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Abstract—Soluble interleukin 1 receptor-like 1 (sST2) is a novel predictor of poor out-
comes, which is involved in inflammatory response and fibrosis of myocarditis. Cellular
senescence is a state of irreversible cell cycle arrest. Studies have shown that senescence
of myofibroblasts can limit or reduce cardiac fibrosis. However, the molecular mechanism
of sST2 regulating cellular senescence is still unclear. Here, we investigate the role of sST2
on cellular senescence in cardiac fibrosis. Our results found that sST2 was upregulated in
coxsackievirus group B type 3 (CVB3)-induced viral myocarditis (VMC), which corre-
lated with the expression of senescence markers. In vitro, sST2 activated TGFp signaling
through the phosphorylation of the SMAD complex to induce mouse cardiac fibroblast
(MCEF) activation and inhibit cellular senescence by the Sirt1/p53/p21 signaling pathway.
In vivo, anti-ST2 mAD attenuated CVB3-induced cardiac fibrosis. Our findings elucidate
a crucial mechanism underlying through which sST2 inhibits cellular senescence and
regulates MCF activation, providing a potential treatment strategy for cardiac fibrosis.
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INTRODUCTION

Viral myocarditis (VMC) is the leading cause of
sudden cardiac death in children and adolescents [1].
Many viruses, including enteroviruses, adenoviruses, and
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human herpes virus 6, are associated with VMC [2, 3].
Among these, coxsackievirus group B type 3 (CVB3),
an enterovirus of the Picornaviridae family, is known as
the main etiological agent in VMC. In the early stages of
CVB3-induced VMC, immune cells infiltrate the infected
tissues which lead to infiltration of a large number of
damage-related molecular patterns. Among them, sST2
is a research hotspot and is considered to be a valuable
predictor of cardiovascular disease. In the later stages,
fibrosis occurs in the heart due to the activation of cardiac
fibroblasts, leading to increased production of extracel-
lular matrix (ECM) [4-6].

The protein ST2 is encoded by the interleukin 1
receptor-like 1 (ILIRLI) gene, which belongs to the IL-1
receptor family [7]. Alternative splicing of ILIRLI results
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in multiple transcript variants, including the membrane-
bound ST2L receptor for IL-33 and a soluble inhibitory
decoy receptor, sST2. When the heart is stressed or stim-
ulated, mouse cardiac fibroblasts (MCFs) produce large
amounts of sST2 [8]. The imbalance of sST2 content
greatly accelerates the progression of cardiac fibrosis and
causes serious cardiomyopathy, but most of the studies
have shown that sST2 acts only as a decoy receptor, which
prevents IL-33/ST2L signaling [9]. Indeed, sST2 can work
independently of IL-33 signal [10]. Recent studies have
shown that recombinant sST2 promotes mitochondrial
fusion in human cardiac fibroblasts, increasing oxidative
stress and the secretion of inflammatory cytokines [11].
High levels of sST2 have been found to be associated with
poor prognosis of cardiac fibrosis and cardiomyopathy,
which can be used as an independent predictor of heart
disease [12—14]. However, there are various mechanisms
that cause fibrosis, and the mechanism of myocardial
fibrosis caused by sST2 remains unclear.

Numerous studies have shown that cellular senes-
cence and fibrosis are closely related. Cellular senescence
is a dynamic condition that can lead to irreversible cell
cycle arrest [15, 16]. Although most of researches have
shown that senescence contributes to the development of
fibrosis, several recent studies have also found that senes-
cence can reduce myocardial, hepatic, and idiopathic pul-
monary fibrosis [17, 18]. miR-486 increases the expression
of p21 and decreases the expression of fibrotic effector
genes in the heart after myocardial infarction [19]. TGFp1
stimulation in idiopathic fibrosis significantly increases the
activity of SA-p-gal and the levels of senescence-related
proteins p21 and p53 in lung fibroblasts. Mannose lec-
tin limits the progression of liver fibrosis by promoting
hepatic stellate cellular senescence [17]. Therefore, there is
an inextricable, though somewhat unpredictable, relation-
ship between cellular senescence and fibrosis.

At present, to our knowledge, few studies have
described a relationship between sST2 and cardiac fibro-
sis by means of inhibiting cellular senescence. The aim
of this study is to provide a mechanistic assessment of
sST2 on the activation of MCFs in VMC from the point
of view of cellular senescence.

MATERIALS AND METHODS

Mice

Male BALB/c (6—-8 weeks) mice were obtained
from Kavins Laboratory Animal Company (Chang-
zhou, China). All animal experiments were performed in
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Fig. 1 sST2 increased and promoted inflammatory damage in the viral
myocarditis. A The generation of sST2 was determined using ELISA.
B Western blot analyses of protein expression of sST2. C H&E stain
was used to evaluate the degree and grade of cardiac inflammation. D
LDH, CK-MB, and AST levels in the serum were determined using
a fully automatic biochemical analyzer. E RT-PCR analyses of the
mRNA levels of IL-1p, IL-6, and TNF-a. Data were represented as the
mean +S.D. Compared with the control group, *p<0.5; **p<0.01;
*#*%p <0.001.

accordance with the guidelines for the Care and Use of
Laboratory Animals (Ministry of Health, China, 1998).

CVB3 Infection and Anti-ST2 mAb Treatment

CVB3 virus (Nancy strain) was maintained by pas-
sage through Hela cells (ATCC number: CCL-2). Mice
were infected with CVB3 via intraperitoneal (i.p.) injec-
tions at the dose of 10* 50% tissue culture infectious
dose (TCID50) of CVB3. Anti-ST2 mAb (R&D systems,
MAB10041) were given to VMC mice by intraperitoneal
(i.p.) injection the day before and the day after the infec-
tion (20 pg/mouse). Seven days or fifteen days later, the
hearts and serum were collected for the experiment.

Cell Culture

MCEF were purchased from BNCC (Beijing, China)
and were cultured with DMEM medium (Gibco) contain-
ing 10% FBS in a 5% CO? incubator. The 3—6 passages
of cells were used for experiments. Cells were stimulated
with sST2 (50 nM, R&D Systems) for 12 h or 24 h. The
100 pM H, O, were added for 2 h prior to the stimulation
with sST2.

Quantitative RT-PCR

Using an RNA extraction kit (Invitrogen), total
RNA was extracted from cells and tissues. Purified RNA
was reverse transcribed into cDNA, then amplified by
SYBR-Green master mix kit. Real-time PCR primer
sequences were as follows: for mouse p53, 5'-GCGTAA
ACGCTTCGAGATGTT-3' (forward) and 5'-TTTTTA
TGGCGGGAAGTAGACTG-3' (reverse); mouse Sirtl,
5'-ATGACGCTGTGGCAGATTGTT-3’ (forward) and
5'-CCGCAAGGCGAGCATAGAT-3' (reverse); mouse
p21, 5'-GTGATTGCGATGCGCTCATG-3" (forward)
and 5'-TCTCTTGCAGAAGACCAATC-3’ (reverse);
mouse pl6, 5'-~AGGGCCGTGTGCATGACGTG -3’
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(forward) and 5'-GCACCGGGCGGGAGAAGGTA-3’
(reverse); Mouse GAPDH, 5'-AGGTCGGTGTGAACG
GATTTG-3' (forward) and 5'-GGGGTCGTTGATGGC
AACA-3' (reverse). Relative levels of gene expressions
were determined by the relative standard curve method
and normalized to GAPDH and f-actin.

Western Blot

RIPA buffer was used for preparing whole cell
lysates. Protein was separated by SDS-PAGE and trans-
ferred to PVDF membranes (Millipore). In order to block
the membranes, 1% BSA was added and the membranes
were washed three times with TBS-0.1% Tween 20
(TBST). The washed membranes were incubated pri-
mary antibodies at 4°C overnight. The following primary
antibodies were used: Collagen-I Immunoway, YT6135,
1:1000), Collagen-III (Proteintech, 22,734—1-AP, 1:500),
a-SMA (Proteintech, 14,395-1-AP, 1:3000), p16 (Immu-
noway, YT5664, 1:1000), p21 (Immunoway, YT3497,
1:1000), p53 (Baijia, IMB1162, 1:1000), Sirtl (Cohe-
sion, CQA2569, 1:1000), sST2 (Proteintech, 60,112-1-
Ig, 1:5000), TGF-B1 (Cohesion, CPA2154, 1:1000), and
p-Smad2/3 (Bioworld, AP0326, 1:1000). Afterwards, the
secondary antibody (1:8000; Abcam) was incubated at
room temperature for 1 h developed using an ECL chemi-
luminescence kit. Finally, the antigen—antibody reactions
were visualized by chemiluminescence (ECL) kit, and
the intensity of protein bands was quantified by using
Imagel software.

ELISA

Soluble sST2 levels were quantified in serum accord-
ing to the manufacturer’s instructions. The results were
normalized to the control condition. Data were expressed
as a fold change relative to the control conditions.

CCK-8 Assay

MCEF were seeded into 96-well plates at 5000 cells
per well 24 h before treatment, and three replicate experi-
ments were performed in each group of cells. At the indi-
cated time points, 10 pL CCK8 solution was added to
each well and incubated at 37 °C with 5% CO? for 3 h.
Finally, the absorbance was detected using a microplate
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Fig. 2 sST2 promoted the activation of MCF and inhibits its senescence
in vitro. A Western blot analyses of protein expression of Collagen-I,
Collagen-1II, and a-SMA. B RT-PCR analyses of the mRNA levels
of Collagen-1, Collagen-III, and a-SMA. C CCK8 assay was used to
detect proliferation ability of MCFs. D Western Blot analyses of pro-
tein expression of p16, p21, and p53. E RT-PCR analyses of the mRNA
levels of p21, p53, and Sirtl. Data were represented as the mean+S.D.
Compared with the control group, *p <0.5; *¥p <0.01; ***p <0.001.

reader (Thermo Fisher Scientific, Waltham, MA, USA) at
450 nm. The higher the absorbance in OD450, the more
active the cell.

Examination of Myocardial Markers

The levels of lactate dehydrogenase (LDH), creatine
kinase-MB (CK-MB), and glutamic oxalacetic transami-
nase (AST) in serum were measured using the available
commercial kits (JianCheng, Nanjing, China), according
to the manufacturer’s instructions.

Senescence Detection

A p-galactosidase Staining Kit (Solarbio, Beijing,
China) was employed to detect the senescence of MCFs
after the cells were treated with sST2 and H,0,. The
short answer is that cells were seeded in a twelve-well
plate. The medium was removed before the experiment
and washed with phosphate-buffered saline (PBS; D8537,
Sigma) once. Then, 1 mL 4% paraformaldehyde was
added at room temperature. After 15 min, the 4% para-
formaldehyde was removed and the cells were washed
with PBS for three times (3 min/time). Subsequently,
1 mL of B-galactosidase staining working solution was
added and incubated overnight at 37 °C. Observe cells
under microscope (CKX53, Olympus) and take photos.
Finally, the senescence of the cells was examined by
using ImageJ software.

Histological Examination of the Heart

The heart tissues were fixed in 4% polyformal-
dehyde and embedded in paraffin. Then sections were
stained with hematoxylin—eosin (H&E). H&E staining
was used to analyze the level of inflammation in the heart.
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Immunofluorescence Staining

Hearts were resected and fixed in 4% paraformal-
dehyde for 24 h and dehydrated with 30% sucrose for 2 h.
Then, the specimens were processed into frozen sections.
Sections of the heart were permeabilized in 0.5% Triton
X-100 for 20 min. Then, 5% BSA was dripped into the
tissue on the section and wait for 1 h. Afterwards, the
sections were incubated with anti-mouse p21 and anti-
mouse a-SMA antibodies at 4 ‘C overnight. After being
washed, fluorescent secondary antibody were applied.
Finally, nuclei were identified with DAPI (Thermo Fisher
Scientific) and representative figures were taken by a
fluorescence microscope.

Statistical Analysis

All data were analyzed using GraphPad Prism 8.0
(GraphPad Software, Inc.). In ImageJ, grayscale scans
were performed on Western blot analysis results. The data
were expressed as the mean + standard deviation. A -test
was used to compare the data between two groups, and
the differences between multiple groups were analyzed
via a one-way analysis of variance. A p value of 0.05 or
less was considered statistically significant.

RESULTS

sST2 Increases and Promotes Inflammatory
Damage During Viral Myocarditis

To investigate the relationship between viral myo-
carditis and sST2, mice were divided into three groups:
control, VMC, and VMC + anti-ST2 mAb. First, sST2
content in the serum and heart tissue of mice was
detected. We observed that VMC increased the expres-
sion and secretion of sST2, while anti-ST2 mAb injec-
tion effectively reduced both (Fig. 1A, B). Since VMC
can cause cardiac inflammatory cell infiltration, fibro-
sis, and cardiac injury, we investigated whether sST2 was
associated with these pathological phenomena [20]. By
hematoxylin and eosin staining, we found that anti-ST2
mADb could reduce the infiltration of cardiac inflamma-
tory cells, as well as creatine kinase-MB, lactate dehy-
drogenase, and aspartate aminotransferase contents in
the sera of VMC mice (Fig. 1C, D). Consistent with the
above results, anti-ST2 mAb decreased the transcriptional
abundance of 111b, 116, and Tnfa, as measured by RT-PCR
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(Fig. 1E). Together, these results suggest that viral myo-
carditis increases the protein expression of sST2 and that
sST?2 in turn promotes cardiac inflammation.

sST2 Promotes the Activation of MCF
and Inhibits Its Senescence In Vitro

Having found that sST2 can promote cardiac fibro-
sis in vivo, we further explored the relationship between
sST2 and MCFs in vitro. Western blot analysis was used
to detect whether sST2 could promote the expression
of fibrosis-related proteins. The results showed that
sST2 upregulated the expression of the fibrosis-related
proteins Collagen-I, Collagen-III, and aSMA in MCFs
(Fig. 2A). In addition, we also confirmed that sST2
upregulated the expression of the fibrosis-related genes
Collagen-I, Collagen-III, and aSMA in MCFs (Fig. 2B).
Surprisingly, we found that sST2 not only promoted the
activation of MCFs but also promoted its proliferation
(Fig. 2C). Consequently, we wondered whether sST2
could inhibit MCF senescence. Western blot analysis
showed that sST2 significantly inhibited the expres-
sion of senescence related proteins p16, p21, and p53 in
MCFs (Fig. 2D). Once again, we saw reductions of genes
p21 and p53 and increase of gene Sirtl at the transcript
level via RT-PCR (Fig. 2E). These results demonstrate
that sST2 can promote the activation of MCFs and inhibit
their senescence in vitro.

sST2 Inhibits MCF Senescence
through the Sirt1/p53/p21 Signaling Pathway

In order to further verify whether sST2 inhibits
MCEF senescence and determine the specific mecha-
nism whereby it does so, MCFs were divided into four
groups: control, sST2, H,0,, and sST2 + H,0,. H,0,,
a strong oxidizing agent, was used as a positive con-
trol for senescence. A CCKS test showed that pretreat-
ment with sST2 significantly improved the proliferative
capacity of MCFs treated with H,0O, (Fig. 3A). The
numbers of SA-f-gal-positive MCFs were lower in
the sST2 + H,0, group than those treated with H,0O,
(Fig. 3B), indicating that sST2 pretreatment dramati-
cally inhibited MCF senescence.

Cellular senescence is mainly mediated by the p53/
p21 pathway, which, as recently been reported, is regu-
lated by Sirtl [21]. We therefore detected the expression
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Fig. 3 sST2 inhibits MCF senescence through Sirt1/p53/p21 signaling pathway. (A) CCKS8 assay was used to detect proliferation ability of MCFs.

B SA-p-gal stain was used to detect the senescence of MCFs. C Western blot

analyses of protein expression of p21, p53, and Sirtl. D RT-PCR anal-

yses of the mRNA levels of p21, p53, and Sirtl. Data were represented as the mean +S.D. Compared with the control group, *p <0.5; **p <0.01;

*#%p <0.001.

of p53, p21, and Sirtl in activated MCFs treated with
or without sST2 by RT-PCR and western blot analysis.
The results showed that sST2 upregulated the mRNA and
protein expression of Sirtl and downregulated the mRNA

and protein expression of senescence related protein p53
and p21 (Fig. 3C, D). Together, these data indicate that
sST2 inhibits MCF senescence through the Sirt1/p53/p21
signaling pathway.
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«Fig. 4 sST2 promotes MCF activation by inhibiting senescence. A
Western blot analyses of protein expression of Collagen-I, Collagen-III,
and a-SMA. B Western blot analyses of protein expression of Collagen-I,
Collagen-III, and a-SMA. C RT-PCR analyses of the mRNA levels of
Collagen-I, Collagen-III, and a-SMA. D RT-PCR analyses of the mRNA
levels of TGF-B1, Smad2, and Smad3. E Western blot analyses of protein
expression of TGF-B1, p-Smad2, and p-Smad3. Data were represented as
the mean=+S.D. Compared with the control group, *p <0.5; **p<0.01;
*#%p <0.001.

sST2 Promotes MCF Activation by Inhibiting
Senescence

A large number of studies have shown that senes-
cence and fibrosis are closely related. We thus investi-
gated whether sST2 promotes MCF activation by inhib-
iting senescence. We once again divided MCFs into
four groups: control, sST2, sST2 +H,0,, and H,0,.
The expression of MCF activation-related proteins was
detected by western blot analysis. sST2 pretreatment
significantly increased the protein levels of Collagen-I,
Collagen-III, and aSMA (Fig. 4A).

We next investigated the specific ways in which
senescence inhibits MCF activation. Therefore, different
treated cell supernatants were used to treat MCFs. In the
supernatant of MCFs pretreated with sST2, both the
protein and transcript levels of Collagen-I, Collagen-III,
and aSMA were significantly increased compared with
the supernatant of MCFs only treated with H,O,. These
results suggest that sST2 inhibited MCF senescence and
indirectly regulated MCF activation (Fig. 4B, C).

We next sought to understand the specific mecha-
nism leading to MCF activation following sST2 treat-
ment. The TGFp/Smad pathway is a crucial pathway
for fibrosis [22, 23]. We found that sST2 significantly
increased the protein and transcript expression of TGFf1
and pSmad2/3 by western blot analysis and RT-PCR
(Fig. 4D, E). Together, these findings suggest that sST2
promotes MCF activation by inhibiting senescence via
TGFp/Smad signaling.

sST2 Inhibits MCF Senescence and Sirt1/p53/
p21 Signaling, Accelerating Cardiac Fibrosis
in VMC Mice

Finally, we investigated sST2 was directly respon-
sible for promoting fibrosis in MCFs. To this end, anti-
ST2 mAb was injected intraperitoneally into VMC mice.
The myocardium of VMC mice displayed characteristics
typical of fibrosis, as evidenced by increased interstitial

ECM deposition visualized by Masson staining analy-
sis. However, this was not observed in the anti-ST2 mAb
group (Fig. SA). Immunofluorescent staining of Collagen-I
and aSMA showed a decrease in VMC mice treated with
anti-ST2 compared to untreated VMC mice (Fig. 5B,
C). Parallel results were observed at the transcript level
(Fig. 5D). In addition, western blot analysis showed that
sST2 decreased the expression of the senescence-related
genes p53 and p21 and increased Sirtl in cardiac tissue
of VMC mice. Fibrosis-related genes Collagen-I/III and
oaSMA were significantly decreased in VMC mice treated
with sST?2 neutralizing antibody (Fig. SE, F). To further
confirm the effect of MCF senescence on cardiac fibrosis,
we costained the senescence marker p21 with the specific
MCEF activation marker aSMA. We found that, in the anti-
ST2mAb group, p21, but not aSMA, was highly expressed.
However, p21 was significantly reduced in the VMC group
(Fig. 5G). These results suggested that sST2 accelerated
cardiac fibrosis by inhibiting cellular senescence and Sirt1/
pS3/p21 signaling and promoting collagen deposition.

DISCUSSION

The main purpose of this paper was to investigate
the effect of sST2 on VMC and to elucidate the relevant
mechanism. Following VMC, the level of sST2 increased
significantly, and cardiac fibrosis also appeared [24]. Our
study shows that sST2 can induce MCF activation and
collagen secretion, leading to cardiac fibrosis. Notably,
sST2 promotes cardiac fibrosis by inhibiting MCF senes-
cence. Therefore, the present study lays out a mechanism
whereby sST2 activates MCFs during VMC by impeding
senescence in these cells.

Most previous studies have emphasized that sST2
plays a harmful role as a soluble decoy receptor by block-
ing the function of IL-33, which has anti-inflammatory
and antioxidant functions [8, 25, 26]. In fact, sST2 can
make a difference independently of IL-33. Previous stud-
ies have shown that sST2 can promote cardiac fibrosis
and increase inflammatory molecules production through
the production of reactive oxygen species [11]. In the pre-
sent study, we expand upon previous findings by showing
that sST?2 levels are elevated in VMC, which can promote
cardiac fibrosis by inhibiting MCF senescence. Our in
vivo experiments demonstrate that sST2 can increase col-
lagen deposition in the heart, increase inflammation, and
reduce MCF senescence. We also demonstrate in vitro
that the stimulation of sST2 promotes MCF activation
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«Fig. 5 sST2 inhibits MCFs senescence and Sirtl/p53/p21 signaling,
accelerating cardiac fibrosis in VMC mice. The heart tissues were col-
lected on day 15 for pathological examination. A Representative micro-
graphs of paraffin-embedded heart stained histochemically for Masson’s
trichrome (Masson). B, C Immunofluorescence images showing the
fibroblast activation in heart tissue; n=>5 per group. Collagen-I stain-
ing is showed in green; a-SMA is shown in red (Scale bar=20 pm).
D RT-PCR analysis for Collagen-I/Ill and a-SMA mRNA in the heart
at 15d after VMC. The gene expression level was normalized with that
of GAPDH (n=5). E Western blotting for Sirtl, Collagen-I/IlI, p53,
a-SMA, p21, and p16. GAPDH was used as the loading control. Protein
expression relative to f-actin was assessed by densitometric analysis. F
RT-PCR analysis for Sirt1/p53 mRNA in the heart at 15d after VMC.
The gene expression level was normalized with that of GAPDH (n=5).
G Representative micrographs of cell immunofluorescently stained for
p21 and a-SMA, with DAPI staining the nucleus. Data were repre-
sented as the mean+S.D. Compared with the control group, *p<0.5;
**p<0.01; ¥*¥p <0.001.

through TGFp/Smad2/3 signaling and inhibits cellular
senescence by Sirt1/p53/p21 signaling. Our study further
strengthens the idea of sST2 as a predictor of cardiomyo-
pathy and suggests that sST2 can be a therapeutic target
for cardiac fibrosis.

Many signaling pathways are involved in the regula-
tion of cellular senescence. p53 and its downstream signal-
ing factor p21 play a crucial role in the regulation of senes-
cence [27-29]. Overexpression of pS3 and p21 can increase
SA-f-gal activity and induce cell cycle arrest [30]. In this

Senescent fibroblasts

study, we found that sST2 upregulated the expression of
Sirtl and inhibited the expression of p53 and p21. In addi-
tion, we verified by B-galactosidase staining and CCK8
assay that sST?2 inhibited MCF senescence by sST2.

TGFp/Smad2/3 is an important signaling pathway
in cardiac fibrosis [31-33]. TGFp, as a cytokine, pro-
motes MCF activation and extracellular matrix produc-
tion and plays a key role in cardiac fibrosis [34]. The
TGEF receptor is a heterodimeric receptor complex com-
posed of TGFp type I and II receptors [23]. It can phos-
phorylate Smad2 and 3 transcription factors and make
them transfer the signal to the nucleus [35-37]. In this
paper, we found that sST2 stimulation led to MCF acti-
vation and significantly increased expression of TGFf1,
pSmad2, and pSmad3. Furthermore, we also found that
sST2 can activate MCFs by inhibiting MCF senescence
and that this effect can be achieved via a paracrine man-
ner, as evidenced by our observation that culture super-
natant of MCFs treated with sST2 and H,0, could pro-
mote the activation of other MCFs, while the culture
supernatant of senescent MCFs treated with hydrogen
peroxide alone could not (Fig. 6).

In summary, the present study shows that elevated
sST2 in VMC can have a deleterious effect on the heart
by inhibiting senescence of MCF, leading to cardiac
fibrosis. Therefore, our findings may provide a novel
therapeutic target to alleviate cardiac fibrosis.

Activated fibroblasts

Fig. 6 Elevated sST2 in the VMC could have a deleterious effect on the heart by inhibiting senescence of MCF, leading to cardiac fibrosis.



1316

AUTHOR CONTRIBUTION

Jiajia Tan and Jing Wei wrote the manuscript and designed the
figures. Hongxiang Lu reviewed and modified the manuscript.

FUNDING

This work was supported by the National Natural Science Foun-
dation of China (No. 82101851) and Jiangsu Provincial Double-
Innovation Doctor Program (No. JSSCBS20211611).

AVAILABILITY OF DATA AND MATERIALS

The data used or analyzed during the current study are available
from the corresponding author on reasonable request.

DECLARATIONS

Competing Interest The authors declare no competing
interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party ma-
terial in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission di-
rectly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES

1. Mason, J. 2003. Myocarditis and dilated cardiomyopathy: an
inflammatory link. Cardiovascular Research 60: 5-10.

2. Gaaloul, Imed, Samira Riabi, Rafik Harrath, Mark Evans, Nidhal H.
Salem, Souheil Mlayeh, Sally Huber, Mahjoub Aouni. 2012. Sudden
unexpected death related to enterovirus myocarditis: Histopathology,
immunohistochemistry and molecular pathology diagnosis at post-
mortem. BMC Infectious Diseases 12: 212.

3. Reyes, M., and A. Martin Lerner. 1985. Coxsackievirus myocarditis—
with special reference to acute and chronic effects. Progress in Car-
diovascular Diseases 27: 373-394.

4. Liu, K., J. Wang, X. Gao, and W.J. Ren. 2020. kC1q/TNF-related
protein 9 inhibits coxsackievirus B3-induced injury in cardiomyo-
cytes through NF-B and TGF-1/Smad2/3 by modulating THBS1.
Mediators of Inflammation 2020: 2540687.

5. Luo, Y., H. Zhang, J. Yu, L. Wei, M. Li, and W.J. Xu. 2022. Stem
cell factor/mast cell/CCL2/monocyte/macrophage axis promotes
coxsackievirus B3 myocarditis and cardiac fibrosis by increasing

10.

12.

13.

14.

15.

17.

18.

19.

20.

21.

Tan, Wei and Lu

Ly6C monocyte influx and fibrogenic mediators production.
Immunology 167: 590-605.

Xu, D., P. Wang, J. Yang, Q. Qian, M. Li, L. Wei, and W.J. Xu.
2018. Gr-1+ cells other than Ly6G+ neutrophils limit virus repli-
cation and promote myocardial inflammation and fibrosis follow-
ing coxsackievirus B3 infection of mice. Frontiers in Cellular and
Infection Microbiology 8: 157.

Griesenauer, B., and S. Paczesny. 2017. The ST2/IL-33 axis in
immune cells during inflammatory diseases. Frontiers in Immunol-
ogy 8:475.

Sanada, S., D. Hakuno, L. Higgins, E. Schreiter, A. McKenzie,
and R. Lee. 2007. IL-33 and ST2 comprise a critical biomechani-
cally induced and cardioprotective signaling system. The Journal
of Clinical Investigation 117: 1538—1549.

Zhang, M., J. Duffen, K. Nocka, and M. Kasaian. 2021. IL-13
controls IL-33 activity through modulation of ST2. The Journal
of Immunology 207: 3070-3080.

Matilla, L., V. Arrieta, E. Jover, A. Garcia-Pefia, E. Martinez-
Martinez, R. Sadaba, V. Alvarez, A. Navarro, A. Fernandez-Celis,
A. Gainza, et al. 2020. Soluble St2 induces cardiac fibroblast acti-
vation and collagen synthesis via neuropilin-1. 9.

Matilla, L., J. Ibarrola, V. Arrieta, A. Garcia-Pefia, E. Martinez-
Martinez, R. Sadaba, V. Alvarez, A. Navarro, A. Fernandez-Celis,
A. Gainza, et al. 2019. In vitro soluble ST2 promotes oxidative
stress and inflammation in cardiac fibroblasts: an and study in
aortic stenosis. 133: 1537-1548.

Bayés-Genis, A.,J. Nuiiez, and J. Lupén. 2017. Soluble ST2 for prog-
nosis and monitoring in heart failure: the new gold standard?. Jour-
nal of the American College of Cardiology 70: 2389-2392.
Sanchez-Mas, J., A. Lax, M.C. Asensio-Lopez, M. Fernandez-Del
Palacio, L. Caballero, G. Santarelli, J. Januzzi, and D. Pascual-
Figal. 2014. Modulation of IL-33/ST2 system in postinfarction
heart failure: correlation with cardiac remodelling markers. Euro-
pean Journal of Clinical Investigation 44: 643—651.

Zhang, J., Z. Chen, M. Ma, and Y. He. 2022. Soluble ST2 in
coronary artery disease: clinical biomarkers and treatment guid-
ance. Frontiers in Cardiovascular Medicine 9: 924461.
Calcinotto, A., J. Kohli, E. Zagato, L. Pellegrini, M. Demaria, and
A. Alimonti. 2019. Cellular senescence: Aging, cancer, and injury.
Physiological Reviews 99: 1047-1078.

Ogrodnik, M., H. Salmonowicz, D. Jurk, and J.F. Passos. 2019.
Expansion and cell-cycle arrest: Common denominators of cellular
senescence. Trends in Biochemical Sciences 44: 996-1008.

Luo, J., L. Li, B. Chang, Z. Zhu, F. Deng, M. Hu, Y. Yu, X. Lu, Z.
Chen, D. Zuo, et al. 2022. Mannan-binding lectin via interaction
with cell surface calreticulin promotes senescence of activated
hepatic stellate cells to limit liver fibrosis progression. 14: 75-99.
Herranz, Nicolas, and Jesis Gil. 2018. Mechanisms and functions
of cellular senescence. The Journal of Clinical Investigation 128:
1238-1246.

Chen, H., L. Lv, R. Liang, W. Guo, Z. Liao, Y. Chen, K. Zhu, R.
Huang, H. Zhao, and Q. Pu, et al. 2022. miR-486 improves fibrotic
activity in myocardial infarction by targeting SRSF3/p21-mediated
cardiac myofibroblast senescence. 26: 5135-5149.

Wang, Y., B. Gao, and S. Xiong. 2014. physiology c: Involve-
ment of NLRP3 inflammasome in CVB3-induced viral myocar-
ditis. American Journal of Physiology-Heart and Circulatory
Physiology 307: H1438-1447.

Chou, X., X. Li, Z. Min, F. Ding, K. Ma, Y. Shen, D. Sun, and Q.
Wu. 2022. Sirtuin-1 attenuates cadmium-induced renal cell senes-
cence through p53 deacetylation. Ecotoxicology and Environmen-
tal Safety 245: 114098.


http://creativecommons.org/licenses/by/4.0/

sST2: A Bridge Between Sirt1/p53/p21 Signal-Induced Senescence...

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Hanna, A., and C. Humeres. 2021. Frangogiannis NJCs: The role
of Smad signaling cascades in cardiac fibrosis. 77: 109826.
Saadat, Somayeh, Mahdi Noureddini, Maryam Mahjoubin-Tehran,
Sina Nazemi, Layla Shojaie, Michael Aschner, Behnaz Maleki
et al. 2020. Pivotal role of TGF-p/Smad signaling in cardiac fibro-
sis: non-coding RNAs as effectual players. Frontiers in Cardiovas-
cular Medicine 7: 588347.

Coronado, M., K. Bruno, L. Blauwet, C. Tschope, M. Cunningham,
S. Pankuweit, S. van Linthout, E. Jeon, D. McNamara, J. Krejci, et
al. 2019. Elevated sera sST?2 is associated with heart failure in men
<50 years old with myocarditis. 8: e008968.

Altara, R., R. Ghali, Z. Mallat, A. Cataliotti, G. Booz, and F.
Zouein. 2018. Conflicting vascular and metabolic impact of the
1L-33/sST2 axis. Cardiovascular Research 114: 1578-1594.
Kakkar, R., and R. Lee. 2008. The IL-33/ST2 pathway: therapeutic
target and novel biomarker. Nature Reviews Drug Discovery 7:
827-840.

Guan, Lihuan, Karen C. Crasta, and Andrea B. Maier. 2022. Assess-
ment of cell cycle regulators in human peripheral blood cells as mark-
ers of cellular senescence. Ageing Research Reviews 78: 101634,
Miria, J., and Z. Ingrid. 2017. Effects of bioactive compounds on
senescence and components of senescence associated secretory
phenotypes in vitro. Food and Function 8: 2394-2418.

Xu, Y., N. Li, R. Xiang, and P. Sun. 2014. Emerging roles of the
p38 MAPK and PI3K/AKT/mTOR pathways in oncogene-induced
senescence. Trends in Biochemical Sciences 39: 268-276.
Okinaga, Toshinori, Wataru Ariyoshi, Sumio Akifusa, and Tat-
suji Nishihara. 2013. Essential role of JAK/STAT pathway in the
induction of cell cycle arrest in macrophages infected with peri-
odontopathic bacterium Aggregatibacter actinomycetemcomitans.
Medical Microbiology and Immunology 202: 167-174.

Hao, M., and K. Jiao. 2022. Jatrorrhizine reduces myocardial
infarction-induced apoptosis and fibrosis through inhibiting p53
and TGF-B1/Smad2/3 pathways in mice. Acta Ciriirgica Bra-
sileira 37: €370705.

32.

34.

35.

36.

37.

1317

Hu, S., Y. Zhou, S. Zhong, M. Yang, S. Huang, L. Li, X. Li, and
Z. Hu. 2022. Shenmai injection improves hypertensive heart fail-
ure by inhibiting myocardial fibrosis via TGF-  1/Smad pathway
regulation. Chinese Journal of Integrative Medicine.

Syed, A., S. Kundu, C. Ram, U. Kulhari, A. Kumar, M. Mugale, P.
Mohapatra, U. Murty, B. Sahu. 2022. Up-regulation of Nrf2/HO-1
and inhibition of TGF-B1/Smad2/3 signaling axis by daphnetin
alleviates transverse aortic constriction-induced cardiac remod-
eling in mice. Free Radical Biology and Medicine 186:17-30.
Khalil, H., O. Kanisicak, V. Prasad, R.N. Correll, X. Fu, T. Schips,
R.J. Vagnozzi, R. Liu, T. Huynh, S.J. Lee, et al. 2017. Fibroblast-
specific TGF-B-Smad2/3 signaling underlies cardiac fibrosis. The
Journal of Clinical Investigation 127: 3770-3783.

Xie, B., W. Xiong, F. Zhang, N. Wang, Y. Luo, Y. Chen, J. Cao,
Z. Chen, C. Ma, and H. Chen. 2023. The miR-103a-3p/TGFBR3
axis regulates TGF-B-induced orbital fibroblast activation and
fibrosis in thyroid-eye disease. Molecular and Cellular Endocri-
nology 559: 111780.

Fujita, M., T. Matsumoto, S. Hayashi, S. Hashimoto, N. Nakano,
T. Maeda, Y. Kuroda, Y. Takashima, K. Kikuchi, K. Anjiki, er
al. 2022. Paracrine effect of the stromal vascular fraction con-
taining M2 macrophages on human chondrocytes through the
Smad?2/3 signaling pathway. Journal of Cellular Physiology 237:
3627-3639.

Bhowmick, S., S. Alikunju, and P. Abdul-Muneer. 2022. NADPH
oxidase-induced activation of transforming growth factor-beta-1
causes neuropathy by suppressing antioxidant signaling pathways
in alcohol use disorder. Neuropharmacology 213: 109136.

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.



	sST2: A Bridge Between Sirt1p53p21 Signal-Induced Senescence and TGF-β1Smad23 Regulation of Cardiac Fibrosis in Mouse Viral Myocarditis
	Abstract—
	INTRODUCTION
	MATERIALS AND METHODS
	Mice
	CVB3 Infection and Anti-ST2 mAb Treatment
	Cell Culture
	Quantitative RT-PCR
	Western Blot
	ELISA
	CCK-8 Assay
	Examination of Myocardial Markers
	Senescence Detection
	Histological Examination of the Heart
	Immunofluorescence Staining
	Statistical Analysis

	RESULTS
	sST2 Increases and Promotes Inflammatory Damage During Viral Myocarditis
	sST2 Promotes the Activation of MCF and Inhibits Its Senescence In Vitro
	sST2 Inhibits MCF Senescence through the Sirt1p53p21 Signaling Pathway
	sST2 Promotes MCF Activation by Inhibiting Senescence
	sST2 Inhibits MCF Senescence and Sirt1p53p21 Signaling, Accelerating Cardiac Fibrosis in VMC Mice

	DISCUSSION
	References


