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Abstract 

Background:  Viral myocarditis (VMC) is a disease resulting from viral infection, which 
manifests as inflammation of myocardial cells. Until now, the treatment of VMC is still 
a great challenge for clinicians. Increasing studies indicate the participation of miR-
29b-3p in various diseases. According to the transcriptome sequencing analysis, miR-
29b-3p was markedly upregulated in the viral myocarditis model. The purpose of this 
study was to investigate the role of miR-29b-3p in the progression of VMC.

Methods:  We used CVB3 to induce primary cardiomyocytes and mice to establish 
a model of viral myocarditis. The purity of primary cardiomyocytes was identified 
by immunofluorescence. The cardiac function of mice was detected by Vevo770 
imaging system. The area of inflammatory infiltration in heart tissue was shown 
by hematoxylin and eosin (H&E) staining. The expression of miR-29b-3p and DNMT3A 
was detected by quantitative real time polymerase chain reaction (qRT–PCR). The 
expression of a series of pyroptosis-related proteins was detected by western blot. The 
role of miR-29b-3p/DNMT3A in CVB3-induced pyroptosis of cardiomyocytes was stud-
ied in this research.

Results:  Our data showed that the expression of miR-29b-3p was upregulated 
in CVB3-induced cardiomyocytes and heart tissues in mice. To explore the function 
of miR-29b-3p in CVB3-induced VMC, we conducted in vivo experiments by knocking 
down the expression of miR-29b-3p using antagomir. We then assessed the effects 
on mice body weight, histopathology changes, myocardial function, and cell pyrop-
tosis in heart tissues. Additionally, we performed gain/loss-of-function experiments 
in vitro to measure the levels of pyroptosis in primary cardiomyocytes. Through bio-
informatic analysis, we identified DNA methyltransferases 3A (DNMT3A) as a potential 
target gene of miR-29b-3p. Furthermore, we found that the expression of DNMT3A can 
be modulated by miR-29b-3p during CVB3 infection.

Conclusions:  Our results demonstrate a correlation between the expression 
of DNMT3A and CVB3-induced pyroptosis in cardiomyocytes. These findings 
unveil a previously unidentified mechanism by which CVB3 induces cardiac injury 
through the regulation of miR-29b-3p/DNMT3A-mediated pyroptosis.
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Introduction
Myocarditis is a kind of cardiovascular disease, which is considered to be the main cause 
of dilated cardiomyopathy [1] and sudden cardiac death [2]. It is crucial to note that 
VMC ranks as the third most common cause of related to cardiovascular death among 
young athletes (approximately 6%) [1]. Viral myocarditis (VMC), mainly triggered by 
cardiotropic virus infection, is the most prevalent type of myocarditis, leading to inflam-
matory damage to the myocardium [3–5]. Various viruses are associated with VMC, 
including enterovirus, adenovirus, human cytomegalovirus, human herpesvirus 6, par-
vovirus B19, hepatitis virus, and Epstein–Barr virus [6–8]. Among those pathogens, cox-
sackievirus B3 (CVB3) accounts for about 25% of viral myocarditis cases [2]. Research 
has indicated that in North America and Europe, patients with myocarditis/dilated car-
diomyopathy often exhibit a higher prevalence of CVB3 infection [1]. Currently, there 
is no established regimen specifically designed for acute VMC other than conventional 
heart failure treatment and a period of physical rest. Thus, identifying the mechanisms 
of CVB3 induced myocardial injury will offer a novel perspective for the potential devel-
opment of therapeutic strategies.

Different from apoptosis, pyroptosis was first discovered in macrophages [9, 10] and 
played a vital role in host defense against viral infection [11]. However, it has been 
documented that this process plays a role in the progression of various cardiovascular 
diseases (CVDs) [9, 12]. In many cases, inhibiting this process through drug or gene 
intervention has shown cardio-protective effects [12–14]. Therefore, the research and 
development of many therapeutic methods are based on pyroptosis regulation. Pyrop-
tosis, a process instigated by the canonical caspase-1-dependent and noncanonical cas-
pase-4/5/11-mediated pathways, of which the canonical pathway is typically activated 
by pathogen-associated molecular patterns (PAMPs) and danger-associated molecu-
lar patterns (DAMPs). In viral infection, PAMPs initiate the activation of the NLRP3 
inflammasome, which is composed of NLRP3, ASC, and pro-Caspase-1. Then the 
NLRP3 inflammasome recruits pro-caspase-1 [12] and promotes it auto-cleavage into 
the activated form. This, in turn, results in the cleavage of interleukin-1β (IL-1β), inter-
leukin-18 (IL-18), and gasdermin D (GSDMD), giving rise to an N-terminal fragment 
(GSDMD-N), which assembles into membrane pores, finally culminating in pyropto-
sis [15]. NLRP3 inflammasome-mediated pyroptosis assumes a significant role in the 
pathogenesis of VMC, and interventions targeting it have exhibited potential efficacy as 
therapeutic strategies [16, 17].

microRNAs (miRNAs) are a group of small, endogenous, noncoding RNA molecules 
that are highly conserved and primarily function to negatively regulate gene expression 
posttranscriptionally [18]. Numerous studies have emphasized the crucial role of miR-
NAs in various biological and pathological processes, including VMC. Experimental 
investigations have discovered that the expression of miR-155, miR-217, miR-543, and 
miR-21-5p is elevated in VMC mice model and correlated with the adverse outcome. 
Inhibition of those miRNAs can reduce myocardial cells injury in mice [19–21].

In this study, through transcriptome sequencing, we first identified the induction of 
miR-29b-3p in CVB3 induced VMC. Then the gain/loss-of-function experiments pro-
vided compelling evidence of miR-29b-3p’s mediation of the initiation and progression 
of VMC, primarily through the pyroptosis pathway. Moreover, DNMT3A has been 
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verified as the specific gene targeted by miR-29b-3p during this process. Thus, the regu-
latory role of miR-29b-3p in CVB3-induced myocarditis was unveiled, which might offer 
novel insights into cardioprotective therapeutic targets for VMC treatment.

Materials and methods
Animal models

BALB/c mice (3–4  weeks old, male) [22, 23] were purchased from Wuhan Center for 
Disease Control and Prevention and were housed within the Laboratory Animal Center, 
Wuhan University of Science and Technology under a standard specific pathogen-free 
(SPF) environment. Body weight loss was used to assess the health of animals in this 
study. If mice lost up to 30% of their body weight before experiment ending, they will 
be euthanized and removed from the group to minimize unnecessary suffering. These 
experiments adhered to the provisions of the Ethical Committee of Wuhan University of 
Science and Technology (license no. 2023175), which conformed to the requirements of 
the Guide for the Care and Use of Laboratory Animals of the US National Institutes of 
Health (NIH Publication no.85–23, revised 1996) and the rules of the Basel Declaration.

To induce VMC, mice received either an intraperitoneal injection of CVB3 (104 
TCID50, 150  μL) or an equivalent volume of phosphate-buffered saline (PBS). Mice 
receiving antagomir treatment were injected on days 1, 3, and 5 following CVB3 infec-
tion. Mice were divided into the following groups: control, CVB3, CVB3 + antagomir 
negative control (n.c.), and CVB3 + antagomir.

Cells and virus

We isolated primary cardiomyocytes from Sprague–Dawley (SD) rats aged 1–2  days 
old. Hearts were removed after euthanizing rats by decapitation, and the ventricles 
were finely minced and digested in Hank’s solution containing 0.05% trypsin, 0.05% 
type I collagenase, 0.05% type II collagenase and 1% bovine serum albumin 6–8 times 
for 5–10 min each time. Differential attachment and BrdU treated method were used to 
remove cardiac fibroblasts.

HL-1 and HeLa cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) and 
supplemented with 10% fetal bovine serum (FBS) and 1% 100 μg/mL penicillin–strepto-
mycin (Biosharp, BL505A) at a temperature of 37 ℃ in a 5% CO2 atmosphere.

The CVB3 virus (Nancy strain) was generously provided by Prof. Kailang Wu (Col-
lege of Life Sciences, Wuhan University). For virus passage and titration, HeLa cells were 
used. The virus titer in our study was 1 × 107 TCID50/0.1 mL.

For CVB3 infection, primary cardiomyocytes or HL-1 cells were exposed with varying 
concentration of CVB3 in serum-free media for 2 h at 37 ℃. Subsequently, they were 
rinsed with PBS and maintained in DMEM with 10% FBS.

Echocardiography

To evaluate the cardiac function of mice, we conducted echocardiography while they 
were under anesthesia (1.5–1.8% isoflurane mixed gas inhalation anesthesia), employ-
ing the Vevo770 imaging system (VisualSonics Inc., Toronto, Canada) equipped with a 
30 MHz high-frequency scanning head.
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Hematoxylin and eosin (H&E) staining

Heart tissues were fixed in 10% formaldehyde for 24 h, followed by paraffin embedding 
and sectioning into 5 μm slices. These sections underwent H&E staining using a stand-
ard method.

Cell transfection

Lipofectamine 8000 (Beyotime, C0533) was utilized for cardiomyocytes transfection in 
accordance with the manufacturer’s guidelines. The miR-29b-3p inhibitor and mimic, as 
well as their respective negative controls, DNMT3A siRNA (si-DNMT3A) and its over-
expression plasmid (phage-DNMT3A), were synthesized by Tsingke (Beijing, China). 
The transfection amounts for both inhibitor and mimic were set at 20  μM, while the 
siRNA for DNMT3A and phage-DNMT3A were at 20 μM and 2.5 μg, respectively.

Quantitative real‑time polymerase chain reaction (qRT–PCR)

Following the manufacturer’s guidelines, Magzol reagent (Magen, Guangzhou) was 
employed for total RNA extraction. To measure gene expression, SYBR Premix Ex Taq™ 
(YEASEN, Shanghai) was employed. For internal control, GAPDH and U6 served as 
benchmarks. The calculation of miRNAs or mRNA’s relative repression levels was car-
ried out using the 2−ΔΔCt method. Detailed information regarding the primers applied in 
this research can be found in Table 1.

Table 1  Primer sequences used in this study

Name Sequences

miR-29b-3p-RT 5′-GTC​GTA​TCC​AGT​GCA​GGG​TCC​GAG​GTA​TTC​GCA​CTG​GAT​ACG​ACA​ACA​CT-3′
miR-29b-3p-FP 5′-CGC​GTA​GCA​CCA​TTT​GAA​ATC-3′
miR-29b-3p-RP 5′-AGT​GCA​GGG​TCC​GAG​GTA​TT-3′
U6-RT 5′-GTC​GTA​TGC​AGA​GCA​GGG​TCC​GAG​GTA​TTC​GCA​CTG​CAT​ACG​ACA​AAA​TATGG-3′
U6-FP 5′-AAG​GAT​GAC​ACG​CAA​ATT​C-3′
U6-RP 5′-GAG​CAG​GGT​CCG​AGGT-3′
IL-6-FP 5′-TAG​TCC​TTC​CTA​CCC​CAA​TTTCC-3′
IL-6-RP 5′-TTG​GTC​CTT​AGC​CAC​TCC​TTC-3′
IL-18-FP 5′-GAC​TCT​TGC​GTC​AAC​TTC​AAGG-3′
IL-18-RP 5′-CAG​GCT​GTC​TTT​TGT​CAA​CGA-3′
DNMT3A-FP 5′-GAG​GGA​ACT​GAG​ACC​CCA​C-3′
DNMT3A-RP 5′-CTG​GAA​GGT​GAG​TCT​TGG​CA-3′
VP1-FP 5′-TTG​CAT​ATG​GCC​CAG​TGG​AAG-3′
VP1-RP 5′-TGT​GGA​TCC​TTA​TTG​CCT​AGT​AGT​GGT​AAC​TC-3′
GAPDH-FP 5′-AGG​TCG​GTG​TGA​ACG​GAT​TTG-3′
GAPDH-RP 5′-TGT​AGA​CCA​TGT​AGT​TGA​GGTCA-3′
miR-29b-3p inhibitor 5′-AAC​ACU​GAU​UUC​AAA​UGG​UGCUA-3′
miR-29b-3p mimic-sense 5′-UAG​CAC​CAU​UUG​AAA​UCA​GUGUU-3′
miR-29b-3p mimic-antisense 5′-CAC​UGA​UUU​CAA​AUG​GUG​CUAUU-3′
miR-29b-3p-antagomir 5′- (mA)*(mA)*(mC)(mA)(mC)(mU)(mG)(mA)(mU) (mU)(mU) (mC)(mA) (mA)

(mA) (mU)(mG) (mG)(mU) * (mG) * (mC) * (mU) * (mA)-3′
si-DNMT3A-sence 5′-CCA​GAA​CUG​UAA​GAA​CUG​CUU-3′
si-DNMT3A-antisence 5′-AAG​CAG​UUC​UUA​CAG​UUC​UGG-3′
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Western blot

The extraction of total protein from cells or heart tissues utilizing RIPA lysate con-
taining 1% PMSF (Biosharp, BL612A). We used the following primary antibodies: 
rabbit anti-ASC antibody (A1170), rabbit anti-IL-1β antibody (A1112), rabbit anti-
NLRP3 antibody (A5652), rabbit anti-GSDMD/GSDMD-N antibody (A20197), rabbit 
anti-pro-Caspase-1/Caspase-1 antibody (A0964), and mouse anti-GAPDH antibody 
(AC002). All above primary antibodies sourced from Abclonal technology and the 
rabbit anti-DNMT3A primary antibody was purchased from Proteintech (20954-1-
AP). The Pierce™ ECL western blotting substrate (Biosharp, BL520A) was used to 
visualize protein signals. The protein band gray density was quantified using ImageJ 
software (version 1.6065).

Cell viability assay

Cell Counting Kit-8 (CCK-8) kit (Biosharp, BS350B) was used to evaluate cell viability.
HL-1 cells were seeded in a 96-well plate (0.5 × 104 cells per well) and then treated 

with different doses of CVB3 (10, 100, 1000 TCID50) for 24, 48, and 72 h. After CVB3 
treatment, the medium in each well was replaced with 100 μL CCK8 solution (con-
taining 10 μL CCK8 regent and 90 μL DMEM basic medium) and incubated at 37 ℃ 
for 1  h. The absorbance at 450  nm (A450) of each well was measured, and the cell 
viability rate was calculated as described below. Cell viability (%) = (A450 of CVB3-
treated group − A450 of blank)/(A450 of control group − A450 of blank) × 100%.

Immunofluorescence

After the primary cardiomyocytes were isolated, cells were first fixed with 4% para-
formaldehyde for a duration of 10  min, permeabilized using 0.5% Triton-X-100 for 
10 min, and then subjected to blocking with 5% bovine serum albumin (BSA) for an 
hour. Following this, incubation was carried out overnight at 4 °C with primary anti-
bodies. The primary antibody, anti-cTnT (1:100, Bioss, BS10648R), was used in this 
study.

Grade of myocarditis

The severity of myocarditis was evaluated according to H&E section of heart tissue and 
scored from 0 to 4 points as previously described [24]. 0, no inflammation; 1, one to five 
obvious mononuclear inflammatory lesions and with an inflammatory infiltration area 
of no more than 5% of total cross-sectional area; 2, more than five different lesions and 
with an inflammatory infiltration area between 5% and 20%; 3, diffuse lesions involving 
an area of more than 20%; 4, diffuse lesions accompanied with necrosis. Lesions were 
characterized as regions of inflammation and/or cardiomyocyte necrosis and loss.

Statistical analysis

Data were expressed as mean ± standard deviation (mean ± SD). Unpaired t-test and 
one-way ANOVA test was applied for two groups and multiple groups comparison 
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Fig. 1  CVB3 induced VMC in mice. The male BALB/c mice were treated with 1 × 104 TCID50 CVB3 and then 
sacrificed on day 7 p.i. A A schematic diagram of the viral myocarditis modeling process induced by CVB3. B 
The body weight change of mice after CVB3 infection. C The survival rate of mice following CVB3 infection. 
D The appearance of mice on day 7 p.i. E M-mode images of heart and F The cardiac function was evaluated 
using echocardiography. G Heart appearance of mice on day 7 post CVB3 infection. H H&E staining of the 
heart tissue sections; the magnifications were 1.25 × , 10 × , 40 × , respectively, and the scale bar was 100 μm. 
I Quantification of inflammatory areas based on the images shown in H. N = 3, *p < 0.05, **p < 0.01, and 
****p < 0.0001



Page 7 of 20Wang et al. Cellular & Molecular Biology Letters           (2024) 29:55 	

respectively. GraphPad Prism 7.0 was utilized for all analyses. P < 0.05 was considered 
statistical significance.

Results
CVB3 could increase pyroptosis in myocarditis in vivo and in vitro

In this research, we first established the VMC mice model induced by CVB3 (Fig. 1A). 
From day 4 postinfection (p.i.), a notable body weight reduction was observed in CVB3-
infected mice (Fig. 1B). Accompany with the body weight loss, the mortality increased. 
On day 5 p.i., the survival rate of CVB3 mice decreased to 50% (Fig.  1C). The CVB3 
group mice were lethargic with activity decreasing and hair luster loss (Fig.  1D). The 
results of echocardiography indicated that the cardiac function of  the CVB3 group was 
impaired (Fig. 1E, F). Subsequently, the hearts were isolated after euthanizing mice by 
decapitation on day 7 p.i. The heart appearance of CVB3 group manifested multiple 
white plaques, which were snowflake-like (Fig. 1G). H&E staining results indicated the 
inflammatory infiltration exist there. According to the extent of inflammatory infiltra-
tion in heart tissues, the myocarditis grading of CVB3 group was four points (Fig. 1H, 
I). These findings indicated that the establishment of the in  vivo VMC model was 
successful.

Pyroptosis is an inflammatory form of programmed cell death (PCD), which involved 
in the pathogenesis of VMC [3, 25]. The pyroptosis levels of CVB3 infected were 
assessed in  vivo and in  vitro. Firstly, the expressions of pyroptosis-associated proteins 
in heart tissue were evaluated by western blot. The expressions of NLRP3, ASC, cleaved 
caspase-1, GSDMD-N, and IL-1β were upregulated in CVB3-infected mice (Fig.  2A). 
That indicated cardiomyocytes pyroptosis could be induced by CVB3 infection in VMC 
mice model. The levels of pyroptosis in CVB3-infected cells were evaluated in this study 
using the HL-1 cell line and primary cardiomyocytes. The primary cardiomyocytes were 
isolated from SD rats, as described in the Methods, and their purity was confirmed to be 
98% through immunofluorescence staining using anti-cTnT (Fig. 2B). In this study, the 
levels of IL-1β and IL-18, two crucial cytokines of pyroptosis, were measured under var-
ying concentrations virus treatment. The qRT–PCR results showed that as the virus cop-
ies increased, the levels of IL-1β and IL-18 mRNA also increased accordingly (Fig. 2C). 
To further demonstrate that CVB3 can induce pyroptosis, a form of inflammatory cell 
death, the viability of cardiomyocytes was measured using a CCK8 assay after treat-
ment with varying doses of the virus for different time durations. As shown in Fig. 2D, 
CVB3 infection lead to a sharp decrease in cell viability. These results were confirmed by 
western blot as well (Fig. 2E, F). That suggested CVB3 infection can induce pyroptosis 
in vitro.

MiR‑29b‑3p was involved in CVB3 induced cardiomyocytes pyroptosis

MiRNAs involve with many pathological processes in diseases including VMC [26–
28]. To elucidate the potential miRNA mechanisms in the pathogenesis of VMC, we 
conducted transcriptome sequencing (Beijing Genomics institution, BGI) to com-
pare the expression difference of miRNAs within heart tissues between VMC mice 
and the control group. The results of differential analysis illustrated that there were 
1444 miRNAs increased and 1138 miRNAs decreased in VMC mice heart tissues 
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when compared with the control. Based on |log2fold change (FC)|  > 1 and p < 0.05, 
five miRNAs (miR-203-3p, miR-203b-5p, miR-21a-3p, miR-29b-3p, and miR-7a-5p) 
were identified as having the most significant differences through clustering heat 

Fig. 2  Pyroptosis increased in both in vivo and in vitro VMC models induced by CVB3. A The expressions of 
pyroptosis related proteins in heart tissue. B Primary cardiomyocytes isolated from SD rats were identified 
by immunofluorescence staining. The primary antibody of anti-cTnT was applied. The scale bar was 100 μm. 
C The total RNA was extracted from the primary cardiomyocytes exposed to varying concentrations of 
CVB3 and the expressions of inflammatory cytokines IL-1β and IL-18 were evaluated by qRT–PCR. D The cell 
viability was detected by CCK8. ####p < 0.0001 represents the comparison with control at 48 h; ****p < 0.0001 
represents the comparison with control at 72 h. E, F The expressions of pyroptosis-related proteins in CVB3 
treated primary cardiomyocytes and HL-1 cells were measured using western blotting. N = 3, *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001
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map and Wayne map analysis (Fig.  3A–C). This analysis identified miR-29b-3p as 
one of the most significantly altered miRNAs. Subsequently, we validated miR-
29b-3p’s expression levels both in  vivo and in  vitro using qRT–PCR, as illustrated 
in Fig.  3D. Previous studies proved miR-29b-3p could regulate the inflammatory 
response and be associated with myocardial injury and fibrosis in myocardial infarc-
tion [29–33]. However, the role of miR-29b-3p in VMC remains unclear.

To clarify the role of miR-29b-3p in the progression of VMC, the miR-29b-3p 
inhibitor and mimic were synthesized by Beijing Tsingke Biotech. The inhibitor and 
mimic could effectively regulate the expression of miR-29b-3p within cells, as dem-
onstrated in Fig. 4A and C. Using these miRNA regulation tools, we modulated miR-
29b-3p expression in primary cardiomyocytes, then assessed the pyroptosis related 
proteins levels. The western blot results illustrated that the extent of pyroptosis 
caused by CVB3 infection was alleviated by miR-29b-3p inhibitor and was aggra-
vated by miR-29b-3p mimic (Fig. 4B and D). That means miR-29b-3p might be a key 
factor in the pyroptosis of cardiomyocytes triggered by CVB3.

Fig. 3  MiR-29b-3p was significantly upregulated in VMC models. The total RNA, extracted from VMC mice 
and the control, was applied to transcriptome sequencing (N = 3). A Compared with the control group, there 
were 1444 miRNAs increased and 1138 miRNAs decreased in VMC mice heart tissues. B The most differentially 
expressed miRNAs were displayed through clustering heat map. C The Venn diagram indicated that five 
miRNAs have consistent expression trends in all samples. D The expression levels of miR-29b-3p in HL-1 cells, 
primary cardiomyocytes, and heart tissue were evaluated by qRT–PCR. N = 3, **p < 0.01, ***p < 0.001, and 
****p < 0.0001
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Downregulation of miR‑29b‑3p ameliorated CVB3 induced myocarditis and pyroptosis 

in mice

To elucidate the function of miR-29b-3p in VMC, the mice were treated with differ-
ent doses of antagomiR-29b-3p (5, 10, 20 nM) by intraperitoneal injection on day 1, 3, 
5 postinfection of CVB3 (Fig. 5A). The body weight records indicated the mice in the 

Fig. 4  The role of miR-29b-3p in CVB3-induced cardiomyocyte pyroptosis. Primary cardiomyocytes 
were transfected with 20 μM miR-29b-3p inhibitor/mimic or the negative control (inhibitor/mimic n.c.), 
respectively, after CVB3 treatment. A, CThe relative expression of miR-29b-3p was measured by qRT–PCR. 
U6 served as the internal reference. B, D The expressions of pyroptosis associated proteins were assessed by 
western blotting. N = 3, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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CVB3 and CVB3 + antagomir n.c. groups experienced a gradual decrease in body weight 
after viral treatment. While the mice treated with 10 or 20  nM antagomiR-29b-3p 
started to regain body weight from day 4 or 5 p.i., this increase was statistically signifi-
cant compared with the CVB3 + antagomir n.c. group on day 7 (Fig.  5B). The echo-
cardiography results also proved that the cardiac function of the groups treated with 
antagomiR-29b-3p was markedly improved as the concentration of antagomiR-29b-3p 
increased (Fig.  5C). The left ventricular cardiac output (CO), left ventricular ejection 
fraction (LVEF), left ventricular fraction shortening (LVFS), and stroke volume (SV) 
were notably enhanced, particularly in the 20 nM miR-29b-3p antagomir group, when 
compared with the CVB3 and CVB3 + antagomir n.c. groups (Fig. 5D–G). Moreover, the 
appearance of heart tissues (Fig. 5H) and extent of inflammatory infiltration (Fig. 5I, J) 
correlated with the changes in cardiac function. These findings provide evidence that 
miR-29b-3p antagomir alleviated myocarditis.

Subsequently, we extracted total RNA and proteins from the heart tissue of mice 
treated with antagomiR-29b-3p, evaluated the expressions of miR-29b-3p and pyropto-
sis-related proteins. Figure 5K demonstrates that the antagomiR-29b-3p downregulated 
the expression of miR-29b-3p in a dose-responsive manner in vivo. At the same time, the 
level of pyroptosis in heart tissue decreased consistently with the increasing concentra-
tion of antagomiR-29b-3p (Fig. 5L). That means antagomiR-29b-3p improves myocardi-
tis by reducing cardiomyocyte pyroptosis.

DNMT3A is the target of miR‑29b‑3p in CVB3 induced pyroptosis

To investigate the molecular mechanism of miR-29b-3p promoting the progression of 
VMC, several bioinformatics tools including TargetScan, Starbase, miRWalk, miRmap, 
BGI, and miRDB were utilized to identify the potential targets of miR-29b-3p. DNA 
methyltransferase 3A (DNMT3A) was considered as one of the candidates after bioin-
formatics analysis (Fig.  6A). The results revealed a matching sequence between miR-
29b-3p and the 3′ UTR of DNMT3A (nucleotides 825–831), as depicted in Fig.  6B. 
Notably, several studies have established DNMT3A as a direct target of miR-29b-3p, as 
evidenced by dual-luciferase reporter assays [33–36]. To further validate DNMT3A as 
a target of miR-29b-3p in CVB3 induced pyroptosis, the in vivo and in vitro functional 
analysis was performed. The mRNA and protein expression levels of DNMT3A were 
examined in mice heart tissue. The results from qRT–PCR and western blot revealed a 

Fig. 5  Downregulation of miR-29b-3p-ameliorated, CVB3-induced VMC through decreasing pyroptosis 
in vivo. A A schematic diagram of miR-29b-3p antagomir treatment in VMC model induced by CVB3. The 
mice were inoculated with CVB3 on day 0 and then treated with indicated concentrations of miR-29b-3p 
antagomir (5, 10, 20 nM) on days 1, 3, and 5, respectively. B The body weight change of VMC mice after 
miR-29b-3p antagomir treatment. C M-mode images of heart and D–G the parameters of cardiac function 
were evaluated using echocardiography. H Heart appearance of VMC mice treated with miR-29b-3p 
antagomir on day 7. I H&E staining of the heart tissue sections; the magnifications were 1.25 × , 10 × , 
and 40 × , respectively, and the scale bar was 100 μm. J The inflammatory lesions were quantified using 
Image-Pro Plus 6.0 software. K Total RNA was extracted from heart tissue and the expression of miR-29b-3p 
was evaluated by qRT–PCR. L Total proteins were extracted from heart tissue and the expressions of 
pyroptosis proteins were analyzed by western blotting. N = 3, #p < 0.05, ##p < 0.01, ###p < 0.001, and 
####p < 0.0001; ns significance is annotated as not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

(See figure on next page.)
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dose-dependent increase in DNMT3A expression with increasing levels of miR-29b-3p 
antagomir (Fig.  6C-D). Then, as shown in Fig.  6E and F, the expression of DNMT3A 
was also found to be regulated by miR-29b-3p inhibitor/mimic in CVB3 infected 

Fig. 5  (See legend on previous page.)
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Fig. 6  DNMT3A acted as a target gene of miR-29b-3p in CVB3-induced myocarditis and reduced pyroptosis. 
A Bioinformatic analysis predicted the potential targets of miR-29b-3p. B The seed region of miR-29b-3p 
matches the sequence (nucleotides 825–831) on 3′ UTR of DNMT3A. C, D Total RNA and protein were 
extracted from heart tissues to detect the expression levels of DNMT3A. E, F The primary cardiomyocytes 
were transiently transfected with 20 μM miR-29b-3p inhibitor or mimic. A total of 48 h later, total protein 
was extracted and subjected to western blotting. The relative expression of DNMT3A was represented as a 
histogram and normalized using GAPDH. G, H Primary cardiomyocytes were transfected with 2.5 μg plasmid 
(phage-DNMT3A or phage-vector) for 48 h, and then total RNA and protein were extracted to evaluate 
DNMT3A expression. I CVB3-infected cardiomyocytes were transfected with 2.5 μg plasmid as indicated. After 
48 h, pyroptosis level was evaluated by western blotting. N = 3, ####p < 0.0001,** p < 0.01, ***p < 0.001, and 
****p < 0.0001
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cardiomyocytes. The expression of DNMT3A dramatically decreased with the treatment 
of miR-29b-3p mimic. When the expression of miR-29b-3p was downregulated by the 
inhibitor, the expression of DNMT3A increased, which was consistent with the results 
in vivo. These findings provide compelling evidence that DNMT3A is directly targeted 
by miR-29b-3p in our study.

However, the function of DNMT3A in pyroptosis was still unknown. To investigate 
this, the overexpression plasmid (phage-DNMT3A) was designed to regulate the cellu-
lar expression of DNMT3A. qRT–PCR and western blot results displayed that phage-
DNMT3A could effectively upregulate DNMT3A expression (Fig. 6G, H). Furthermore, 
it was observed that DNMT3A could reverse CVB3 induced pyroptosis in vitro (Fig. 6I). 
These results indicate that DNMT3A contributes to the damage of cardiomyocytes 
induced by CVB3 and acts as a protective factor.

MiR‑29b‑3p regulated pyroptosis via DNMT3A in CVB3‑induced myocarditis

To confirm that DNMT3A mediates miR-29b-3p`s regulation of pyroptosis, we modu-
lated the DNMT3A expression in CVB3-infected cells transfected with the miR-29b-3p 
inhibitor, followed by the assessment of pyroptosis associated proteins (NLRP3, ASC, 
cleaved caspase-1, GSDMD-N, and IL-1β). We found that the miR-29b-3p inhibitor 
markedly suppressed pyroptosis related proteins expression induced by CVB3, whereas 
the pyroptosis inhibitory effect was further enhanced when DNMT3A was overex-
pressed (Fig. 7A). Additionally, we synthesized small interfering RNA (si-DNMT3A) to 
downregulate the DNMT3A expression. qRT–PCR and western blot results confirmed 
that si-DNMT3A effectively diminished the expression of DNMT3A (Fig. 7B, C). Fur-
thermore, when DNMT3A expression was downregulated by siRNA, the pyroptosis 
inhibitory impact of miR-29b-3p inhibitor were attenuated and reversed (Fig. 7D). These 
findings provide evidence that miR-29b-3p regulates pyroptosis via DNMT3A in CVB3 
infected cardiomyocytes.

Discussion
Our study proved the beneficial effects of knockdown miR-29b-3p expression against 
CVB3 induced VMC in mice, which could be explained partly by its property of antipy-
roptosis. Moreover, it was noted that the miR-29b-3p inhibitor suppressed cardiomyo-
cyte pyroptosis through upregulating the expression of DNMT3A. These results suggest 
that targeting miR-29b-3p may offer an effective therapeutic approach for VMC.

Increasing studies have highlighted the vital function of miRNAs as gene expression 
switches in key processes of VMC [28, 37, 38]. For instance, miR-15 has been found to 
upregulate the levels of NLRP3 and caspase-1 p20, thereby promoting the activation 
of NLRP3 inflammasome and aggravating the inflammatory response of viral myocar-
ditis [28]. In humans and susceptible mice, miR-21-5p is reported to be continuously 
and markedly elevated during acute myocarditis, with a notable correlation to left ven-
tricular systolic dysfunction [39]. Additionally, the expression of miR-155 and miR-148a 
are found to be significantly increased in viral myocarditis, indicating their involve-
ment in the immune response triggered by CVB3 [40]. In this study, through tran-
scriptome sequencing analysis, we found many miRNAs in CVB3-infected heart tissue 
were significantly changed in comparison to the control group. Among these changes, 
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the upregulation of miR-29b-3p was particularly notable and subsequently validated 
through qRT–PCR analysis.

A number of investigations have identified that miR-29b-3p express abnormally in 
various disease models, particularly those related to inflammation. It can target SPPY1, 
activate MAPK signaling pathway, and increase inflammation and oxidative stress 
in atherosclerotic models [41]. In the model of intestinal ischemia/reperfusion injury, 
miR-29b-3p is proved to inhibit inflammatory response through suppressing the expres-
sion of TNF receptor-associated factor 3 (TRAF3) [42]. However, its relationship with 
VMC has not been documented before. Our study revealed that miR-29b-3p antagomir 
alleviated heart injury post CVB3 infection, as evidenced by the reduced inflammatory 
infiltration and pyroptosis in the heart tissues, as well as increased cardiac function and 

Fig. 7  miR-29b-3p regulated cardiomyocyte pyroptosis via DNMT3A. The primary cardiomyocytes were 
exposed to CVB3 for 6 h, then co-transfected with phage-DNMT3A or phage-vector and miR-29b-3p inhibitor 
for another 48 h. A The expression levels of proteins related to pyroptosis. B, C Primary cardiomyocytes were 
transfected with 20 μM of si-DNMT3A or si n.c. for 48 h, then the expressions of DNMT3A mRNA and protein 
were measured. D The CVB3-infected cells were co-transfected with si-DNMT3A or si n.c. and miR-29b-3p 
inhibitor. A total of 48 h later, pyroptosis level of cardiomyocytes was evaluated by western blotting. N = 3, 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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survival rate in VMC mice. Nevertheless, the underlying molecular mechanism remains 
unclear.

It is widely known that inflammation played a key factor in the process of VMC [1, 
43–45]. Pyroptosis, as a kind of inflammatory cell death, plays a crucial role in defending 
against viral infections [46–48]. The process of inflammatory caspase-mediated pyrop-
tosis is characterized by the activation of NLRP3 inflammasome and the secretion of 
proinflammatory cytokines, which are crucial for initiating, amplifying, and sustain-
ing inflammation [47, 49]. More and more evidence indicate NLRP3 inflammasome 
activation is associated with the development of various inflammatory diseases includ-
ing viral myocarditis [17, 50–52]. In this study, we observed a decreased cell viability 
in CVB3 infected cardiomyocytes and the high expression of NLRP3 inflammasome in 
VMC mice, along with increased levels of proinflammatory cytokines IL-18 and IL-1β. 
In both in  vitro and in  vivo models of CVB3-induced VMC, we discovered that sup-
pressing miR-29b-3p expression obviously weakened the upregulation and activation 
of NLRP3 inflammasomes (including NLRP3, ASC, and caspase-1), as demonstrated 
by the decreasing level of inflammatory mediator IL-1β. We also investigated the pro-
tein GSDMD, which is known to be crucial in pyroptosis pathway. It can be cleaved into 
GSDMD-N by proinflammatory protease caspase-1, which recruited and activated by 
NLRP3 inflammasome. Interestingly, our findings revealed that the suppression of miR-
29b-3p effectively decreased the activation and cleavage of GSDMD caused by CVB3 
infection. These results indicate that by inhibiting cardiomyocyte pyroptosis, the inhibi-
tion of miR-29b-3p could potentially enhance the management of VMC.

DNMT3A, a kind of DNA methyltransferase, plays a pivotal role in chromatin remod-
eling and gene expression regulation. The regulatory role of DNMT3A in viral infection 
has been discovered through multiple studies. DNMT3A’s binding to viral capsid pro-
tein VP26 during herpes simplex virus-1 (HSV-1) infection affects viral replication [53]. 
Additionally, overexpression of DNMT3A has been shown to suppress hepatitis B virus 
(HBV) transcription [54]. Furthermore, DNMT3A is essential in generating type I inter-
feron and providing resistance against viral infection in mice, highlighting its significant 
role in antiviral immunity [55]. Genes that encode products involved in innate immunity 
and are regulated by DNMT3A and DNA methylation have the potential to be targeted 
for drug discovery in diseases related to infection.

In our research, bioinformatic analysis was carried out using multiple online miRNA 
target prediction databases to identified DNMT3A as a potential target of miR-29b-3p. 
To verify this, the gain/loss-of-function experiment was applied. Downregulating miR-
29b-3p expression in mice by using the miR-29b-3p antagomir lead to an upregulation 
of DNMT3A expression. Likewise, manipulating miR-29b-3p levels with inhibitor or 
mimic in  vitro could modulate intracellular DNMT3A expression levels. Additionally, 
other researchers also conducted a luciferase reporter assay and revealed the fact that 
miR-29b-3p could targets the 3′-UTRs of DNMT3A [56–58]. That means in our VMC 
model, DNMT3A is the target of miR-29b-3p.

Considering the possible role of DNMT3A played in viral infection and inflammation, 
we also detected the relationship between DNMT3A and cardiomyocytes pyroptosis. 
Our findings demonstrated that overexpression of DNMT3A reversed CVB3-induced 
pyroptosis and enhanced the myocardial protective prosperities of the miR-29b-3p 
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inhibitor during CVB3 infection. Conversely, the pyroptosis inhibitory effect of miR-
29b-3p inhibitor could be partially offset by si-DNMT3A. These results indicate that 
miR-29b-3p regulates pyroptosis in VMC by modulating its target gene, DNMT3A.

To sum up, our research has demonstrated that the level of miR-29b-3p was dra-
matically upregulated in heart tissues of VMC mice. Furthermore, the downregulation 
of miR-29b-3p was found to alleviate VMC by suppressing pyroptosis via DNMT3A 
(Fig. 8). Our findings provide a previously unknown role of miR-29b-3p in the pathology 
of VMC and suggest its potential as a target for new therapeutic strategies against VMC.

Conclusions
The present study demonstrates that miR-29b-3p could regulate pyroptosis in VMC by 
modulating its target gene, DNMT3A. It reveals a novel mechanism that CVB3 could 
induced cardiac injury through regulating miR-29b-3p/DNMT3A-mediated pyroptosis.
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DNMT3A	� DNA methyltransferases 3A
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Fig. 8  Schematic representation of CVB3-induced miR-29b-3p-mediated pyroptosis in cardiomyocytes. 
Infection with CVB3 leads to an upregulation in the expression of cellular miR-29b-3p, which subsequently 
downregulates the expression of DNMT3A by binding to the 3′-UTR of DNMT3A. This reduction in DNMT3A 
levels activates the NLRP3 inflammasome, resulting in the cleavage of pro-caspase-1 into its active form. The 
activated cleaved caspase-1 then cleaves GSDMD, generating N-terminal fragments that form pores in the 
cell membrane and trigger pyroptosis. Additionally, cleaved caspase-1 also activates pro-IL-1β and pro-IL-18, 
promoting their maturation and release. This process exacerbates the inflammatory damage to myocardial 
cells, leading to myocardial damage and a decline in cardiac function



Page 18 of 20Wang et al. Cellular & Molecular Biology Letters           (2024) 29:55 

PBS	� Phosphate-buffered saline
SD rats	� Sprague–Dawley rats
DMEM	� Dulbecco’s modified Eagle medium
FBS	� Fetal bovine serum
H&E	� Hematoxylin and eosin
siRNA	� Small interfering RNA
qRT–PCR	� Quantitative real-time polymerase chain reaction
BSA	� Bovine Serum Albumin
PCD	� Programmed cell death
CO	� Ventricular cardiac output
LVEF	� Left ventricular ejection
LVFS	� Left ventricular fraction shortening
SV	� Stroke volume
TRAF3	� TNF receptor-associated factor 3
HSV-1	� Herpes simplex virus 1
HBV	� Hepatitis B virus

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s11658-​024-​00576-8.

Additional file 1: Figure S1. Part of cardiac function indicators in the VMC mice model. A The ratio of heart weight 
to body weight. B–H Other cardiac function indicators in the VMC model include heart rate, left ventricular end-
diastolic anterior wall thickness (LVAW, d), left ventricular end-systolic anterior wall thickness (LVAW, s), left ventricular 
end-diastolic posterior wall thickness (LVPW, d), left ventricular end-systolic posterior wall thickness (LVPW, s), left 
ventricular end-diastolic internal diameter (LVID, d), and left ventricular end-systolic internal diameter (LVID, s). 
N = 3, ns significance is annotated as not significant, * p  < 0.05, **p < 0.01, ***p < 0.001. Figure S2. The cell viability 
was detected by CCK8. A HL-1 cells were treated with different doses of CVB3 for 24 h, 48 h, and 72 h, respectively. 
####p < 0.0001 represents the comparison with control at 48 h; ****p < 0.0001 represents the comparison with 
control at 72 h. B The morphological changes of cells post infection of CVB3 for 48 h. The magnification was 40×, 
and the scale bar was 100 μm. C Cells were treated as indicated for 48 h and the cell viability was evaluated by CCK8. 
N = 3, ****p < 0.0001. Figure S3. Part of cardiac function indicators in the VMC mice model. A The ratio of heart 
weight to body weight. B–H Other cardiac function indicators include heart rate, left ventricular end-diastolic ante-
rior wall thickness (LVAW, d), left ventricular end-systolic anterior wall thickness (LVAW, s), left ventricular end-diastolic 
posterior wall thickness (LVPW, d), left ventricular end-systolic posterior wall thickness (LVPW, s), left ventricular 
end-diastolic internal diameter (LVID, d), and left ventricular end-systolic internal diameter (LVID, s). N = 3, #p  < 0.05, 
##p < 0.01, ###p < 0.001, ####p < 0.0001, ns, significance is annotated as not significant, *p < 0.05, **p  < 0.01, 
****p < 0.0001

Acknowledgements
We thank Prof. Kailang Wu (College of Life Sciences, Wuhan University) for kindly providing the CVB3 virus (Nancy strain).

Author contributions
Y. Wang performed the experiments, analyzed and interpreted the data, and wrote the draft. Z.Y. Zhang performed the 
experiments, and analyzed and interpreted the data. H. Li, M. Wang, and Y.T. Qiu analyzed and interpreted the data. L.L. Lu 
conceived and designed the experiments, did the critically revising work, approved the final version submitted, and got 
the funding supporting. All authors approved the final version of the manuscript.

Funding
This work was supported by National Natural Science Foundation of China (81700446), Open Research Fund Program of 
the Hubei Province Key Laboratory of Occupational Hazard Identification and Control (OHIC2022G04).

Availability of data and materials
No data were used for the research described in the article.

Declarations

Ethics approval and consent to participate
All experiments conformed to the principles of the Ethical Committee of Wuhan University of Science and Technology 
(license no. 2023175), which conformed to the requirements of the Guide for the Care and Use of Laboratory Animals of 
the US National Institutes of Health and followed the rules of the Basel Declaration.

Competing interests
The authors declare no competing interests.

Received: 3 January 2024   Accepted: 8 April 2024

https://doi.org/10.1186/s11658-024-00576-8


Page 19 of 20Wang et al. Cellular & Molecular Biology Letters           (2024) 29:55 	

References
	1.	 Lasrado N, Reddy J. An overview of the immune mechanisms of viral myocarditis. Rev Med Virol. 2020;30(6):1–14.
	2.	 Pollack A, Kontorovich AR, Fuster V, Dec GW. Viral myocarditis-diagnosis, treatment options, and current controver-

sies. Nat Rev Cardiol. 2015;12(11):670–80.
	3.	 Tam PE. Coxsackievirus myocarditis: Interplay between virus and host in the pathogenesis of heart disease. Viral 

Immunol. 2006;19(2):133–46.
	4.	 Caforio AL, Pankuweit S, Arbustini E, Basso C, Gimeno-Blanes J, Felix SB, et al. Current state of knowledge on aetiol-

ogy, diagnosis, management, and therapy of myocarditis: a position statement of the European Society of Cardiol-
ogy Working Group on Myocardial and Pericardial Diseases. Eur Heart J. 2013;34(33):2636–48.

	5.	 Wang Y, Jia LL, Shen J, Wang YD, Fu ZR, Su SA, et al. Cathepsin B aggravates coxsackievirus B3-induced myocarditis 
through activating the inflammasome and promoting pyroptosis. Plos Pathog. 2018;14(1): e1006872.

	6.	 Breinholt JP, Moulik M, Dreyer WJ, Denfield SW, Kim JJ, Jefferies JL, et al. Viral epidemiologic shift in inflammatory 
heart disease: The increasing involvement of parvovirus B19 in the myocardium of pediatric cardiac transplant 
patients. J Heart Lung Transpl. 2010;29(7):739–46.

	7.	 Schultz JC, Hilliard AA, Cooper LT Jr, Rihal CS. Diagnosis and Treatment of Viral Myocarditis. Mayo Clin Proc. 
2009;84(11):1001–9.

	8.	 Huber SA. Viral Myocarditis and Dilated Cardiomyopathy: Etiology and Pathogenesis. Curr Pharm Des. 
2016;22(4):408–26.

	9.	 Cookson BT, Brennan MA. Pro-inflammatory programmed cell death. Trends Microbiol. 2001;9(3):113–4.
	10.	 Zychlinsky A, Prevost MC, Sansonetti PJ. Shigella flexneri induces apoptosis in infected macrophages. Nature. 

1992;358(6382):167–9.
	11.	 Rao Z, Zhu Y, Yang P, Chen Z, Xia Y, Qiao C, et al. Pyroptosis in inflammatory diseases and cancer. Theranostics. 

2022;12(9):4310–29.
	12.	 Zeng ZL, Li GH, Wu SY, Wang Z. Role of pyroptosis in cardiovascular disease. Cell Proliferat. 2019;52(2): e12563.
	13.	 Luo B, Li B, Wang WK, Liu XJ, Xia YF, Zhang C, et al. NLRP3 Gene Silencing Ameliorates Diabetic Cardiomyopathy in a 

Type 2 Diabetes Rat Model. PLoS ONE. 2014;9(8): e104771.
	14.	 Luo BB, Huang F, Liu YL, Liang YY, Wei Z, Ke HH, et al. NLRP3 Inflammasome as a Molecular Marker in Diabetic Cardio-

myopathy. Front Physiol. 2017;8:519.
	15.	 Miao EA, Leaf IA, Treuting PM, Mao DP, Dors M, Sarkar A, et al. Caspase-1-induced pyroptosis is an innate immune 

effector mechanism against intracellular bacteria. J Immunol. 2010;11(12):1136–42.
	16.	 Sun L, Yuan HT, Zhao G. IL-37 alleviates Coxsackievirus B3-induced viral myocarditis via inhibiting NLRP3 inflammas-

ome-mediated pyroptosis. Sci Rep. 2022;12(1):20077.
	17.	 Yu Y, Shi H, Yu Y, Liu M, Li MH, Liu XX, et al. Inhibition of calpain alleviates coxsackievirus B3-induced myocarditis 

through suppressing the canonical NLRP3 inflammasome/caspase-1-mediated and noncanonical caspase-11-me-
diated pyroptosis pathways. Am J Transll Res. 2020;12(5):1954–64.

	18.	 Li J, Chan MC, Yu Y, Bei YH, Chen P, Zhou QL, et al. miR-29b contributes to multiple types of muscle atrophy. Nat 
Commun. 2017;8(1):15201.

	19.	 Corsten MF, Papageorgiou A, Verhesen W, Carai P, Lindow M, Obad S, et al. MicroRNA Profiling Identifies Micro-
RNA-155 as an Adverse Mediator of Cardiac Injury and Dysfunction During Acute Viral Myocarditis. Circ Res. 
2012;111(4):415–25.

	20.	 Xia K, Zhang Y, Sun DM. miR-217 and miR-543 downregulation mitigates inflammatory response and myocardial 
injury in children with viral myocarditis by regulating the SIRT1/AMPK/NF-κB signaling pathway. Int J Mol Med. 
2020;45(2):634–46.

	21.	 Xu HF, Ding YJ, Zhang ZX, Wang ZF, Luo CL, Li BX, et al. MicroRNA-21 regulation of the progression of viral myocardi-
tis to dilated cardiomyopathy. Mol Med Rep. 2014;10(1):161–8.

	22.	 Liu TJ, Li YH, Chen SJ, Wang LL, Liu XL, Yang QR, et al. CircDDX17 enhances coxsackievirus B3 replication through 
regulating miR-1248/NOTCH receptor 2 axis. Front Microbiol. 2022;13:1012124.

	23.	 Wang YC, Li MH, Chen J, Yu Y, Yu Y, Shi H, et al. Macrophage CAPN4 regulates CVB3-induced cardiac inflammation 
and injury by promoting NLRP3 inflammasome activation and phenotypic transformation to the inflammatory 
subtype. Free Radic Biol Med. 2023;208:430–44.

	24.	 Chen L, Zhu MY, Wang GX, Lu LL, Lin L, Lei L, et al. Ruxolitinib ameliorated coxsackievirus B3-induced acute viral 
myocarditis by suppressing the JAK-STAT pathway. Int Immunopharmacol. 2023;124: 110797.

	25.	 Zeng C, Wang RQ, Tan HM. Role of Pyroptosis in Cardiovascular Diseases and its Therapeutic Implications. Int J Biol 
Sci. 2019;15(7):1345–57.

	26.	 Zhang Y, Cai SB, Ding XX, Lu C, Wu RD, Wu HY, et al. MicroRNA-30a-5p silencing polarizes macrophages toward 
M2 phenotype to alleviate cardiac injury following viral myocarditis by targeting SOCS1. Am J Physiol-Heart C. 
2021;320(4):H1348–60.

	27.	 Xue YL, Zhang SX, Zheng CF, Li YF, Zhang LH, Su QY, et al. Long non-coding RNA MEG3 inhibits M2 macrophage 
polarization by activating TRAF6 via microRNA-223 down-regulation in viral myocarditis. J Cell Mol Med. 
2020;24(21):12341–54.

	28.	 Tong R, Jia TW, Shi RJ, Yan FT. Inhibition of microRNA-15 protects H9c2 cells against CVB3-induced myocardial injury 
by targeting NLRX1 to regulate the NLRP3 inflammasome. Cell Mol Biol Lett. 2020;25(1):1–14.

	29.	 Wang J, Zhu MC, Ye L, Chen CC, She J, Song YL. MiR-29b-3p promotes particulate matter-induced inflammatory 
responses by regulating the C1QTNF6/AMPK pathway. Aging-Us. 2020;12(2):1141–58.

	30.	 Maucher D, Schmidt B, Schumann J. Loss of Endothelial Barrier Function in the Inflammatory Setting: Indication for 
a Cytokine-Mediated Post-Transcriptional Mechanism by Virtue of Upregulation of miRNAs miR-29a-3p, miR-29b-3p, 
and miR-155-5p. Cells. 2021;10(11):2843.

	31.	 He D, Yan L. MiR-29b-3p aggravates cardiac hypoxia/reoxygenation injury via targeting PTX3. Cytotechnology. 
2021;73(1):91–100.

	32.	 Xue YL, Fan XF, Yang RB, Jiao YY, Li Y. miR-29b-3p inhibits post-infarct cardiac fibrosis by targeting FOS. Biosci Rep. 
2020;40(9):BSR20201227.



Page 20 of 20Wang et al. Cellular & Molecular Biology Letters           (2024) 29:55 

	33.	 Ni H, Li WF, Zhuge Y, Xu S, Wang Y, Chen Y, et al. Inhibition of circHIPK3 prevents angiotensin II-induced cardiac 
fibrosis by sponging miR-29b-3p. Int J Cardiol. 2019;292:188–96.

	34.	 Takada S, Berezikov E, Choi YL, Yamashita Y, Mano H. Potential role of miR-29b in modulation of Dnmt3a and 
Dnmt3b expression in primordial germ cells of female mouse embryos. RNA. 2009;15(8):1507–14.

	35.	 Qiu J, Liu XM, Yang GL, Gui ZZ, Ding SQ. MiR-29b level-mediated regulation of Klotho methylation via DNMT3A 
targeting in chronic obstructive pulmonary disease. Cells Dev. 2023;174: 203827.

	36.	 Guo XD, Liu QD, Wang GY, Zhu SC, Gao LF, Hong WJ, et al. microRNA-29b is a novel mediator of Sox2 function in the 
regulation of somatic cell reprogramming. Cell Res. 2013;23(1):142–56.

	37.	 Jiahui C, Jiadai Z, Nan Z, Rui Z, Lipin H, Jian H, et al. miR-19b-3p/PKNOX1 Regulates Viral Myocarditis by Regulating 
Macrophage Polarization. Front Genet. 2022;13: 902453.

	38.	 Gou WH, Zhang Z, Yang CF, Li YM. MiR-223/Pknox1 axis protects mice from CVB3-induced viral myocarditis by 
modulating macrophage polarization. Exp Cell Res. 2018;366(1):41–8.

	39.	 Marketou M, Kontaraki J, Patrianakos A, Kochiadakis G, Anastasiou I, Fragkiadakis K, et al. Peripheral Blood MicroRNAs 
as Potential Biomarkers of Myocardial Damage in Acute Viral Myocarditis. Genes. 2021;12(3):420.

	40.	 Bao JL, Lin L. MiR-155 and miR-148a reduce cardiac injury by inhibiting NF-κB pathway during acute viral myocardi-
tis. Eur Rev Med Pharmaco. 2014;18(16):2349–56.

	41.	 Lu Z, Wang F, Yu P, Wang X, Wang Y, Tang ST, et al. Inhibition of miR-29b suppresses MAPK signaling pathway 
through targeting SPRY1 in atherosclerosis. Vasc Pharmacol. 2018;102:29–36.

	42.	 Dai Y, Mao Z, Han X, Xu YW, Xu L, Yin LN, et al. MicroRNA-29b-3p reduces intestinal ischaemia/reperfusion injury via 
targeting of TNF receptor-associated factor 3. Br J Pharmacol. 2019;176(17):3264–78.

	43.	 Corsten MF, Schroen B, Heymans S. Inflammation in viral myocarditis: friend or foe? Trends Mol Med. 
2012;18(7):426–37.

	44.	 Tschoepe C, Ammirati E, Bozkurt B, Caforio ALP, Cooper LT, Felix SB, et al. Myocarditis and inflammatory cardiomyo-
pathy: current evidence and future directions. Nat Rev Cardiol. 2021;18(3):169–93.

	45.	 Li JH, Tu JH, Gao H, Tang L. MicroRNA-425-3p inhibits myocardial inflammation and cardiomyocyte apoptosis in 
mice with viral myocarditis through targeting TGF-β1. Immun Inflamm Dis. 2021;9(1):288–98.

	46.	 Wang Z, Yu HL, Zhuang WY, Chen JX, Jiang Y, Guo ZC, et al. Cell pyroptosis in picornavirus and its potential for treat-
ing viral infection. J Med Virol. 2022;94(8):3570–80.

	47.	 Verdonck S, Nemegeer J, Vandenabeele P, Maelfait J. Viral manipulation of host cell necroptosis and pyroptosis. 
Trends Microbiol. 2022;30(6):593–605.

	48.	 Man SM, Karki R, Kanneganti TD. Molecular mechanisms and functions of pyroptosis, inflammatory caspases and 
inflammasomes in infectious diseases. Immunol Rev. 2017;277(1):61–75.

	49.	 Guo HZ, Zhu YY, Li CZ, Wang Y, De GJ, Lu LL. Enterovirus 71 induces pyroptosis of human neuroblastoma SH-SY5Y 
cells through miR-146a/ CXCR4 axis. Heliyon. 2023;9(4): e15014.

	50.	 Mangan MSJ, Olhava EJ, Roush WR, Seidel HM, Glick GD, Latz E. Targeting the NLRP3 inflammasome in inflammatory 
diseases. Nat Rev Drug Discovery. 2018;17(8):588–606.

	51.	 Coll RC, Schroder K, Pelegrin P. NLRP3 and pyroptosis blockers for treating inflammatory diseases. Trends Pharmacol 
Sci. 2022;43(8):653–68.

	52.	 Tourkochristou E, Aggeletopoulou I, Konstantakis C, Triantos C. Role of NLRP3 inflammasome in inflammatory bowel 
diseases. World J Gastroenterol. 2019;25(33):4796–804.

	53.	 Rowles DL, Tsai YC, Greco TM, Lin AE, Li MH, Yeh J, et al. DNA methyltransferase DNMT3A associates with viral pro-
teins and impacts HSV-1 infection. Proteomics. 2015;15(12):1968–82.

	54.	 Brezgin S, Kostyusheva A, Bayurova E, Gordeychuk I, Isaguliants M, Goptar I, et al. Replenishment of hepatitis B virus 
cccDNA pool is restricted by baseline expression of host restriction factors in vitro. Microorganisms. 2019;7(11):533.

	55.	 Li X, Zhang Q, Ding YY, Liu YQ, Zhao DZ, Zhao K, et al. Methyltransferase Dnmt3a upregulates HDAC9 to deacetylate 
the kinase TBK1 for activation of antiviral innate immunity. Nat Immunol. 2016;17(8):1005–105.

	56.	 Zhou YP, Li K, Dai T, Wang H, Hua ZY, Bian WY, et al. Long non-coding RNA HCP5 functions as a sponge of miR-
29b-3p and promotes cell growth and metastasis in hepatocellular carcinoma through upregulating DNMT3A. 
Aging-Us. 2021;13(12):16267–86.

	57.	 Garzon R, Liu SJ, Fabbri M, Liu ZF, Heaphy CEA, Callegari E, et al. MicroRNA-29b induces global DNA hypomethyla-
tion and tumor suppressor gene reexpression in acute myeloid leukemia by targeting directly DNMT3A and 3B and 
indirectly DNMT1. Blood. 2009;113(25):6411–8.

	58.	 Chen YL, Zhang ZX, Shou LH, Di JY. Regulation of DNA methylation and tumor suppression gene expression by miR-
29b in leukemia patients and related mechanisms. Eur Rev Med Pharmaco. 2018;22(1):158–65.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	miR-29b-3p regulates cardiomyocytes pyroptosis in CVB3-induced myocarditis through targeting DNMT3A
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Animal models
	Cells and virus
	Echocardiography
	Hematoxylin and eosin (H&E) staining
	Cell transfection
	Quantitative real-time polymerase chain reaction (qRT–PCR)
	Western blot
	Cell viability assay
	Immunofluorescence
	Grade of myocarditis
	Statistical analysis

	Results
	CVB3 could increase pyroptosis in myocarditis in vivo and in vitro
	MiR-29b-3p was involved in CVB3 induced cardiomyocytes pyroptosis
	Downregulation of miR-29b-3p ameliorated CVB3 induced myocarditis and pyroptosis in mice
	DNMT3A is the target of miR-29b-3p in CVB3 induced pyroptosis
	MiR-29b-3p regulated pyroptosis via DNMT3A in CVB3-induced myocarditis

	Discussion
	Conclusions
	Acknowledgements
	References


