&D Systems, Minneapo-
lis, MN, USA), in line with kit protocols.

2.13. Statistical Analyses. All data obtained in the current
study reflected means ± standard deviation (SD), and statis-
tical analyses were conducted through GraphPad Prism®
V6.01. One-way analysis of variance (ANOVA) with subse-
quent Tukey’s post hoc multiple comparison tests was also
conducted for determining statistical significance of varia-
tions among the groups. Furthermore, a P value < 0.05 was
deemed to confer statistical significance.
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Figure 1: Continued.
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3. Results

3.1. Characterization of Isolated Rat BMSCs. The primary
BMSCs obtained from the 4-week-old male SD rats showed
a spindle-like morphology after 3 passages (Figure 1(a)). In
order to further characterize BMSCs, their differentiation
capacity was also tested. Following adipogenic induction
for two weeks, it was found that lipid droplets concentrated
around the nucleus (Figure 1(b)). A positive calcified nodule
was distinctly noted following Alizarin Red S staining after
osteogenesis induction for three weeks (Figure 1(c)). BMSC
biomarkers were confirmed through flow cytometry, which
was positive for CD29 and CD90 expression but negative
for CD45 expression (Figure 1(d)). Therefore, the early char-
acterizations identified a pure population of BMSCs that was
successfully isolated from the rat.

3.2. The Isolation and Characterization of Exosomes. The
present study used lentiviral vector (Lv-vector) or lentiviral
Nrf2 overexpression (Lv-Nrf2) plasmids to transfect the
BMSCs. Results of the current analysis showed that the
BMSCs with the Lv-Nrf2 showed significant upregulation of
the Nrf2 as compared with nontransfected control or Lv-
vector-transfected BMSCs (Figure 2(a)). Exosomes were iso-
lated from the BMSCs or BMSCs bearing Lv-Nrf2 and conse-
quently profiled through transmission electron microscopy
andWestern blot. Results from the electron micrographs high-
lighted samples to have spheroid morphology, and overexpres-
sion of Nrf2 did not affect the exosome structure (Figure 2(b)).

Conversely, results of Western blot analysis showed high
expression of exosomal surface markers (CD63, CD81, CD9,
Alix, and TSG101) together with lack of the reticular marker
calnexin in the exosomes isolated from both BMSCs (control
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Figure 1: BMSC isolation and determination. (a) Cell morphology of cultured BMSCs. Scale = 100μm. (b) Adipocytes stained with Oil Red
O. Scale bar = 50μm. (c) Osteoblasts stained with Alizarin Red. Scale = 50 μm. (d) CD29, CD90, and CD45 expression as determined using
flow cytometry.
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exosomes) and BMSCs bearing Lv-Nrf2 (Lv-Nrf2 exosomes)
(Figure 2(c)). Further, the results of NTA illustrated the size
of the control exosomes and Lv-Nrf2 exosomes with a mean
diameter of 100nm (Figure 2(d)). In addition, Lv-Nrf2 exo-
somes showed increased Nrf2 protein expression as com-
pared with the control exosomes (Figure 2(e)).

3.3. Lv-Nrf2 Exosomes Inhibited Heart Rhythm Changes in
Rats with AF. In order to probe biological roles for exosomes
from the Lv-Nrf2 BMSCs on the AF rat models, exosomes
derived from the control BMSCs or Lv-Nrf2 BMSCs were

also injected once a week to the AF rats for 3 weeks. The
PKH26-labeled exosomes were observed within the myocar-
dium for both control exosomes and Lv-N5rf2 exosomes but
not in the normal control and PBS-treated groups
(Figure 3(a)). Therefore, immunohistochemical staining
and Western blot were then employed for assessing Nrf2
or HO-1 proteomic expression within myocardium samples
from each group (Figures 3(b) and 3(e)).

The expression of both Nrf2 and HO-1 proteins was
markedly suppressed in PBS-treated AF rats in comparison
to the healthy control group. Expectedly, the Nrf2 and HO-1
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Figure 2: Characterization of exosomes derived from BMSCs. (a) BMSCs were transduced by lentivirus with overexpressed Nrf2 (Lv-Nrf2)
for 48 h. Nrf2 expression was quantified by Western blot, where GAPDH served as the loading control. ∗∗P < 0:01 compared to control or
Lv-vector groups. (b) Exosomes derived from the control BMSCs/Lv-Nrf2 BMSCs were analyzed by transmission electron microscopy.
Scale = 200 nm. (c) Specific exosomal surface biomarker (positive markers: CD63, CD81, CD9, Alix, and TSG101; negative marker:
calnexin) expression in the BMSCs and their exosomes was detected by Western blotting. (d) Diameter/concentration of exosomes was
determined through nanoparticle tracking analysis. (e) Exosomal Nrf2 expression was determined through Western blot. ∗∗P < 0:01
compared to the control exosome group.

7Cardiovascular Therapeutics



Normal control AF+PBS AF+Control exosomes AF+Lv-Nrf2 exosomes

(a)

Normal control

H
O

-1
N

rf2

AF+PBS AF+Control exosomes AF+Lv-Nrf2 exosomes

(b)

25

20

15

10

5

0

N
rf2

 ex
pr

es
sio

n 
(%

A
re

a)

Sh
am

AF+PBS

AF+Contro
l ex

osomes

AF+Lv-N
rf2

 ex
osomes

⁎⁎

⁎#

⁎##

(c)

25

20

15

10

5

0

H
O

-1
 ex

pr
es

sio
n 

(%
A

re
a)

Sh
am

AF+PBS

AF+Contro
l ex

osomes

AF+Lv-N
rf2

 ex
osomes

⁎⁎

⁎#

⁎##

(d)

Nrf2

HO-1

GAPPDH

Sh
am

AF+PBS

AF+Contro
l ex

osomes

AF+Lv-N
rf2

 ex
osomes

(e)

Figure 3: Continued.

8 Cardiovascular Therapeutics



Nrf2 HO-1
0.0

0.2

0.4

0.6

Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

0.8

1.0

1.2

Sham
AF+PBS
AF+Control exosomes
AF+Lv-Nrf2 exosomes

⁎⁎

⁎#

⁎##

⁎⁎

⁎#

⁎##

(f)

AF+PBS

AF+Control exosomes AF+Lv-Nrf2 exosomes

Normal control 200 ms

200 ms

200 ms

200 ms

(g)

80

60

40

20

0

A
F 

du
ra

tio
n 

(s
)

Sh
am

AF+PBS

AF+Contro
l ex

osomes

AF+Lv-N
rf2

 ex
osomes

#

##

(h)

Figure 3: Lv-Nrf2 exosomes thwarted cardiac arrhythmias within AF rats. AF was established in rats using calcium chloride-acetylcholine
(CaCl2-Ach) mixture via tail vein injection once per day, for seven consecutive days. The normal control group was intravenously treated
with equivalent volume of 0.9% saline through the tail vein. Then, the exosomes derived from the control BMSCs or Lv-Nrf2 BMSCs were
injected once a week to AF rats, and the CaCl2-Ach solution was continued to be injected into the tail vein every 3 days for 3 weeks, while the
AF control group was treated with the equivalent level of PBS. (a) PKH26-labeled exosome distribution within the myocardium. Scale =
50μm. (b) The representative immunohistochemical stain showing the Nrf2/HO-1 cardiac expression within rats. Scale = 100 μm. (c, d)
Quantification for percentage positive Nrf2 (c)/HO-1 (d) staining area. (e) Representative Western blot imaging for Nrf2/HO-1 proteins
involved within rat myocardial tissue across different groups. (f) Densitometric quantification showing the (e) relative proteomic
expression normalized against GAPDH. (g) Changes in the electrocardiogram of each group were detected. (h) AF duration of each
group was measured. n = 5 in each group. Results are presented as mean ± SD. ∗P < 0:05, ∗∗P < 0:01 in comparison to the control group.
#P < 0:05, ##P < 0:01 in comparison to the AF+PBS group.
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proteins were upregulated in rats injected with control exo-
somes or Lv-Nrf2 exosomes, and both the Nrf2 and HO-1
levels were increased (Figures 3(c)–3(f)). The ECG for rats
within the AF group demonstrated typical AF features, includ-
ing the presence of standard F-waves and lack of P-wave,

together with irregular RR intervals. In addition, such investi-
gational outcomes demonstrated that rats in the normal con-
trol group exhibited sinus rhythms with similar P-waves/RR
durations. Notably, injection of control or Lv-Nrf2 exosomes
essentially blocked AF rat cardiac arrhythmias (Figure 3(g)).
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Furthermore, it was found that the AF-induced rats experienced
extended duration of AF, while control exosomes or Lv-Nrf2
exosomes had shortened AF duration (Figure 3(h)).

3.4. Lv-Nrf2 Exosomes Suppressed the Expression of Fibrosis-
Related Markers in AF Rats. To explore the effect of exo-
somes from the BMSCs overexpressing Nrf2 in atrial fibrosis
induced by AF, collagen expression in the left atrial tissue of
the rats was analyzed by Masson staining. Results from the
Masson staining demonstrated high deposition of collagen
in the left atrium and an increased area of myocardial fibro-
sis in the heart of PBS-treated AF rats in comparison to
healthy control rats (Figures 4(a) and 4(b)). Besides, AF rats
treated with control or Lv-Nrf2 exosomes exhibited less col-
lagen deposition as compared with those from the PBS-
treated group. In addition, treatment with Lv-Nrf2 exosomes
showed less collagen content in the AF rats in comparison to
content within the control exosome-treated group.

The expression of fibrosis-linked markers within left
atrial rat tissue was analyzed by immunohistochemical stain-
ing (Figures 4(c)–4(h)). It was found that the protein expres-
sion of fibrosis-related markers α-SMA, collagen I, or TGF-
β1 within atrial tissue was highly upregulated within AF rats
having PBS treatment, with injection of control exosomes or
Lv-Nrf2 exosomes suppressing the levels of protein expres-
sion. In addition, α-SMA, collagen I, or TGF-β1 expression
within the Lv-Nrf2 exosome-treated AF rats was dramati-
cally decreased in comparison to that within the control
exosome-treated group.

3.5. Lv-Nrf2 Exosome Treatment Led to Reduction of Apoptotic
Cells and Inflammation in Myocardial Tissue of AF Rats. The
TUNEL assay was used in the present study to quantify apo-

ptosis of rat myocardial tissues in each group (Figures 5(a)
and 5(b)). Results of the study showed a marked increase in
apoptotic TUNEL-positive cells within PBS-treated AF rats
as compared with the normal control group, whereas control
or Lv-Nrf2 exosome-treated cells were linked to a major
reduction in TUNEL-positive cell quantity. Further, the
assessment of the expression of TNF-α, IL-1β, IL-4, or IL-10
by ELISA showed that control exosomes or Lv-Nrf2 exosomes
markedly reduced AF-driven upregulation of TNF-α or IL-1β
expression whereas downregulating IL-4 and IL-10 expression
(Figures 5(c)–5(f)).

4. Discussion

Atrial fibrillation (AF) represents a highly prevalent arrhyth-
mia [1]. Most of the patients with AF are prone to recurrent
attacks after rhythmic transformation, which may lead to
permanent AF and hence induce cardiac insufficiency as well
as embolic diseases [23, 24]. Therefore, there is urgent need
to explore pathogenesis of AF and develop new therapies to
prevent and treat AF.

Previous investigations highlighted that exosomes could
act as messengers for intercellular communications in cardio-
vascular diseases and cell-derived exosomes can serve as a
potential alternative to stem cell therapy that mediates heart
regeneration representing a rising niche for assessment and
therapy of cardiovascular diseases [25–27]. In addition, previ-
ous studies have shown that exosomes derived frommesenchy-
mal stem cells (MSCs) could inhibit myocardial inflammation,
fibrosis, and apoptosis in AF mice [12]. In addition to MSC
exosomes, exosomes secreted from stem cells of different
origins and those derived from atrial myocytes [28] as well as
myofibroblasts [29] have an effect on AF.
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Figure 5: Lv-Nrf2 exosome treatment decreased apoptotic cells and inflammation in myocardial tissue of AF rats. (a, b) The degree of
apoptosis in rat myocardia for every group was confirmed through TUNEL staining and quantitative analysis; scale bar = 100 μm. (c–f)
TNF-α, IL-1β, IL-4, or IL-10 expression in the rat serum was assessed via ELISA. n = 5 in each group. Results reflected mean ± SD. ∗P <
0:05, ∗∗P < 0:01 in comparison to the control group. #P < 0:05, ##P < 0:01 in comparison to the AF+PBS group.
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The current study showed that exosomes from BMSCs pro-
tect rats against AF-associated arrhythmias, myocardial fibrosis,
apoptosis, and inflammation. Therefore, the BMSC-derived
exosomes could constitute a viable treatment approach for
AF. The protective effect of exosomes from different cells may
be related to cytoprotective factors [30, 31]. For instance, Wang
et al. [32] showed that MSC exosomes carrying microRNA-671
inhibit cardiomyocyte apoptosis, myocardial fibrosis, and
inflammation by inactivating the TGFBR2/Smad2 axis.

Further, the present study also showed suppression of
the Nrf2 and downstream HO-1 in myocardial tissue of rats
with AF, causing elevated myocardial fibrosis, apoptosis, and
inflammation. Besides, it was demonstrated that delivery of
exosomes from the BMSCs overexpressing Nrf2 increased
the Nrf2 and HO-1 expression and hence effectively inhib-
ited changes in heart rhythm and shortened the AF dura-
tion, confirming that exosomes from Lv-Nrf2 BMSCs
promoted recovery of arrhythmias in AF rats.

Cardiac remodeling is the main AF feature, defined
through increasing oxidative stress [16, 33]. The Nrf2/HO-1
is a powerful antioxidant network that could contribute to
prophylaxis against multiple oxidative stress-linked condi-
tions [34–36]. For instance, according to Dong et al. [37],
silencing of Nrf2 expression in H9C2 cells led to insufficient
production of antioxidant enzymes by aldehyde for reversing
oxidative damage led by tert-butyl hydrogen peroxide (TBHP)
and hence greatly increases the chances of arrhythmia. How-
ever, myocardial oxidative damage can be alleviated through
triggering the Nrf2 signaling pathway and blocking the gener-
ation of oxidation together with free radicals.

In addition, an investigation performed by Yeh and col-
leagues [38] demonstrated that statins protect AF by inhibiting
myocardial remodeling through enhancing the expression of
Nrf2/HO-1 within cardiomyocytes and reducing oxidative
stress as well as myocardial fibrillation which is induced by
tachycardia. Therefore, the Nrf2/HO-1 pathway has a pivotal
part within myocardial protection for treating AF. It has been
found that atrial fibrosis is associated with the occurrence of
arrhythmias and the formation of atrial fibrosis results from
excessive proliferation of a-SMA-labeled myofibroblasts and
excessive deposition of extracellular matrix components,
including type I collagen and TGF-β1 [39–41].

Results of analysis in the current study showed significant
increase in the area of myocardial fibrosis and expression of α-
SMA, type I collagen, and TGF-β1 in AF rats. However,
exosomes from Lv-Nrf2 BMSCs significantly reduced the
fibrotic areas and levels of α-SMA, type I collagen, and TGF-
β1 proteins. These results indicate that exosomes from Lv-
Nrf2 BMSCs could inhibit atrial fibrosis and hyperprolifera-
tion of myofibroblasts in AF rats.

Similarly, it has been reported that cardiac myocyte
apoptosis occurs in patients with AF and apoptosis increases
with the increase in duration as well as intensity of AF [42,
43]. Within this investigation, influence of BMSC exosomal
Nrf2 upon cardiac apoptosis in AF rats was assessed through
TUNEL staining. Results of the current study revealed that
treatment with Lv-Nrf2 exosomes significantly reduced cardiac
tissue apoptosis as compared with that in AF rats administered
with PBS or control exosomes. Conversely, past investigations

demonstrated that inflammation responses play a key role
within progression of AF [44–46]. In agreement, it was evident
that injection of BMSCs also controls exosomes and Lv-Nrf2
exosomes; in particular, Lv-Nrf2 exosomes markedly reduced
AF-driven upregulation of TNF-α and IL-1β as well as down-
regulation of IL-4 and IL-10 in serum. The results of this inves-
tigation hence demonstrated the role of Lv-Nrf2 exosomes for
inhibiting inflammatory response in AF rats.

5. Conclusion

In essence, this investigation highlighted Nrf2 and HO-1
downregulation within myocardial tissue of AF rats. Further,
it was found that the delivery of Lv-Nrf2 exosomes inhibited
AF-induced arrhythmias, myocardial fibrosis, apoptosis, and
inflammation through Nrf2/HO-1 pathway triggering. There-
fore, this study contributes a potential approach for treating
AF through exosome-mediated intercellular communication.
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