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MicroRNA-223-3p attenuates the angiotensin  
II-dependent ROS effect on cell viability by targeting 
NLRP3 in H9c2 cells

Weiran Dai, Shuang Zhou, Zhiyuan Jiang, Guoqiang Zhong

A b s t r a c t

Introduction: Recently, enhanced activation of NLRP3 has been reported to 
be involved in atrial fibrillation (AF). This study aimed to detect the correla-
tion between oxidative stress and NLRP3 and explore the role of miR-223-3p 
in the reactive oxygen species (ROS) injury induced by Ang II. 
Material and methods: Serum Ang II levels were examined using an ELISA 
kit. Fibrosis levels of right atrial appendages were determined by Masson’s 
staining. H9c2 cells transfected with miR-223-3p mimics were treated with 
Ang II with or without MCC950 (a potent selective NLRP3 inhibitor). Cell via-
bility was detected by CCK-8 assay. Protein abundance was detected by West-
ern blot. The malondialdehyde assay and DCFH-DA were used to measure 
oxidative stress. RT-qPCR was used to assay the expression of miR-223-3p  
and NLRP3. 
Results: In total, 43 patients enrolled in this study, including 20 patients 
with persistent (chronic) AF (cAF). Compared with the sinus rhythm (SR) 
group, we found enhanced activation of the NLRP3 inflammasome which 
was positively correlated with oxidative stress and serum Ang II level in cAF 
patients. Ang II induced ROS generation and inhibited H9c2 cell viability. In 
addition, overexpression of miR-223-3p functioned as MCC950 which in-
hibited expression of the NLRP3 inflammasome and partly attenuated the 
effects of ROS induced by Ang II on H9c2 cell viability. Lastly, we used lucif-
erase assay to confirm NLRP3 as a direct target gene of miR-223-3p. 
Conclusions: miR-223-3p has protective effects on oxidative stress induced 
by Ang II in AF by targeting NLRP3 and could provide a new potential inter-
vention target for treatment of AF.
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Introduction

Atrial fibrillation (AF) is a common tachyarrhythmia, which is charac-
terized by a high risk of stroke, heart failure and mortality [1]. More than 
30 million people worldwide suffer from AF, with an average incidence of 
about 3% [2]. A recent survey of current conditions found that there are 
about 4.87 million patients with AF over the age of 35 in China. 

At present, the pathogenesis of AF is not completely known. The en-
hanced activation of nucleotide-binding oligomerization domain-like re-
ceptor protein 3 (NLRP3) inflammasome and oxidative stress may be two 
potential mechanisms leading to AF. The NLRP3 inflammasome plays an 
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important role in pyroptosis. Pyroptosis is a novel 
type of caspase 1- dependent programmed cell 
death caused by activated inflammasomes. It 
has been found to be involved in different cellu-
lar processes in various diseases, including renal 
ischemia reperfusion injury, diabetic nephropathy, 
nerve injury and atherosclerosis [3–5]. The activat-
ed NLRP3 inflammasomes induce pro-caspase-1, 
which upon maturation subsequently releases 
inflammatory cytokines leading to pyroptosis [6]. 
However, only a few studies have been conducted 
on the role of NLRP3 in the occurrence and main-
tenance of AF. In one of our previous studies, we 
found an increase in the expression of NLRP3 and 
IL-1β in the peripheral blood mononuclear cells 
(PBMCs) of AF patients, suggesting that NLRP3 
inflammasome signaling had a role in AF [7]. Nev-
ertheless, the specific molecular mechanisms un-
derlying this process are still not clear.

Reactive oxygen species (ROS), which act as 
second messenger and regulate the activity of var-
ious transcription factors, are both effectors of ox-
idative stress and potent triggers of inflammation. 
Several studies have indicated that an increased 
ROS level in myocardial tissue was associated 
with AF [8]. ROS-mediated activation of inflam-
matory signaling in cardiac tissues could lead to 
myocardial fibrosis while activation of transform-
ing growth factor β1 (TGF-β1) could cause atrial 
structural remodeling. Interestingly, ROS was also 
found to act as a trigger of NLRP3 inflammasome 
activation. Similarly, angiotensin II (Ang II) was re-
ported to regulate the generation of ROS in cells 
by activating membrane-bound NAD(P)H oxidase 
or inflammatory signaling [9]. Taken together, ROS 
may act as a  bridge between NLRP3 activation 
and renin-angiotensin-aldosterone system (RAAS) 
activation in AF. Hence, we hypothesized that ab-
normal secretion of Ang II increased myocardial 
ROS generation and then activated the NLRP3 
inflammasome, which induced cardiac myocytes’ 
pyroptosis and activated inflammation in AF.

MicroRNAs (miRNAs) are small molecular RNAs 
composed of 19-25 nucleotides. They regulate tar-
get gene expression at the post-transcriptional 
level by acting on target mRNA and subsequently 
promoting the degradation of target mRNA or re-
pressing target mRNA translation [10]. The effect 
of miRNAs in the pathogenesis of cardiac diseas-
es such as arrhythmia, myocardial infarction and 
heart failure has been shown by many studies 
[11–13]. Still, only a few studies have focused on 
the role of miRNA mediated ROS regulation in 
AF. One study used right atrial tachypacing and 
found that overexpression of  miR-206 induced 
ROS generation by negatively regulating SOD1 in 
the canine model of AF [14]. Another study report-
ed exosomal miR-223 levels being significantly  

elevated after cardiopulmonary bypass, leading to 
downregulation of IL-6 and NLRP3 expression in 
the monocytes [15]. 

 However, whether miR-223-3p could regulate 
Ang II-dependent ROS in AF via NLRP3 remains 
largely unknown. This study aimed to detect the 
correlation between oxidative stress and NLRP3 
and explore the role of miR-223-3p in the injury of 
ROS induced by Ang II.

Material and methods 

Tissue samples

The right atrial appendage (RAA) tissues were 
collected from patients with persistent (chronic) 
AF (cAF) who were undergoing open-heart surgery 
for coronary bypass grafting or valve replacement. 
The diagnosis of cAF is in accordance with the 
latest AHA/ASA guidelines. After tissue harvest, 
some of the samples were rapidly cryopreserved 
in liquid nitrogen and then stored at –80°C, until 
ready for use. The rest of the samples were washed 
with cool PBS and then fixed with 4% paraformal-
dehyde for fibrosis analysis. All patients included 
in the study were informed about the project and 
informed consent was received before the surgery. 
The experimental protocols were approved by the 
ethics committee of the first affiliated hospital of 
Guangxi Medical University. 

Tissue fibrosis and malondialdehyde assay

To measure myocardial fibrosis, the fixed hu-
man atrial samples were imbedded in paraffin and 
serially sectioned into 4 μm thick slices for Mas-
son’s staining. To increase the statistical power, 
three fields of view for each slice were random-
ly selected and observed under an optical mi-
croscope (Olympus, Tokyo, Japan). Image-Pro 6.0 
software was used to analyze the results. Malond-
ialdehyde (MDA) levels were detected using the 
MDA kits (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China) according to the manufactur-
er’s instructions.

Enzyme-linked immunosorbent assay 

The serum Ang II levels were measured by 
a  specific enzyme-linked immunosorbent assay 
(ELISA) kit (ab10601; Abcam, Cambridge, UK) ac-
cording to the manufacturer’s instructions.

Cell culture

We purchased the H9c2 cell line from the Chi-
nese Academy of Sciences (Shanghai, China). After 
H9c2 cells were resuscitated, the cells were cul-
tured in DMEM (10569010; Gibco, Gaithersburg, 
USA) with a  proper volume of Penicillin-Strepto-
mycin mix (15140148; Gibco, Gaithersburg, USA). 
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The incubator environment was adjusted to 37°C 
and 5% CO

2. Then cells were seeded in appropri-
ate plates for the following experiments.

Cell Counting Kit-8 assay

We used a  Cell Counting Kit-8 (CCK-8) assay 
(CK04; Dojindo, Kumamoto, Japan) to assess cell 
viability. Briefly, H9c2 cells were seeded in a 96-
well plate and either incubated in different con-
centrations of Ang II (0 μm to 10 μm) (05-23-0101; 
Sigma, St. Louis, USA) for 24 h or incubated in  
Ang II for different lengths of time (from 0 h to 
48 h). MCC950 is a potent specific inhibitor of the 
NLRP3 inflammasome and it blocks the release of 
IL‑1β induced by NLRP3 activators such as lipo-
polysaccharide (LPS) and inflammatory factors. In 
the inhibitor group, MCC950 (50 μM) (HY12815; 
MedChem Express, Monmouth, USA) was added 
to the culture medium before stimulation with 
Ang II. After adding 10  μl of CCK-8 reagent into 
each well of the 96-well plate, the plate was incu-
bated at 37°C for 2 h. Absorbance at 450 nm was 
then measured with the Varioskan Lux system 
(Thermo Fisher Scientific, Waltham, USA). The via-
bility of the treated cells was measured according 
to the manufacturer’s instructions. Experiments 
were performed at least in triplicate.

Transfection

After culturing for 24 h, all the cells were ob-
served and evaluated under a microscope. Cells at 
70–80% confluency in a  6-cell-culture dish were 
transfected with miR-223-3p mimics and miR-
223-3p mimics negative control (NC) by Lipofect-
amine 3000 Reagent (Invitrogen, Carlsbad, USA). 
The sequences of the miR-223-3p mimics and NC 
used in the transfection experiment are listed in 
Table I. Both miR-223-3p mimics and miR-223-3p  

mimics NC were constructed by GenePharma 
(Shanghai, China). The transfection efficiency was 
determined by RT-qPCR. The transfected cells were 
cultured in serum-free medium for another 24 h 
and then treated with Ang II and MCC950 for fur-
ther experiments.

Real-time quantification PCR analysis

Total RNA from the RAA tissues or harvested 
cells was extracted by Trizol (9108; Takara, Tokyo, 
Japan). cDNA was synthesized using a  tailing re-
action kit (B532451; Sangon Biotech, Shanghai, 
China) for miRNA or using a reverse transcription 
kit (RR047A; Takara, Tokyo, Japan) for mRNA. Sub-
sequently, the cDNA was submitted to real-time 
quantification PCR (RT-qPCR) analysis on the Step
One System (Thermo Fisher Scientific, Waltham, 
USA), and quantified using the 2-CT method with 
GAPDH used for normalization (for mRNA) or U6 
(for miRNA). All primer sequences for RT-qPCR are 
listed in Table I.

Western blot analysis

The RAA tissues or harvested cells were lysed 
by RIPA lysis buffer (P0013B; Beyotime, Shanghai, 
China) with 1% PMSF (P0100; Solarbio, Beijing, 
China) and 1% phosphatase inhibitor (P1260; 
Solarbio, Beijing, China). The total protein con-
centration was measured with a BCA kit (P0012S; 
Beyotime, Shanghai, China). Each sample was 
mixed with 5 × SDS-PAGE loading buffer (P1040; 
Solarbio, Beijing, China) and subsequently boiled 
for 10 min at 100°C. Total protein (20 µg to 50 µg)  
was separated using SDS-PAGE electrophoresis 
and then transferred onto a  PVDF membrane, 
followed by incubation in primary antibodies spe-
cific for NLRP3 (1:500, WL02635; Wanlei, Shen-
yang, China), ASC (1:750, sc-271054; Santa Cruz 

Table I. Primers sequence for target genes

Subject Primer

miR-223-3p Forward  5’- TGTCAGTTTGTCAAATACC -3’

Reverse   5’- AACTGGTGTCGTGAG -3’

U6 Forward  5’- CTCGCTTCGGCAGCACA -3’

Reverse   5’- AACGCTTCACGAATTTGCGT -3’

NLRP3 Forward  5’- GTGGAGATCCTAGGTTTCTCTG -3’

Reverse   5’- CAGGATCTCATTCTCTTGGATC -3’

GAPDH Forward   5’- ACGGCAAGTTCAACGGCAC -3’

Reverse   5’- CGCCAGTAGACTCCACGACATA -3’

miR-223-3p mimic Sence 5’- UGUCAGUUUGUCAAAUACCCC -3’

Antisence 5’- GGGGUAUUUGACAAACUGACA -3’

miR-223-3p mimic NC Sence 5’- UUUGUACUACACAAAAGUACUG -3’

Antisence 5’- CAGUACUUUUGUGUAGUACAAA -3’

miR – microRNA, NLRP3 – nucleotide-binding oligomerization domain-like receptor protein 3, GADPH – glyceraldehyde-3-phosphate 
dehydrogenase, NC – negative control.
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Biotechnology, Santa Cruz, USA), caspase-1p20 
(1:500, sc-398015; Santa Cruz Biotechnology, San-
ta Cruz , USA), IL-1β (1:500, ab2015; Abcam, Cam-
bridge, UK), TGF-β1 (1:1000, ab179695; Abcam, 
Cambridge, UK), Col-1 (1:1000, ab96723; Abcam, 
Cambridge, UK) and GAPDH (1:10000, ab181602; 
Abcam, Cambridge, UK) at 4°C. Extra primary an-
tibodies were washed. Then, membranes were 
incubated in secondary antibodies (1:10000, 
ab175773/ab150115; Abcam, Cambridge, UK) 
for 1 h at room temperature. An Odyssey Imaging 
System (LI-COR Biosciences, St. Charles, USA) was 
used to collect images of membranes.

ROS generation assay

Intracellular ROS level was measured by di-
chloro-dihydro fluorescein diacetate (DCFH-DA) 
(287810; Sigma, St. Louis, USA) according to the 
manufacturer’s instructions. The fluorescence im-
ages were acquired by fluorescence microscopy 
(Olympus, Tokyo, Japan). Image-Pro 6.0 software 
was used to measure the average fluorescence 
intensity.

miR-223-3p target gene prediction

In order to find potential binding sites, we 
searched TargetScan (http://www.targetscan.
org/) and miRbase (http://www.mirbase.org/) for 
target gene prediction of miR-223-3p. After pre-
diction, the sequence of potential target genes 
with high scores was analyzed by the National 
Biotechnology Information Center BLAST program.

Dual luciferase assays

We generated a  recombinant luciferase con-
struct pSI-Check2-NLRP3 3′-UTR-WT (Promega, 
Madison, USA) harboring the fragments with the 
binding site for miR-223-3p and another recom-
binant construct pSI-Check2-NLRP3 3′-UTR-Mut 
with the mutated binding site for miR-223-3p. 
HEK293T cells were co-transfected with pSI-
Check2-NLRP3 3′-UTR-WT recombinant plasmid 
(or pSI-Check2-NLRP3 3′-UTR-Mut recombinant 
plasmid) and miR-223-3p mimic (or miR-223-3p 
NC). Subsequently, dual-luciferase reporter assay 
was used to measure the luciferase activity in 
each group at 48 h after transfection.

Statistical analysis

In our article, the categorical data are pre-
sented as frequency and the continuous data are 
expressed as mean ± standard deviation (SD) or 
mean. The SPSS version 20 software was used 
for the statistical analysis. For categorical data, 
the differences between groups were compared 
by chi-square test. For continuous data, the dif-

ference in means between two groups with nor-
mally distributed data was compared using the 
two-tailed Student’s t-test. In cases when there 
were more than two experimental groups, one-
way ANOVA and the Holm-Sidak test were used 
for comparison. If the data were not normally dis-
tributed, the difference between groups was test-
ed by Mann-Whitney and Kruskal-Wallis tests. The 
difference was considered statistically significant 
if the p-value was less than 0.05. Analyzed data 
were plotted as histograms using GraphPad Prism 
version 5 software.

Results

Baseline data of included patients

In total, 43 patients, including 20 patients with 
cAF, were enrolled. There was no significant dif-
ference in gender, age, disease composition, left 
ventricular ejection fraction and medicine therapy 
between the two groups (p > 0.05). The diameter 
of the left atrium in the cAF group was larger than 
that in the SR group (49.25 ±9.76 mm vs. 42.04 
±5.49 mm, p = 0.004). The baseline data summa-
rizing the characteristics of included patients are 
listed in Table II.

Upregulation of NLRP3 inflammasome, 
fibrosis, and MDA expression in RAA 
of patients with cAF

To investigate the difference in NLRP3 inflam-
masome expression, fibrosis level and MDA level 
between SR and cAF patients, we examined the 
expression in RAA tissues from the two groups. 
Western blot results showed that in comparison 
to the SR group, the expression of NLRP3, ASC, 
caspase-1p20 and IL-1β was markedly higher in 
patients of the cAF group (p < 0.05) (Figure 1), sug-
gesting enhanced activation of the NLRP3 inflam-
masome in patients with cAF. Masson’s staining 
showed that the fibrosis level of RAA in the cAF 
group was significantly higher than that in the 
SR group (18.00 ±2.91% vs. 8.98 ±1.97, p < 0.05) 
(Figures 2 A, B). Meanwhile, western blot results 
demonstrated higher expression of Col-1 and 
TGF-β1 in the cAF group than that in the SR group 
(Figure 2 C). The result of the MDA test showed 
that the levels of MDA were markedly higher in 
the cAF group (5.378 ±1.067 nmol/ml vs. 3.544 
±1.052 nmol/ml, p = 0.001) (Figure 2 D).

Upregulation of serum Ang II level 
in patients with cAF

To investigate the serum Ang II level in patients 
with SR or cAF, the serum levels of Ang II were 
examined using a specific ELISA kit. As shown in 
Figure 2 E, the serum Ang II level was higher for 
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Table II. Baseline characteristics of included patients

Parameter SR (n = 23) AF (n = 20) P-value

Gender (male/female) 11/12 7/13 0.395

Age [years] 57.00 ±8.37 55.85 ±7.88 0.647

Medical history:

Coronary heart disease, n 8 9 0.494

Diabetes mellitus, n 7 6 0.975

Hypertension, n 5 7 0.334

Echocardiography:

LAd [mm] 42.04 ±5.49 49.25 ±9.76 0.004**

LVEF (%) 58.35 ±9.94 56.75 ±8.25 0.573

Therapy:

ACEI or ARB, n 14 11 0.697

β-blockers, n 8 7 0.988

Diuretics, n 3 5 0.440

Lipid-lowering medicine, n 8 9 0.494

Nitrates, n 3 4 0.687

Insulin, n 3 4 0.687

SR – sinus rhythm as control, AF – atrial fibrillation, LAd – left atrial diameter, LVEF – left ventricular ejection fraction, ACEI – angiotensin 
converting enzyme inhibitors, ARB – angiotensin receptor blocker. *p < 0.05, **p < 0.01.

patients with cAF than that in patients with SR 
(61.632 ±4.254 vs. 51.197 ±3.775, p < 0.05).

miR-223-3p expression level upregulated 
in patients with cAF

RT-qPCR results showed that the miR-223-3p 
expression in RAA was approximately three-fold 
higher in patients with cAF than that in the SR 
group (Figure 2 F).

Cell viability decreased notably after 
exposure to 1 µM Ang II for 24 h

To identify the effect of Ang II on cell viability, 
the H9c2 cells were stimulated with different con-
centrations of Ang II for different times. Compared 
with the control group, the cell viability gradually 
decreased first and then increased with increasing 
time and concentration. As shown in Figure 3 A, 
at a  constant period of stimulation, the concen-
tration of 1 μM of Ang II significantly decreased 
the H9c2 cell viability. Similarly, at constant stim-
ulation concentration, the lowest cell viability was 
detected after Ang II exposure for 24 h (Figure 3 B).  
So, we used 1 μM Ang II for 24 h as an interven-
tion condition for subsequent experiments.

miR-223-3p mimics downregulated the 
protein level of the NLRP3 inflammasome 
and ROS level induced by Ang II in H9c2 
cells

To further explore the regulatory relationship 
between miR-223-3p and NLRP3, miR-223-3p mi-

mics and miR-223-3p NC were transfected into 
H9c2 cells before intervention with Ang II. RT-qPCR  
results confirmed elevated levels of miR-223-3p 
in the mimic group (Figure 4 A). The protein ex-
pression of NLRP3 decreased in the mimic group 
(Figure 4 B). After intervention with Ang II, com-
pared to the Ang II group, the protein expres-
sion of NLRP3, ASC, caspase-1p20 and IL-1β was 
markedly lower in the mimic group and Ang II + 
MCC950 group (p < 0.05) (Figure 4 C). The results 
of the ROS test showed that Ang II treatment pro-
moted ROS generation in H9c2 cells. Meanwhile, 
the ROS level of the mimic group was lower com-
pared with the Ang II group, while the same result 
was observed in the Ang II + MCC950 group (p < 
0.05) (Figure 4 D). Intriguingly, cell viability was 
negatively correlated with ROS level in each group 
(Figure 4 E).

NLRP3 is the target gene of miR-223-3p

The results of bioinformatics analysis identified 
NLRP3 as a potential target gene of miR-223-3p 
with a  conserved putative binding site between 
miR-223-3p and NLRP3 (Figure 5 A). In the dual-lu-
ciferase reporter assay, we found that compared 
with the NLRP3 WT + miR-223-3p NC group, (1) by 
the effect of miR-223-3p mimic, the luciferase ac-
tivity of the NLRP3 WT + miR-223-3p mimic group 
was significantly lower (4.9664 ±2.0499 vs. 2.5562 
±0.7087, p < 0.05); (2) the decrease in luciferase 
activity was eliminated in the NLRP3 MUT + miR-
223-3p mimic group and NLRP3 MUT+miR-223-3p 
NC group (Figures 5 B, C). These findings suggest 
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that when the predicted miR-223-3p binding site 
on the miR-223-3p 3′-UTR was mutated, binding 
of miR-223-3p to the NLRP3 3′-UTR was prevent-
ed. Taken together, these results confirmed that 
NLRP3 is a direct target gene of miR-223-3p.

Discussion

To date, several achievements have been made 
in AF catheter ablation treatment [16], yet the 
risk of AF continues to affect people’s lives and 
increases with age. Increasing evidence suggests 
that oxidative stress and enhanced activation of 
NLRP3 inflammasome participate in the patho-
physiological processes of AF. To our knowledge, 
activation of the NLRP3 inflammasome regulated 

by miRNAs in AF is not completely known. In the 
present study, we described the effect of miR-223-
3p on regulation of the Ang II/ROS/NLRP3 axis in 
AF by targeting NLRP3. The schematic overview is 
shown in Figure 6.

Ang II is well known as an upstream regulato-
ry factor that induces fibrosis in different organs. 
It is generally thought that abnormal secretion of  
Ang II directly mediates myocardial fibrosis by ac-
tivating fibroblasts via AT1 targeting. Consistently 
with our study, Qiu et al. [17] reported a  signifi-
cantly elevated serum Ang II level in a chronic kid-
ney disease rat model whose AF inducibility was 
significantly induced by transesophageal atrial 
burst pacing.

Figure 1. Enhanced activation of NLPR3 inflammatory signaling in RAA of patients with AF. Western blot analysis 
and quantification of NLRP3, ASC, caspase-1p20 and IL-1β. GAPDH was used as an internal control (n = 10)

*p < 0.05, **p < 0.01. GAPDH – glyceraldehyde-3-phosphate dehydrogenase, RAA – right atrial appendage.
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Figure 2. Increased fibrosis, MDA level, serum Ang II level and upregulated miR-223-3p in patients with AF.  
A, B – Masson’s trichrome staining of RAA. The fibrosis area is blue. CVF was analyzed using Image-Pro 6.0 software 
(n = 6). C – Western blot analysis of Col-1 and TGF-β1 in RAA. GAPDH was used as an internal control (n = 10)
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It is increasingly accepted that Ang II can induce 
a cardiac inflammatory response in atrial remodel-
ing due to the notable expression of inflammatory 
genes at the early stage of Ang II infusion [18]. 
Furthermore, Epelman et al. [19] observed that 
recruitment of CCR2+ monocytes subsequently 
expanded to macrophages and pro-inflammatory 
cytokines were produced after Ang II intervention 

in the heart; however, this phenomenon could be 
inhibited by the CCR2 receptor. Hence, the inflam-
matory cytokines induced by Ang II could cause 
mitochondrial dysfunction and lead to the accu-
mulation of ROS, which are recognized as potent 
endogenous damage-associated molecular pat-
terns (DAMPs). In addition, the NLRP3 inflam-
masome could be activated by DAMPs.

Figure 2. Cont. D – MDA level of atrial appendage  
(n = 10). E – Serum Ang II level was detected by 
ELISA (n = 10). F – Expression of miR-223-3p in RAA

*p < 0.05, **p < 0.01. MDA – malondialdehyde, CVF 
– collagen volume fraction, ELISA – enzyme-linked 
immunosorbent assay, RAA – right atrial appendage, 
GAPDH – glyceraldehyde-3-phosphate dehydrogenase, 
miR – microRNA.
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Figure 3. The impact of Ang II on cell viability. A – H9c2 cells were treated with different concentrations of Ang II 
and the cell viability was measured by CCK-8 assay. B – H9c2 cells were incubated with 1 μM Ang II from 0 h to 
48 h (n = 3)

*p < 0.05, **p < 0.01; CCK-8 – Cell Counting Kit-8, RT-qPCR – real-time quantitative polymerase chain reaction.Unc
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Figure 4. miR-223-3p attenuates angiotensin 
II-dependent ROS effect on cell viability. A  – miR-
223-3p expression in H9c2 cells after transfection.  
B – NLRP3 expression in H9c2 cells after trans-
fection. C – Western blot analysis of NLRP3, ASC, 
caspase-1p20 and IL-1β after Ang II treatment. 
GAPDH was used as an internal control

*p < 0.05, **p < 0.01; miR – microRNA, DCFH-DA – 
dichloro-dihydro-fluorescein diacetate, CCK-8 – Cell 
Counting Kit-8, GAPDH – glyceraldehyde-3-phosphate 
dehydrogenase.
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Figure 4. Cont. D – Intracellular ROS levels were measured by DCFH-DA. E – Cell viability was measured by CCK-8 
assay (n = 6)

*p < 0.05, **p < 0.01; miR – microRNA, DCFH-DA – dichloro-dihydro-fluorescein diacetate, CCK-8 – Cell Counting Kit-8, GAPDH – 
glyceraldehyde-3-phosphate dehydrogenase.
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Malondialdehyde and ROS are both classical 
detection indices for oxidative stress [20]. In re-
cent years, several studies have suggested ox-
idative stress to be associated with AF [21, 22]. 
To better understand the role of oxidative stress 
in AF, we investigated MDA levels and found 
they were elevated in RAA of patients with cAF. 
For the in vitro study, we used Ang II to simulate 
a high circulatory Ang II level of AF and confirmed  
Ang II-mediated induction of ROS in H9c2 cells. 
Taken together, the above results emphasized 

that Ang II-mediated oxidative stress plays a cru-
cial role in AF. In detail, oxidative stress is involved 
in the mechanism of AF in the following three 
aspects: atrial electrical remodeling, structural re-
modeling and connexin remodeling [23–26]. 

Ca2+/calmodulin-dependent protein kinase II 
(CaMKII) is a serine threonine kinase and can be 
oxidized by ROS at methionine residues 281/282 
and then transformed to ox-CaMKII, which is 
associated with cardiovascular disease [27]. Ad-
ditionally, ox-CaMKII was identified as a  proar-
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rhythmic signal because of promoting delayed 
afterdepolarizations (DADs) in Ang II infusion [28]. 
This activation of CaMKII was also observed in 
cardiomyocytes after treatment of Ang II via the 
NADPH pathway [29]. To date, it has been found 
that CaMKII has four major isoforms (α, β, γ and δ),  
while CaMKIIδ is the mainly expressed isoform 
in the mammalian heart. Recently, non-ischemic 
stresses including Ang II were found to act as 
an activator of CaMKIIδ, which leads to cardi-
ac inflammation. Willeford et al. [18] reported 
that after treatment of Ang II, the mRNA level of 
pro-inflammatory cytokines and the recruitment 
of macrophages decreased significantly in mice 
whose CaMKIIδ was genetically deleted. These 
results reveal that in Ang II mediated cardiac in-
flammation, the cardiomyocyte is the major site 
to elicit inflammation and activated CaMKIIδ plays 
an important role in Ang II induced inflammation. 
Moreover, Purohit et al. [28] identified CaMKII 
as an ROS sensor in the inflammatory response 
of Ang II signaling. The enhanced activation of  
CaMKII induced by ROS can in turn lead to mito-
chondrial dysfunction and more ROS induced by 
damaged mitochondria [30]. In other words, in 
Ang II signaling, CaMKII mediated ROS play a com-
plementary role in the production of ROS induced 
by the NADPH pathway and expand the ROS effect 
on activation of the NLRP3 inflammasome. Thus, 
there is a  mutual regulatory cycle between ROS 
production and CaMKII activation. CaMKII func-
tions as a transducer of ROS production in Ang II 
mediating the inflammatory pathway. 

Interleukin-1β, elevated in Ang II infusion, is 
a potent pro-inflammatory chemokine and could 
be generated through the NLRP3 inflammasome. 
In a clinical trial, Everett el al. [31] observed a sig-
nificant decrease in risk of rehospitalization in 
patients with IL-1β signaling blocker treatment, 
suggesting that the NLRP3 inflammasome plays 
a crucial role in cardiac inflammation. In our study, 
we found enhanced activation of the NLRP3 in-
flammasome in vivo or in vitro by Ang II-indepen-
dent ROS. Consistently with our study, Li et al. [32] 
found a  significant increase in AF inducibility by 
constructing a CM-specific knock-in (CKI) mouse 
model which could express NLRP3. Conversely, the 
selective NLRP3 inflammasome inhibitor MCC950 
could reduce the inducibility of AF in CKI mice [33]. 
So the activated NLRP3 inflammasome acts as an 
effector in the Ang II-dependent ROS-mediated in-
flammatory response.

The human NLRP3 gene is located in chromo-
some 1q44, which includes ten exons with a dis-
tribution of approximately 3.3 kb. The activated 
NLRP3 inflammasome plays an important role in 
pathogenesis of different diseases. Usually, the ac-
tivated NLRP3 inflammasome signaling in cardiac 

Figure 6. Schematic overview of current study
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myocytes promotes the maturation of caspase-1 
and then induces abundant release of mature 
IL-1β. IL-1β is known to be not only a profibrot-
ic factor that is activated by TGF-β1 but also an 
important proinflammatory factor which could in-
duce local or systemic inflammatory responses by 
promoting the expression of IL-6, TNF-α and CRP. 
In cardiac myocyte pyroptosis, abundant inflam-
matory mediators accumulate and cause cell ede-
ma. Under the action of perforin such as GSDMD 
[34], cell microchannels form and eventually in-
duce cells pyroptosis, leading to the release of 
many inflammatory mediators. These mediators 
in turn activate inflammation via DAMPs and in-
duce generation of more ROS, thereby aggravating 
myocardial damage. In the present study, Ang II 
increased the generation of ROS and subsequ
ently activated NLRP3 inflammasome signaling, 
resulting in the release of inflammatory media-
tors, which in turn aggravated the downstream 
inflammatory cascades. As a result, inflammation 
mediated by inflammatory cytokines via DAMPs 
induced generation of more ROS, which in turn af-
fected the cell viability.

A recent study reported that the exosomal miR-
223 levels were significantly elevated after cardio-
pulmonary bypass, which led to downregulation 
of IL-6 and NLRP3 expression in the monocytes 
[15]. In order to detect the effects of miR-223-3p 
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in AF, H9c2 cells were transfected with miR-223-
3p mimics before stimulation with Ang II. Com-
pared with the NC group, NLRP3 expression was 
partly suppressed by miR-223-3p mimics. Inter-
estingly, overexpression of miR-223-3p reduced 
the generation of Ang II induced ROS and inhib-
ited the expression of the NLRP3/caspase-1/IL-1β 
axis. Meanwhile, the cell viability was partly at-
tenuated in the miR-223-3p mimic group. More-
over, when cells were pretreated with MCC950 
before stimulation, the NLRP3 expression and 
the generation of ROS were significantly reduced. 
MCC950, a  potent selective inhibitor of NLRP3, 
can block NLRP3 activation. As discussed earlier, 
there is a  mutual regulatory cycle between ROS 
production and CaMKII activation. After the cells 
were treated with MCC950, the effect of Ang II on 
enhanced NLRP3 activation was blocked, so the 
NLRP3 expression decreased compared with the 
Ang II group. The release of inflammatory cyto-
kines decreased as well. As a result, the activation 
of CaMKII decreased due to mitochondrial dam-
age decrease, which resulted in the decrease of 
ROS production. The above results indicated that 
miR-223-3p might function like MCC950 and neg-
atively regulate NLRP3 inflammasome-mediated 
ROS generation, suggesting that the upregulated 
miR-223-3p plays a protective role in AF. 

By using bioinformatics methods, NLRP3 was 
found to be a potential target gene of miR-223-
3p. There was one predicted conserved binding 
site of miR-223-3p and NLRP3. Importantly, in the 
in vitro study we found a negative regulatory re-
lationship between miR-223-3p and NLRP3. Fur-
thermore, using a  dual-luciferase reporter assay, 
we found that miR-223-3p could directly bind the 
3′-UTR of NLRP3, thus confirming that NLRP3 is 
a direct target gene of miR-223-3p. Taken togeth-
er, the evidence suggests that miR-223-3p may 
be involved in inhibiting activation of NLPR3 in-
flammasome signaling in AF by targeting NLRP3. 
However, the activation of NLRP3 was elevated in 
RAA as a result, which could partly be explained 
by the effect of miR-233-3p. MiR-223-3p was not 
strong enough to inhibit the NLRP3 expression to 
the level of patients without AF. Furthermore, in 
vivo the expression of NLRP3 may be affected by 
other mechanisms at the same time as the miRNA  
regulatory network is in many-to-many mode. 
An increasing number of studies have reported 
that a variety of long noncoding RNAs (lncRNAs) 
can weaken the effect of miRNAs on negatively 
regulating downstream gene expression by act-
ing as competitive endogenous RNAs (ceRNAs). 
In detail, ceRNA can influence miRNA binding to 
the target gene by simulating molecular sponges, 
thus affecting the protein coding process. LncRNA 
growth inhibition specificity 5 (GAS5) is reported 

to play an important role in regulating vascular re-
modeling and acting as a tumor suppressor. Inter-
estingly, a recent study reported that GAS5 func-
tioned as a ceRNA and regulated hZIP1 expression 
by sponging miR-223-3p in renal cell carcinoma, 
whereas this effect was reversed by knockdown of 
GAS5 in an in vitro study [35]. However, Wang et al.  
[36] found that expression of miR-223-3p in pa-
tients with AF was decreased, which was different 
from our tissue experiment results. The difference 
may be due to the number of patients included 
and the influence of individual differences. There-
fore, deeper studies on the role of miR-223-3p in 
AF pathophysiology need to be carried out in the 
future.

In conclusion, the oxidative stress induced 
by increased Ang II and activation of the NLRP3 
inflammasome signaling pathway both play an 
important role in the process of AF. Upregulated 
miR-223-3p could partly attenuate the effect of 
Ang II-dependent ROS on cell viability by targeting 
NLRP3 in H9c2 cells. Therefore, the miR-223-3p 
and Ang II/ROS/NLRP3 inflammasome pathway 
may be a new valuable target for gene therapy of 
AF patients. 
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