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Abstract: Oxidative stress-mediated cell death in cardiomyocytes contributes to the development of atrial fibrillation.

However, the detailed mechanisms are still unclear. In the present study, we established atrial fibrillation models in

mice. The cardiomyocytes were isolated from atrial fibrillation mice and normal mice and were cultured in vitro,

respectively. The results showed that cell proliferation and viability in cardiomyocytes with atrial fibrillation were

significantly lower than the cells from the normal mice. Consistently, atrial fibrillation cardiomyocytes were prone to

suffer from apoptotic cell death. Also, the oxidative stress and ferroptosis-associated signatures were significantly

increased in atrial fibrillation cardiomyocytes compared to normal cardiomyocytes, and ferroptosis inhibitor and NAC

rescued cell viability in atrial fibrillation cardiomyocytes during in vitro cell culture. In addition, low-expressed miR-

143-3p was observed in atrial fibrillation cardiomyocytes compared to normal cardiomyocytes, and overexpression of

miR-143-3p increased cell proliferation and inhibited cell death in atrial fibrillation cardiomyocytes. Furthermore,

glutamic-oxaloacetic transaminase 1 could be negatively regulated by miR-143-3p in normal cardiomyocytes, and

miR-143-3p overexpression inhibited cell ferroptosis in atrial fibrillation cardiomyocytes by sponging glutamic-

oxaloacetic transaminase 1. Collectively, overexpression of miR-143-3p increased cell viability and promoted cell

proliferation in cardiomyocytes with atrial fibrillation by inhibiting glutamic-oxaloacetic transaminase 1 mediated

oxidative damages and cell ferroptosis.

Introduction

As the most common cardiac arrhythmia, atrial fibrillation
seriously degrades the life quality of human beings, which is
associated with pronounced morbidity and mortality
(Donnellan et al., 2020; Qin and Heist, 2020). The
pathogenesis of atrial fibrillation is very complicated, which
can be attributed to various risk factors, such as heart failure
(Thoren et al., 2020), hypertension (Kallistratos et al., 2018),
and mitral valve disease (Bagge and Blomstrom-Lundqvist,
2018). Recent data identified that atrial fibrillation
progression was closely related to oxidative stress-induced
damages on cardiomyocytes (Zhang et al., 2018), and atrial

fibrillation was featured by cardiomyocyte death (Freundt et
al., 2018). Hence, uncovering the underlying mechanisms of
oxidative damages induced cardiomyocyte death might give
some insights into the molecular mechanisms of atrial
fibrillation progression. Ferroptosis is an iron-dependent
oxidative form of cell death and characterized by the
accumulation of lipid ROS, iron and mitochondrial
superoxide, and aberrant alterations in mitochondrial
membrane potential (Kraft et al., 2020; Yang and Chi,
2020). Previous data suggested that oxidative stress induced
various types of cell death, including necroptosis (Ferrada et
al., 2020) and ferroptosis (Lewerenz et al., 2018). Of note,
Wu et al. (2018) found that oxidative stress induced cell
ferroptosis in PC12 cells, and Totsuka et al. (2019)
evidenced that oxidative stress induced ferroptotic cell death
in retinal pigment epithelial cells. Besides, cell ferroptosis
involved in the development of multiple diseases, such as
Parkinson’s disease (Guiney et al., 2017), pulmonary disease
(Minagawa et al., 2020), and heart disease (Del Re et al., 2019).
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MicroRNAs (miRNAs) are a group of small non-coding
RNAs, which regulate cell functions by acting as post-
transcriptional regulators to competitively bind to the 3’
untranslated regions (UTR) of target genes (Javanmard et al.,
2020; Yang et al., 2020). Recent data implicated that miRNAs
played important roles in the regulation of atrial fibrillation
development (Min et al., 2020; Wang et al., 2019c). For
example, miR-32d inhibited apoptosis in cardiomyocytes with
atrial fibrillation (Liu et al., 2019), and overexpression of miR-
27b-3p attenuated atrial fibrosis in rats with atrial fibrillation
(Lv et al., 2019). In addition, miRNAs were closely related to
oxidative stress (Wang et al., 2020a; Zhang et al., 2020) and
cell ferroptosis (Niu et al., 2019; Zhang et al., 2018). Therefore,
miRNAs might serve as novel prognostic and therapeutic
agents for atrial fibrillation. Interestingly, recent data evidenced
that miR-143-3p involved in regulating cardiomyocyte
proliferation and death in mice models with myocardial
infarction (Ghavami et al., 2018; Nam et al., 2019), and our
preliminary experiments also supported that miR-143-3p was
significantly downregulated in cardiomyocytes with atrial
fibrillation compared to normal cardiomyocytes, suggesting
that the expression patterns of miR-143-3p were altered in
atrial fibrillation cardiomyocytes cells. Besides, miR-143-3p
regulated multiple cell functions, such as cell proliferation (Xia
et al., 2018), migration (Yang et al., 2018), apoptosis (Han et
al., 2018), and oxidative stress (Yu et al., 2018), hence, miR-
143-3p was selected for further analysis in this study.

Glutamic-oxaloacetic transaminase 1 is crucial for cellular
glutaminolysis, which can convert glutamate (Glu) into a-KG
and promotes ROS generation (Zhang et al., 2018). Currently,
the role of glutamic-oxaloacetic transaminase 1 in the regulation
of cell functions is controversial (Wang et al., 2019a; Zhang et
al., 2018). On the one hand, glutamic-oxaloacetic transaminase
1 increases cell viability by sustaining normal glutamine
metabolism (Wang et al., 2019a). On the other, a recent study
also verified that glutamic-oxaloacetic transaminase 1 promotes
melanoma cell ferroptosis by triggering oxidative damages
(Zhang et al., 2018). Our preliminary results suggested that
glutamic-oxaloacetic transaminase 1 was increased in atrial
fibrillation cardiomyocytes and Erastin-treated normal
cardiomyocytes compared to normal cardiomyocytes, indicating
that glutamic-oxaloacetic transaminase 1 might contribute to
atrial fibrillation progression by regulating cardiomyocyte
functions. However, the detailed mechanisms are still needed to
be elucidated. Furthermore, glutamic-oxaloacetic transaminase 1
could be regulated by miRNAs (Wang et al., 2019a; Zhang et
al., 2018), and the online starBase software (http://starbase.sysu.
edu.cn/) predicted that glutamic-oxaloacetic transaminase 1 was
the downstream target of miR-143-3p.

Collectively, this study aimed to investigate the role of
miR-143-3p/GOT glutamic-oxaloacetic transaminase 1 axis
in the regulation of atrial fibrillation pathogenesis, which
will shed light on the discovery of new diagnostic and
therapeutic agents for atrial fibrillation treatment in the clinic.

Materials and Methods

Induction of atrial fibrillation mice models
Wild-type (WT) C57BL/6 mice (N = 20, weight from 20 to
25 g, 8 weeks age) were obtained and divided into two

groups equally. All the mice were fed and maintained under
the conditions with temperature 23 ± 2°C, humidity 55 ±
5%, 12:12 h light/dark cycle, in the Animal Research Center
of Suzhou High-tech Zone People’s Hospital. The atrial
fibrillation mice models were established by using the
methods mentioned in the previous study (Lu et al., 2010).
Briefly, the mice were anesthetized by intravenously
injecting Barbiturate at the concentration of 100 mg/kg, and
the standards for successful euthanasia included: (1) No
cardiac arrest; (2) No spontaneous breath for at least 3 min;
and (3) No blinking reflex in mice. Then, the mice were
injected with 40 mg/kg sodium pentobarbital to establish
atrial fibrillation mice models. All the animal experiments
were approved by the Animal Care and Use Committee of
the Suzhou High-tech Zone People’s Hospital. The mice
suffered from rapid irregular atrial rhythm for at least one
second were regarded as atrial fibrillation mice.

Cell isolation and culture
The cardiomyocytes were isolated from atrial fibrillation-mice
and normal mice heart ventricles according to the procedures
from a previous study (Liu et al., 2019). Briefly, the mice chests
were opened, and the hearts were removed and excised into
pieces with about 1 mm3 volume. Next, the above heart
tissues were treated with trypsin and type II collagenase for
2 h at 37°C for digestion. After differential adherence, the
cells were harvested, and the cardiomyocytes were collected
and cultured in the Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, USA) containing 10% fetal bovine serum
(FBS, Gibco, USA). In addition, the HEK-293T cells were
purchased from ATCC (Manassas, Virginia, USA) and were
also cultivated in the same medium. The cells were placed
in an incubator with a condition of 5% CO2 at 37°C, and
the above cardiomyocytes were prepared for further analysis
at 48 h post-culture when the cell confluency reached
about 70–80%.

Vectors transfection
The miR-NC (5’-GAG CUA CAG UGC UUC AUC UCA-3’),
miR-143-3p mimic (5’-UGA GAU GAA GCA CUG UAG
CUC-3’), and inhibitor (5’-GAG CUA CAG UGC UUC
AUC UCA-3’) were designed and constructed by Sangon
Biotech (Shanghai, China). The glutamic-oxaloacetic
transaminase 1 overexpression vectors were purchased from
Vigene Biosciences (Shanghai, China). The shRNA vectors
for glutamic-oxaloacetic transaminase 1 (5’-CCG GGC
GTT GGT ACA ATG GAA CAA ACT CGA GTT TGT
TCC ATT GTA CCA ACG CTT TTT G-3’) were obtained
from GeneChem (Shanghai, China). The vectors were
delivered into the cells by using a Lipofectamine 2000
transfection kit (Invitrogen, USA) according to the
manufacturer’s instruction.

Real-Time qPCR
Total RNA was extracted from the cardiomyocytes isolated
from normal and atrial fibrillation mice by using the
commercial TRIzol reagent (Invitrogen, USA) according to
the manufacturer’s protocol. Real-Time qPCR was
conducted to evaluate gene expressions at transcriptional
levels based on the procedures in the previous study
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(Ferrada et al., 2020). Specifically, total RNAs were reversely
transcribed into complementary DNA (cDNA) by using the
commercial AmpliTaq DNA Polymerase reagent (Life
Technologies, USA), and the 2% agarose gel electrophoresis
assay was performed to validate that we had successfully
obtained the PCR products. Next, the One-Step TB Green TM

PrimeScript TM RT-PCR kit (Takara, Japan) was used to
quantify the relative expression levels of miR-143-3p and
glutamic-oxaloacetic transaminase 1 mRNA. Of note, miR-
143-3p was normalized by U6, and the glutamic-oxaloacetic
transaminase 1 mRNA was normalized by β-actin. The
primer sequences for the associated genes were listed as
follows: miR-143-3p (Forward: 5’-TGA GAT GAA GCA
CTG TAG CTC-3’, Reverse: 5’-GCT ACA GTG
CTTCATCTC ATT-3’) (Wang et al., 2020b), U6(Forward:
5’-CTC GCT TCG GCA GCA CA-3’, Reverse: 5’-AAC GCT
TCA CGA ATT TGC GT), β-actin ( Forward: 5’-CGT AAA
GAC CTC TAT GCC AAC A-3’, Reverse: 5’-GGA GGA
GCA ATG ATC TTG ATC T-3’) (Hu et al., 2018) and
glutamic-oxaloacetic transaminase 1 (Forward: 5’- TGC
TAC TGG GAT GCG GAG AAG A-3’, Reverse: 5’-TGC
ATG ACA GCA GCG ATC TGC T-3’) (Sun et al., 2020).

Western blot
Total proteins were extracted from the normal
cardiomyocytes and atrial fibrillation cardiomyocytes by
using the RIPA lysis buffer (Beyotime, Shanghai, China) in
keeping with the manufacturer’s instruction. The expression
levels of the proteins were detected by using Western Blot
according to the procedures provided by the previous study
(Ferrada et al., 2020). The primary antibodies against
glutamic-oxaloacetic transaminase 1 (1:1500, #ab221939,
Abcam, UK) and β-actin (1:2000, #ab6276, Abcam, UK).
The secondary antibody against horseradish peroxidase-
conjugated secondary antibody (1:2000, #G-21040,
Invitrogen, USA).

Cell Counting Kit-8 for cell proliferation
The normal cardiomyocytes and atrial fibrillation
cardiomyocytes were cultured under the standard conditions
for 0, 24, 48, 72, and 96 h, respectively. The commercial
CCK-8 kit (AbMole, USA) was employed to measure cell
proliferation abilities according to the manufacturer’s
protocol. Briefly, the cells were seeded into the 96-well
plates, and the CCK-8 reaction solution was incubated with
the cells at the concentration of 20 μL/well for 4 h at room
temperature. After that, the optical density values were
measured at the wavelength of 450 nm to evaluate cell
proliferation abilities.

Trypan Blue staining assay for cell viability
The cells were administered with different treatments and
vectors transfection. After that, cells were cultured under the
standard culture conditions for 0, 24, 48, 72, and 96 h,
respectively. The cells were harvested and stained with
trypan blue staining buffer (Invitrogen, USA) in keeping
with the manufacturer’s instructions. The dead blue cells
were counted under the light microscope. The following
formula was used to calculate cell viability (%) = (total cells –
dead cells)/total cells.

Flow cytometry for cell apoptosis
The cells were harvested and double-stained with Annexin V-
FITC and propidium iodide (PI) by using a cell apoptosis kit
(Thermo Fisher Scientific, MA, USA) to evaluate cell apoptosis
ratio. The early apoptotic cells were stained with Annexin V-
FITC alone, the late apoptotic cells were double-stained with
Annexin V-FITC and PI, and the necroptotic cells were
stained with PI alone. The above cells were counted by using
FCM purchased from BD Biosciences (CA, USA).

2,7-Dichlorodi-hydrofluorescein diacetate probes
The commercial Reactive Oxygen Species assay kit
(Invitrogen, USA) containing DCFH-DA probes were
employed to detect Reactive Oxygen Species levels normal
cardiomyocytes and atrial fibrillation cardiomyocytes. The
normal cardiomyocytes and atrial fibrillation
cardiomyocytes were collected and incubated with DCFH-
DA probes for 30 min at room temperature in darkness
according to the procedures provided by the manufacturer.
The DCFH-DA probes were catalyzed into DCF with
fluorescence, and the intensity of fluorescence was
photographed at the wavelength of 525 nm (maximum
emission) and 480 nm (maximum excitation) by using a
fluorescence microscope (Leica, Germany). In addition, the
ROS levels were quantified by using Image J software.

Lipid ROS assay
The lipid ROS levels in normal cardiomyocytes and atrial
fibrillation cardiomyocytes were detected according to the
previous study (Wang et al., 2019b). In brief, the cells were
incubated with C11-BODIPY (Thermo Fisher, USA) for 30 min
at 37°C without light. After that, the cell samples were washed
with PBS buffer, and the flow cytometer (BD Biosciences, CA,
USA) was employed to measure the fluorescence at the
simultaneous acquisition of green (485/510 nm) and red signals
(516/610 nm) to reflect lipid ROS levels in cells.

Mitochondrial superoxide measurements
The cells were collected and incubated with the fluorescence
probes specific for mitochondrial superoxide, and the
MitoSOXTM Red Mitochondrial Superoxide Indicator for
live-cell imaging (Invitrogen, USA) was employed to
monitor mitochondrial superoxide production according to
the previous study (Wang et al., 2019b). Cellular
fluorescence was measured at an excitation/emission value
of 510/580 nm, and Image J software was used to quantify
the fluorescence intensity to reflect the levels of
mitochondrial superoxide.

Mitochondrial membrane potential measurements
The Mitochondrial Membrane Potential Kit MAK-159
(Sigma, USA) was used to detect mitochondrial membrane
potential according to the previous study (Wang et al.,
2019b). Briefly, the cells were seeded into the 96-well plates
at the density of 5 × 104 cells per well and incubated with
Erastin or dimethyl sulfoxide. After 48 h incubation, the
cells were incubated with the reaction buffer A and B,
respectively. The fluorescence intensity levels were
calculated to reflect mitochondrial potential based on the
protocol from the previous study (Wang et al., 2019b).
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Iron assay
The normal cardiomyocytes and atrial fibrillation cardiomyocytes
were transfected with different vectors. After that, the total iron
and ferrous iron were measured by using the commercial Iron
Assay kit obtained from Sigma (USA) based on the protocol
provided by the manufacturer. The detailed procedures for total
iron and ferrous iron measurements were explained in the
previous study (Wang et al., 2019b).

Terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling assay
A commercial terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) assay kit
(Beyotime, Shanghai, China) was employed to detect cell
apoptosis ratio according to the manufacturer’s instruction.
Briefly, the normal cardiomyocytes and atrial fibrillation
cardiomyocytes were harvested and fixed with 4%
paraformaldehyde for 40 min. The PBST (containing 0.3%
Triton X-100) was used to increase permeability in cell
membranes. After that, the cells were stained with TUNEL
reaction solution and DAPI, respectively. The above cells
were observed and photographed under a fluorescence
microscope. The apoptotic cells were TUNEL-positive, and
all cell’ nuclei were stained blue with DAPI.

Dual-luciferase reporter gene system
The binding sites of miR-143-3p and glutamic-oxaloacetic
transaminase 1 mRNA were predicted by using the online
starBase software (http://starbase.sysu.edu.cn/), and the binding
sites in glutamic-oxaloacetic transaminase 1 were mutated. The
wild-type (Wt) and mutant (Mut) 3’ UTR regions of glutamic-
oxaloacetic transaminase 1 were cloned into pMIR-REPORT
vectors to generate Wt- glutamic-oxaloacetic transaminase 1
and Mut- glutamic-oxaloacetic transaminase 1 vectors,
respectively. The miR-143-3p mimic, miR-NC, Wt- glutamic-
oxaloacetic transaminase 1, and Mut- glutamic-oxaloacetic
transaminase 1 vectors were co-transfected into HEK-293T
cells, and the relative luciferase activity was determined by
using a dual-luciferase reporter assay kit (Promega, USA)
according to the manufacturer’s protocol.

Statistical analysis
The data were collected and analyzed by using the SPSS data
analysis software (Version 18.0, IBM, USA). The data were
represented as mean ± standard deviation (SD). Differences
between two groups were compared by using the Student’s
t-test, and the differences among multiple groups (above
2 groups) were analyzed by one-way Analysis of Variance
followed by the post hoc Tukey’s test for multiple comparison
correction. Each experiment was repeated at least 3 times,
and p < 0.05 was regarded as statistical significance.

Results

Cell functions were determined in cardiomyocytes isolated from
atrial fibrillation mice and normal mice
Previous data suggested that the biological functions of
cardiomyocytes with atrial fibrillation were altered in atrial
fibrillation mice models (Lu et al., 2010); hence, we
compared the differences of cardiomyocytes between atrial

fibrillation cardiomyocytes and normal cardiomyocytes in
terms of cell proliferation (Fig. 1A), viability (Fig. 1B) and
apoptosis (Figs. 1C and 1D). To achieve this, the mice
models for atrial fibrillation were inducted, and the
cardiomyocytes were isolated and cultured in vitro under
the standard conditions for 24, 48, 72, and 96 h,
respectively. The CCK-8 assay results showed that the cell
proliferation abilities of atrial fibrillation cardiomyocytes
were lower than the normal cardiomyocytes (Fig. 1A). In
addition, the trypan blue staining results showed that cell
viability in atrial fibrillation cardiomyocytes was significantly
lower than in normal cardiomyocytes (Fig. 1B). The above
results were also validated by the FCM results for cell
apoptosis (Figs. 1C and 1D); specifically, the cell apoptosis
ratio in atrial fibrillation cardiomyocytes was much higher
than that in normal cardiomyocytes (Figs. 1C and 1D).
Besides, most of the dead atrial fibrillation cardiomyocytes
suffered from late apoptosis, instead of early apoptosis and
necroptosis, during in vitro cell culture (Figs. 1C and 1D).
The above results suggested that atrial fibrillation caused
damages to cardiomyocytes and influenced their normal
biological functions.

Detection of oxidative stress mediated ferroptosis indicators in
atrial fibrillation cardiomyocytes and normal cardiomyocytes
Oxidative stress was closely related to atrial fibrillation
progression; hence, we next investigated whether atrial
fibrillation influenced oxidative stress in cardiomyocytes. The
DCFH-DA staining results showed that ROS levels were
significantly increased in atrial fibrillation cardiomyocytes
compared to normal cardiomyocytes (Figs. 2A and 2B). In
addition, the lipid ROS levels were also elevated in atrial
fibrillation cardiomyocytes compared to normal
cardiomyocytes after 48 h in vitro culture (Fig. 2C). Since
oxidative stress-mediated cell ferroptosis was characterized by
upregulation of lipid ROS, we explored whether the
indicators for cell ferroptosis could be observed in atrial
fibrillation cardiomyocytes. The results showed that
intracellular concentrations of total iron (Fig. 2F), Fe2+

(Fig. 2G), and mitochondrial superoxide (Fig. 2D) were all
elevated in atrial fibrillation cardiomyocytes compared to
normal cardiomyocytes. Consistently, the decreased
mitochondrial membrane potential was observed in atrial
fibrillation cardiomyocytes instead of normal cardiomyocytes
(Fig. 2E), indicating that oxidative damages and cell
ferroptosis appeared in atrial fibrillation cardiomyocytes.

The effects of ferrostatin-1 and NAC on cell viability in atrial
fibrillation cardiomyocytes
To investigate the role of oxidative stress and ferroptosis in the
regulation of the biological functions of atrial fibrillation
cardiomyocytes, the cells were treated with ferroptosis
inhibitor (ferrostatin-1, Fer-1) and ROS scavenger (NAC),
respectively. The CCK-8 results showed that atrial
fibrillation cardiomyocytes proliferation was largely limited
during in vitro culture, which was promoted by both
ferrostatin-1 and NAC treatments (Fig. 3A). Besides,
ferrostatin-1 and NAC also rescued cell viability in atrial
fibrillation cardiomyocytes (Fig. 3B). Furthermore, the
apoptosis ratio of atrial fibrillation cardiomyocytes was

736 YUAN SONG et al.

http://starbase.sysu.edu.cn/


significantly decreased by treating cells with ferrostatin-1 and
NAC (Figs. 3C and 3D). In addition, we investigated the
regulating mechanisms of oxidative stress and ferroptosis,
and the results showed that NAC decreased lipid ROS
(Fig. 3E), mitochondrial superoxide (Fig. 3F), intracellular
concentrations of total iron (Fig. 3H) and Fe2+ (Fig. 3I),
while increased mitochondrial membrane potential (Fig. 3G)
in atrial fibrillation cardiomyocytes, suggesting that
oxidative stress-induced ferroptosis was observed in atrial
fibrillation cardiomyocytes.

MiR-143-3p involved in the regulation of cell viability in atrial
fibrillation cardiomyocytes
Further experiments were conducted to explore the
underlying mechanisms. The Real-Time qPCR results
showed that miR-143-3p was low-expressed in atrial
fibrillation cardiomyocytes compared to normal
cardiomyocytes (Fig. 4A); hence, miR-143-3p was
overexpressed in atrial fibrillation cardiomyocytes (Fig. 4B)
and downregulated in normal cardiomyocytes (Fig. 4C) to
validate its biological functions in the further experiments.
The CCK-8 assay results showed that miR-143-3p
overexpression rescued cell proliferation abilities of atrial
fibrillation cardiomyocytes in vitro (Fig. 4D), and knock-
down of miR-143-3p significantly inhibited normal

cardiomyocytes proliferation (Fig. 4E). Further trypan blue
staining results validated that overexpression of miR-143-3p
increased atrial fibrillation cardiomyocytes viability (Fig. 4F),
and knock-down of miR-143-3p promoted normal
cardiomyocyte death (Fig. 4G). Consistently, the TUNEL
assay results showed that overexpressed miR-143-3p
decreased cell apoptosis ratio in atrial fibrillation
cardiomyocytes (Figs. 4H and 4I), and the FCM results
showed that silencing of miR-143-3p promoted cell
apoptosis in normal cardiomyocytes (Figs. 4J and 4K).

MiR-143-3p regulated cell ferroptosis in atrial fibrillation
cardiomyocytes and Erastin-treated normal cardiomyocytes
through targeting glutamic-oxaloacetic transaminase 1
Glutamic-oxaloacetic transaminase-1 promoted cell
ferroptosis (Zhang et al., 2018), which was also validated in
this study. Specifically, the expression levels of glutamic-
oxaloacetic transaminase 1 were higher in atrial fibrillation
cardiomyocytes (Figs. 5A and 5C; Fig. S1A) and Erastin-
treated normal cardiomyocytes cells (Figs. 5B and 5C;
Fig. S1A) compared to the normal cardiomyocytes. Besides,
downregulation of glutamic-oxaloacetic transaminase 1
promoted atrial fibrillation cardiomyocytes proliferation
(Figs. 5D and 5E) and alleviated Erastin-induced cell death
in normal cardiomyocytes (Figs. 5F and 5G). Interestingly,

FIGURE 1. Differential cell functions of normal cardiomyocytes and atrial fibrillation cardiomyocytes during in vitro culture.
The cells were separated from mice heart ventricles and cultured in vitro for 48 h, and the cells were then cultured under the standard conditions
for 0, 24, 48, 72, and 96 h, respectively. (A) CCK-8 assay was used to determine cell proliferation abilities. (B) Trypan Blue staining assay was
employed to examine cell viability. (C, D) FCM was conducted to detect cell apoptosis ratio in normal cardiomyocytes and atrial fibrillation
cardiomyocytes at 48 h post in vitro culture. Each experiment had at least 3 repetitions. NS, no statistical significance. *p < 0.05. **p < 0.01.
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the online starBase software (http://starbase.sysu.edu.cn/)
predicted that glutamic-oxaloacetic transaminase 1 was the
downstream target of miR-143-3p (Fig. 5H), which were
validated by the Dual-luciferase reporter gene system results
(Fig. 5I). Further results validated that glutamic-oxaloacetic
transaminase 1 could be negatively regulated by miR-143-3p
in normal cardiomyocytes (Fig. 5J; Fig. S1B). In addition,
overexpression of miR-143-3p inhibited lipid ROS
production (Fig. 5K), mitochondrial superoxide (Fig. 5L),
intracellular concentrations of total iron (Fig. 5N) and Fe2+

(Fig. 5O) and increased mitochondrial membrane potential
(Fig. 5M) in atrial fibrillation cardiomyocytes, which were
all abrogated by upregulating glutamic-oxaloacetic
transaminase 1 (Figs. 5K–5O).

Discussion

A lack of prognostic and therapeutic agents for atrial
fibrillation seriously limits its treatment in the clinic
(Donnellan et al., 2020; Qin and Heist, 2020), and
uncovering the underlying mechanisms of atrial fibrillation
pathogenesis might help to solve this problem. Previous data
indicated that cardiomyocytes could be used as in vitro

models for atrial fibrillation research (Liu et al., 2019), and
cardiomyocyte death contributed to atrial fibrillation
progression (Freundt et al., 2018). Hence this study
established atrial fibrillation mice models, and the
cardiomyocytes were isolated from mice’s heart ventricles
according to the previous study (Liu et al., 2019). After in
vitro culture for differential time points, we found that cell
proliferation was largely limited, and cell viability was
significantly decreased in the cardiomyocytes with atrial
fibrillation in a time-dependent manner, which suggested
that atrial fibrillation caused cell death in cardiomyocytes.
Recent data also suggested that oxidative stress was closely
related to atrial fibrillation progression (Zhang et al., 2018),
and this study validated that ROS levels were increased in
atrial fibrillation cardiomyocytes. Besides, since ferroptosis
was characterized by lipid ROS accumulation (Kraft et al.,
2020; Lewerenz et al., 2018; Yang and Chi, 2020), we proved
that cell ferroptosis appeared in atrial fibrillation
cardiomyocytes. In addition, both ferroptosis inhibitor
(ferrostatin-1) and ROS scavenger (NAC) rescued atrial
fibrillation cardiomyocytes viability in vitro, and NAC
inhibited cell ferroptosis in atrial fibrillation cardiomyocytes,
suggesting that oxidative damages mediated ferroptosis

FIGURE 2.Observation of ferroptosis
indicators in normal cardiomyocytes
and atrial fibrillation cardiomyocytes
at 48 h post in vitro culture.
(A) DCFH-DA staining was
performed to measure intracellular
ROS levels. The ferroptosis
indicators, including (C) lipid ROS,
(D) mitochondrial superoxide, (E)
mitochondrial membrane potential,
(F) total iron levels, and (G) ferrous
iron levels, were respectively
measured. Each experiment had at
least 3 repetitions. NS, no statistical
significance. *p < 0.05. **p < 0.01.
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contributed to cell death in cardiomyocytes with atrial
fibrillation, which were supported by the previous studies
(Totsuka et al., 2019; Wu et al., 2018).

MicroRNAs (miRNAs) have been reported to regulate
oxidative stress, cell ferroptosis, and atrial fibrillation
progression, which might be novel diagnostic and
therapeutic agents for atrial fibrillation. This study found
that miR-143-3p was low-expressed in atrial fibrillation
cardiomyocytes compared to normal cardiomyocytes,
suggesting that the expression patterns of miR-143-3p were
changed by atrial fibrillation in cardiomyocytes. Previous
data indicated that miR-143-3p regulated cell proliferation
(Xia et al., 2018), death (Han et al., 2018), and responses to
oxidative damages (Yu et al., 2018), which enlightened us to
investigate the role of miR-143-3p in the regulation of cell
viability in atrial fibrillation cardiomyocytes and normal
cardiomyocytes. The results showed that overexpressed rescued
cell viability in atrial fibrillation cardiomyocytes, while knock-
down of miR-143-3p induced normal cardiomyocyte death in
vitro, suggesting that miR-143-3p protected atrial fibrillation
cardiomyocytes from death. In addition, miR-143-3p alleviated
cell ferroptosis in atrial fibrillation cardiomyocytes. The above
results suggested that overexpression of miR-143-3p alleviated
oxidative damages-induced cell ferroptosis in cardiomyocytes

suffered from atrial fibrillation. Although we had
evidenced that miR-143-3p played a dominant role in
regulating atrial fibrillation progression in vitro, more
experiments are still needed to investigate the potential
interplays between miR-143-3p with other miRNAs that
synergistically contributed to atrial fibrillation
pathogenesis in our future work.

Glutamic-oxaloacetic transaminase 1 plays a
controversial role in the regulation of cell functions by
modulating glutaminolysis in a cell type-dependent manner
(Wang et al., 2019a; Zhang et al., 2018); however, the role of
glutamic-oxaloacetic transaminase 1 in the regulation of cell
death in cardiomyocytes with atrial fibrillation is still largely
unknown. The present study found that glutamic-
oxaloacetic transaminase 1 was high-expressed in atrial
fibrillation cardiomyocytes and Erastin-treated normal
cardiomyocytes cells compared to the normal
cardiomyocytes and downregulated glutamic-oxaloacetic
transaminase 1 protected atrial fibrillation cardiomyocytes
and Erastin-treated normal cardiomyocytes from death,
suggesting that glutamic-oxaloacetic transaminase 1
inhibited cell viability in cardiomyocytes and in accordance
with the previous study (Zhang et al., 2018). In addition, we
found that glutamic-oxaloacetic transaminase 1 was the

FIGURE 3. Ferrostatin-1 and NAC influenced cell functions in atrial fibrillation cardiomyocytes.
The atrial fibrillation cardiomyocytes were cultured in vitro for 0, 24, 48, 72, and 96 h, respectively. (A) Cell proliferation was evaluated by
CCK-8 assay. (B) Cell viability was measured by Trypan Blue staining assay. (C, D) FCM assay was conducted to determine cell apoptosis ratio
in atrial fibrillation cardiomyocytes. The ferroptosis indicators, including (E) lipid ROS, (F) mitochondrial superoxide, (G) mitochondrial
membrane potential, (H) total iron levels, and (I) ferrous iron levels, were respectively measured. Each experiment had at least
3 repetitions. NS, no statistical significance. *p < 0.05. **p < 0.01.
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FIGURE 4. Influences of miR-143-3p on cell functions in normal cardiomyocytes and atrial fibrillation cardiomyocytes.
(A) Low-expressed miR-143-3p was observed in atrial fibrillation cardiomyocytes compared to normal cardiomyocytes. MiR-143-3p was
successfully overexpressed in (B) atrial fibrillation cardiomyocytes and downregulated in (C) normal cardiomyocytes. (D) Overexpression
of miR-143-3p promoted atrial fibrillation cardiomyocytes proliferation. (E) Knock-down of miR-143-3p inhibited cell proliferation in
normal cardiomyocytes. Trypan Blue assay was conducted to evaluate cell viability in (F) atrial fibrillation cardiomyocytes and (G) normal
cardiomyocytes. (H, I) TUNEL assay was conducted to detect cell apoptosis in atrial fibrillation cardiomyocytes. (J, K) FCM was
performed to determine cell apoptosis in normal cardiomyocytes. Each experiment had at least 3 repetitions. NS, no statistical significance.
*p < 0.05. **p < 0.01.
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FIGURE 5. MiR-143-3p regulated cell proliferation, viability, and ferroptosis by targeting glutamic-oxaloacetic transaminase 1.
Real-Time qPCR was used to detect glutamic-oxaloacetic transaminase 1 mRNA levels in (A) normal cardiomyocytes and fibrillation
cardiomyocytes, and (B) normal cardiomyocytes treated with ferroptosis inducer (Erastin), DMSO was used as a negative control. (C)
glutamic-oxaloacetic transaminase 1 protein levels were determined by using Western Blot (related to Fig. S1A). Knock-down of glutamic-
oxaloacetic transaminase 1 promoted cell (D) proliferation and (E) viability in atrial fibrillation cardiomyocytes. Silencing of glutamic-
oxaloacetic transaminase 1 reversed the inhibiting effects of Erastin on cell (F) proliferation and (G) viability in normal cardiomyocytes.
(H) The binding sites of miR-143-3p and 3’ UTR region of glutamic-oxaloacetic transaminase 1 mRNA were predicted by using the online
starBase software. (I) Dual-luciferase reporter gene system was employed to validate the regulatory mechanisms of miR-143-3p and glutamic-
oxaloacetic transaminase 1. (J) Western Blot results validated that glutamic-oxaloacetic transaminase 1 protein could be negatively regulated by
miR-143-3p. The ferroptosis indicators, including (K) lipid ROS, (L) mitochondrial superoxide, (M) mitochondrial membrane potential, (N)
total iron levels, and (O) ferrous iron levels, were respectively measured. Each experiment had at least 3 repetitions. NS, no statistical
significance. *p < 0.05. **p < 0.01.
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downstream target and could be negatively regulated by miR-
143-3p in mice cardiomyocytes. Of note, glutamic-oxaloacetic
transaminase 1 promoted melanoma cell ferroptosis by
triggering ROS production (Zhang et al., 2018), and this
study validated that the inhibiting effects of miR-143-3p
overexpression on cell ferroptosis in atrial fibrillation
cardiomyocytes cells were abrogated by upregulating
glutamic-oxaloacetic transaminase 1, suggesting that miR-
143-3p regulated atrial fibrillation cardiomyocytes cell
ferroptosis by targeting glutamic-oxaloacetic transaminase 1.

Collectively, overexpression of miR-143-3p inhibited cell
ferroptosis in cardiomyocytes with atrial fibrillation by
inhibiting glutamic-oxaloacetic transaminase 1, consequently
alleviating the development of atrial fibrillation (Fig. 6). This in
vitro study provided potential therapeutic agents for atrial
fibrillation treatment in the clinic; however, more clinical data
are still needed to provide more evidence to support these results.
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Supplementary Figures and Figure legends

FIGURE S1. Western Blot was used to detect the expression levels of glutamic-oxaloacetic transaminase 1 in normal cardiomyocytes, atrial
fibrillation cardiomyocytes, and Erastin-treated normal cardiomyocytes, respectively.
Each experiment had at least 3 repetitions. NS, no statistical significance. *p < 0.05. **p < 0.01.
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