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NLRP3 Early inflammatory responses after myocardial infarction (MI) are likely to increase myocardial fibrosis and
MCC950 subsequent cardiac remodeling. MCC950, a specific NLRP3 inhibitor, was previously found to effectively inhibit
Fibrosis

the release of inflammatory factors IL-18 and IL-1f. In this study, we evaluated the effect of MCC950, as a
potential new treatment strategy for MI, on myocardial fibrosis and cardiac remodeling using an experimental
mouse model.

Methods: Male C57BL/6 mice were subjected to left coronary artery ligation to induce MI and then treated with
MCC950 (10mg/kg) or PBS for 14 days. After 30 days, echocardiography was performed to assess cardiac
function and myocardial fibrosis was evaluated using H&E- and Masson's Trichrome-stained sections. Myocardial
expression of inflammatory factors and fibrosis markers was analyzed by western blotting, immunofluorescence,
ELISA, and real-time quantitative PCR.

Results: The ejection fraction in the 10 mg/kg group (40.7 + 4.2%; N = 6, p = 0.0029) was statistically pre-
served compared to that in the control group (14.0 + 4.4%). Myocardial fibrosis was also reduced in MCC950-
treated animals (MCC950, 23.2 = 3.0 vs PBS, 36.2 + 3.7; p < 0.05). Moreover, myocardial NLRP3, cleaved
IL-1B, and IL-18 levels were reduced in MCC950-treated animals. H&E and molecular examination revealed
decreases in inflammatory cell infiltration and inflammatory factor expression in the heart. In vitro, MCC950
inhibited NLRP3, reduced caspase-1 activity, and further downregulated IL-1f and IL-18.

Conclusion: MCC950, as a specific NLRP3 inhibitor, can alleviate fibrosis and improve cardiac function in a
mouse model by suppressing early inflammatory responses post-MI.

Myocardial infarction
Cardiac remodeling

1. Introduction

Myocardial infarction (MI) is a major cause of morbidity and mor-
tality worldwide [1]. Although reperfusion strategies are successful in
limiting injury to the heart, reducing infarct size, and improving overall
prognosis, patients' risk of heart failure increase both over the short-
term and long-term post MI [2]. MI-induced injury causes acute ne-
crosis of cardiomyocytes in the affected area of the heart, concomitant
with the generation of a reparative fibrotic scar, which could be one
natural protective mechanism to prevents ventricular wall rupture.

However, in the long-term, excessive interstitial fibrosis in the heart
might lead to progressively worse cardiac function and stiffening of the
wall and septal [3]. Another factor affecting the cardiac function and
remodeling is the inflammatory responses post-MI. It is known that
inflammatory responses can further aggravate cardiac remodeling and
myocardial injury [4]. Further, inflammasome formation in the mouse
heart during MI can cause the additional loss of functional myocardium,
finally leading to heart failure [5]. Inflammatory bodies are large,
multi-cytoplasmic protein complexes formed in response to damage and
pathogen-associated molecular patterns that, serve as platforms for
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caspase-1 activation [6]. Most inflammasomes contain a protein of the
NLR family of proteins (NLRP1, NLRP3, NLRP6, NLRP7, NLRP12 or
NLRC4), cysteine protease caspase-1, and apoptosis-associated speck-
like protein containing a caspase recruitment domain (ASC) [7]. The
NLRP3 inflammasome plays a key role in identifying danger signals and
inducing sterile inflammatory responses in response to MI. When acti-
vated, the pyrin domain of NLRP3 interacts with ASC, promoting the
recruitment of caspase-1 by the ASC C-terminal domain and leading to
NLRP3 inflammasome assembly with subsequent caspase-1 activation,
which helps to process pro-IL-18 and pro-IL-1f into their biologically
active and mature forms [7,9]. Hence, NLRP3 represents an integral
part of the innate immune system, providing fine regulation of caspase
1 activation and the facilitating the production and secretion of influ-
ential pro-inflammatory cytokines [10]. However, NLRP3-IL-1p sig-
naling underlies many diseases, including cancer, gout, osteoarthritis,
periodic auto-inflammatory syndromes and cardiac dysfunction
[11,12]. MI-induced myocardial injury stimulates NLRP3 inflamma-
some assembly, which promotes the secretion of inflammatory factors
such as IL-1(3 and IL-18 and thus aggravates myocardial damage leading
to systolic dysfunction [13,15].

Several NLRP3 inhibitors have been discovered recently, including
MCC950, B-hydroxybutyrate type I interferon (IFN) and interferon-f3. It
is known that MCC950, which contains a diarylsulfonamide group, not
only inhibits the caspase-1 dependent production of IL-1f, but also
inhibits the activation of NLRP3 inflammatory bodies, thereby in-
hibiting the secretion of IL-13 and IL-18 and reducing the severity of
experimental autoimmune encephalomyelitis and cryopyrin-associated
periodic syndromes in mice [16]. However, MCC950 suppresses cas-
pase-1 activation, caspase-1 mediated uptake and production, and se-
cretion of ILs without affecting the activation of NLRC4 or AIM2 in-
flammasomes [17,18].

MCC950, the most specific and well-characterized NLRP3 inhibitor
to date, was proven to play a major role in a variety of inflammatory
diseases in which NLRP3 is involved. Studies suggest that MCC950 can
protect cardiac function and reduce infarct size in a pig animal ischemia
reperfusion (I/R) model [19]. However, the long-term myocardial
protective effect of MCC950 and its mechanism of action in the heart
are still unclear. In particular, the effect of this compound on cardiac
outcomes after MI is unclear. Hence, we hypothesized that MCC950
might be effective in reducing myocardial fibrosis and improving car-
diac function after MI by inhibiting the expression of NLRP3 in-
flammatory corpuscles in fibroblasts in a mouse model of MI.

2. Materials and methods
2.1. Mouse model of MI

Male C57/BL6 mice weighing 25-30 g were maintained on a regular
12-h light/dark cycle with free access to standard mouse chow (The
Second Affiliated Hospital of Nanchang University, Nanchang, China)
and water. The mice were assigned to either the MI group (surgery to
induce MI by occlusion of the left coronary artery) or sham group (same
operation but no left coronary artery occlusion). Surgery was conducted
on mice anesthetized via 2% isoflurane inhalation. MI mice were then
randomized to receive intraperitoneal injection of 10 mg/kg MCC950
(S7809; Selleck Chemicals, Houston, TX, USA) or phosphate buffered
saline (PBS), which served as the comparison group, three times per
week for 2 weeks. Heart tissue on day 3, 7, 14 and 30 was analyzed by
immunohistochemistry and molecular experiments.

All experiments were approved by the Animal Ethics Committee of
the Second Affiliated Hospital of Nanchang University and were con-
ducted in compliance with the ARRIVE guidelines. Mice were handled
in accordance with the National Institutes of Health guidelines for the
care and use of laboratory animals.
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2.2. Echocardiographic assessment

To evaluate cardiac geometry and function at 30days after MI,
transthoracic echocardiography was performed using a 30-MHz high-
frequency scan head (Vevo770; Visual Sonics Inc. Toronto, Canada).
MI-mode imaging was conducted using the left ventricular (LV) para-
sternal long-axis view and all. Data were averaged based on the mea-
surements of at least six cardiac cycles including records of LV end-
systolic diameter, end-diasolic diameter, ejection fraction and fractional
shortening.

2.3. Histological analysis

Tissues were fixed in 4% paraformaldehyde, sectioned, and pro-
cessed for hematoxylin-eosin and Masson's trichrome im-
munohistochemical staining. Masson trichrome staining was performed
according to a previous report [20]. For immunohistochemical analysis,
the antibodies used were anti-mouse CD68 (ab31630; Abcam), Ly6G
(ab25377; Abcam) and CD4 (ab183685; Abcam).

2.4. Invitro cell experiments

Primary cardiac fibroblasts were isolated from 1 to 3-day-old C57/
BL6 mice purchased from the Changzhou Cavans Experimental Animal
Co., Ltd. Mouse cardiac fibroblasts were cultured as described pre-
viously [21,22]. Briefly, heart cells of 3-day-old C57/BL6 mice were
isolated and cultured with 0.2% collagenase type II (Worthington,
USA). Cardiac fibroblasts were purified by pre-plating the cells on cell
culture dishes for 60 min. Subsequently, the fibroblasts were cultured in
4.5 g/L of p-glucose DMEM (Life Technologies, Grand Island, NY, USA),
supplemented with 10% fetal bovine serum (FBS, Hyclone, USA) and
1% penicillin/streptomycin (Hyclone, USA) with standard culture
conditions (37 °C, with 5% CO,). Cells were passaged at 70-80% con-
fluence. The cells obtained from the second passage were used for the
experiments.

2.5. Cell immunofluorescence

The fibroblasts were seeded on a cover glass. After fixing with 4%
paraformaldehyde at room temperature for 10 min, cells were treated
with 0.1% triton X-100 for 10 min and blocked with 5% BSA at room
temperature for 30 min, and then incubated with primary antibodies
(NLRP3, ab4207, Abcam, Cambridge, MA, USA; Vimentin, ab195877,
Abcam, Cambridge, MA, USA; CD31, ab28364, Abcam, Cambridge, MA,
USA; Monoclonal Anti-a-Actinin, A7811MSDS, Sigma-Aldrich, St.
Louis, MO 63178, USA) overnight at 4 °C. The fibroblasts were then
incubated with secondary fluorescent antibodies (FITC conjugated goat
anti-rabbit IgG, GB22303, Servicebio, Wuhan, China; fluorescein iso-
thiocyanate labeled goat anti-mouse IgG, GB22301, Servicebio, Wuhan,
China) for 1h in the dark at room temperature. Then, the cells were
incubated with DAPI (G1012, Servicebio, Wuhan, China) for 10 min in
the dark at room temperature. These samples were observed using a
confocal laser scanning microscope.

2.6. Real-time quantitative PCR

Total cellular RNA was purified from cardiac tissues and cardiac
fibroblasts using Trizol reagent (Invitrogen, Carlsbad, CA, USA). RNA
samples were subsequently reverse-transcribed to cDNA (TaKaRa Bio,
Osaka, Japan). The following conditions were used for thermal cycling:
denaturation at 95 °C for 30s, 40 cycles of priming at 95 °C for 5s, and
elongation at 60 °C for 20s. Primer pairs were used (Sangon Biotech,
Shanghai) for each target gene, as summarized in Supplementary data
Table 1. The transcript levels were normalized to those of GAPDH. Data
were analyzed using the comparative CT(2-AACT) method as previously
described [23].
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2.7. ELISA assays

IL-1B concentrations were measured using standard ELISA Kkits
(RK0O0006; ABclonal, Biotechnology, Wuhan, China). Data are pre-
sented for individual cytokines, as well as for the ratios between the
levels of different cytokines.

2.8. Western blot assay

Cardiac tissues and fibroblasts were harvested in RIPA lysis buffer
with 1mM phenylmethanesulfonyl fluoride. Protein concentrations
were determined using a BCA protein assay kit (WB0101; Biotech Well,
Shanghai, China); samples were separated by 10% and 15% SDS-PAGE
and transferred onto polyvinylidene fluoride membranes (all from
Biotech Well). The membranes were blocked with 5% bovine serum
albumin in TBST for 1.5h and incubated with primary antibodies
against NLRP3 (15101S; Cell Signaling Technology, Danvers, MA, USA;
1:1000), caspase-1 (ab108362; Abcam, Cambridge, MA, USA; 1:1000),
IL-18 (ab71495; Abcam; 1:1000), IL-1p (31202; Cell Signaling
Technology; 1:1000), collagen-I (ab6038; Abcam; 1:1000), collagen-III
(ab7778; Abcam; 1:1000), Vimentin (ab195877, Abcam; 1:1000), CD31
(ab28364, Abcam; 1:1000), Monoclonal Anti-a-Actinin (A7811MSDS,
Sigma-Aldrich, St. Louis, MO 63178, USA; 1:1000), a-SMA (19245; Cell
Signaling Technology; 1:1000), B-actin (4970S; Cell Signaling
Technology; 1:4000), and GAPDH (5174S; Cell Signaling Technology;
1:4000) overnight at 4°C and then with horseradish peroxidase-con-
jugated secondary antibodies for 1.5 h at room temperature. Immobilon
Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA)
was used for detection. Images of the gel were captured using the Image
Quant LAS 4000 mini (GE Healthcare, Barrington, IL, USA).

2.9. Statistical analyses

Results are expressed as the mean + standard error of the mean.
Statistical analyses were conducted using GraphPad Prism 5.01 and
SPSS 18.0 (SPSS Inc., Chicago, IL). The normality of data distribution
was tested using the Kolmogorov-Smirnov test. One-way ANOVA with a
post-hoc Holm-Sidak test (if p < 0.05 with no significant variance in
homogeneity) was used for multiple-group comparisons.

3. Result
3.1. MCC950 helps to preserve cardiac function after MI

At 30 days post MI (representative echocardiograms illustrated in
Fig. 1A), echocardiographic parameters were significantly restored in
mice treated with MCC950 at 10 mg/kg, compared to those in PBS-
treated controls (LVEF: 40.7 = 4.2 vs 14.0 + 4.4, Fig. 1B; LVFS:
20.1 * 2.5 vs 9.5 *= 3.5, Fig. 1C; LVEDD: 4.6 = 0.1 vs 5.5 * 0.3,
Fig. 1D; LVESD: 3.7 * 0.2vs 5.1 * 0.4, Fig. 1E; all p values < 0.05).

3.2. MCC950 treatment reduces myocardial fibrosis in vivo

At 30days post MI, Masson trichrome staining (representative
images in Fig. 2A) revealed significantly less pronounced fibrosis in
MCC950-treated mice than in PBS-treated controls (11.1 + 2.2% vs
20.6 * 2.2%, Fig. 2B). Furthermore, the mRNA and protein expression
levels of collagen-I, collagen-III, and a-SMA were markedly reduced in
MCC950-treated mice (Fig. 2C and D). Taken together, these findings
demonstrate that MCC950 reduces post-MI myocardial fibrosis in vivo.

3.3. MCC950 reduces the infiltration of inflammatory cells in the heart in
vivo

To determine whether the MCC950-mediated decrease in in-
flammation translates into reduced cardiac fibrosis, we evaluated the
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expression of factors known to promote myocardial collagenization.
The protein expression levels of NLRP3 (Fig. 3A and B), cleaved IL-1f
(Fig. 3C and D), and IL-18 (Fig. 3E and F) increased 3 days after MI and
decreased gradually thereafter; all three proteins exhibited a compar-
able trend. MCC950 treatment not only reduced NLRP3 expression, but
also reduced the expression of cleaved IL-1[3 and IL-18 (Fig. 3G and H).
ELISA confirmed that serum IL-1f levels were significantly lower in
MCC950-treated mice than in PBS-treated controls (Fig. 3I). Hematox-
ylin—eosin staining revealed that MCC950-treated mice had reduced
inflammatory cell infiltration (Fig. 3J and K). Furthermore, im-
munohistochemical analysis of the hearts after MI showed the main
infiltrating inflammatory cells were CD68* macrophages and Ly6G*
neutrophils. The content of CD68* macrophages and Ly6G* neu-
trophils in infiltrating myocardium decreased after MCC950 treatment
(Supplemental Fig. 1). Given the mechanistic role of cleaved IL-13 and
IL-18 in promoting fibrosis, these findings confirm that NLRP3 inhibi-
tion by MCC950 reduces myocardial fibrosis at least partly by sup-
pressing the release of cleaved IL-1p and IL-18.

3.4. MCC950 can alleviate hypoxic damage in cardiac fibroblasts

Whereas extremely low levels of IL-13 and almost no NLRP3 were
detected in fibroblasts incubated under normal conditions, the expres-
sion of these markers were significantly higher after 18 h of incubation
under hypoxic conditions (Fig. 4A and B), suggesting that hypoxia in-
duces NLRP3 and IL-1f expression in cardiac fibroblasts. As these ef-
fects were most pronounced after 18 h of incubation, subsequent ex-
periments with cardiac fibroblasts were performed for this duration.

To clarify the mechanism underlying the effect of MCC950 on car-
diac fibrosis, we first performed a CCK-8 assay to evaluate the effects of
different concentrations of MCC950 (0.001, 0.01, 0.1, 1, 10, and
100 umol/L) on the proliferation of fibroblasts. Cell vitality did not
differ between MCC950-treated fibroblasts and untreated fibroblasts,
indicating that this agent had no significant effect on cardiac fibroblast
proliferation (Fig. 4C). Based on western blot analysis, the expression of
collagen-I and a-SMA was significantly lower in fibroblasts incubated
under hypoxic conditions with 10, 20, or 40 yM MCC950 comapred to
levels in untreated fibroblasts incubated under normal or hypoxic
conditions (Fig. 4D and E). Thus, results of the in vitro cell culture
experiments supported those of the mouse experiments, confirming the
beneficial effect of MCC950 as an anti-fibrotic agent.

3.5. MCC950 inhibits NLRP3 signaling and downregulates IL-18 and IL-1
expression in fibroblasts

Fluorescence staining indicated that MCC950 inhibited the expres-
sion of NLRP3 inflammatory factors (results in Supplemental Fig. 2).
We also found that caspase-1 expression was enhanced in fibroblasts
incubated under hypoxic conditions, revealing that the hypoxia-in-
duced increase in NLRP3 expression could directly enhance caspase-1
activity which in turn results in the upregulation of cleaved IL-18 and
IL-1B (Fig. 4F and G). However, this effect was attenuated by treatment
with 1, 10, 20, or 40 umol/L of MCC950 (Fig. 4F and G). These results
demonstrate that MCC950 counteracts the hypoxia-induced upregula-
tion of NLRP3, resulting in decreased caspase-1 activation and reduced
secretion of cleaved IL-1 and IL-18 in mouse cardiac fibroblasts
(Fig. 4H).

4. Discussion

Ml-induced damage to the heart results in a sterile inflammation
that leads to scar formation and infarct healing [26,27]. Appropriate
anti-inflammatory therapy reduces myocardial fibrosis and improves
cardiac remodeling. In this context, the most important finding of our
present study is that by specifically inhibiting NLRP3, MCC950 ame-
liorates myocardial damage and reduces heart fibrosis, improving
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Representative images of echocardiography tracing in the mice with MI treated with MCC950 (10 mg/kg) or PBS in each group at 30 days (A). Left ventricular
ejection fraction (LVEF; B). Left ventricular fractional shortening (LVFS; C). Left ventricular end-systolic diameter (LVESD; D). Left ventricular end-diastolic diameter
(LVEDD; E). Data are depicted as Mean *+ SEM. Differs significantly (one-way ANOVA with a post-hoc Holm-Sidak test, *P < 0.05, **P < 0.01, compared with the

MI + PBS group).

cardiac remodeling, as reflected by the recovery of LV fractional
shortening and the ejection fraction at 30 days post-MI. We also dis-
covered that MCC950 blocks activation of the NLRP3 inflammasome in
heart tissue and suppresses the recruitment of inflammatory mediators
in cardiac fibroblasts.

In our mouse model, levels of the inflammatory factors NLRP3, IL-
1B, and IL-18 changed over time, peaking on day 3 or 7, and dis-
appearing by day 14 after MI. The NLRP3 inflammasome is a macro-
molecular structure that is assembled via the chemotactic recruitment
of infiltrating cells, which not only induces the self-cleavage and acti-
vation of caspase-1, but also the conversion of pro-IL-1f and pro-IL-18
to IL-1P and IL-18, respectively [28]. IL-1f and IL-18 act as key factors
in heart inflammation and play a crucial role in cardiac prognosis after
ML In animals, IL-1f3 is critically involved in the pathogenesis of cardiac
remodeling by regulating extracellular matrix metabolism and thus fi-
broblast function [29,30]. Specifically, IL-1[3 activation promotes cell

death, myocardial fibrosis, cardiac remodeling, and heart failure after
MI [5]. Further, increased plasma levels of IL-18 were reported in MI
patients and animal models of MI [31], whereas pretreatment with an
IL-18-neutralizing antibody reduced infarct size in mouse MI [32].
Moreover, IL-18 promotes lipopolysaccharide induced myocardial
dysfunction and increases the risk of cardiovascular disease in the
general population [33,34]. Similar to IL-1f3, IL-18 can depress myo-
cardial function and modulate the cardiac remodeling process after
injury [35,36]. In the present study, we found that MCC950 interven-
tion can reduce inflammatory infiltration, especially macrophages and
neutrophils. We confirmed that MCC950 suppresses serum and myo-
cardial expression of cleaved IL-1f and IL-18, which was corroborated
by a decreased fibrotic area and better cardiac function compared to
those in PBS-treated mice.

The effects of inflammation induced by myocardial injury might
vary with cell type. In cardiomyocytes, the activation of inflammatory
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bodies leads to caspase-1 activation and pyroptosis but is also asso-
ciated with reduced IL-1p release [37]. In cardiac fibroblasts, in-
flammasome activation induces the upregulation of active IL-13, which
stimulates collagen synthesis and myofibroblast differentiation, pro-
viding the basis for tissue healing. Experimental data suggest that car-
diac fibroblasts are also very sensitive to IL-1f3 and IL-18, which pro-
mote myocardial fibrosis and scar healing after MI. Thus, cardiac
fibroblasts may be targetted by cardiac IL-1f [38,39]. At the cellular
level, IL-1f regulates extracellular matrix proteins in cardiac fibroblasts
[40]. Therefore, we used cardiac fibroblasts to study the effect of
MCC950 on the release and activation of inflammatory factors (cardiac
fibroblasts identified in Supplemental Fig. 3). We found that, under
hypoxic conditions, the secretion of inflammatory factors (NLRP3, IL-
18, IL-1f3) was significantly lower in the MCC950-treated group than in
the PBS-treated controls; the same trend was noted for collagen
synthesis. We also demonstrated that MCC950 inhibits NLRP3, reduces
caspase-1 activity, and inhibits cleaved IL-1f and IL-18 release, thereby
reducing collagen secretion in primary cardiac fibroblasts.

MCC950 is one of several diarylsulfonylureadiary sulfonylurea-
containing compounds that were identified in 2015 as inhibitors of the
NLRP3 inflammasome [16]. In this study, we found that treatment with
MCC950 at doses of 10 and 20 mg/kg improved cardiac function in
mice after MI. Corresponding protein expression experiments also de-
monstrated that MCC950, at doses of 10 and 20 mg/kg, inhibites NLRP3
expression in the myocardium (relevant results in Supplemental Fig. 4).
In 2017, Gan and van der Heijden et al. found that the use of MCC950 at

a dose of 10 mg/kg could inhibit atherosclerotic lesions and reduce the
damage caused by hypertension [24,25]. In addition, the results of
CCK8 experiments indicated that high-dose MCC950 might be asso-
ciated with some cytotoxicity. Therefore, we believe that high-dose
MCC950 treatment might have drug toxicity, affecting the protective
effect on the myocardium in animal experiments, but the specific as-
sociated mechanism requires further study. In this experiment, we
treated MI mice with lower doses of MCC950. We found that 10 mg/kg
of MCC950 could reduce myocardial fibrosis in MI mice and exert a
protective effect on cardiac function, which was associated with better
LV function 30 days after MI.

To summarize, our present findings indicate that MCC950 inhibits
expression of the inflammatory factors IL-1f3 and IL-18, reduces myo-
cardial fibrosis, and improves cardiac function after MI. Using tissue
and cellular studies, we demonstrated that these effects are due to a
significant reduction in NLRP3 activation. Our data also support the
role of NLRP3 and IL-1f in cardiac fibrosis and heart remodeling. Taken
together, our results highlight the potential of MCC950, a selective
NLRP3-inflammasome inhibitor, as a novel therapeutic agent for re-
ducing myocardial fibrosis and improving myocardial remodeling after
MI. MCC950 treatment could be used as a new strategy for anti-in-
flammatory treatment for clinical patients with MI in the future.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.04.022.
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+++p < 0.001, NS, not significant, compared with the Sham group; *P < 0.05, **P < 0.01, ***P < 0.001, compared with the MI + PBS group; *P < 0.05,
##p < 0.01, *##P < 0.001, NS, not significant, compared with the 7d group).
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