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The caspase-1 inhibitor VX765 upregulates connexin
43 expression and improves cell-cell communication
after myocardial infarction via suppressing the IL-1p/p38

MAPK pathway

Xue-ling Su', Shu-hui Wang', Sumra Komal', Liu-gen Cui', Rui-cong Ni', Li-rong Zhang' and Sheng-na Han'

Connexin 43 (Cx43) is the most important protein in the gap junction channel between cardiomyocytes. Abnormalities of Cx43
change the conduction velocity and direction of cardiomyocytes, leading to reentry and conduction block of the myocardium,
thereby causing arrhythmia. It has been shown that IL-1(3 reduces the expression of Cx43 in astrocytes and cardiomyocytes in vitro.
However, whether caspase-1 and IL-1( affect connexin 43 after myocardial infarction (MI) is uncertain. In this study we investigated
the effects of VX765, a caspase-1 inhibitor, on the expression of Cx43 and cell-to-cell communication after MI. Rats were treated
with VX765 (16 mg/kg, i.v.) 1 h before the left anterior descending artery (LAD) ligation, and then once daily for 7 days. The ischemic
heart was collected for histochemical analysis and Western blot analysis. We showed that VX765 treatment significantly decreased
the infarct area, and alleviated cardiac dysfunction and remodeling by suppressing the NLRP3 inflammasome/caspase-1/IL-1(3
expression in the heart after MI. In addition, VX765 treatment markedly raised Cx43 levels in the heart after MI. In vitro experiments
were conducted in rat cardiac myocytes (RCMs) stimulated with the supernatant from LPS/ATP-treated rat cardiac fibroblasts (RCFs).
Pretreatment of the RCFs with VX765 (25 uM) reversed the downregulation of Cx43 expression in RCMs and significantly improved
intercellular communication detected using a scrape-loading/dye transfer assay. We revealed that VX765 suppressed the activation
of p38 MAPK signaling in the heart tissue after Ml as well as in RCMs stimulated with the supernatant from LPS/ATP-treated RCFs.

Taken together, these data show that the caspase-1 inhibitor VX765 upregulates Cx43 expression and improves cell-to-cell
communication in rat heart after Ml via suppressing the IL-1B/p38 MAPK pathway.
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INTRODUCTION

Globally, myocardial infarction (MI) is the leading cause of death.
Ml is mainly caused by coronary artery stenosis [1], which leads to
myocardial ischemia, injury, and cardiac arrest. Ventricular
tachycardia is the most common and potentially lethal complica-
tion of MI [2]. Primary arrhythmia is the major cause of sudden
cardiac death in individuals with MI [3]. Although existing
antiarrhythmic drugs can be used to treat the various stages of
cardiac action potentials, many drugs have poor efficiency and a
significant risk of adverse effects, especially drug-induced
arrhythmia or organ damage [4, 5]. Therefore, seeking new
therapeutic targets and exploring the mechanism of arrhythmia
assume significance for reducing the mortality rate of MI.

Gap junctions (GJs) are transmembrane channels for electrical
and chemical coupling and are the basis for maintaining normal
cell-to-cell communication connections, electrical conduction, and
normal rhythmic contraction between cardiomyocytes [6-8].
Alterations in electrical coupling via GJ channels have been found
to lead to aberrant conduction and arrhythmogenesis [9].
Connexins (Cxs) in the myocardium are predominantly distributed

in the intercalary discs and are mainly expressed as Cx45, Cx43,
and Cx40 [10]. Cx43 is the most important protein in the gap
junction channel between cardiomyocytes. Abnormalities in the
quantity, distribution, and phosphorylation level of Cx43 can cause
cardiomyocytes to change the conduction velocity and direction,
leading to reentry and conduction block of the myocardium,
thereby causing arrhythmia [11-13]. Identifying the molecular
mechanism causing Cx43 dysfunction after MI is critical for
reducing the occurrence of arrhythmias.

Sterile inflammation is a key element in tissue repair, but it can
also contribute to severe cardiac damage and inappropriate
ventricular remodeling after MI [14]. Interleukin-1 (IL-1) regulates
immune cell recruitment, cytokine synthesis, and extracellular
matrix degradation and contributes to the inflammatory response
following MI [15]. An abrupt increase in the IL-1P expression level
decreases the left ventricular ejection fraction (LVEF), impairs
cardiac function, and causes cardiac hypertrophy and fibrosis
[16-18]. NLR family pyrin domain-containing 3 (NLRP3) is a
multiprotein complex consisting of an NLRP3 scaffold, which
comprises  nucleotide-binding  oligomerization  domain-like
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receptor family pyrin domain containing 3, an ASC (PYCARD)
adaptor, and a pro-caspase-1 effector. The NLRP3 inflammasome
interacts with ASC to recruit pro-caspase-1 and convert it into
activated caspase-1 and then promotes transformation of the
intracellular cytokine precursor pro-IL-13 into mature and
biologically active IL-13, followed by its release into the
extracellular environment [19]. It has been demonstrated that IL-
1B is closely associated with the occurrence of arrhythmia and
with abnormal changes in myocardial ion channels and that IL-1(3
treatment can reduce the in vitro expression of Cx43 in astrocytes
and cardiomyocytes [20-23]. However, whether and how IL-1(3
and caspase-1 affect Cx43 is uncertain.

Therefore, this study aimed to evaluate the effects of the caspase-
1 inhibitor VX765 on Cx43 expression and cell-cell communication
after Ml and to clarify the molecular mechanism by which caspase-1/
IL-1B regulate Cx43, which may provide a new therapeutic target for
myocardial remodeling after myocardial injury.

MATERIALS AND METHODS

Animal experiments

Male Sprague-Dawley (SD) rats weighing 220-250g were
obtained from the Experimental Animal Center of Zhengzhou
University (Zhengzhou, China). All animals were kept under
standard laboratory conditions: room temperature 202 °C,
relative humidity 40%-60%, 12 h light-dark cycles, and chaw and
water ad libitum. All animal experiments were approved by the
Animal Experiments Committee of Zhengzhou University and
conformed to the Guide for the Care and Use of Laboratory
Animals (NIH Publication, No. 85-23, revised 1996).

Myocardial infarction (MI) model

By permanently ligating the left anterior descending artery (LAD)
as previously reported, we established a rat model of Ml [24, 25].
Briefly, rats were randomly divided into three groups. The sham
group (only threaded at the same site without ligation), the Ml
group (infarcted rats treated with vehicle only), and the VX765 +
MI group (VX765, a caspase-1 inhibitor, 16 mg/kg, HY-13205, Med
Chem Express, Monmouth Junction, NJ, USA), which was adminis-
tered intravenously 1 h before surgery and thereafter once every
day for 7 consecutive days [26].

Electrocardiogram (ECG) detection

Before and after surgery, a lead Il ECG (Nihon Kohden CardiofaxC,
Japan) was recorded. The presence of an enhanced ST segment in
the ECG following LAD ligation indicated that the rat Ml model
had been successfully established. As previously reported, the QT
interval was measured and adjusted for heart rate (QTc) using
Bazett's equation [27].

Echocardiographic measurements

Cardiac function was evaluated 7 days after the operation via
transthoracic echocardiography. Left ventricular fractional short-
ening (LVFS), left ventricular ejection fraction (LVEF), and left
ventricular end-diastolic diameter (LVED.d) were recorded through
M-mode tracing (Vevo 2100; Visual Sonics, Toronto, Canada).

Hematoxylin and eosin (H&E) staining

The heart samples were individually removed and immediately
submerged in 4% paraformaldehyde solution for 24 h. Following
fixation and paraffin embedding, 4 um thick segments were cut and
stained with H&E for overall morphological evaluation with an optical
microscope (BX60; Olympus, Japan), image acquisition and analysis
(ImageJ Launcher, National Institutes of Health, Bethesda, MD, USA).

Masson’s trichrome staining

Heart samples were collected from different groups, fixed in 4%
paraformaldehyde, embedded in paraffin, and cut into 4-um-thick
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slices. To determine the degree of cardiac fibrosis, slides were
stained with Masson’s trichrome. The collagen tissue area was
calculated using Image) software and is represented as the
percentage of the full ventricle area.

Immunohistochemical (IHC) staining

Heart slices (4 um) were treated with 4% paraformaldehyde to
block endogenous peroxidase and then incubated with 1% bovine
serum albumin (BSA) and anti-Cx43 (1:500; #71-0700, Thermo
Fisher Scientific, Waltham, MA, USA), anti-caspase-1 (1:2500;
#ab108362, Abcam, Cambridge, MA, USA), and anti-IL-1f (1:1000;
#A11369, ABclonal, China) antibodies for 2h and then with
horseradish peroxidase (HRP)-conjugated anti-goat IgG (1:10000;
#SA00001-1, Proteintech, China) for 60 min. Diaminobenzidine
(DAB; #8801-4965-72, Invitrogen, Carlsbad, CA, USA) was used as
the chromogen.

The cells fixed with 4% paraformaldehyde were washed and
permeabilized with 0.1% Triton X-100. After incubation with 5%
BSA for 1 h at room temperature, the cells were incubated with
primary anti-Cx43 antibody overnight at 4°C. Then, secondary
antibody (Alexa Fluor 488) (1:200; #GB25301, Servicebio, China)
was applied to the cells for 2 h at room temperature. Nuclei were
stained with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI)
(#S2110, Solarbio, China). Cells were analyzed using an EVOS™
M7000 Imaging System (Thermo Fisher Scientific).

Triphenyltetrazolium chloride (TTC) staining

Fresh hearts were frozen immediately at —20 °C for 20 min. Then,
the heart was sectioned from the apex to the base into five
sections. After 30 min of incubation in a 2% TTC solution at 37 °C,
the uninfarcted myocardium was stained red, while the infarcted
myocardium was stained white. ImageJ was used to measure the
infarct area and the total area of each piece of tissue, calculate the
ratio of the two, and record the average of the ratio of each layer
of tissue as the infarct area of the heart.

Serum lactate dehydrogenase (LDH) and IL-13 levels

According to the manufacturer’s instructions, LDH levels in serum
were measured using standardized commercially available kits
(#A020-1-2, Jian Cheng, Nanjing, China), and IL-13 levels were
measured using rat enzyme-linked immunoassay (ELISA) kits (#70-
EK301B/3-96, Multi Sciences, Hangzhou, China).

Isolation and culture of primary rat neonatal cardiomyocytes and
fibroblasts

Rat neonatal cardiomyocytes (RCMs) and fibroblasts (RCFs) were
harvested according to a previously described method [25].
Briefly, newborn heart ventricles were minced into small
fragments and then digested with 0.1 mg/mL trypsin (#T1300,
Solarbio) and collagenase Il (#LS004176, Worthington, Lakewood,
NJ, USA) at 37 °C. The cell suspensions were plated for 2 h at 37 °C
to separate rat cardiac fibroblasts from RCMs, and the RCM culture
medium contained 0.1 mM 5-bromouracil (#51-20-7, Aladdin,
Shanghai, China) to inhibit the growth of RCFs.

As an in vitro model of cellular inflammation, RCFs were divided
into the NC group (blank control group), NC/VX765 group, LPS/
ATP group, and LPS/ATP/VX765 group. VX765 (25 uM) was added
to RCFs for 30 min in advance, and then, the cells were treated
with LPS (1 ug/mL, #L2630, Sigma-Aldrich, St. Louis, MO, USA) for
12h and ATP (5 mM, #A-2383, Sigma-Aldrich) for 1h to activate
the NLRP3 inflammasome. Subsequently, the supernatants from
the four groups of RCFs were used as conditioned medium and
incubated with RCMs for 24 h.

To verify the direct effect of IL-13 (#HY-P7097, Med Chem
Express) on Cx43, we used exogenous IL-1(3 to stimulate RCMs for
verification and used it in combination with the IL-1B inhibitor
TLR1 (#HY-WO011400, Med Chem Express) or the p-38 MAPK
inhibitor SB203580 (#HY-10256, Med Chem Express). The cells
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si-caspase-1-1
si-caspase-1-2
si-caspase-1-3

Table 1. List of siRNAs sequences used in the transfection.
Forward (5- 3/) Reverse (5'- 3)
si-NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

GGUUGACACAAUCUUUCAATT
GCAUUAAGAAGGCCCAUAUTT
CCAGGGAUCUCUCUUCAUUTT

UUGAAAGAUUGUGUCAACCTT
AUAUGGGCCUUCUUAAUGCTT
AAUGAAGAGAGAUCCCCUGGTT

were divided into the NC group, IL-1B group, IL-13/TLR1 group
and IL-1B/SB203580 group. TLR1 (40 uM) and SB203580 (3 uM)
were added to RCMs 1 h in advance; IL-13 (80 ng/mL) was added
for treatment for 24 h; and then, the cells were collected.

Transient siRNA transfection

Rat caspase-1 siRNA and negative control siRNA were obtained
from Hanbio (Wuhan, China). RCFs were seeded in 6-well plates
and transiently transfected with 40nM siRNA using 3.75pL
Lipofectamine RNAIMAX (Invitrogen) following the manufacturer’s
instructions. The following sequences were used in Table 1.

Scrape-loading/dye transfer (SL/DT) assay

The SL/DT technique was used to measure intercellular gap-
junctional communication in cardiomyocytes. After treatment, the
cells were rinsed gently three times with PBS. The dye was loaded
into the cells by gently placing the tip of a surgical steel blade.
Then, the cells were incubated with 0.5 mL of 0.1% (w/v) Lucifer
Yellow CH (#L0144, Sigma-Aldrich) and 0.05% dextran conjugate-
rhodamine B, 10,000 MW in PBS (#R9379, Sigma-Aldrich) at 37 °C
for 10 min in the dark. The cells were then washed with PBS and
fixed with 4% paraformaldehyde. Nuclei were stained with
DAPI. The cells were viewed immediately using an Eclipse E100
fluorescence microscope (Nikon, Japan). The number of commu-
nicating cells in treated samples was compared with that in the
controls. For each well, three random images were taken, and the
means were calculated. For each treatment and control group,
three separate experiments were carried out in triplicate.

Western blot analysis

Total protein from cardiac tissue or cells was collected using lysis
buffer (#R0030, Solarbio) plus protease inhibitor cocktail (#HY-
K0010, Med Chem Express) as described previously [25]. Briefly,
membranes were incubated with primary antibodies against
NLRP3 (1:2500; #ab214185, Abcam), ASC (1:1000; #AG-25B-0006,
Adipogen, Liestal, Switzerland), caspase-1 (1:2500; #ab108362,
Abcam), IL-1 (1:1000; #A11369, ABclonal), p-p38 MAPK (1:1000;
#4511S, Cell Signaling), p-38 MAPK (1:1000; #14064-1-AP,
Proteintech), Cx43 (1:1000; #71-0700, Thermo Fisher Scientific),
and GAPDH (1:10000; #60004-1-lg, Proteintech) at 4 °C overnight,
followed by incubation with appropriate secondary antibodies.
The blots were analyzed and quantified using ImageJ analysis
software.

Statistical analysis

Data are presented as the means * standard deviations. All data
were obtained and analyzed using SPSS 21.0 (SPSS Inc., Chicago,
IL, USA). Statistical comparisons were performed using unpaired or
paired t tests (P=0.05). All data were tested using either a two-
tailed Student’s t test or ANOVA followed by a two-tailed
Dunnett’s test. P < 0.05 were considered statistically significant.

RESULTS

Caspase-1 inhibition attenuates cardiac dysfunction post Ml

First, H&E staining revealed that the cardiac histology in the sham
group was normal, but the Ml group showed different degrees of
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cell damage, including vacuolation and inflammatory infiltration.
However, pretreatment with VX-765, a caspase-1 inhibitor,
dramatically decreased Ml-induced myocardial damage (Fig. 1a).
Masson staining showed that the MI group had abundant collagen
fibers and increased fibrosis, while the VX765+ Ml group
demonstrated improvement in the occurrence of cell damage
and reduced cardiac fibrosis (Fig. 1b, ). We then used
echocardiographic studies to measure heart function following
MI (Fig. 1d). At 7 days after surgery, the LVEF (Fig. 1e) and LVFS
(Fig. 1f) in the MI group were lower but significantly improved
with VX765 pretreatment. Conversely, LVED in the MI group was
substantially higher than that in the sham-operated group, and
VX-765 pretreatment decreased LVED (Fig. 1g). As shown in
Fig. 1h, VX765 pretreatment reduced the infarct size compared to
that in the Ml group (Fig. 1i). The level of LDH, an indicator of heart
damage, was increased in the MI group and was significantly
decreased after VX765 pretreatment (Fig. 1j). In general, VX765
attenuated MI-induced cardiac injury in rats.

Caspase-1 inhibition shortens the elongated QT interval in rats
with Ml

A standard ECG was obtained before and after the procedure
(Fig. 2a). The findings revealed that Ml causes ST elevation and
prolonged QT and QTc intervals. In the VX765 pretreatment group,
ST elevation was decreased (Fig. 2b), the QT interval was
shortened (Fig. 2¢), and the QTc interval (Fig. 2d) was shortened
compared to those parameters in the Ml group.

Caspase-1 inhibition decreases IL-1f3 secretion and increases Cx43
expression post Ml

To explore the effects of VX765 on the inflammatory response,
caspase-1 (Fig. 3a, b) and IL-1 (Fig. 3¢, d) expression levels were
determined by performing immunohistochemistry assays. The
Western blotting results, as shown in Fig. 3e, indicated that the
protein components of the NLRP3 inflammasome (ASC, NLRP3,
pro-caspase-1) (Fig. 3f-h) and IL-1 (Fig. 3i) were considerably
elevated in the ischemic region in the post-MI rat heart tissues
compared to the sham group. However, VX765 pretreatment
significantly reduced these protein levels. ELISA results indicated
that the level of IL-1B in the MI group increased, whereas it
declined in the MI 4 VX765 group (Fig. 3j).

To observe the effects of caspase-1 on Cx43 in Ml tissue, we first
evaluated the expression and distribution of Cx43 using immu-
nohistochemistry assays (Fig. 4a). In the ischemic and border areas
in the sham group, the Cx43 distribution was clustered, mainly in
the end-to-end junctions of adjacent cells, and a small amount
was present in the cell side junctions; in the MI group, Cx43 was
hardly visible around the infarct area, and occasionally Cx43 was
distributed in the cell-side junction or scattered on the cell surface;
however, this abnormal distribution was significantly improved
after VX765 pretreatment. The MI group had fewer Cx43 protein-
positive cells than the sham group; however, this number
increased after VX765 pretreatment (Fig. 4b). As shown in Fig. 4c,
the protein expression level of Cx43 in ischemic tissue was
considerably lower than that in the sham group, while VX765
pretreatment markedly increased the levels in comparison to
those in the MI group (Fig. 4d).
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Fig. 1 Caspase-1 inhibition attenuates cardiac dysfunction and dilatative remodeling postmyocardial infarction (Ml). a-b Representative

images of hematoxylin-eosin (H&E) (a) and Masson (b) (20x) staining of cardiac tissues at 7 days after MI. As shown in the images, the left
ventricular parts were defined as the ischemic zone, the 1-mm area around the ischemic zone was the border zone, and the area further to
this was the remote zone. Bars = 100 pum. ¢ Bar graph depicting the fibrillation region in the ischemic area 7 days after Ml (n = 3 per group).
Myocardial function was assessed using a Vevo 2100 high-resolution microimaging system 7 days post-Ml. d M-mode echocardiographic
imaging was acquired 7 days after MI. We further analyzed the echocardiographic parameters of left ventricular ejection fraction (LVEF) (e), left
ventricular fractional shortening (LVFS) (f), and left ventricular internal dimension at end-diastole (LVED; d) (g) (n =5). Triphenyltetrazolium
chloride staining was performed for (h) comparison and (i) assessment of the ischemic area between the groups. Ischemic infarct regions look
pale white, whereas normal tissues appear red (n = 3). j Serum lactate dehydrogenase (LDH) levels were assessed (n =5 per group). *P < 0.05,
**P < 0.01, ***P < 0.001 vs Sham. *P < 0.05, **P < 0.01, ***P < 0.001 vs MI.

Caspase-1 inhibition upregulates Cx43 expression and increases
cell-to-cell communication in RCMs stimulated by supernatant from
RCFs treated with LPS/ATP

Previous studies, including ours, have shown that activation of the
NLRP3 inflammasome/caspase-1/IL-13 pathway occurs mostly in
CFs, while NLRP3 inflammasome levels in CMs are minimal
[24, 25]. In normal heart tissue, CMs and CFs are closely related in
space and influence each other’s activities through paracrine
activity [28]. We further investigated the effects of caspase-1
inhibition on IL-1f3 in RCFs and on Cx43 expression in RCMs via the
paracrine pathway.

SPRINGERNATURE

First, we observed that LPS/ATP mediated activation of the
NLRP3 inflammasome (Fig. 5a) and formation of ASC specks
(Supplementary Fig. S1) in RCFs, whereas VX765 downregulated
the above changes and IL-1f3 secretion, as assessed by Western
blotting (Fig. 5b—e) and ELISA (Fig. 5f).

Next, we found that Cx43 expression in RCMs was decreased in
the presence of LPS/ATP-stimulated RCFs supernatant (Fig. 6a),
and VX765 pretreatment upregulated Cx43 expression (Fig. 6b). To
preclude the possibility that the reported upregulation of Cx43 by
VX765 in RCMs was attributable to unintended effects, caspase-1
expression was knocked down by transfection with siRNA
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Fig. 2 Caspase-1 inhibition shortens the prolonged QT interval in rats with myocardial infarction (Ml). a ECG waveforms before surgery,
after surgery, and before sacrifice of the rats, with marked ST segments. Bar graph showing the height of the ST segment (b), QT interval (c),
and QTc interval (d) (n =5). *P < 0.05, **P < 0.01 vs Sham. *P <0.05, *#P < 0.01 vs MI.

(si-caspase-1-1, —2, and —3) in RCFs. Western blotting showed
that all three siRNAs significantly inhibited caspase-1 expression
(Fig. 6¢). We chose si-caspase-1-3 for the follow-up experiments
(Fig. 6d). Knockdown of caspase-1 in RCFs upregulated Cx43
expression in RCMs stimulated by the supernatant of RCFs treated
with LPS/ATP. These findings demonstrate that pharmacological
suppression of caspase-1 and knockdown of caspase-1 both
increased Cx43 expression in RCMs.

To test whether VX765 may influence Cx43-mediated cell-to-cell
communication, we performed a fluorescent dye transfer assay on
RCMs treated with LPS/ATP-stimulated RCFs supernatant (Fig. 6e).
RCMs clearly showed lower lucifer yellow transfer, and VX765
pretreatment increased lucifer yellow transfer (Fig. 6f).

To determine the effect of VX765 on the internalization of Cx43,
RCMs were cultured and exposed to supernatant from RCFs that
had been treated with LPS/ATP, with or without VX765, followed

Acta Pharmacologica Sinica (2022) 43:2289 -2301

by immunofluorescence staining (Fig. 6g). Cx43 expression was
increased in the cytoplasm but reduced in the membranes of
RCMs treated with LPS/ATP-stimulated RCFs supernatant. Addi-
tionally, VX765 pretreatment alleviated the Cx43 internalization
changes in cells.

Caspase-1/IL-1(3 activates p38 MAPK, downregulates Cx43, and
reduces cell-to-cell communication

In astrocytes, IL-1B has been shown to activate p38 MAPK and
reduce dye coupling of Cx43-mediated gap junctions [29]. We
further investigated p38 MAPK involvement in Cx43 regulation in
MI. First, we observed that VX765 pretreatment decreased the
ratio of p-p38 MAPK/p38 MAPK in rats with Ml (Fig. 7a, b).
Moreover, we observed that VX765 pretreatment also down-
regulated the ratio of p-p38 MAPK/p38 MAPK in RCMs treated
with LPS/ATP-stimulated RCFs supernatant (Fig. 7c, d). In another
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Fig. 3 Caspase-1 inhibition blocks NLRP3-mediated inflammatory responses in myocardial infarction (MI). a-d Representative
immunohistochemistry images of cardiac samples 7 days post-MI were stained to detect caspase-1 (a) and IL-1p (c) (20x). Bars = 100 pm.
The protein positivity rate for caspase-1 (b) and IL-1p (d) in ischemic, border, and remote zones 7 days post-Ml is demonstrated (n = 3). e The
levels of IL-1f (17 kDa), caspase-1 (20 kDa), ASC, NLRP3 and GAPDH in the ischemic area in rat heart tissue were determined by Western
blotting 7 days post-MI. Bar graphs show the fold changes in the protein level in ischemic heart sections for NLRP3 (f), ASC (g), cleaved-
caspase-1 (20 kDa) (h), and cleaved-IL-1p (17 kDa) (i) 7 days post-MI (n = 5). j Statistical graph of changes in the serum IL-1$ concentration
(n=5). *P<0.05, **P < 0.01, ***P<0.001 vs Sham. P < 0.01 vs MI.

SPRINGER NATURE Acta Pharmacologica Sinica (2022) 43:2289-2301



VX765 upregulates Cx43 and improves cell connections post Ml

XL Su et al.
2295
a
Sham Mi MI/VX765
"' 15+
Remote | i -
: % x P
¥ 101
[
2
] = 5
o
Border o 5-
. 2
i 3
; o T m Ll
@ b‘?" &
QS'&O @o‘ “0&
Ischemic ¥
C d c
0 1.54
3 * %
, 4 o* .
< U W T[]
» - c
§ 0.5
0 0.5
caroH| S I 4 4 &0 4D 5 ’
(]
<
0.0
< TS = R e
‘5“0 \ﬂ:\ & S ,\6‘)
\) 2 SF
»

Fig. 4 Caspase-1 inhibition can increase Cx43 expression and improve its distribution after myocardial infarction (MI). a Representative
immunohistochemistry images of cardiac sections 7 days post-MI stained for Cx43 (20x). Bars = 100 pm. b The Cx43 positive rate in ischemic,
border, and remote zones 7 days after Ml is demonstrated (n = 3 per group). ¢ Cx43 expression was determined by Western blotting 7 days
after Ml in heart sections, and (d) bar graphs show the fold changes in Cx43 expression in ischemic sections (n =5 per group). **P < 0.01 vs

Sham. *P < 0.05, #P < 0.01 vs MI.

experiment, RCMs were cultured with the supernatant of LPS/ATP-
conditioned RCFs containing either TLR1 or SB203580. As shown
in Fig. 7e, the supernatant of LPS/ATP-conditioned RCFs decreased
the expression of Cx43 protein (Fig. 7f) and increased the ratio of
p-p38 MAPK/p38 MAPK (Fig. 7g), while the effects were inhibited
by SB203580 and TLRI1.

Next, we directly stimulated RCMs with exogenous IL-1f3.
According to our findings, IL-1B increased the levels of
phosphorylated p-p38 MAPK (Fig. 8a). p38 MAPK activation
induces a decrease in Cx43. Furthermore, SB203580 (Fig. 8b) and
TLR1 (Fig. 8c) significantly reduced the effect of IL-13 on Cx43. In
addition, treatment of RCMs with IL-13 reduced lucifer yellow
transfer (Fig. 8d). Pretreatment of RCMs with SB203580 or TLR1
increased lucifer yellow transfer (Fig. 8e). SB203580 and TLR1
both alleviated the internalization of Cx43 induced by IL-13
(Fig. 8f).

DISCUSSION

Inflammation is a key pathogenic hallmark of Ml damage. The
main proinflammatory cytokine implicated in inflammation is IL-
1B. Caspase-1 converts pro-IL-1B into mature and active IL-14,
which is subsequently released into the extracellular environment
to trigger an inflammatory response [30].

Acta Pharmacologica Sinica (2022) 43:2289 -2301

Recently, based on extensive knowledge of the mechanisms of
inflammasome activation, the development of therapies that
target these pathways or mechanisms has been accelerated [31].
For example, currently, three IL-1 inhibitors, anakinra, canakinu-
mab, and rilonacept, are being used in clinical practice [32].
In addition, small-molecule NLRP3 inflammasome inhibitors have
been identified and are under clinical trial [33-35]. Treatments
aimed at inhibiting IL-1 activity in MI, heart failure, pericarditis,
and other chronic inflammatory heart diseases have been
developed [32].

VX765, quickly converted to an active metabolite in vivo by
nonspecific esterases VRT-043198, is a selective caspase-1 inhibitor
[36]. VX765 is currently being investigated in humans in a phase
2b clinical study for drug-resistant partial epilepsy and has been
reported to be effective in humans [37]. Moreover, VX765 has
been reported to have a protective effect against acute ischemia-
reperfusion (I/R) injury in an in vivo rat model [26]. This particular
subclass of caspase-1 inhibitors might be a viable option for future
cardioprotective therapies [38]. However, the role of VX765 in
myocardial electrical remodeling and its underlying molecular
mechanisms have not been fully elucidated. We have provided
evidence that selectively inhibiting caspase-1 with VX765 can
rescue cardiac histological morphology and cardiac dysfunction
and promote Cx43 expression in a rat Ml model (Fig. 1). Moreover,
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Fig. 5 Caspase-1 inhibition reduces the expression level of the NLRP3 inflammasome in rat cardiac fibroblasts (RCFs). a Determination of
ASC, NLRP3, cleaved-IL-1p (17 kDa), and cleaved-caspase-1 (20 kDa) protein expression levels. RCFs and rat cardiac myocytes (RCMs) were
isolated from 1-day-old rat neonates. RCFs were treated with VX765 (25 pM, added 30 min before other factors), lipopolysaccharide (LPS; 1 pg/
mL, 12 h), and ATP (5 mM, 1 h). b-e Bar graphs showing fold-changes in NLRP3 (b), ASC (c), cleaved-caspase-1 (20 kDa) (d), and cleaved-IL-1f
(17 kDa) (e) protein levels in RCFs after exposure to LPS/ATP (n = 3). f Levels of IL-1p in the supernatant were assessed in RCFs treated with or
without VX765 (n = 3). *P < 0.05, **P < 0.01 vs NC/VX765. *P < 0.05, ¥P < 0.01 vs LPS/ATP.

this cardioprotective effect was mediated by preventing IL-13
secretion from RCFs and inhibiting the IL-13/p38 MAPK/
Cx43 signaling pathway in RCMs.

In this study, we found that VX765 alleviated abnormal changes
in cardiac morphology and reduced cardiac dysfunction caused by
MI. These findings are in accordance with those of a previous
study showing that inhibition of caspase-1 protects rat hearts from
MI [39]. One of the primary variables impacting the propagation of
electrical impulses through the heart is the degree of cell-to-cell
communication via gap junction (GJ) channels. The QT interval has
been demonstrated to be lengthened by faulty electrical impulse
propagation [40]. If left untreated, a long QT can cause torsades de
pointes and eventually ventricular fibrillation, which can lead to
abrupt cardiac death [41]. The QT interval duration is determined
by ventricular depolarization and repolarization. Prolongation of
the QT interval reflects ventricular conduction delay, a substrate
for arrhythmogenicity [42]. We found that the QTc interval was
significantly longer in the MI rat model than in the sham group
(Fig. 2). These findings support a previous report indicating that Ml
can lead to prolongation of the QTc interval [43]. It has been
demonstrated that modifications in electrical coupling through GJ
channels can lead to aberrant conduction and arrhythmogenesis
in the heart [9]. Cx43, the most prevalent cardiac GJ protein [44],
maintains a steady beating rhythm by mediating ventricular
conduction of cardiac action potentials. Our data revealed that
inhibition of caspase-1 could shorten the QT interval prolongation
caused by MI. These results indicate that inhibition of caspase-1
may shorten the conduction process by improving GJs between
cardiomyocytes. Therefore, we investigated the effects of VX765
on Cx43 following MI in rats (Fig. 4). First, we observed
reduced NLRP3 inflammasome activation in rats with MI after
VX765 pretreatment. The NLRP3 inflammasome is an essential line
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of defense for the innate immune system against infection, but it
is also linked to a variety of chronic inflammatory and metabolic
disorders, including gout, atherosclerosis, human inflammatory
bowel disease, diabetes, neuroinflammation, and cancer [45-49].

We observed that inhibiting caspase-1 significantly decreased
the protein levels of NLRP3, ASC, caspase-1, and IL-13. Why does
treatment with VX765 cause downregulation of NLRP3 and ASC
protein expression levels in rats with MI (Fig. 3)? It has been
reported that the suppression of caspase-1 by VX765 is due to a
negative feedback mechanism involving the NLRP3 inflamma-
some activation step or activation of signaling pathways
implicated in other priming processes, such as interacting with
NLRP3 inflammasomes [50, 51]. In addition, Cx43 expression
decreased in the MI group, and VX765 pretreatment upregulated
Cx43 expression. Our findings are in accordance with previous
research showing that the total amount of Cx43 is decreased after
cardiac ischemia [52], MI [53], and heart failure [54].

CFs are well known for their function in deposition of the
extracellular matrix that forms a proteinaceous network around
cells, reinforcing the cardiac architecture [55]. More evidence has
shown that CFs also secrete signaling molecules to the surround-
ing immune cells and cardiomyocytes, which affect the inflam-
matory response, contraction, and hypertrophy [56, 57].

Recent findings, including those from our study, have shown
that the NLRP3 inflammasome is significantly upregulated and
subsequently induces IL-13 production in CFs during the intense
inflammatory response to MI [25, 58]. Therefore, we investigated
whether and how NLRP3 inflammasome activation and IL-1B
secretion in CFs after MI affects Cx43 expression in CMs through
the paracrine pathway. We used a cell model that activated the
NLRP3/caspase-1 pathway via LPS/ATP stimulation in RCFs. We
incubated RCMs with the supernatant from RCFs treated with

Acta Pharmacologica Sinica (2022) 43:2289-2301
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Fig. 6 Caspase-1 inhibition upregulates Cx43 expression and increases cell-cell communication in rat cardiac myocytes (RCMs). a Cx43
expression was determined using Western blotting. The supernatant of lipopolysaccharide (LPS)/ATP-stimulated fibroblasts was transferred
and used to stimulate cardiomyocytes for 24 h. b Bar graphs representing the fold changes in Cx43 protein levels in RCMs (n = 3). ¢ Si-caspase-
1 interference efficiency was examined by Western blotting. Rat cardiac fibroblasts (RCFs) were transiently transfected with si-NC or vehicle
control and si-caspase-1 for 6 h before being cultured for 24 h. LPS/ATP was then used to expose the cells, and the supernatant was
transferred to stimulate cardiomyocytes. d Cx43 expression was determined using Western blotting. e Images obtained from the scrape
loading (SL)/dye transfer (DT) assay after application of lucifer yellow CH dilithium salt (LY, MW 457), which transfers via the functional gap
junction channels, and rhodamine-dextran (RhD, MW 10,000), which was reserved in the scraped cells. Bars = 100 pm. f After eliminating RhD-
stained areas, the net transfer of LY (the area through which LY diffuses) was used to assess gap junction intercellular communication (GJIC)
function. To determine the fraction of the control (GJIC-FOC), the net LY areas in individual images were normalized to the averaged net area
from negative or solvent control dishes. Each figure shows three independent experiments, all performed in triplicate (n=3). (g)
Immunostaining for total Cx43 and counterstaining of nuclei with DAPI (40 x), Bars = 25 pm. *P < 0.05, **P < 0.01 vs NC. *P < 0.05, *#*P < 0.01 vs
LPS/ATP.

LPS/ATP to simulate this paracrine effect, as previously described
[59]. Our results showed that after LPS/ATP stimulation, the NLRP3
inflammasome was activated, and IL-1B secretion in the super-
natant was enhanced; however, VX765 reduced NLRP3 inflamma-
some activation and IL-1f3 secretion in RCFs (Fig. 5). Subsequently,
we found that VX765 pretreatment upregulated Cx43 expression in
RCMs (Fig. 6). To exclude the off-target effects of the inhibitor
VX765, we collected the supernatant of LPS/ATP-stimulated RCFs
and knocked down caspase-1 via siRNA to observe Cx43 expression
in RCMs. The results revealed that inhibiting caspase-1 pharmaco-
logically and physiologically upregulates Cx43 expression.
Activation of the MAPK signaling pathway appears to sig-
nificantly contribute to the proinflammatory response in the

Acta Pharmacologica Sinica (2022) 43:2289 -2301

myocardium [60]. It has also been reported that LPS stimulates the
activation of p38 MAPK and JNK, which promotes the release of
inflammatory mediators followed by cardiac dysfunction [60]. We
found that VX765 pretreatment also decreased p38 MAPK
phosphorylation (Fig. 7). This suggests that VX765 pretreatment
may upregulate Cx43 expression in RCMs via suppressing the IL-
1B/p38 MAPK pathway. To confirm this hypothesis, we cultured
RCMs with the supernatant of LPS/ATP-conditioned RCFs contain-
ing either TLR1 (an IL-1B inhibitor) or SB203580 (a p38 MAPK
inhibitor). The results showed that TLR1 and SB203580 reversed
the effects on Cx43 protein expression as well as on the ratio of p-
p38/p38 MAPK in RCMs in the presence of the supernatant of LPS/
ATP-conditioned RCFs.
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Fig. 7 Caspase-1 inhibition reduces the activation of p38 MAPK in myocardial infarction (MI) tissues and rat cardiac myocytes (RCMs).
a Western blotting was used to assess the expression levels of p38 and p-p38 in ischemic heart sections obtained from rats with MI. b Bar
graphs showing the fold-changes in the expression levels (n = 5). **P < 0.01 vs Sham. **P <0.01 vs MI. ¢ The protein expression level of p38
and p-p38 in RCMs was stimulated by supernatant from rat cardiac fibroblasts (RCFs). d Fold-changes are shown by bar graphs (n = 3).
Supernatant from RCFs was used to stimulate RCMs for 24 h and used in combination with the IL-1p inhibitor TLR1 (40 pM) or p-38 MAPK
inhibitor SB203580 (3 uM). **P < 0.01 vs NC. ¥P < 0.01 vs LPS/ATP. e Western blotting was used to identify changes in the protein expression
levels of Cx43 and p38 MAPK in RCMs stimulated with the supernatant from RCFs. f, g Bar graphs showing fold-changes in Cx43 (f) and p-p38
MAPK (g) protein levels. **P < 0.01 vs NC. *P < 0.05, *P < 0.01 LPS/ATP/TLR1 vs LPS/ATP. P <0.01, *4P < 0.001 LPS/ATP/SB vs LPS/ATP.

Furthermore, Cx43 GJ intercellular communication has been
found to be decreased as a result of changes in the Cx43
expression level, phosphorylation status, and membrane localiza-
tion [61]. To determine whether caspase-1 affects cell-to-cell
communication, junctional transfer of the tracer lucifer yellow
(anionic) was assessed in a scrape-loading experiment utilizing
RCM cells treated with the supernatant from RCFs treated with
LPS/ATP. RCMs clearly showed lower lucifer yellow transfer, and
VX765 pretreatment increased lucifer yellow transfer in the LPS/
ATP-stimulated RCFs supernatant (Fig. 6). Moreover, immuno-
fluorescence analysis of RCMs treated with supernatant from RCFs
treated with LPS/ATP, with and without caspase-1, indicated that
the positive effects seen in the presence of VX765 were due to an
increase in Cx43 levels in GJ plaques.

To further validate the above experiment, we conducted
another experiment. We used exogenous IL-B combined with
TLR1 or SB203580 to directly stimulate RCMs (Fig. 8). The
composition of the LPS/ATP-stimulated RCFs supernatant is
complex; therefore, the above results alone did not directly
verify that Cx43 expression in RCMs was caused by IL-1B from
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NLRP3 inflammasome activation. The purpose of this experi-
ment was to further verify that caspase-1 inhibitors indeed
upregulate Cx43 expression by inhibiting the IL-13/p38 MAPK
pathway. Consistent with these results, it has been stated that
IL-1B activates p38 MAPK, downregulates Cx43 levels, and
suppresses cell-cell communication in the early stages of
experimental autoimmune myocarditis in rats [62]. Furthermore,
the results showed that targeting NLRP3/caspase-1/IL-1B activa-
tion in RCFs can increase Cx43 expression in RCMs via inhibiting
the p38 MAPK pathway.

This study has several limitations. In many tissues, coupling
between cells of the same cell type (homocellular coupling) and
cells of distinct cell type (heterocellular coupling) is ubiquitous
[63]. In the current study, we studied cell-cell communication
between cardiomyocytes. In addition to NLRP3 inflammasome
activation, caspase-1 is implicated in the activation of additional
inflammasomes, including the AIM2, NLRP1, and NLRC4 inflam-
masomes. Studies on the NLRP3 inflammasome are relatively
extensive; thus, in this work, we solely investigated the impact of
VX765 on Cx43 during NLRP3 inflammasome activation.

Acta Pharmacologica Sinica (2022) 43:2289-2301
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Fig. 8 IL-1P activates p38 MAPK in rat cardiac myocytes (RCMs) to downregulate Cx43 protein expression, increase its internalization,
and reduce communication between cells. a Western blotting was used to detect alterations in the protein expression of p38 MAPK and Cx43 in
RCMs stimulated with supernatant from rat cardiac fibroblasts (RCFs). Exogenous IL-1f (80 ng/mL) was used to stimulate RCMs for 24 h and was
used in combination with the IL-1f inhibitor TLR1 (40 pM) or p-38 MAPK inhibitor SB203580 (3 pM). b, ¢ Bar graphs showing fold changes in Cx43
(b) and p38 MAPK (c) protein levels. d Images obtained from the scrape loading (SL)/dye transfer (DT) assay in which lucifer yellow (LY) and
rhodamine-dextran (RhD) were applied. Bars = 100 um. **P < 0.01 vs NC. *P < 0.05, **P < 0.01 IL-1p/SB vs IL-1p. %P < 0.05 IL-1B/TLR1 vs IL-1p. e To
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vs IL-16. 4P < 0.01 IL-1B/SB vs IL-1B. ) Immunostaining for total Cx43 and counterstaining with DAPI to visualize nuclei (40 x). Bars = 25 um.
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CONCLUSIONS

In this study, we found that caspase-1 inhibition reduced
activation of the NLRP3 inflammasome and IL-1f secretion in
RCFs, which subsequently led to upregulation of Cx43 expression
and improved cell-cell communication in RCMs through inhibition
of the IL-1B/p38 MAPK pathway, thus alleviating cardiac dysfunc-
tion (Fig. 9). Therefore, caspase-1 inhibition might be a promising
therapeutic approach for management of MI.
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