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Atrial remodeling is a major contributor to the onset of atrial fibrillation (AF) after myocardial infarction (MI).
Tripartite motif-containing protein 21 (TRIM21), an E3 ubiquitin protein ligase, is associated with pathological
cardiac remodeling and dysfunction. However, the role of TRIM21 in postmyocardial infarction atrial remodeling
and subsequent AF remains unclear. This study investigated the role of TRIM21 in post myocardial infarction
atrial remodeling using TRIM21 knockout mice and explored the underlying mechanisms by overexpressing
TRIM21 in HL-1 atrial myocytes using a lentiviral vector. The expression of TRIM21 in the left atrium of the
mouse MI model was significantly elevated. TRIM21 deficiency alleviated MI-induced atrial oxidative damage,
Cx43 downregulation, atrial fibrosis and enlargement, and abnormalities in electrocardiogram parameters
(prolongation of the P-wave and PR interval). TRIM21 overexpression in atrial myocyte HL-1 cells further
enhanced oxidative damage and Cx43 downregulation, whereas these effects were reversed by the reactive
oxygen species scavenger N-acetylcysteine. The findings suggest that TRIM21 likely induces Nox2 expression
mechanistically by activating the NF-xB pathway, which in turn leads to myocardial oxidative damage,
inflammation, and atrial remodeling.

1. Introduction of reactive oxygen species (ROS) and antioxidant activity is the primary

cause of oxidative stress [8]. Nicotinamide adenine dinucleotide phos-

Atrial fibrillation (AF) is the most common form of arrhythmia in
patients with acute myocardial infarction (MI), with an incidence of
6.8-21% [1,2]. Patients with AF post-MI are at a heightened risk of
worse clinical outcomes and mortality than patients without AF post-MI
[3,4]. However, the fundamental mechanism linking MI to the devel-
opment of AF remains unclear. Structural and electrical remodeling of
the atria are prerequisites for the development of AF [5]. Several factors
are involved in atrial remodeling post-MI, including ischemia, stretch-
ing, alterations in the autonomic nervous system, and inflammation [6].

Emerging evidence demonstrates that oxidative stress plays a critical
role in the pathogenesis of AF following MI. Plasma markers of oxidative
stress were elevated in patients with ST elevation MI and were associ-
ated with the initiation of AF[7]. An imbalance between the production

phate (NADPH) oxidase (NOX) is the main contributor to intracellular
ROS production in MI-induced myocardial injury [9]. In human atrial
myocytes, superoxide is mainly produced by Nox2, which is significantly
upregulated in atrial tissues from animal models and patients with AF
[10,11]. Knockdown of Nox2 in the atrium of dogs alleviates rapid
pacing-induced atrial myocyte oxidative injury and reduces AF induc-
ibility [12]. Additionally, increased expression of Nox2 in atrial myo-
cytes has been linked to the degree of atrial remodeling in patients with
mitral regurgitation [13]. Based on the above findings, it is speculated
that Nox2 may play an important role in atrial remodeling following MI.

Tripartite motif-containing protein 21 (TRIM21), an E3 ubiquitin
ligase, plays an essential role in regulating cellular processes, such as
redox homeostasis, transcription, apoptosis, autophagy, and
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inflammation [14,15]. TRIM21 is widely expressed in various tissues but
is particularly enriched in the heart and immune system [16,17].
Accumulating evidence suggests that TRIM21 is involved in the devel-
opment of cardiovascular diseases. For example, TRIM21 protects mice
from CVB3 viral-induced myocarditis by enhancing the interferon reg-
ulatory factor 3-mediated type I interferon signaling pathway [18].
TRIM21 knockout (KO) attenuates transverse aortic constriction
(TAC)-induced ventricular myocyte oxidative damage, thereby pro-
tecting cardiac systolic function [16]. However, it remains unclear
whether TRIM21 regulates atrial remodeling following MI.

This study aimed to explore the role of TRIM21 in atrial remodeling
following MI and to identify whether Nox2 is an essential downstream
effector molecule in this process.

2. Methods
2.1. Experimental animals

The generation of homozygous TRIM21 knockout (KO) mice has
been described in our previous study [19]. Animal experiments were
carried out according to the Chinese National Institutes of Health and
Animal Care guidelines and were approved by the Animal Care Ethics
Committee of Shanghai Tenth People’s Hospital of Tongji University
School of Medicine (approval number: SHDSYY-2020-1734). Mice were
housed in a humidity- and temperature-controlled environment with
controlled light cycles (12-h light and 12-h dark).

2.2. Animal grouping and the MI model

Age- (8-10 weeks) and weight- (20-25 g) matched male mice were
randomly assigned to the following four groups: wild-type sham group
(WT-Sham), wild-type mice without left anterior descending branch
(LAD) ligation; TRIM21 knockout sham group (KO-Sham), TRIM21
knockout mice without LAD ligation; wild-type MI group (WT-MI), wild-
type mice with LAD ligation, and TRIM21 knockout MI group (KO-MI),
TRIM21 knockout mice with LAD ligation.

The mouse MI model was established according to a previous report
[20]. Briefly, mice were anesthetized with a 2% isoflurane inhalation
oxygen mixture without intubation. An incision of 1-2 cm was made to
expose the fourth intercostal space, the heart was carefully squeezed out
of the thoracic cavity, and the LAD was smoothly secured using a silk
(6-0) suture slipknot. Whitening of the left ventricular anterior wall was
considered an indication of successful induction of myocardial ischemia.
The mouse heart was then instantly repositioned into the chest, air and
blood were squeezed out, and the chest was sutured. The sham mice
underwent the same surgery, but the LAD artery was not tied.

2.3. Echocardiography analysis

Left atrial (LA) size was measured using echocardiography 4 weeks
after infarct induction. Briefly, mice were lightly anesthetized with
1.5%-2% isoflurane to maintain spontaneous breathing. Echocardiog-
raphy was performed using an 18-30 MHz transducer with a Vevo 2100
system (VisualSonics, Toronto, Canada). LA area was performed in
parasternal long-axis views using m-mode or two-dimensional echo-
cardiography. Peak velocity of the early ventricular filling (E wave) and
peak velocity of the late ventricular filling (A wave) were acquired from
the apical four-chamber view.

2.4. Electrocardiograph analysis

The mice were lightly anesthetized with 1.5%-2% isoflurane without
intubation. Lead II electrocardiography (ECG) was performed using a
biological signal acquisition system (BL-420S, Chengdu, China). The
ECG waveforms from four consecutive heartbeats were averaged and
analyzed using LabChart 7 Pro software (AD Instruments, Sydney,
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Australia).

2.5. Masson trichrome and hematoxylin and eosin (H&E) staining

Paraffin-embedded mouse LA specimens were fixed in para-
formaldehyde and sectioned at a thickness of 4 pm. A Masson’s tri-
chrome staining kit (Solarbio, Beijing, China) was used to assess atrial
fibrosis, while a hematoxylin and eosin (H&E) staining kit (Solarbio,
Beijing, China) was used to evaluate left atrial morphology. All steps
were performed according to the manufacturer’s instructions. An
Olympus IX83 fluorescence microscope (Olympus, Tokyo, Japan) was
used to visualize slides. The fibrotic area was measured using ImageJ
software (version 1.8.0).

2.6. Cell culture and transfection

HL-1 mouse atrial myocytes were acquired from Procell (Wuhan,
China). The cells were cultured in a humidified atmosphere at 37 °C and
5% CO2 in Dulbecco’s Modified Eagle’s medium (DMEM) (Biological
Industries, Bet-Haemek, Israel) supplemented with 10% fetal bovine
serum (Biological Industries). GenePharma (Shanghai, China) con-
structed a TRIM21 overexpression lentiviral vector (Lenti-TRIM21) and
a negative control (NC) Lenti-green fluorescent protein (Lenti-GFP)
vector. HL-1 cells were transduced with Lenti-GFP and Lenti-TRIM21 at
100 multiplicities of infection (MOI) for 12 h, followed by selection with
puromycin. To induce a cellular model of oxidative damage, HL-1 cells
were treated with Hy0, (150 pM) for 12 h, whereas the control group
was treated with PBS. N-acetylcysteine (NAC, MedChemExpress, NJ,
USA) was used at a concentration of 5 mM as an ROS inhibitor, and
dimethyl sulfoxide (DMSO, Sigma Aldrich, St. Louis, MO, USA) was used
as a solvent control. Vas2870 (MedChemExpress) was used at a con-
centration of 50 pM as a Nox2 inhibitor, while DMSO was used as a
control. Bay11-7082 (MedChemExpress) was used at a concentration of
10 pM as an NF-kB pathway inhibitor, with DMSO as a control.

2.7. Immunofluorescence staining

HL-1 cells grown on glass slides and LA tissues were treated with 4%
paraformaldehyde for 15 min at ambient temperature and then with
0.1% Triton X-100 for 15 min at 4 °C. Next, the slides and sections were
blocked using 5% bovine serum albumin (BSA) for 30 min at ambient
temperature and subsequently incubated overnight with primary anti-
bodies against Cx43 (dilution 1:200, ab78055, Abcam), TRIM21 (dilu-
tion 1:100, ab232549, Abcam, Cambridge, UK), and MAC-2 (dilution
1:100, sc-374541, Santa Cruz Biotechnology, Santa Cruz, CA) at 4 °C.
Subsequently, Alexa Fluor 488/594 fluorophore-labeled secondary
antibody (Yeasen Biotechnology, Shanghai, China) was applied to the
slides and sections. Apoptotic cells were detected using a terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) apoptosis detection kit (Yeasen). All immunofluorescence ex-
periments were performed with the addition of DAPI to stain the nuclei.
An Olympus IX83 fluorescence microscope (Olympus, Tokyo, Japan)
was used to visualize slides and sections. Six random fields were
selected, and the fluorescence intensities were calculated using ImageJ
software.

2.8. ROS detection

HL-1 cells were pretreated with NAC, BAY 11-7082 and Vas7820
before exposure to HyO, and then incubated with 10 pM dihydroethi-
dium (DHE) (Yeasen, Shanghai, China) for 20 min, and ROS levels were
measured using DHE fluorescence [21,22]. The LA tissue of each mouse
was sectioned into 8 ym thick slices and dyed with DHE. Both the slides
and sections were visualized using an Olympus IX83 fluorescence mi-
croscope (Olympus Corporation) and analyzed using ImageJ software.
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2.9. Wheat germ agglutinin (WGA) staining

LA tissues were cut into 5 pm sections at an optimal temperature and
then incubated with 5 pM WGA (Thermo, MA, United States) at 37 °C for
30 min. An Olympus IX83 fluorescence microscope (Olympus, Tokyo,
Japan) was used to capture the sections, and the surface area was
calculated using ImageJ software.

2.10. Western blot analysis

Proteins were isolated from HL-1 cells and LA tissues using radio-
immunoprecipitation assay lysis (RIPA) buffer (Beyotime) and quanti-
fied using bicinchoninic acid (BCA) reagent (Beyotime). Proteins
(20-40 pg) were separated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). To prevent
nonspecific binding, membranes were blocked with 5% BSA. Mem-
branes were then incubated overnight with primary antibodies at 4 °C.
Finally, the membranes were incubated with secondary antibodies and
visualized using enhanced chemiluminescence reagents (Shenger
Biotechnology, Shanghai, China). The primary antibodies used were as
follows: Cx43 (ab78055, Abcam), TRIM21 (ab232549, Abcam), MAC-2
(sc-374253, Santa Cruz), Bcl-2 (3498S, CST), total nuclear factor-xB
(t-NF—«B) (T55034, total-NF-xB, Abmart, Shanghai, China), phospha-
tidylinositol NF-kB (TA2006, p-NF—«B, Abmart), Bax (2772S, CST),
Nox2 (abs124860, Absin, Shanghai, China), y-H2AX (ab81299, Abcam),
GAPDH (5174S, CST), collagen I (ab260043, Abcam), a-SMA (ET1607-
53, Huabio, Hangzhou, China), and horseradish peroxidase-labeled
secondary antibodies (Huabio).

2.11. Quantitative real-time polymerase chain reaction

Total RNA was extracted from HL-1 cells and LA tissues using TRIzol
reagent (Takara, Dalian, China). Complementary DNA was synthesized
using the PrimeScript RT Reagent Kit (Takara). All subsequent ampli-
fications were conducted using a LightCycler 480 Real-time PCR System
(Roche) and Hieff® qPCR SYBR Green Master Mix (No Rox) (Yeasen,
Shanghai, China). Target gene expression was quantified using the
2724AC method with normalization to GAPDH expression. Primer se-
quences are provided in Supplementary Table 1.

2.12. Measurement of malondialdehyde (MDA) and superoxide
dismutase (SOD)

Samples of cell supernatant and mouse serum from each group were
collected to assess the concentrations of malondialdehyde (MDA) and
superoxide dismutase (SOD) activity using MDA and SOD kits (Beyo-
time), according to the manufacturer’s instructions.

2.13. Statistical analysis

Data analysis was conducted using GraphPad Prism version 8.0
(GraphPad Software, San Diego, CA). All data are expressed as the mean
+ standard deviation (SD). The normality of the data was assessed using
the Shapiro-Wilk test. Two-sample comparisons were performed using
a two-tailed Student’s t-test. For comparisons between multiple groups
(>3 groups), one-way ANOVA followed by Bonferroni post hoc test was
performed. Nonparametric data were compared using an unpaired, two-
tailed Mann-Whitney test (two groups) or the Kruskal-Wallis with
Dunn post hoc test (>3 groups). Statistical significance was set at P <
0.05.

Redox Biology 62 (2023) 102679

3. Results
3.1. TRIMZ21 deficiency alleviates LA fibrosis post-MI

Expression of TRIM21 in left atrial tissues of mice was examined first.
As shown in Fig. 1a, compared to sham-operated mice, both mRNA and
protein expression of TRIM21 increased on day 3 but decreased on day
14 after MI. The expression of TRIM21 protein and mRNA had no sig-
nificant difference between 14 and 28 days. Consistent with this finding,
the fluorescence intensity of TRIM21-positive cells in the LA increased
on day 3 but decreased on day 14 after LAD ligation, with no significant
change at 28 days (Fig. 1b). These results indicate that TRIM21 may play
a role in the regulation of post-MI atrial remodeling. Next, a TRIM21
knockout mouse model was constructed to confirm the role of TRIM21 in
Ml-induced atrial remodeling. As shown in Fig. 1c, compared to mice in
the WT-Sham group, WT-MI mice exhibited increased LA fibrosis, as
demonstrated by the increased expression of the fiber-related proteins
collagen I and o-SMA, whereas TRIM21 deficiency attenuated this
fibrosis. Similar results were obtained using Masson’s trichrome staining
(Fig. 1d). Collectively, these data suggest that TRIM21 deficiency alle-
viates MI-induced atrial fibrosis.

3.2. TRIMZ21 deficiency mitigates LA enlargement

Echocardiography and electrocardiography were performed four
weeks after MI, after which the mice were sacrificed. Fig. 2a shows a
gross specimen of the LA. No morphological changes were observed in
TRIM21-deficient mice compared to those in the WT-Sham group under
normal conditions. The LA weight (LAW)/left tibia length (TL), which is
a measure of LA enlargement, was significantly increased after MI;
however, this effect was significantly reduced in TRIM21 knockout
mice. WGA staining showed that MI led to atrial myocytes hypertrophy
(increase in cross-sectional area), while TRIM21 knockout could inhibit
atrial myocyte hypertrophy (Fig. 2b). LA area/TL, a marker of LA
enlargement, was also measured using echocardiography, and KO-MI
mice were found to have a lower LA area/TL ratio than WT-MI mice
(Fig. 2c). Both WT-MI and KO-MI groups exhibited a decreased peak E/A
ratio compared to the respective Sham groups, and there was no sig-
nificant difference between the two MI groups (Fig. 2¢). Furthermore,
electrocardiogram parameters showed that the P-wave duration and PR
interval were both significantly lengthened in the WT-MI groups,
whereas TRIM21 ablation significantly inhibited these effects following
MI (Fig. 2d). Overall, these results demonstrated that TRIM21 deficiency
can mitigate MI-induced atrial enlargement.

3.3. TRIM21 ablation inhibits atrial myocyte apoptosis and Cx43
downregulation in the LA post-MI

Apoptosis of cardiomyocytes can lead to myocardial fibrosis [23].
Therefore, the effect of TRIM21 deficiency on atrial myocyte apoptosis
following MI was evaluated by western blotting and TUNEL staining. As
shown in Fig. 3a, MI resulted in increased DNA damage (evidenced by
increased y-H2AX expression) and cardiomyocyte apoptosis (as indi-
cated by the decreased Bcl-2/Bax ratio) compared with the sham group.
However, TRIM21 knockout significantly attenuated MI-induced injury
and apoptosis. This was further corroborated by the TUNEL staining
assay (Fig. 3b). Alterations in Cx43 expression correlated with atrial
electrical remodeling [24]. The role of TRIM21 in Cx43 expression was
further investigated by western blotting and immunofluorescence as-
says. The findings revealed that deletion of TRIM21 counteracted the
Ml-induced decline of Cx43 in mouse atrial tissues (Fig. 3a). This was
further verified by immunofluorescence assays of atrial sections
(Fig. 3c). Therefore, the findings suggest that TRIM21 deletion can
reduce atrial myocyte apoptosis and Cx43 downregulation following MI.
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Fig. 1. TRIM21 deficiency alleviated left atrial fibrosis in mice post myocardial infarction. (a) Relative TRIM21 protein and mRNA levels in mouse LA at 3,14,28 days
post-MI compared with the sham group. (b) Representative immunofluorescence of TRIM21 (green) and DAPI (blue) in the LA at 3,14,28 days (scale bar: 20 pm).
Quantitative analysis of TRIM21 fluorescence intensity. (c) The protein levels of collagen I and a-SMA were measured by western blot analysis. Quantitative analysis
of collagen I and a-SMA. (d) Representative images of left atrial tissues at 28 days post-MI stained with Masson trichrome. Quantitative analysis of LA fibrosis. *P <
0.05, **P < 0.01, ***P < 0.001. LA, left atrial; MI, myocardial infarction; DAPI, 4/, 6-diamidino-2-phenylindole. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

3.4. TRIMZ21 deficiency suppresses oxidative stress and inflammation in
LA post-MI

Oxidative stress and inflammation are closely associated with atrial
remodeling [7]. Therefore, the role of TRIM21 in MI-induced oxidative
stress and inflammation was examined. TRIM21 deficiency led to an

increase in the antioxidant enzyme SOD and a decline in the oxidative
stress markers ROS and MDA in the atrial tissues post-MI (Fig. 4a).
Additionally, TRIM21 depletion resulted in a significant decrease in
Ml-induced inflammation, as indicated by a reduction in macrophage
infiltration (MAC-2-positive macrophages) and expression of proin-
flammatory factors (IL-1f and IL-6) (Fig. 4b). Taken together, these



X. Liu et al.

a Sham Ml
WT KO WT KO
-,'_i
< .
- -
b Sham Ml
WT KO

R intervail

Ml

findings suggest that the absence of TRIM21 mitigates MI-induced
inflammation and oxidative stress in atrial tissues.

3.5. TRIM21 overexpression exacerbates oxidative stress, cell apoptosis,
and Cx43 downregulation induced by H202 in HL-1 cells

Additional experiments were conducted to evaluate the influence of
TRIM21 on oxidative stress, DNA damage, apoptosis, and Cx43 expres-
sion in vitro. A TRIM21 lentivirus (Lenti-TRIM21) was used to over-
express TRIM21 in HL-1 cells, and an empty vector lentivirus was used
as a negative control (NC). The overexpression of TRIM21 was then
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Fig. 2. TRIM21 deficiency moderated left atrial
enlargement in mice post-MI. (a) The gross specimen
of the LA at 28 days post-MI. Quantitative analysis of
LAW/TL at 28 days post-MI. (b) Representative wheat
germ agglutinin (WGA) immunofluorescence staining
images (scale bar: 20 pm) and quantitative analyses
of myocyte cross-sectional area. (c) Representative
echocardiographic images at 28 days post-MI. Quan-
titative analysis of LA area/TL and E/A ratio. (d)
Representative electrocardiograph images at 28 days
post-MI. Quantitative analysis of P wave duration and
PR interval. *P < 0.05, **P < 0.01, ***P < 0.001.
LAW indicates left atrial weight; TL, tibia length.
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verified through western blotting, quantitative reverse transcription-
PCR, and immunofluorescence assays (Supplementary Fig. 1). The
cells were divided into four groups: NC + PBS, Lenti-TRIM21 + PBS, NC
+ H505, and Lenti-TRIM21 + H505. As shown in Fig. 5a, HyO5 treatment
caused a significant increase in ROS and MDA levels as well as a decrease
in SOD antioxidant enzyme activity. In addition, TRIM21 over-
expression further augmented ROS and MDA levels, as well as further
decrease SOD activity following HyO5 exposure. Consequently, HyO9
treatment resulted in augmented oxidative damage in HL-1 cells (evi-
denced by increased y-H2AX expression and a diminished Bcl-2/Bax
ratio) and decreased Cx43 expression compared to that in the NC +
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this figure legend, the reader is referred to the Web version of this article.)

PBS group; TRIM21 overexpression further augmented oxidative dam-
age and Cx43 downregulation in HL-1 cells exposed to Hy0- (Fig. 5b). In
addition, TRIM21 overexpression increased the number of TUNEL-
positive HL-1 cells exposed to HyO (Fig. 5¢). Collectively, these find-
ings suggest that TRIM21 plays a role in regulating oxidative stress,
apoptosis, and Cx43 expression under stressful conditions.

3.6. TRIMZ21 promotes cell apoptosis and Cx43 downregulation by
inducing oxidative stress

The ROS inhibitor NAC was used to investigate the correlation be-
tween TRIM21-induced apoptosis, Cx43 downregulation, and ROS
production. HL-1 cells were divided into four different groups: NC +
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DMSO + H309, NC + NAC + H50,, Lenti-TRIM21 + DMSO + H305, and
Lenti-TRIM21 + NAC + H20,. NAC significantly decreased ROS and
MDA levels and increased SOD activity compared to DMSO treatment
(Fig. 6a). Consistent with this, the DNA damage- and apoptosis-
promoting effects of TRIM21 overexpression were attenuated by NAC,
as evidenced by the increased Bcl-2/Bax ratio and decreased y-H2AX
expression (Fig. 6b). NAC also reduced the number of TUNEL-positive
HL-1 cells induced by TRIM21 overexpression (Fig. 6¢). Furthermore,
NAC pretreatment reversed the decrease in Cx43 expression caused by
TRIM21 overexpression (Fig. 6b). These findings indicated that TRIM21
may promote HL-1 cell apoptosis and Cx43 downregulation by exacer-
bating ROS production and subsequent oxidative stress.

3.7. TRIM21 promotes oxidative stress, cell apoptosis and Cx43
downregulation by upregulating Nox2

NADPH oxidase enzymes are important sources of ROS in the car-
diovascular system, and the main isoform expressed in the human atria
is Nox2(10,11). Analysis of Nox2 expression in atrial tissues of mice
three days post-MI revealed that TRIM21 deficiency inhibited its

Redox Biology 62 (2023) 102679

expression, as demonstrated by western blotting (Fig. 7a). Additionally,
in vitro studies conducted on HL-1 cells exposed to H,O, demonstrated
that TRIM21 overexpression further upregulated Nox2 expression
(Fig. 7b). These results suggest that Nox2 may play a role in TRIM21-
mediated ROS production and oxidative stress. To test this hypothesis,
the chemical compound Vas2870 was used to inhibit Nox2 activity. The
cells were divided into four groups: NC + DMSO + H30,, NC + Vas2870
+ H30,, Lenti-TRIM21 + DMSO + H50,, and Lenti-TRIM21 + Vas2870
+ H305. As shown in Fig. 7d, Vas2870 attenuated the oxidative stress
caused by TRIM21 overexpression, which is indicated by increased SOD
activity and decreased levels of ROS and MDA. Pretreatment with
Vas2870 also inhibited TRIM21 overexpression-induced DNA damage,
apoptosis, and Cx43 downregulation (Fig. 7c). Furthermore, the number
of TUNEL-positive cells was also reduced in the Vas2870-treated group
compared to that in the Lenti-TRIM21 + DMSO + H305 group (Fig. 7e).
Taken together, these findings suggest that TRIM21 can induce
apoptosis and oxidative stress and decrease Cx43 expression in atrial
myocytes, at least partially through the upregulation of Nox2.
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3.8. TRIMZ21 promotes oxidative stress and Nox2 expression by activating
the NF-«xB pathway

To gain further insight into the regulation of Nox2 by TRIM21, the
role of the nuclear transcription factor was examined. Significant evi-
dence indicates that Nox2 can be regulated by the nuclear transcription
factor NF-xB [25,26]. Therefore, NF-xB activity in mouse atrial tissues
after MI was assessed. Abolishment of TRIM21 inhibited the NF-xB
pathway in the atrial tissue of mice three days post-MI, as revealed by a
decrease in the p-NF-«kB/t-NF—«B ratio (Fig. 8a). In addition, in vitro cell
experiments showed that TRIM21 overexpression significantly ampli-
fied NF-kB activity in HL-1 cells exposed to H,O2 compared to that in the
single stimulation group treated with HoO5 only (Fig. 8b). The role of the
NF-kB pathway in TRIM21-induced Nox2 upregulation and ROS oxida-
tive stress was investigated using the NF-xB inhibitor Bay11-7082. The
cells were divided into four groups: NC + DMSO + H302, NC +
Bay11-7082 + H,0,, Lenti-TRIM21 + DMSO + H,0,, and Lenti--
TRIM21 + Bay11-7082 + H30». The results showed that Bay11-7082
suppressed NF-kB pathway activation induced by H;0, as evidenced
by the decrease in the p-NF—«B/t-NF—«B ratio (Fig. 8c). The findings
showed that Bay11-7082 impeded the upregulation of Nox2 induced by
H,0, (Fig. 8c). As expected, Bayl1-7082 reduced the oxidative stress
caused by TRIM21 overexpression, as indicated by the decreased levels
of ROS and MDA and increased activity of SOD (Fig. 8d). TRIM21
overexpression-induced DNA damage (manifested by reduced y-H2AX
expression), apoptosis (demonstrated by an elevated Bcl-2/Bax ratio),
and Cx43 downregulation were also reversed by Bay11-7082 (Fig. 8c).
The inhibitory effect of Bayl1-7082 on H3Os-induced HL-1 cell
apoptosis was also verified by TUNEL assay (Fig. 8e). In summary, these

Sham Mi

T P T - o WT-Sham + WT-MI
—————— — = KO-Sham v KO-MI
y . iy
p-NF-KB‘ — —— ‘ gl
Z3
— %
-NF-c | —— !
& [
s ;¢
s
crron | M |
o
PBS H202
NG+ -+ - © NC+PBS = Lenti-TRIM21+PBS
Lenti-TRIM21 = #+ = * 4 NC+H 0, v Lenti-TRIM21+H,0,

3

pilFs E
e E’

NC
+

Ratio of p-NF-kB/-NF-kB

c Lenti-TRIM21

DMSO +

Bay11-7082 + +

Cx43 . . e i
Bax | M. . W —

Boi2 | .
Y-H2AX ‘ roe-

© NC+DMSO

4 LentiTRIM214DMSO
= NC+Bay11-7082v Lenti-TRIM21+Bay11-7082 =
3

© NC+DMSO 4 Leni-TRIM21+DMSO

5

o

Ratio of p-NF-KB/-NF-KB
Ratio of Bcl-2/bax

&
L
[ f

=

2
0
=
7y

© NC+DMSO 4 Lenti-TRIM214DNSO
= NC+Bay11-7082 ¥
S .

2 Ho0,

Lenti-TRIM21+Bay11-7082

2.0

154,

Relative protein levels

NOX2

cxa3 V-H2AX

+ NC+DMSO

Mean Intensity of DHE

NC+Bay11-7082 v Lenti-TRIM21+Bay11-7082

Redox Biology 62 (2023) 102679

data indicate that TRIM21 promotes Nox2 expression and oxidative
damage in atrial myocytes, likely through the NF-kB signaling pathway.

4. Discussion

The main finding of this study was that knockout of the E3 ligase
TRIM21 mitigated MI-induced atrial remodeling. The expression of
TRIM21 in the LA of the mouse MI model was markedly elevated.
TRIM21 deficiency alleviated MI-induced atrial oxidative damage, Cx43
downregulation, atrial fibrosis and enlargement, and abnormalities in
electrocardiogram parameters (prolongation of the P-wave and PR in-
terval). Overexpression of TRIM21 in atrial myocyte HL-1 cells further
enhanced oxidative damage and Cx43 downregulation. Mechanistically,
it was shown that TRIM21 might promote atrial myocyte oxidative
damage via the NF-kB/Nox2 pathway. These results suggest that
TRIM21 is involved in the pathogenesis of atrial myocyte oxidative
damage and atrial remodeling following MI and imply that targeting
TRIM21 could be a viable therapeutic option for Ml-related atrial
fibrillation.

Previously, we reported that patients with AF post-MI are at an
increased risk of ischemic stroke and heart failure [3,27]. This study
aimed to explore the possible mechanisms underlying AF following MI
and focused on the left atrium, as AF usually originates in this area [28].
Several studies have documented MI-induced unfavorable LA structural
and electrophysiological changes, including atrial myocyte hypertro-
phy, atrial enlargement, interstitial fibrosis, and dysregulation of gap
junctions, thereby facilitating AF initiation and maintenance [29-32].
This is consistent with observations made in this study that showed
increased apoptosis of atrial myocytes and decreased expression of Cx43
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Fig. 8. Bay11-7082 inhibited TRIM21 overexpression-induced oxidative stress, cell apoptosis, and Cx43 downregulation. (a) The protein levels of p-NF-kB and
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to Hy0,. (b) The protein levels of p-NF-kB and t-NF-kB in HL-1 cells were measured by western blot analysis. Quantitative analysis of p-NF-kB/t-NF—«B. (c) The
protein levels of p-NF—«B, t-NF-«B, Cx43, Bcl-2, Bax and y-H2AX were measured by western blot analysis. Quantitative analysis of p-NF-kB/t-NF—«B, Cx43, Bcl-2,
Bax and y-H2AX. (d) Representative images of DHE staining in each group. Scale bar: 50 pm. Quantitative analysis of DHE, MDA and SOD levels. (e) Representative
immunofluorescence staining of TUNEL (red) and DAPI (blue) in each group. Scale bar: 50 pm. Quantitative analysis of TUNEL-positive cells. *P < 0.05, **P < 0.01,
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in the left atria of mice in the early post-MI period, as well as marked
atrial fibrosis and enlargement in the later stages.

Several factors are involved in atrial remodeling post-M], including
atrial ischemia, atrial stretch and enlargement, inflammation, ventric-
ular dysfunction, and autonomic nervous system changes [6]. Recent
studies have highlighted oxidative stress and inflammation as putative
mediators of postmyocardial infarction atrial electrical and structural
remodeling. For example, elevated levels of oxidative stress and
inflammation biomarkers have been linked to the onset of AF in patients
with ST elevation MI(7). Simvastatin mitigated oxidative stress and
reduced susceptibility to AF in a rat model of ischemic heart failure [33].
In this study, it was found that mice suffering from MI exhibited
increased oxidative stress, as indicated by increased levels of ROS and
MDA and decreased SOD activity. TRIM21, an E3 ligase, was initially
identified as a cytosolic IgG receptor that enables intracellular virus
neutralization by antibodies [34]. Recent studies have revealed that
TRIM21 is highly expressed in mammalian hearts and plays important
roles in cardiovascular disease [14,16,17]. For example, TRIM21 is
upregulated in the ventricle after MI and exacerbates myocardial injury
by promoting M1 macrophage polarization [19]. TRIM21 loss attenu-
ates TAC-induced myocyte oxidative damage by enhancing the
Kelch-like ECH-associated protein 1 (Keapl)-nuclear factor erythroid
2-related factor 2 (Nrf2) antioxidant pathways [16]. This study found
that TRIM21 expression in the mouse atria exhibited an increasing trend
at an early stage after MI. Based on the above data, it was hypothesized
that TRIM21 may be involved in postmyocardial infarction atrial
remodeling.

Consistent with this hypothesis, TRIM21 knockout was found to
mitigate postmyocardial infarction atrial structure remodeling, as
demonstrated by reduced atrial fibrosis and enlargement. Atrial fibrosis
can lead to intra- and interatrial conduction inhomogeneity, thus facil-
itating re-entry formation and contributing to AF occurrence and
maintenance [35]. Left atrial enlargement is an independent predictor of
incident AF in patients with MI(3). An epicardial mapping study showed
that MI-induced structurally remodeled atria exhibit prolonged atrial
activation times and slowed atrial conduction [36]. This study found
that TRIM21 ablation alleviated MI-induced downregulation of Cx43, a
vital gap junction protein in atrial myocytes that is essential for main-
taining electrical conduction [24]. Low levels of Cx43 expression may
lead to connexin remodeling and AF initiation [24,37]. The mechanism
through which TRIM21 KO influences the expression of Cx43 remains
unclear and may be related to increased oxidative stress and inflam-
mation levels [37]. Changes in atrial electrophysiology and structure
can be reflected in electrocardiographic parameters such as the PR in-
terval representing atrial depolarization time and P-wave durations
indicating atrial and atrioventricular nodal conduction [37,38]. This
study showed that TRIM21 ablation significantly inhibited MI-induced P
wave and PR interval prolongation. Overall, these results suggest that
TRIM21 may promote postmyocardial infarction atrial remodeling and
abnormal atrial electrical activity.

As TRIM21 is involved in regulating redox balance, it was speculated
that TRIM21 promotes postmyocardial infarction atrial remodeling by
aggravating oxidative stress. Here, it was shown that TRIM21 KO mice
exhibited attenuated oxidative stress levels in LA tissues after MI, as
manifested by decreased ROS and MDA levels and increased SOD levels.
Moreover, TRIM21 ablation attenuates MI-induced oxidative injury in
atrial myocytes by inhibiting apoptosis and DNA damage. This finding
was confirmed with in vitro experiments. TRIM21 overexpression in HL-
1 cells led to augmented oxidative damage and apoptosis following
exposure to HyO,. Furthermore, NAC was used to eliminate ROS pro-
duction, and NAC was found to reverse HL-1 cell DNA damage and
apoptosis induced by TRIM21 overexpression. This indicates that
TRIM21 promotes stress-induced atrial myocyte apoptosis by enhancing
oxidative stress. Notably, oxidative stress and inflammation are highly
intertwined [39,40]. Analysis of inflammatory markers in atrial tissues
showed that TRIM21 KO diminished LA macrophage infiltration
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(MAC-2-positive cells) and inhibited the expression of proinflammatory
cytokines (IL-1f and IL-6) after MI. From this, it is suggested that
TRIM21 might promote postmyocardial infarction atrial remodeling by
aggregating atrial myocyte oxidative damage and amplifying
inflammation.

Recent studies have reported a mechanism by which TRIM21 regu-
lates oxidative stress. For example, TRIM21 exacerbates pressure
overload-induced heart oxidative damage by promoting p62 ubiquiti-
nation, thereby impairing the Keap1-Nrf2 antioxidant pathway [41]. In
this study, it was found that TRIM21 promotes the expression of Nox2,
which is the main source of ROS generation in atrial myocytes. Nox2 is
markedly upregulated in atrial tissues from animal models and patients
with AF(10,11). Mighiu et al. demonstrated that increased Nox2
expression in mice leads to higher levels of superoxide production and
heightened susceptibility to AF [42]. Therefore, it was speculated that
TRIM21 may promote atrial oxidative stress following MI by upregu-
lating Nox2, thus facilitating myocardial oxidative damage. The
pro-oxidative stress effect of TRIM21 was found to be inhibited by the
Nox2 inhibitor Vas2870. These findings demonstrate that Vas2870
treatment can successfully reduce oxidative damage, apoptosis, and
Cx43 downregulation caused by the overexpression of TRIM21 in HL-1
cells. This indicates a Nox2-dependent mechanism by which TRIM21
controls oxidative stress.

Additionally, further explored was the potential mechanism by
which TRIM21 regulates the expression of Nox2. NF-kB was recently
shown to promote ROS production and oxidative stress by inducing the
expression of genes such as NADPH oxidase Nox2(25,26). Other studies
have found that TRIM21 promotes the activation of the NF-kB pathway.
Deletion of TRIM21 suppresses M1 microglial polarization through the
NF-kB/NLR family pyrin domain-containing 3 inflammasome pathway
[43]. TRIM21 deficiency in mice impedes the expression of NF-kB
downstream proinflammatory genes [44,45]. Our results are consistent
with these observations; TRIM21 deficiency hindered NF-kB activation
in the left atrium of mice following MI, whereas its overexpression in
HL-1 cells exposed to HyO5 further amplified NF-kB activation. TRIM21
may regulate NF-kB activity through multiple mechanisms: enhancing
the interaction between NF-kB and IB kinase via ubiquitination of NF-kB
subunits, ubiquitinating and degrading of prohibitin 1, a repressor of the
NF-kB pathway, and targeting different members in NF-kB signaling,
including Transforming growth factor beta-activated kinase 1 (TAK1),
IxB kinase-o (IKKa), and IkB1 [46-48]. To ascertain whether TRIM21
induces Nox2 upregulation through the NF-kB pathway, the NF-xB in-
hibitor Bay11-7082 was used. The results showed that Bay11-7082
effectively inhibited TRIM21 overexpression-induced Nox2 upregula-
tion and atrial myocyte oxidative damage. Overall, the data suggest that
TRIM21 promotes nox2 expression and oxidative stress, possibly via the
NF-kB pathway (Fig. 9).

This study suggests that TRIM21 deficiency could be beneficial in
protecting against atrial inflammation and pathological remodeling that
occur after MI. The mechanism of this protection may be linked to the
NF-kB/Nox2 pathway and the reduction in oxidative stress. These
findings provide a potential target for preventing atrial remodeling
following MI, which is of immense significance in both the research and
clinical realms.

5. Study limitations

In this study, we demonstrated the role of TRIM21 in post myocardial
infarction atrial pathological remodeling. We have previously estab-
lished a mouse model of atrial fibrillation and the incidence was
recorded. The incidences of atrial fibrillation in WT-MI group and the
KO-was 30% (3/10) and 20% (2/10), respectively. The induction rate of
atrial fibrillation in mice seemed relatively low, thus the effects of
TRIM21 on the incidence and duration of AF still require further
investigation.
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Fig. 9. Schematic diagram illustrating that TRIM21 promotes atrial remodeling post myocardial infarction by attenuating oxidative stress and inflammation via the
NF-kB signaling pathway. TRIM21 triggers NF-kB signaling pathway activation, thus promoting Nox2 expression. The upregulation of Nox2 can further contribute to
ROS production, oxidative damage and inflammation, which eventually leads to atrial remodeling.
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