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Quercetin prevents isoprenaline-induced myocardial fibrosis by promoting 
autophagy via regulating miR-223-3p/FOXO3
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ABSTRACT
Atrial fibrillation (AF) is the common arrhythmias. Myocardial fibrosis (MF) is closely related to atrial 
remodeling and leads to AF. MF is the main cause of cardiovascular diseases and a pathological 
basis of AF. Thus, the underlying mechanism in MF and AF development should be fully elucidated 
for AF therapeutic innovation. Autophagy is a highly conserved lysosomal degradation pathway, 
and the relationship between autophagy and MF has been previously shown. Moreover, research 
reported that quercetin (Que) could ameliorate MF. The current study aimed to explore the 
mechanism of Que in MF. The results in this study showed that in clinical AF patients and in 
aged rats, miR-223-3p was high-expressed, while FOXO3 and autophagy pathway related proteins, 
such as ATG7, p62/SQSTM1 and the ratio of LC3B-II/LC3B-I were significantly inhibited. In vivo and 
in vitro studies, we found that Que can effectively inhibit the expression of miR-223-3p in AF model 
cells and rats myocardial tissues, and meanwhile enhance the expression of FOXO3 and activate the 
autophagy pathway, and significantly inhibit myocardial fibrosis, and improve myocardial remodel-
ing in atrial fibrillation. All in all, in this study, we found that Que prevents isoprenaline-induced MF 
by increasing autophagy via regulating miR-223-3p/FOXO3.
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Introduction

Atrial fibrillation (AF) is high challenging to be 
treated [1,2]. The risk of developing AF is signifi-
cantly increased with aging [3,4]. Epidemiological 
studies showed that about 5% of elderly patients 
aged over 65 years old will develop AF, and this 
number reaches 7.1% when patients aged over 
85 years [5]. The adverse effects of AF on cardiac 
functions cause the mortality of AF patients 1.5 to 
2 times higher than that of non-AF patients [6]. 
Therefore, effective prevention and treatment of 
AF has important clinical significance.

Cardiac structural remodeling and electrical 
remodeling would occur to AF patients, and are 
closely related to the occurrence of AF [7,8]. The 
structural remodeling and electrical remodeling 
can promote and influence one another, with 
structural remodeling serving as the basis of elec-
trical remodeling [8,9]. Structural remodeling is 
characterized by myocardial fibrosis (MF) 
[10,11]. During the structural remodeling, cardiac 
fibroblasts are activated and differentiate into

myofibroblasts, which will lead to a large amount 
of extracellular matrix deposition and further 
cause MF [12]. Therefore, inhibition of MF is an 
important approach to AF prevention and 
treatment.

Quercetin (Que), a glycoside compound of fla-
vonoids family, is a natural product and abundant 
in a variety of plants, fruits and vegetables [13]. 
Researches proved that Que has multiple biologi-
cal functions, such as anti-oxidant, anti- 
inflammatory, and anti-tumor effects [13–15]. In 
an animal experiment, Que shows a significant 
cardioprotective effect on MF [16], but the specific 
mechanism remains unknown. MiRNAs are 
involved in various biological and pathological 
phenomena, including in cardiovascular diseases 
[17]. In cardiovascular biology, miR-223 has 
recently been studied with different cardiac patho-
logical processes, including in cardiomyocyte 
hypertrophy and necrosis [18,19]. Liu et al. found 
that miR-223 could regulate MF after myocardial 
infarction [19]. Nevertheless, the mechanism of
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miR-223 in CF and whether it could be regulated 
by Que during cardiac structural remodeling are 
still unclear. Increasing evidence shows that autop-
hagy dysfunction is a leading cause of many car-
diac conditions and the activation of autophagy 
can effectively inhibit the myocardial fibrosis 
caused by isoprenaline [20]. The report pointed 
out that the forkhead box proteins O3 (FoxO3) 
has a potent inhibitory effect on fibroblast activa-
tion and subsequent extracellular matrix produc-
tion, moreover, it can decrease the fibrosis of 
many organs including the heart, liver, lungs and 
kidneys [21]. Another study found that increased 
activation of FoxO3 results in a significant increase 
in autophagy [22].

Therefore, based on the previous research and 
findings, we hypothesized that Que may have 
a certain effect on MF via regulating miR-223 
and FOXO3 expression, and activation of autop-
hagy pathway. In the current study, the specula-
tion and the underlying mechanisms were further 
explored by conducting a series of experiments.

Methods

Ethics Statement

The study and all animal experiments were 
reviewed and approved by the Ethics Committee 
of Dongfang Hospital, Beijing University of 
Chinese, and performed at Dongfang Hospital, 
Beijing University of Chinese. All the patients 
signed an informed consent, and agreed that 
their tissues would be used in this clinical research.

Tissue samples

Twenty-six AF cardiac tissues and twenty sinus 
rhythm (SR) cardiac tissues were obtained from 
rheumatic heart disease patients who took heart 
valve replacement at Dongfang Hospital, Beijing 
University of Chinese between March 2018 and 
March 2019.

Cell culture

Human embryonic kidney cell 293 T 
(BNCC353535) was purchased from BeNa 
Culture Collection (Beijing, China). The cells

were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM) (C11995500BT, Gbico, MA, USA) 
containing 10% fetal bovine serum (FBS) 
(10,437,010, Gbico) at 37°C with 5% CO2 in 
a humid atmosphere. The 293 T cells were only 
used for dual-luciferase reporter assays.

Luciferase reporter assays

The fragments of FOXO3-3'-UTR with wide-type 
(FOXO3-WT) (5'- 
CAAAGCAGACCCTCAAACTGACA-3') and 
mutant (FOXO3-Mut) (5'- 
CAGATGCAGACTCTCAATACAACA-3') bind-
ing sites for miR-223-3p were inserted into 
pmirGLO luciferase Vectors (E1330, Promega, 
CA, USA). MiR-223-3p mimic (M; 
miR10,000892-1-5) and mimic control (MC; 
miR1N0000002-1-5) were ordered from 
RIBOBIO (Guangzhou, China). The 293 T cells 
were seeded into 48-well plates at 3.0 × 104 cells 
in 300 μl medium. After let grow overnight, 
FOXO3-Mut or FOXO3-WT were co-transfected 
with miR-223-3p mimic or mimic control into 
293 T cells by Lipofectamine 2000 (11,668–019, 
Invitrogen, MA, USA) for 48 h. Next, the cells 
were collected to perform Dual-Luciferase 
Reporter Assay (Promega). The luciferase activity 
of the cells was determined by GloMax fluores-
cence reader (Promega).

Isolation and culture of primary rat cardiac 
fibroblasts (RCFs)

The RCFs were extracted from one-week old Wistar 
rat (SLAC Laboratory Animal Technology, 
Shanghai, China). Before the cell extraction, the 
rats were anesthetized by intraperitoneal injection 
of 2% sodium pentobarbital (50 mg/kg) (B005, 
Jiancheng, Nanjing) for heart collection. Then the 
rats were sacrificed by cervical dislocation, at the 
same time, the heart blood was washed away by 
PBS (C0221A, Beyotime, Shanghai, China). The rat 
hearts were cut into 1-mm3 sections and maintained 
in a 10-cm culture dish. The hearts were incubated 
in 4 mL 0.25% EDTA- Trypsin (25,200–056, Gibco) 
in a humid atmosphere at 37°C with 5% CO2 for 
10 min, and then added with 8 mL 10% FBS. Then 
the tissue sections and supernatant were collected
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and centrifuged for 10 min (1200 × g). After dis-
carding the supernatant, the cells, which were RCFs, 
were collected and cultured in DMEM medium 
containing 15% FBS at 37°C with 5% CO2 in 
a humid atmosphere.

Establishment of AF model in RCFs

After we isolated and cultured the RCFs, the RCFs 
were randomly divided into five groups as follows: 
Control, Que-H, ISO, ISO+Que-L, and ISO+Que- 
H groups. Isoprenaline (ISO) (HY-B0468) was 
purchased from MedChemExpress (NJ, USA) and 
Que (Q817162) was purchased from Macklin 
(Shanghai, China).

The RCFs in control group were normally cul-
tured in complete DMEM medium at 37°C with 
5% CO2 in a humid atmosphere for later use; the 
RCFs in Que-H group were pre-cultured in 
DMEM medium containing 50 μM Que for 
30 min, and then cultured in complete DMEM 
medium for further use; the RCFs in ISO group 
were pre-induced by the solution containing 5 μL 
ISO for 72 h, and then cultured in complete 
DMEM medium for further use; the RCFs in ISO 
+Que-L or ISO+Que-H group were first cultured 
in DMEM medium containing 20 μM or 50 μM 
Que for 30 min, then induced by the solution 
containing 5 μL ISO for 72 h, and finally cultured 
in complete DMEM medium for further use.

After that, the autophagy inhibitors (3-MA) 
were used for reverse validation, the RCFs were 
randomly divided into six groups as follows: 
Control, 3-MA, ISO, ISO+3-MA, ISO+Que-H, 
ISO+Que-H + 3-MA. The RCFs in Control, ISO, 
ISO+Que-H group treated as above described; the 
RCFs in ISO+3-MA group were treated by the 
solution containing 5 μL ISO for 72 h with 3-MA 
(1 mM) treatment for 24 h; the RCFs in ISO+Que- 
H + 3-MA group were treated as ISO+3-MA 
group and follow to culture in DMEM medium 
containing 50 μM Que for 30 min; the RCFs in 
3-MA group were treated as ISO+3-MA group 
without ISO.

Cell transfection

Small interfering RNA directed against FOXO3 
(siFOXO3; siG151021111654-1-5) and negative

control for siFOXO3 (siNC; siN0000001-1-5) 
were obtained from RIBOBIO. Before cell trans-
fection, the RCFs with AF (1.0 × 106 cells) were 
seeded into 6-well plates containing 2 ml medium. 
After let grow overnight to reach a cell confluence 
of 20%-30%, 100 μl OPTI MEM (31,985,070, 
Gbico) was used to dissolve 2 μg siRNA or 
mimic. At the same time, 2 μl liposome 2000 
(P-lipo, Promoter, Wuhan, China) was diluted by 
100 μl OPTI MEM. Then the two media were 
mixed together and incubated for 15 min at 
room temperature. Finally, the previous complete 
media was replaced by the mixed OPTI MEM, and 
further added with 1.8 ml complete medium to 
allow cell growth for an additional 48 h.

MTT assays

MTT (B7777, APExBIO, Houston, USA) was used 
to detect the proliferation of AF model RCFs. 
After the transfection of AF model RCFs with 
siRNA or mimic, 1.0 × 104 cells were first main-
tained in 96-well plates containing 100 μl complete 
medium overnight and then incubated by MTT 
reagent (0.5 mg/ml) for 4 h. The MTT solution 
was replaced by 100 μl DMSO (ST038, Beyotime) 
in each well. Finally, the absorbance was detected 
at 570 nm by a microplate reader (Infinite M200 
PRO, Tecan Austria GmbH, Austria).

Establishment of AF rat model

Wistar rats (age 8 weeks), and elder rats (age 
22–24 months) were purchased from SLAC 
Laboratory Animal Technology. All the experi-
mental animals were fed in the same animal feed-
ing unit under 12-h dark/12-h light cycle. MiR- 
223-3p agomiR and agomiR-NC were obtained 
from Obio Technology (Shanghai, China). 
Comparied the autophagy levels, miR-223-3p, 
and FOXO3 in older and 8-week-old rats. The 
8-week-old rats were randomly divided into five 
groups as follows: Control, ISO, ISO+Que, ISO 
+Que+agomiR-NC, and ISO+Que+miR-223-3p 
agomiR groups, with 10 rats in each group.

The rats in Control were intragastrically admi-
nistrated with 200 μL normal saline once a day for 
22 days; the rats in ISO group were subcutaneously 
injected with ISO (15 mg/kg) at multiple time
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points on the first day, and then given intragastric 
administration of 200 μL normal saline once a day 
for 21 days from the second day on; the rats in ISO 
+Que group were subcutaneously injected with 
ISO (15 mg/kg) at multiple points at the 
first day, and then given intragastric administra-
tion of 200 μL Que (25 mg/kg) once a day for 
21 days from the second day on; 3 days before 
ISO treatment, the rats in ISO+Que+agomiR-NC 
or ISO+Que+miR-223-3p agomiR group were 
injected with agomiR-NC or miR-223-3p agomiR 
(200 nmol/kg) from 10 sites (1–2 mm deep) into 
the left ventricular free wall under anesthesia 
induced by 2% sodium pentobarbital (50 mg/kg), 
and then treated by ISO and Que in the same way 
as ISO+Que group. Contrast with agomiR-NC or 
miR-223-3p agomiR injection, the rats in ISO and 
ISO+Que group were injected with an equal 
volume of saline. 22 days later, the rats were 
anesthetized by intraperitoneal injection of 2% 
sodium pentobarbital (50 mg/kg), and then sacri-
ficed by cervical dislocation for heart collection. 
Rat hearts were removed and used for subsequent 
experiments of RT-QPCR, HE and Masson stain-
ing, Immunohistochemical assay and Western blot 
assay.

RNA extraction and RT-qPCR

MiRNAs were extracted from the clinical samples, 
rat heart samples, and RCFs using a miRcute 
miRNA Isolation Kit (TianGEN, Beijing, China). 
In brief, the tissues were grinded in a 1.5 ml cen-
trifugal tube with lysis buffer, and the cells were 
collected into 1.5 ml centrifugal tube and directly 
lysed by lysis buffer. Next, 200 μl chloroform 
(C805334, Macklin) was added into the cell solu-
tion and shaken for 1 min. After resting the cells 
for 5 min at room temperature, the solution was

further centrifuged at 13,400 × g for 20 min. Then 
the precipitates were collected into a new 1.5 ml 
tube containing 75% ethanol (M9082, Macklin). 
After another centrifugation of the cells at 
13,400 × g for 15 min, the miRNA sediments 
were diluted by RNase-free H2O (ST876, 
Beyotime). MRNAs were extracted from the 
RCFs using TRIzol reagent (15,596, Invitrogen). 
In brief, 3.5 × 106 RCFs were lysed by 200 µl 
TRIzol for 15 min at room temperature, then 
centrifuged for 20 min (14,000 × g). 200 µl iso-
propanol (H822173, Macklin, Shanghai) was 
mixed with the supernatant (about 200 µl) and 
further centrifuged for 5 min (10000 × g). Then 
RNase-free H2O (RF001, Real-Times, Beijing, 
China) was used to dilute the mRNA sediments.

The mRNAs were reverse-transcribed into 
cDNAs using EasyScript First-Strand cDNA 
Synthesis SuperMix (AE301-02, TransGen 
Biotech). The cDNAs with gene primers and 
PerfectStart Green qPCR SuperMix (AQ601-01, 
TransGen Biotech) were amplified in 
QuantStudio6 system (Applied Biosystems, CA, 
USA) under the following reaction conditions: at 
94°C for 30 s, at 94°C for 30 s for 40 cycles, at 60°C 
for 30 s for 40 cycles. Finally, RNA expressions 
were calculated according to 2−ΔΔCT method [23]. 
The primers sequences are shown in Table 1.

HE and Masson staining

The rat heart tissues were paraffin-embedded 
(S25190, Yuanye, Shanghai, China), fixed on the 
microtome (RM2235, Leica, Solms, Germany), and 
sliced into 4-μm thick. Then the slices were fixed 
on a glass slide (80,302–3101-16-P4, ShiTai, 
Jiangsu, China) and deparaffinized, incubated 
with hematoxylin (B25380, Yuanye) for 10 min 
and then with eosin (G1100, Solarbio, Beijing,

Table 1. RT-qPCR primers.
Target gene Forward primers, 5’-3’ Reverse primers, 5’-3’

has-miR-223-3p 
rno-miR-223-3p

CGCTCCGTGTATTTGACAAGC 
GCAGTGTTACGCTCCGTGTA

GTAAGCATGTGCCGCACTTG 
CATGAGCCACACTTGGGGTA

Cyclin D1 GCGTACCCTGACACCAATCTC ACTTGAAGTAAGATACGGAGGGC
Fibronectin ATGCCAAATCTTGCGGAGAAT TTTGCTGCGATTGGTGACATT
Col1A1 

has-U6 
rno-U6 
β-actin

GCTCCTCTTAGGGGCCACT 
CTCGCTTCGGCAGCACA 
CAA ATT CGT GAAGCGTT 
AACATCGAGTGTCGAATATGTGG

ATTGGGGACCCTTAGGCCAT 
AACGCTTCACGAATTTGCGT 
TGG TGT CGT GGA GTCG 
CCGAATAGTTCGCCGAAAGAA
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China) for 1 min, or masson (D026-1-2, 
Jiancheng) for 5 min, at room temperature. 
Finally, the indexes of the slices were recorded 
under a phase-contrast optical microscope (Axio 
Lab.A1 pol; Leica, Solms, Germany).

Immunohistochemical assay

After HE and Masson staining, the tissue slices 
were incubated with antigen repair solution 
(p0081, Beyotime) for 10 min at room tempera-
ture, and then with endogenous peroxidase 
blocker (BF06060, Biodragon, Beijing, China) 
for another 10 min at room temperature. The 
tissues were blocked by 5% FBS for 1 h at room 
temperature, and incubated with antibody of 
Col1A1 (67,288-1-Ig, 1:2500, Proteintech, 
Wuhan, China) or Fibronectin (66,042-1-Ig, 
1:500, Proteintech) overnight at 4°C. Then, cor-
responding secondary antibody (G-21,234, 
1:500, Thermo Scientific) was further incubated 
with all the slices for 30 min and treated by 
DBA reagent (SFQ004, 4A Biotech, Beijing, 
China) for 30 min. Next, the slices were pro-
cessed by hematoxylin (B25380, Yuanye) for 
10 min. Finally, the indexes of the slices were 
recorded under a phase-contrast optical micro-
scope (Axio Lab.A1 pol; Leica, Solms, 
Germany). The ratio of positive cell number 
to the total number was counted from 5 ran-
domly selected fields.

Western blot

Total proteins were isolated from tissues and 
cells using NP-40 (P0013F, Beyotime). In brief, 
250 µl NP-40 was incubated with 3.5 × 106 cells 
and 20 mg tissues for 15 min at 4°C. After 
centrifugation for 30 min (14,000 × g), the 
total protein (supernatant) was collected, and 
the concentration was detected by BCA kit 
(P0009, Beyotime). Next, for protein separation, 
40 µg total protein and 2 µl marker (PR1910, 
Solarbio, Beijing, China) were added into the 
ach lane on SDS-PAGE gels (P0052A, 
Beyotime) at 35 volts for 10 min, at 100 volts 
for 90 min, and then the proteins were trans-
ferred to PVDF membranes (ISEQ00010, 
Millipore, MA, USA), which were then

incubated with methanol (M813895, Macklin). 
Subsequently, the membranes were first incu-
bated with 5% nonfat milk for 1 h at room 
temperature, and then with relative first anti-
bodies as follows: ATG7 (1:2000, ab133528, 77 
kD, Abcam, CA, USA), LC3B I/II (1:2000, 
ab48394, 17/19kD, Abcam), p62/SQSTM1 
(1:3000, ab56416, 61kD, Abcam), Cyclin D1 
(1:2000, ab16663, 36kD, Abcam), Fibronectin 
(1:1000, ab268020, 285kD, Abcam), Col1A1 
(1:1000, ab6308, 130kD, Abcam), FOXO3 
(1:2500, ab23683, 90kD, Abcam), and β-actin 
(1:5000, 42kD, ab8226, Abcam). The next day, 
HRP-conjugated secondary antibodies (goat 
anti-mouse IgG secondary antibody (1:5000, 
ab205719, Abcam) and goat anti-rabbit IgG 
secondary antibody (1:5000, ab205718, 
Abcam)) were further incubated with the mem-
branes for 1 h at room temperature. 
SuperSignal West Pico Chemiluminescent 
Substrate (34,078, Thermo Scientific) was 
reacted with membranes for signal develop-
ment. Image Lab™ Software (version 3.0) was 
used for densitometric analysis and data quan-
tification in Western blot (Bio-Rad Laboratories 
Inc., Hercules, CA, USA).

Statistical analysis

Student’s t-test and one-way ANOVA were con-
ducted to analyze the data using SPSS software 
(version 18.0). LSD and Dunnet’s were used as 
post-hoc tests. Pearson correlation analysis was 
used to analyze the correlation between the expres-
sions of miR-223-3p and FOXO3 in the cardiac 
tissues of AF patients. The data were indicated as 
Mean ± standard deviation. All the experiments 
were conducted three times. A statistically signifi-
cant result was defined when P < 0.05.

Results

Up-regulated miR-223-3p affected 
autophagy-related gene expressions by targeting 
FOXO3 that was low-expressed in AF myocardial 
tissues

The expressions of miR-223-3p and FOXO3 
between AF and SR groups were compared
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(Figure 1a, b), and the data revealed that miR-223- 
3p expression was obviously higher and FOXO3 
expression was lower in AF group than those in SR 
group (P < 0.001). As shown in Figure 1c, we also 
found that the expression of miR-223-3p was 
negatively correlated with that of FOXO3 in AF 
cardiac tissues (r = –0.535, P < 0.001). The expres-
sions of autophagy-related genes in AF and SR 
groups were further determined, and we observed 
that the expressions of ATG7 and LC3B-II were 
obviously higher but the expression of p62/ 
SQSTM1 was lower in SR group than those in 
AF group (P < 0.001) (Figure 1d-e), with a higher 
ratio of LC3B-II/LC3B-I in SR group than in AF

group (P < 0.001) (Figure 1f). These results 
demonstrated that the progression of autophagy 
was inhibited in AF tissues. FOXO3 was predicted 
to be a target of miR-223-3p because FOXO3-3'- 
UTR contained a target sequence base pairing with 
miR-223-3p (Figure 1g). Dual-luciferase reporter 
was conducted to verify the prediction. As shown 
in Figure 1h, luciferase activity of 293 T cells co- 
transfected with FOXO3-WT and miR-223-3p 
mimic was reduced, as compared with the MC 
group (P < 0.001). However, after the co- 
transfection the 293 T cells with FOXO3-MUT 
and mimic, no difference in the luciferase was 
detected, as compared with the MC group. These

Figure 1. Up-regulated miR-223-3p regulated expressions of autophagy-related genes by targeting FOXO3 that was low- 
expressed in AF myocardial tissues. (a). MiR-223-3p expression in myocardial tissues was determined by RT-qPCR, U6 was used as 
an internal control. (b). FOXO3 expression in myocardial tissues was determined by RT-qPCR, β-actin was used as an internal control. 
(c) The correlation of miR-223-3p with FOXO3 was analyzed by Pearson correlation analysis. (d-f) The expressions of ATG7, LC3B-I, 
LC3B-II, and p62/SQSTM1 in the myocardial tissues were determined by Western blot, β-actin was used as an internal control. 
(^^^P < 0.001, vs. AF). (g). FOXO3-3'-UTR containing binding sites of miR-223-3p was predicted by TargetScan. (h). Luciferase assay 
validated that miR-223-3p targeted FOXO3 in 293 T cells, (^^^P < 0.001, vs. MC). All the experiments were conducted three times. 
(AF: atrial fibrillation, SR: sinus rhythm, M: miR-223-3p mimic, MC: mimic control).
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findings verified that FOXO3 could be targeted by 
miR-223-3p.

Que inhibited the cell proliferation, reduced 
miR-223-3p expression, and regulated the 
expressions of proliferation-related and 
autophagy-related genes in ISO-induced RCFs

For detecting the effect of Que on MF, RCFs was 
treated by Que and then treated with ISO or not. 
As shown in Figure 2a, after culture for 48 and 
72 h, the proliferation of RCFs was significantly 
decreased by 50 μM Que (Que-H) but increased by 
ISO, as compared with control group (P < 0.001). 
After treatment with Que-H and Que-L (20 μM), 
the cell proliferation of RCFs induced by ISO was 
significantly decreased after cell culture for 48 and 
72 h, as compared with ISO group (P < 0.001, 
P < 0.01, respectively). These results indicated 
that Que could reverse the significantly decreased 
proliferation of RCFs induced by ISO. Next, we 
detected the effect of Que on the expressions of 
proliferation-related genes in ISO-induced RCFs at 
transcriptional and translational levels. As shown 
in Figure 2b-d, the expressions of Cyclin D1, 
Fibronectin, and Col1A1 in RCFs were reduced 
by Que-H but increased by ISO, as compared 
with control group (P < 0.001), while in ISO 
+Que-H and ISO+Que-L groups, the above 
expressions increased by ISO were reversed by 
Que, as compared with ISO group (P < 0.001). 
The expression of miR-223-3p (Figure 2e) was 
determined, and the result was similar with the 
changes of the expression of proliferation-related 
genes, indicating that Que could inhibit the 
expression of miR-223-3p in ISO-reduced RCFs. 
Furthermore, as shown in Figure 2f-h, the expres-
sions of FOXO3, ATG7, and LC3B-II in RCFs 
were increased by Que-H but reduced by ISO, as 
compared with control group (P < 0.001), while in 
ISO+Que-H and ISO+Que-L groups, these expres-
sions decreased by ISO were all further reversed by 
Que, as compared with ISO group (P < 0.001). 
Among all groups, the expressions of LC3B-I and 
p62/SQSTM1 showed opposite change to LC3B-II, 
but the ratio of LC3B-II/LC3B-I was consistent 
with LC3B-II among all groups (Figure 2i). In

order to verify the effect of Que on autophagy, 
the autophagy inhibitor 3-MA was used for reverse 
verification. The results as shown in Figure 3a-e, 
that 3-MA can promote the effect of ISO on cyclin 
D1, Fibronectin, ColA1, LC3B-II and P62/ 
SQSTM1 expression (P < 0.05), and 3-MA can 
significantly reverse the inhibitory effect of Que 
on cyclin D1, Fibronectin, ColA1, and P62/ 
SQSTM1 expression, and reverse the effect of 
Que on LC3B-II expression (P < 0.001). All these 
results revealed that Que inhibited the prolifera-
tion of RCFs, reduced miR-223-3p expression and 
regulated the expressions of proliferation-related 
and autophagy in ISO-reduced RCFs.

MiR-223-3p overexpression and FOXO3 
knockdown reversed the inhibitory effects of Que 
on the significantly decreasing the proliferation 
of RCFs and the expressions of 
proliferation-related and autophagy-related 
genes in ISO-reduced RCFs

MiR-223-3p mimic and siFOXO3 were transfected 
into RCFs and the ISO-reduced RCFs. As shown 
in Figure 4a-c, MiR-223-3p mimic significantly 
up-regulated miR-223-3p, and siFOXO3 greatly 
down-regulated FOXO3 (P < 0.001). As shown in 
Figure 4d, miR-223-3p expression was reduced by 
Que-H compared with ISO group RCFs, and 
greatly increased miR-223-3p mimic in ISO+Que- 
H + M group as compared with ISO+Que-H 
group (P < 0.001). siFOXO3 showed no effect on 
the expression of miR-223-3p in ISO+Que-H 
+ siFOXO3 group. As for the cell proliferation of 
RCFs (Figure 4e), the cell proliferation of ISO- 
reduced RCFs was significantly reduced by Que- 
H in comparison with ISO group (P < 0.001), but 
miR-223-3p mimic and siFOXO3 significantly 
reversed the inhibitory effect of Que on the cell 
proliferation in ISO+Que-H + M and ISO+Que-H 
+ siFOXO3 groups in comparison with ISO+Que- 
H group (P < 0.01). In addition, the expressions of 
proliferation-related genes at transcriptional and 
translational levels were detected, from Figure 4f- 
h, it can be observed that Que significantly inhib-
ited the expressions of Cyclin D1, Fibronectin, and 
Col1A1 in ISO-reduced RCFs compared with ISO
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Figure 2. Que inhibited the cell proliferation and miR-223-3p expression and regulated the expressions of proliferation- 
related and autophagy-related genes in ISO-reduced RCFs. (a). The cell proliferation of RCFs after induction by ISO or treatment 
with Que was detected by MTT assays. (b). The mRNA expressions of Cyclin D1, Fibronectin, and Col1A1 of RCFs after the induction 
with ISO or treatment with Que was detected by RT-qPCR, β-actin was used as an internal control. (c-d) The protein expressions of 
Cyclin D1, Fibronectin, and Col1A1 of RCFs after the induction with ISO or treatment with Que were detected by Western blot, β- 
actin was used as an internal control. (e) The expressions of miR-223-3p of RCFs after induction with ISO or treatment with Que were 
detected by RT-qPCR, U6 was used as an internal control. (f-i) The protein expressions of FOXO3, ATG7, LC3B-I, LC3B-II, and p62/ 
SQSTM1 of RCFs after the induction with ISO or treatment with Que were detected by Western blot, β-actin was used as an internal 
control. All the experiments were conducted three times. (**P < 0.01, ***P < 0.001, vs. Control, ^^P < 0.01, ^^^P < 0.001, vs. ISO). 
(Que: quercetin, ISO: isoprenaline).
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group (P < 0.001), but miR-223-3p mimic and 
siFOXO3 greatly reversed the inhibitory effect of 
Que on the above expressions in ISO+Que-H + M 
and ISO+Que-H+ siFOXO3 groups compared 
with ISO+Que-H group (P < 0.001). 
Furthermore, the expressions of FOXO3 and 
autophagy-related proteins were determined, as 
shown in Figure 4i-l, the expressions of FOXO3, 
ATG7, and LC3B-II were increased and the 
expressions of LC3B-I and p62/SQSTM1 were

reduced by Que in comparison with ISO group 
(P < 0.001), but in ISO+Que-H + M and ISO 
+Que-H+ siFOXO3 groups, miR-223-3p mimic 
and siFOXO3 greatly reversed the regulatory 
effects of Que on the above gene expressions as 
compared with ISO+Que-H group (P < 0.001). 
Moreover, the ratio of LC3B-II/LC3B-I was con-
sistent with LC3B-II among all groups (Figure 4l). 
All these results revealed that miR-223-3p over-
expression and FOXO3 knockdown reversed the

Figure 3. Que promoted autophagy in ISO-reduced RCFs. (a-b). The protein expressions of Cyclin D1, Fibronectin, and Col1A1of 
RCFs after the induction with ISO or 3-MA only, treatment with ISO and 3-MA, treatment with ISO and Que and treatment with ISO, 
Que and 3-MA were detected by Western blot, β-actin was used as an internal control. (c-e) The protein expressions of LC3B-I, LC3B- 
II, and p62/SQSTM1 of RCFs after the induction with ISO or 3-MA only, treatment with ISO and 3-MA, treatment with ISO and Que 
and treatment with ISO, Que and 3-MA were detected by Western blot, β-actin was used as an internal control. All the experiments 
were conducted three times. (***P < 0.001, vs. Control, ^P < 0.05, ^^P < 0.01, ^^^P < 0.001, vs. ISO, ##P < 0.01, ###P < 0.001, vs. ISO 
+Que-H). (Que: quercetin, ISO: isoprenaline, 3-MA: 3-Methyladenine).
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Figure 4. MiR-223-3p overexpression and FOXO3 knockdown reversed the inhibitory effect of Que on cell proliferation and 
the expressions of proliferation-related and autophagy-related genes in ISO-reduced RCFs. (a). The expression of miR-223-3p 
after transfection with miR-223-3p mimic was detected by RT-qPCR, U6 was used as an internal control. (b).The expression of FOXO3 
protein in RCFs after transfection with siFOXO3 were detected by Western blot, β-actin was used as internal control. (c).The 
expression of FOXO3 mRNA in RCFs after transfection with siFOXO3 were detected by RT-qPCR, β-actin was used as internal control. 
(d). The expression of miR-223-3p in ISO-induced RCFs after treatment with Que and transfection with miR-223-3p mimic or siFOXO3 
was detected by RT-qPCR, U6 was used as an internal control. (e). The cell proliferation of ISO-induced RCFs after treatment with Que 
and transfection with miR-223-3p mimic or siFOXO3 was detected by MTT assay. (f). The mRNA expressions of Cyclin D1, Fibronectin, 
and Col1A1 of ISO-induced RCFs after treatment with Que and transfection with miR-223-3p mimic or siFOXO3 was detected by RT- 
qPCR, β-actin was used as an internal control. (g-h) The protein expressions of Cyclin D1, Fibronectin, and Col1A1 of ISO-induced 
RCFs after treatment with Que and transfection with miR-223-3p mimic or siFOXO3 was detected by Western blot, β-actin was used 
as an internal control. (i-l) The protein expressions of FOXO3, ATG7, LC3B-I, LC3B-II, and p62/SQSTM1 of ISO-induced RCFs after 
treatment with Que and transfection with miR-223-3p mimic or siFOXO3 was detected by Western blot, β-actin was used as an 
internal control. All experiments were conducted three times. (***P < 0.001, vs. ISO, ^^P < 0.01, ^^^P < 0.001, vs. ISO+Que-H). (Que: 
quercetin, ISO: isoprenaline, M: miR-223-3p mimic, MC: mimic control, siFOXO3: small interfering RNA directed against FOXO3, siNC: 
siRNA negative control).
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inhibitory effects of Que on cell proliferation and 
the expressions of proliferation-related and autop-
hagy-related genes in ISO-reduced RCFs.

MiR-223-3p overexpression reversed the inhibitory 
effects of Que on MF and the expressions of 
Fibronectin and Col1A1 in ISO-reduced AF model 
rats
To compared the autophagy-related genes, 
miR-223-3p and FOXO3 between young and 
aged rats, we measured the miR-223-3p level 
and autophagy-related genes and FOXO3 pro-
teins, and we found that the expression of 
miR-223-3p and p62/SQSTM1 were increased 
and FOXO3, ATG 7 and LC3B-II/LC3B-I 
were decreased in aged rats, as compared with 
control group (P < 0.001) (Figure 5a-d). To 
verify the current findings on cell model 
in vivo, ISO-reduced AF model was established 
in rats, which were further processed by Que 
and miR-223-3p agomiR. As shown in Figure 
5e-f, the expression of miR-223-3p was

increased in ISO-reduced AF model rats as 
compared with control group (P < 0.001), but 
decreased by Que decreased compared the ISO 
group (P < 0.001). In ISO+Que+miR-223-3p 
agomiR and miR-223-3p agomiR were observed 
to be able to greatly reverse the inhibitory 
effect of Que on miR-223-3p expression in 
comparison with ISO+Que group (P < 0.001). 
Furthermore, HE and Masson staining was per-
formed to detect the changes in MF, as shown 
in Figure 6a-b, myocardial fibers showed an 
orderly arrangement, the morphology of myo-
cardial cells was normal, and there were few 
corresponding collagen fibers in young control 
group. Slight myocardial fibrosis was observed 
in aged rats compared with younger rats in 
control group. But, the same tendency was 
observed in younger and aged rats: in ISO 
group, myocytes arranged disorderly, myocar-
dial fibrosis and collagen fibers significantly 
increased. In ISO+Que, myocardial fibers reg-
ularly arranged, the proliferation of collagen

Figure 5. Expression of miR-223-3p and autophagy-related proteins in young and aged rats. (a). The expression of miR-223-3p 
in young and aged rats was detected by RT-qPCR, U6 was used as an internal control. (b-d). The protein expressions of FOXO3, ATG7, 
LC3B-I, LC3B-II, and p62/SQSTM1 of young and aged rats were detected by Western blot, β-actin was used as an internal control. (e- 
f) The expression of miR-223-3p in ISO-reduced young and aged AF model rats was detected by RT-qPCR, U6 was used as an internal 
control. All experiments were conducted three times. (‡‡‡P < 0.001, ‡‡P < 0.01, ‡P < 0.05, vs. Young, ^^^P < 0.001, vs. Control, 
***P < 0.001, vs. ISO, ###P < 0.001, vs. ISO+Que). (Que: quercetin, ISO: isoprenaline, AF: atrial fibrillation).
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fibers and myocardial fibrosis was greatly 
reduced, indicating that Que prevented ISO- 
induced cardiomyocyte hypertrophy and 
fibrous matrix deposition. In ISO+Que+miR- 
223-3p agomiR group, miR-223-3p agomiR 
noticeably reversed the inhibitory effect of 
Que on the MF in ISO-reduced AF model 
rats. The expressions of related proteins were 
determined in young rats, as shown in Figure 
6c, the expressions of Col1A1 and Fibronectin 
were obviously increased in ISO group but 
decreased in ISO+Que group, and miR-223-3p

agomiR greatly reversed the effect of Que on 
the expressions of Co1A 1 and Fibronectin in 
ISO+Que+miR-223-3p agomiR group.

MiR-223-3p overexpression reversed the effect of 
Que on inhibiting the expressions of 
autophagy-related genes in ISO-reduced AF 
model rats

We then tested the underlying mechanism in 
young rats. As for autophagy, as shown in Figure 
7a-c, the expressions of FOXO3, ATG7, and

Figure 6. MiR-223-3p overexpression reversed the inhibitory effects of Que on the MF and the expressions of Fibronectin 
and Col1A1 in ISO-reduced AF model rats. (a-b). HE and Masson staining were conducted to observe the changes in cardiac 
hypertrophy and fibrosis of ISO-reduced AF model rat. (c). The expressions of Col1A1 and Fibronectin were detected by immuno-
histochemical. All experiments were conducted three times. (Que: quercetin, ISO: isoprenaline, AF: atrial fibrillation).
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LC3B-II were reduced and the expressions of 
LC3B-I and p62/SQSTM1 were increased in ISO- 
reduced AF model rats in comparison with control 
rats (P < 0.001). In ISO+Que group, Que obviously 
increased the expressions of FOXO3, ATG7, and 
LC3B-II and decreased the expressions of LC3B-I 
and p62/SQSTM1 in comparison with ISO group 
(P < 0.001). Moreover, in ISO+Que+miR-223-3p 
agomiR group, miR-223-3p agomiR significantly 
reversed the effects of Que on the expressions of 
these autophagy-related genes. The results also 
showed that the ratio of LC3B-II/LC3B-I was con-
sistent with that of LC3B-II among all the groups 
(Figure 7d), indicating that Que promoted autop-
hagy in ISO-reduced AF model rats, while miR- 
223-3p agomiR reversed such an effect of Que.

Discussion

MF is an important pathological change of cardiac 
dysfunction caused by the continuous progression

of various cardiovascular diseases (such as AF, 
myocardial infarction, hypertension, etc.), and it 
is also a major cause of myocardial remodeling 
[12,24]. Therefore, prevention or improvement of 
MF is crucial for the prevention of ventricular 
remodeling and restoration of cardiac function.

In recent years, Que has been increasingly stu-
died for its strong biological activities and exten-
sive pharmacological properties [14]. In addition 
to the effects of anti-oxidant, anti-inflammation, 
and anti-tumor of Que, research also reported that 
it also has a strong cardioprotective effect on ISO- 
induced MF [16]. ISO, which could mimic the 
activity of the β-adrenergic receptor, will cause 
myocardial necrosis. Iso-induced cardiac hypertro-
phy is a reliable and well-defined prototype asso-
ciated with arrhythmia, myocardial cell loss, and 
fibrosis during the development of heart failure 
[25]. In order to verify the finding, MF model 
induced by ISO was established in cells and rats. 
Our data revealed that Que inhibited the cell

Figure 7. MiR-223-3p overexpression reversed the inhibitory effects of Que on autophagy-related genes expressions in ISO- 
reduced AF model rats. (a-d). The protein expressions of FOXO3, ATG7, LC3B-I, LC3B-II, and p62/SQSTM1 of ISO-reduced AF model 
rats were detected by Western blot, β-actin was used as an internal control. All experiments were conducted three times. 
(^^^P < 0.001, vs. Control, ***P < 0.001, vs. ISO, ###P < 0.001, vs. ISO+Que). (Que: quercetin, ISO: isoprenaline, AF: atrial fibrillation).
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proliferation of ISO-induced RCFs and amelio-
rated the MF in ISO-induced rats, which con-
firmed the inhibitory of Que on MF. 
Nevertheless, the specific mechanisms should be 
further investigated.

MiRNAs are involved in various biological and 
pathological processes, including in cardiovascular 
diseases [17,26]. MiR-223 has been widely studied 
in cardiovascular disease [18,19]. Liu et al. proved 
that miR-223 regulates MF after myocardial 
infarction [19]. In this study, in order to investi-
gate whether miR-223 regulated MF in AF, AF and 
SR cardiac tissues were clinically collected and 
detected for the expression of miR-223. The results 
showed that the expression of miR-223-3p, 
a subtype of miR-223, was high-expressed in AF 
cardiac tissues, suggesting that miR-223-3p may 
have crucial effect on AF progression. MiR-223- 
3p also has crucial regulatory effects on various 
cells in many diseases, such as in type 2 diabetes, 
Kawasaki disease and colon cancer [27–29]. 
However, the effect of miR-223-3p on AF has not 
been reported. MiR-223 could regulate the prolif-
eration, invasion, inflammation, autophagy of var-
ious cells [30–34], and has all the functions of 
miR-223 except for affecting autophagy [35,36]. 
Therefore, the effect of miR-223-3p on autophagy 
of cardiac cells was examined in the present study, 
and we speculated that the effects of miR-223-3p 
on cardiac cells were regulated by Que.

Studies increasingly found that promoting 
autophagy can achieve the purpose of inhibiting 
MF and improving heart function. In a rat model 
of acute myocardial infarction, atorvastatin could 
improve the survival of cardiomyocytes and 
reduce the fibrosis and infarct area, which may 
be related to autophagy induced by AMPK/ 
mTOR pathway [37]. Another study found that 
supplementing the diet with the natural polyamine 
spermidine can extend the life of mice by inducing 
autophagy and reverse aging-related cardiac dys-
functions [38]. In addition, the autophagy 
mechanism includes autophagy-related (ATG) 
protein components, ATG7, known as E1-like acti-
vating enzyme, which could facilitate the genera-
tion of LC3-phosphatidylethanolamine (PE) 
[39,40]. Therefore, it is necessary to study the 
potential role of autophagy in the treatment of 
AF and MF. As one of the proteins that interact

with LC3B, protein p62/SQSTM1 plays an impor-
tant role in the process of autophagy like LC3B 
[41,42]. Increased expression of LC3B-II and 
decreased expression of p62/SQSTM1 are indica-
tive of an enhanced autophagy [43]. LC3B is 
believed to be the first mammalian protein to be 
located in the autophagosome membrane [44]. 
Our subsequent experimental results revealed 
that Que inhibited the expression of miR-223-3p, 
which then increased the cell proliferation of ISO- 
induced RCFs, and reversed the effect of Que on 
the ISO-induced RCFs. The effect of miR-223-3p 
on ISO-induced RCFs was related to the inhibition 
of the cells autophagy by decreasing ATG7 and 
LC3B-I/II expression and increasing that of p62/ 
SQSTM1. In addition, the autophagy inhibitor 
3-MA was used in this study, and the results 
verified our hypothesis that the use of 3-MA par-
tially reversed Que’s effect on cells. Furthermore, 
these results in vitro were further confirmed by 
our in vivo experiments, in which miR-223-3p 
was found to promote MF and cardiac hypertro-
phy of ISO-induced rats. These results confirmed 
our speculation that Que could inhibit the MF by 
increasing autophagy via regulating miR-223-3p. It 
should be noted that the down-stream mechanism 
is required to be further investigated.

As an autophagy regulator, FOXO3 is widely 
reported to regulate autophagy in many diseases. 
Zhou et al. demonstrated that FOXO3 promotes 
autophagy after cerebral ischemia/reperfusion 
[22]; Gso et al. found that FOXO3 inhibits gastric 
adenocarcinoma cell growth via promoting autop-
hagy [45]; FOXO3 also regulates kidney tubular 
autophagy after urinary tract obstruction [46]. 
Study has shown that FOXO3 may regulate 
ATG7 at the transcriptional level and further to 
regulate autophagy [39]. Our study proves that 
FOXO3 can also regulate ATG7 of RCFs cells 
and regulate autophagy. In addition, FOXO3 tar-
geted by miR-223-3p enhances the functions of 
immune cells [47]. The latest report showed that 
miR-223-3p expression can enhance the autophagy 
of mesenchymal stem cells by targeting FOXO3 
[48]. Consistent with previous research, we also 
verified that miR-223-3p targeted FOXO3 could 
inhibit the expression of FOXO3, thus suppressing 
autophagy and further promoting MF in ISO- 
induced MF rats. Moreover, these effects of miR-
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223-3p on ISO-induced MF rats could be further 
regulated by Que. However, there are still some 
limitations in our study, such as the study of 
elderly rats needs to be explored in future studies.

Based on the current findings, we concluded 
that Que could prevent ISO-induced MF by 
increasing autophagy via regulating miR-223-3p/ 
FOXO3.
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