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Kanglexin, a novel anthraquinone compound, protects against
myocardial ischemic injury in mice by suppressing NLRP3 and
pyroptosis
Yu Bian1, Xin Li1, Ping Pang1, Xue-ling Hu1, Shu-ting Yu1, Yi-ning Liu1, Xin Li1, Ning Wang1, Jin-hui Wang2, Wei Xiao3, Wei-jie Du1 and
Bao-feng Yang1

Pyroptosis is a form of inflammatory cell death that could be driven by the nucleotide-binding oligomerization domain-like receptor
family pyrin domain-containing 3 (NLRP3) inflammasome activation following myocardial infarction (MI). Emerging evidence
suggests the therapeutic potential for ameliorating MI-induced myocardial damages by targeting NLRP3 and pyroptosis. In this
study, we investigated the myocardial protection effect of a novel anthraquinone compound (4,5-dihydroxy-7-methyl-9,10-
anthraquinone-2-ethyl succinate) named Kanglexin (KLX) in vivo and in vitro. Male C57BL/6 mice were pre-treated either with KLX
(20, 40 mg· kg−1per day, intragastric gavage) or vehicle for 7 consecutive days prior to ligation of coronary artery to induce
permanent MI. KLX administration dose-dependently reduced myocardial infarct size and lactate dehydrogenase release and
improved cardiac function as compared to vehicle-treated mice 24 h after MI. We found that MI triggered NLRP3 inflammasome
activation leading to conversion of interleukin-1β (IL-1β) and IL-18 into their active mature forms in the heart, which could expand
the infarct size and drive cardiac dysfunction. We also showed that MI induced pyroptosis, as evidenced by increased DNA
fragmentation, mitochondrial swelling, and cell membrane rupture, as well as increased levels of pyroptosis-related proteins,
including gasdermin D, N-terminal GSDMD, and cleaved caspase-1. All these detrimental alterations were prevented by KLX. In
hypoxia- or lipopolysaccharide (LPS)-treated neonatal mouse ventricular cardiomyocytes, we showed that KLX (10 μM) decreased
the elevated levels of terminal deoxynucleotidyl transferase dUTP nick end labeling- and propidium iodide-positive cells, and
pyroptosis-related proteins. We conclude that KLX prevents MI-induced cardiac damages and cardiac dysfunction at least partly
through attenuating NLRP3 and subsequent cardiomyocyte pyroptosis, and it is worthy of more rigorous investigations for its
potential for alleviating ischemic heart disease.
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INTRODUCTION
Myocardial infarction (MI) is one of the leading causes of
hospitalization and death globally. Myocardial injury due to MI is
largely due to the loss of damaged cardiomyocytes, which results
in reduced cardiac contractility and cardiac dilatation, eventually
leading to heart failure (HF) [1]. The current treatment for MI is
percutaneous coronary intervention, which dramatically improves
the survival of patients. However, the reperfusion of blood can
further accelerate injury to the ischemic heart, and surviving
patients are still at risk for developing HF [2]. Therefore, it is of
critical importance to develop novel pharmacological therapeutic
strategies to prevent cardiomyocyte death and thus limit
myocardial injury in patients with MI.
Programmed cell death and necrosis are two major forms of

myocardial injury after MI. In contrast to necrosis, programmed cell
death mainly occurs in the infarct border zone and has been
identified as an important determinant of the severity of

cardiomyocyte injury and the subsequent outcome of MI patients
[3]. Recently, a new form of inflammatory programmed cell death
known as pyroptosis was recognized. Pyroptosis, which shares the
morphological characteristics of apoptosis (typical programmed cell
death) and necrosis, including DNA fragmentation, cell swelling, an
impairment of membrane integrity, and the release of pro-
inflammatory cytokines such as interleukin-1β (IL-1β) and IL-18, is
initiated by caspase-1 [4]. Specifically, caspase-1 activation cleaves
gasdermin D (GSDMD) and generates N-terminal fragment oligo-
mers within the cell membrane, leading to membrane rupture and
pyroptotic cell death through the formation of large pores [5].
Several studies have confirmed the involvement of pyroptosis in
response to different pathological stresses, particularly in the post-
MI heart [6, 7]. The nucleotide-binding oligomerization domain-like
receptor family pyrin domain-containing 3 (NLRP3) inflammasome is
activated upon MI and acts as an initiator of pyroptosis [8]. The
activated NLRP3 inflammasome aggravates myocardial injury by
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directly activating caspase-1-mediated cell pyroptosis and indirectly
through the release of pro-inflammatory cytokines [9]. In contrast,
the inhibition of the NLRP3 inflammasome signaling pathway
reduces infarct size and preserves cardiac function via attenuating
cardiomyocyte pyroptosis in post-MI mice [10–12]. These findings
suggest that targeting NLRP3 inflammasome activation and
subsequent pyroptosis may be a promising therapeutic strategy
for suppressing MI-induced myocardial injuries.
There is increasing evidence that monomeric compounds with

various pharmacological properties can have beneficial effects on
cardiovascular and cerebrovascular diseases. In particular, anthra-
quinones are a crucial class of new and synthetic compounds that
possess a broad range of applications. Numerous studies have
documented that several anthraquinone compounds provide
protection from a variety of cardiac disorders [13–17].
In this study, we chemically designed and synthesized a

novel anthraquinone compound (4,5-dihydroxy-7-methyl-9,10-
anthraquinone-2-ethyl succinate) called Kanglexin (KLX). We aimed
to investigate the potential cytoprotective effects of this novel
compound against ischemic injury in a mouse model of MI and the
modification of the NLRP3 inflammasome and pyroptosis as
underlying cellular and molecular mechanisms.

MATERIALS AND METHODS
Animals
Animal experiments were performed in accordance with the NIH
guide for the Care and Use of Laboratory Animals and were
approved by the Animal Ethical Committee of Harbin Medical
University. Male C57BL/6 mice (~8 weeks old, weighing 20 ± 2 g)

were obtained from Changsheng Biotechnology Company (Liaon-
ing, China).

Mouse MI model and drug administration
The mice were randomly divided into four groups of equal
numbers (Fig. 1b): the sham group, the MI+ vehicle group, the
MI+ KLX-Low (KLX-L; 20 mg· kg−1) group, and the MI+ KLX-High
(KLX-H; 40 mg· kg−1) group. The mice were administered 20 or
40mg· kg−1 per day KLX by intragastric gavage, and the sham and
MI groups received an equivalent volume of solvent for 7 days
prior to MI surgery. The mouse model of MI was generated using
previously described procedures [18]. Briefly, the mice were
anesthetized with avertine (0.2 g ·kg−1; Sigma-Aldrich Corporation,
USA), and they underwent open-chest surgery to expose the
hearts. MI was established by ligation of the left anterior
descending coronary artery 2 mm below the left auricle with a
7/0 nylon suture for 24 h. The surgical procedures for the sham
control mice were identical to those for the MI model, but did not
include coronary artery ligation. Cardiac function was determined
by echocardiographic measurements after anesthesia, and blood
and heart tissue were stored at −80 °C for later use.

Echocardiographic measurements
Twenty-four hours after surgery, echocardiography was performed
using an echocardiographic system with a Vevo2100 ultrasound
machine (Visualsonics, Toronto, Canada) at a probe frequency of 10
MHz. The mice were anesthetized with avertine throughout the
entire surgery period for noninvasive examination. Two-dimensional
images were obtained at the papillary muscles. The ejection fraction
(EF) and fractional shortening (FS) were measured on the M-mode

Fig. 1 Effects of KLX on myocardial injury and cardiac function in post-MI mice. a Chemical structure of KLX (C21H18O8). b The experimental
protocol for the preventative KLX study in MI mice. c Representative LV sections stained with TTC and Evans blue (upper panel) and statistical
data of the LV infarct size. The infarct size (%) is expressed as the percentage of infarct area relative to the total LV area. The blue area
represents the nonischemic region, the area at risk is stained red, and the infarct region is stained white. Scale bar= 200 μm; n= 5. KLX-L:
20mg ·kg−1; KLX-H: 40mg· kg−1. d, e Echocardiographic analysis of the LV EF% and FS% in the mice; n= 7–8. f Serum LDH level in the mice;
n= 5. g Representative H&E staining of paraffin sections of the LV from the mice (×200). Scale bar= 100 μm. The data are presented as the
mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. MI
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tracings and calculated by the machine as the average of three
cardiac cycles.

Measurement of myocardial infarct size
The mice were injected through the abdominal aorta with Evans
blue (1%; Solarbio, China) to stain the non-infarcted areas. The
hearts were cut transversely into 1-mm sections and stained with
2% triphenyltetrazolium chloride (TTC; Solarbio) at 37 °C for 15
min. Images were captured with a microscope (ZEISS, Germany).
The infarct size was calculated as the percentage of infarct area
relative to the total area of the left ventricle.

Electron microscopic examination
Cardiac slices were fixed in 2.5% glutaraldehyde and rinsed with
0.1 mol· L−1 phosphate-buffered saline (PBS). The samples were
placed in 1% osmium tetroxide at 4 °C. After fixation for 4 h, the
samples were stained with 1% uranyl acetate dehydrated in
ethanol and embedded in epoxy resin, and stained with uranyl
acetate and lead citrate. The samples were examined under a JEM-
1200 electron microscope (FEI, USA).

Lactate dehydrogenase release assay
Blood samples were collected before the mice were sacrificed, and
the serum was separated. The concentration of lactate dehydro-
genase (LDH) in the serum was measured according to the
manufacturer’s experimental procedure (Nanjing Jiancheng,
Jiangsu, China).

Hematoxylin and eosin staining
Middle-transverse sections of the left ventricular (LV) wall were
fixed in 4% paraformaldehyde for embedding in paraffin. The
tissues were cut into 4-μm-thick sections and stained with
hematoxylin and eosin (H&E). Images were captured by micro-
scopy (FV300).

Culture and treatment of neonatal mouse ventricular
cardiomyocytes
One- to three-day-old neonatal C57BL/6 mice were subjected to
open-chest surgery to expose the hearts. The heart tissues were
digested into single cardiomyocytes with 0.25% trypsin (Solarbio,
China). The cells were seeded into culture dishes at 1 × 106 cells
per well and then exposed to various treatments. For LPS
treatment, cardiomyocytes were treated with 1 μg· mL−1 LPS for
12 h. For hypoxia treatment, cardiomyocytes were placed in an
anoxic chamber with 5% CO2 and 94% N2 for 24 h and cotreated
with KLX or 0.1% dimethyl sulfoxide (DMSO) as a vehicle control.

TUNEL and Hoechst/PI staining
Cardiomyocytes were cultured in 24-well plates at a density of 1 ×
105 cells per well to evaluate pyroptosis after drug treatment. The
cardiomyocytes were fixed and permeabilized in 4% paraformal-
dehyde and 0.1% Triton X-100. The cells were incubated with
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining agents at 37 °C in the dark for 1 h and DAPI (4′,6-
diamidino-2-phenylindole) for 15 min. The cardiomyocytes were
then incubated with Hoechst 33342 and propidium iodide (PI)
(Solarbio, China) in the dark at 4 °C for 20 min. The fluorescence
was detected by confocal laser scanning microscopy (FV300,
Olympus, Japan).

Western blot analysis
Protein samples were extracted using lysis buffer containing 1%
protease inhibitor (Roche, Switzerland). Protein concentrations
were measured by a BCA protein kit (Beyotime Institute of
Biotechnology, Shanghai, China). The proteins were separated by
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto polyvinylidene difluoride membranes (PALL,
USA). The membranes were incubated with the antibodies against

NLRP3 (1:1000; #ab97051, Abcam, Cambridge, UK), GSDMD (1:500;
#ab209845, Abcam), IL-1β (1:500; #ab9722), caspase-1 (1:500;
#WL02996a, Wanleibio, China), IL-18 (1:500; #A1115, Abclonal,
Wuhan, China), and β-actin (1:1000; #bs-0061R, BIOSS, Boston, MA,
USA) at 4 °C overnight and then with a fluorescence-conjugated
anti-rabbit IgG secondary antibody (1:10,000; LI-COR Bioscience,
Lincoln, NE, USA) for 50 min in the dark. The gray value of each
protein was quantified by an Infrared Fluorescence Imaging
Detector (LI-COR Bioscience) and normalized to β-actin as an
internal control.

RNA isolation and real-time PCR
Total RNA was extracted from myocardial tissues or neonatal mouse
ventricular cardiomyocytes (NMVCs) using Trizol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. A
total of 1 μg of RNA was reverse transcribed into complementary
DNA under the conditions of 37 °C for 15min, 98 °C for 5min, and 4 °
C using a Reverse Transcription kit (Toyobo, Osaka, Japan). SYBR
Green (Toyobo) was used for real-time PCR to quantify messenger
RNA (mRNA) level with β-actin as an internal control on a 7500 FAST
Real-Time PCR System (ABI, Waltham, MA, USA). The normalized level
of NLRP3 (forward primer: 5′-CAACCTCACGTCACACTGCT-3′; reverse
primer: 5′-TTTCAGACAACCCCAGGTTC-3′) mRNA expression was
calculated according to the 2−ΔΔCt method.

Statistical analysis
The data are presented as the mean ± SEM. The results were
analyzed using Student’s t test for two-group comparisons and
one-way analysis of variance followed by Tukey’s post hoc
correction multiple-group comparisons. A P value of <0.05 was
considered statistically significant. GraphPad Prism 5 was used for
the statistical analysis.

RESULTS
KLX treatment reduces myocardial injury in MI mice
To determine whether KLX (Fig. 1a) possesses cytoprotective
effects against MI damage and associated cardiac dysfunction, we
employed a mouse model of MI. The experimental protocol for the
in vivo study is depicted in Fig. 1b. Evans blue/TTC double staining
was performed to measure the infarct size 24 h after MI. As shown
in Fig. 1c, the infarct size was significantly reduced by treatment
with KLX-H at a dosage of 40 mg· kg−1 per day. Echocardiographic
measurements of LV systolic function showed that, compared to
sham operation, MI leds to dramatic decreases in the EF
percentage (EF%) and FS percentage (FS%), which were remark-
ably reversed by KLX-H treatment (Fig. 1d, e). KLX-H failed to alter
cardiac function, indicating that this dose of KLX had no toxic
effect on the heart (Supplementary Fig. 1). Furthermore, KLX-H
remarkedly diminished the release of LDH, an indicator of cardiac
damage, from the infarcted myocardium into the serum (Fig. 1f).
By comparison, KLX group at a dosage of 20 mg· kg−1 per day did
not elicit any significant beneficial effects (Fig. 1c–f). H&E staining
of LV sections showed a significant reduction in the infiltration of
inflammatory cells in the mice treated with KLX-H compared with
untreated MI mice (Fig. 1g).

KLX effectively inhibits pyroptosis processes in the mouse hearts
with MI
Pyroptosis is a new form of inflammatory programmed cell
death, which has been shown to contribute to cardiomyocyte
loss in the heart following MI [10, 12]. We sought to explore
whether the protective effects of KLX on ischemic hearts occur
through the attenuation of pyroptosis. TUNEL staining and
electron microscopy were used to evaluate the morphological
characteristics of pyroptotic cell death in our experimental
model. As shown in Fig. 2a, b, MI caused enormous DNA
fragments, mitochondrial swelling, cytoplasmic membrane pore

Kanglexin attenuates myocardial infarction
Y Bian et al.

321

Acta Pharmacologica Sinica (2020) 41:319 – 326



Fig. 2 Effects of KLX on pyroptosis in MI mice. a Representative TUNEL staining of LV sections (×200) from the mice. Scale bar= 100 μm. b
Representative electron micrographs (×10,000) of LV sections. The red arrowheads indicate membrane pores, the yellow arrowheads indicate
swollen mitochondria, and the blue arrowheads indicate inflammatory cells. c Western blot analysis of cleaved caspase-1, N-GSDMD, and
GSDMD in mouse hearts. The relative protein levels of d cleaved caspase-1 (n= 3), e GSDMD, and f N-GSDMD (n= 5). g, h The relative protein
levels of mature IL-1β (n= 5) and IL-18 (n= 6) in mouse hearts. Protein expressions were normalized to β-actin. The data are presented as the
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham; #P < 0.05, ##P < 0.01 vs. MI. d–f, h One-way ANOVA followed by Tukey’s post hoc
analysis

Fig. 3 Effects of KLX on the NLRP3 inflammasome in MI mice. a, b Western blot analysis of the protein levels of NLRP3 (n= 5), mature IL-1β
(n= 5), GSDMD (n= 4), and N-GSDMD (n= 4) at varying time points after MI. The 0 h time point indicates the sham operation group. c
Quantitation of NLRP3 mRNA level 24 h after MI upon treatment with KLX-H, as determined by qRT-PCR; n= 5. d Western blot analysis of
NLRP3 protein level 24 h after MI upon treatment with KLX-H; n= 6. The data are presented as the mean ± SEM. *P < 0.05, ***P < 0.001 vs.
sham, ###P < 0.001 vs. MI. b, Two-tailed unpaired Student’s t test. d One-way ANOVA followed by Tukey’s post hoc analysis
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formation, and inflammatory cell infiltration, which were
prevented by KLX-H pretreatment. The protein levels of cleaved
caspase-1, GSDMD, and N-terminal GSDMD (N-GSDMD) were
markedly elevated in MI, and these effects were significantly
reversed by KLX-H (Fig. 2c–f). Caspase-1 activation causes the
transformation of IL-1β and IL-18 into their active forms, which
in turn triggers further myocardial damage in mice subjected to
MI. The release of cytokines into the blood is a hallmark of
pyroptosis [6]. Thus, we further examined the expression of
these two pro-inflammatory cytokines. The MI-induced elevation
of the protein levels of intracardiac IL-1β and IL-18 in the LV was
significantly repressed by KLX-H treatment compared with
vehicle treatment (Fig. 2g, h). These results indicated that KLX
suppresses pyroptosis in MI mice.

KLX attenuates the activation of the NLRP3 inflammasome upon
MI in mouse hearts
The NLRP3 inflammasome, a pro-inflammatory protein complex,
has been shown to be activated and to contribute to cell death via

pyroptosis in a caspase-1-dependent manner [19]. The inhibition
of the NLRP3 inflammasome offers cardioprotective benefits by
reducing cardiomyocyte pyroptosis [10]. To determine whether
the anti-pyroptotic effects of KLX are attributable to the
suppression of the NLRP3 inflammasome, we measured the
NLRP3 protein level. Consistent with a published study [20], our
Western blot analysis showed that MI resulted in the upregulation
of NLRP3 24 h after MI, and similar expression patterns of proteins
downstream of NLRP3, including mature IL-1β, N-GSDMD, and
GSDMD, were observed, supporting the notion that NLRP3
inflammasome activation initiates downstream effectors asso-
ciated with pyroptosis (Fig. 3a, b). Moreover, KLX significantly
inhibited the elevation of NLRP3 mRNA and protein levels induced
by MI (Fig. 3c, d).

KLX inhibits pyroptosis in cardiomyocytes
Hypoxia is a critical event in the setting of MI and is well
recognized to simulate in vivo ischemic conditions in cells [21, 22].
In addition, hypoxia has been shown to promote pyroptosis

Fig. 4 Effects of KLX on hypoxia-induced NLRP3 activation and pyroptosis in NMVCs. a Representative images of TUNEL staining (left) and the
quantitative analysis of TUNEL-positive NMVCs (right). The NMVCs were treated with varying concentrations of KLX (KLX-L: 5 μM; KLX-M: 10
μM; KLX-H: 20 μM) and exposed to hypoxic conditions for 24 h. The nuclei were stained with DAPI (blue), and cells with chromosomal DNA
fragmentation were stained with TUNEL (green). Scale bar= 100 μm; n= 4. b Representative images of Hoechst 33342/PI staining (left) and
the quantitative analysis of PI-positive NMVCs (right). The nuclei were stained with Hoechst 33342, and cells with a ruptured membrane were
stained with PI (red). Scale bar= 100 μm; n= 3. c, d Western blot analysis of the protein levels of NLRP3 (n= 4), cleaved caspase-1 (n= 5),
GSDMD (n= 5), N-GSDMD (n= 5), mature IL-1β (n= 6), and IL-18 (n= 5) in NMVCs treated with 10 μM KLX and exposed to hypoxic conditions
for 24 h. The data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; #P < 0.05,
##P < 0.01, ###P < 0.001 vs. hypoxia. a–d One-way ANOVA followed by Tukey’s post hoc analysis
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through NLRP3 inflammasome activation [12]. To determine
whether KLX can prevent cardiomyocytes from pyroptosis, we
cultured NMVCs under hypoxic conditions. Cell membrane rupture
and chromosomal DNA fragmentation are morphological features
of pyroptosis [23]. The numbers of TUNEL-positive cells and PI-
positive cells were both significantly increased in the hypoxia
group compared with the normoxia group, and treatment with 10
and 20 μM KLX, but not 5 μM KLX, significantly blunted these
deleterious changes in cardiomyocytes (Fig. 4a, b). Moreover,
hypoxia markedly elevated the protein expressions of NLRP3,
cleaved caspase-1, GSDMD, N-GSDMD, IL-1β, and IL-18, and KLX
reversed these alterations (Fig. 4c, d). These results indicated that
KLX protects against cardiomyocyte pyroptotic cell death in
response to hypoxia.
Lipopolysaccharide (LPS) has been shown to cause cardiomyo-

cyte pyroptosis and simulate inflammatory injury resembling MI
[24]. To corroborate our in vitro observations, we investigated the
effects of KLX on LPS-induced changes in NMVCs. LPS stimulation
significantly induced cardiomyocyte pyroptosis, as indicated by
the increased numbers of TUNEL- and PI-positive cells, which were
remarkably suppressed by treatment with 10 and 20 μM KLX
(Fig. 5a, b). In accordance with our observations under hypoxic
conditions, LPS also elicited profound increases in the expression
levels of NLRP3 and the pyroptosis-related proteins mature IL-1β
and IL-18, and these increases were significantly abrogated by
10 μM KLX (Fig. 5c, d).

DISCUSSION
Here, we report the beneficial effects of a novel chemically
modified monomeric compound, KLX, on cardiac damage, its
function in a mouse model of MI and the underlying mechanisms.
Our results showed that KLX significantly reduces the infarct size
and improves cardiac dysfunction induced by MI. Moreover, KLX
significantly suppressed the expression of the NLRP3 inflamma-
some, the release of the pro-inflammatory cytokines IL-1β and IL-
18 and pyroptotic cell death in both an in vivo model of MI and an
in vitro model of ischemic injury by hypoxia or LPS (Fig. 6).
MI-induced cardiac ischemia remains one of the leading causes

of mortality worldwide, despite the use of advanced therapeutic
interventions and drugs. The major reason for myocardial injury
upon MI is cardiomyocyte death, which is also a therapeutic target
for preventing MI and subsequent consequences. However,
commonly used drugs are limited by their therapeutic efficacy
and side effects [25–27]. Accumulating evidence has shown that
traditional Chinese medicine offers huge beneficial effects in the
treatment of heart diseases [28, 29]. In the current study, we found
that KLX had beneficial effects on reducing the myocardial infarct
size and LDH release by affecting the NLRP3 inflammasome and
pyroptosis.
Pyroptosis is a newly identified form of inflammatory cell death

triggered by caspase-1, and it has been reported to be casually
linked to a variety of diseases, particularly to cardiomyocyte loss
following MI and ischemia/reperfusion [9, 30, 31]. GSDMD acts as

Fig. 5 Effects of KLX on LPS-mediated NLRP3 activation and pyroptosis in cardiomyocytes. a Representative images of TUNEL staining and the
quantitative analysis of TUNEL-positive cardiomyocytes from each group. The NMVCs were pre-treated with different doses of KLX for 24 h
and exposed to 1 μg ·mL−1 LPS for 12 h. Scale bar= 100 μm; n= 3. b Representative images of Hoechst 33342/PI staining and quantitative
analysis of PI-positive cardiomyocytes from each group. Scale bar= 100 μm; n= 3. c, dWestern blot analysis of NLRP3 (n= 5), cleaved caspase-
1 (n= 5), GSDMD (n= 5), N-GSDMD (n= 5), mature IL-1β (n= 4), and IL-18 (n= 5) protein levels in NMVCs treated with 10 μM KLX. The data are
presented as the mean ± SEM. *P < 0.05, **P < 0.01 vs. control; #P < 0.05, ###P < 0.001 vs. LPS. a–d One-way ANOVA followed by Tukey’s post hoc
analysis
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the executor of pyroptosis by producing an N-terminal fragment,
which oligomerizes in the cell wall and causes pyroptotic cell
death by forming membrane pores [5]. Moreover, the inhibition of
caspase-1 decreases the infarct size and improves cardiac function
by attenuating cardiomyocyte pyroptosis [11]. Our study showed
that KLX significantly suppressed the cardiac production of several
pyroptosis-related proteins, including GSDMD, N-GSDMD, and
cleaved caspase-1. The morphological features of pyroptosis are
nuclear condensation, DNA fragmentation, and the destruction of
cell membrane integrity. As a result, the intracellular ion balance is
destroyed, cell swells, and excess inflammatory reaction is
triggered after the release of the cellular contents [32]. In
agreement with this view, our results indicated that MI induces
pyroptosis in the heart, as evidenced by increased DNA
fragmentation and mitochondrial swelling and cell membrane
rupture, and notably, these detrimental alterations were markedly
reversed by KLX treatment. These results suggest that the
protective effects of KLX on the ischemic heart can likely be
ascribed to the attenuation of pyroptosis.
MI initiates an intensive inflammatory response that is essential

for cardiac wound healing, but it can also aggravate cardiac
damage and dysfunction [33]. NLRP3 is a member of the
inflammasome, which is a large multimeric protein complex, and
the NLRP3 inflammasome can readily be activated upon tissue
injury [34]. MI triggers NLRP3 inflammasome activation, leading to
the conversion of IL-1β and IL-18 to their active mature forms in a
caspase-1-dependent manner [35]. IL-1β and IL-18 are early and
strong pro-inflammatory cytokines that expand the infarct size
and drive cardiac dysfunction [35]. The pharmacological inhibition
of IL-1β and IL-18 with a neutralizing antibody significantly
reduces myocardial infarct size and ameliorates cardiac dysfunc-
tion in MI mice [36, 37]. Additionally, the NLRP3 inflammasome
promotes ischemic myocardial injury by causing pyroptosis via
activating caspase-1 [8], whereas the inhibition of the NLRP3
inflammasome reduces the myocardial infarct size and preserves

normal cardiac function post MI [20, 33, 38]. In line with the
reported finding that NLRP3 is activated in acute MI [38], our
results showed that NLRP3 inflammasome expression was
increased, reaching a significant difference at 24 h in the infarcted
myocardium of mice. Furthermore, KLX significantly attenuated
the elevation of NLRP3, IL-1β, and IL-18 protein levels. H&E
staining analysis showed reduced inflammatory cells in MI mice
treated with KLX. Collectively, these data suggest that KLX reduces
cardiac damage by attenuating the pro-inflammatory response
and reducing subsequent pyroptosis.
Hypoxia and LPS are potent stimuli for cardiomyocyte injury

and the secretion of inflammatory factors, which can in part mimic
the conditions of cardiac damage in the setting of MI [22, 39].
Recent studies have found that hypoxia and LPS induce cell death
by activating the NLRP3 inflammasome and pyroptosis in
cardiomyocytes [12, 22]. Our results showed that the levels of IL-
1β, IL-18, NLRP3 and pyroptosis-related proteins were diminished
in NMVCs treated with KLX. Our TUNEL and Hoechst 33342/PI
staining results further demonstrated that KLX improved DNA
damage and cell membrane rupture of cardiomyocytes induced
by hypoxia or LPS treatment, indicating that it suppressed
pyroptotic cell death in cardiomyocytes. There was no significant
difference in the protective effect between the 10 μM and 20 μM
KLX groups, indicating that the cardioprotective effect of KLX was
efficacious at 10 μM in our model.
In conclusion, our study provides the first evidence that KLX

exerts myocardial protection by inhibiting NLRP3 inflammasome
activation and subsequent pyroptosis in MI hearts and in
cardiomyocytes treated with hypoxia or LPS as a cellular model
of MI injury. Our results suggest that KLX merits more rigorous and
detailed studies regarding its potential for the treatment of MI. In
this regard, it is known that inflammasomes and caspase-1/
pyroptosis are important parts of the innate immune system. It has
also been suggested that agents targeting innate immunity may
exert acute cardioprotective effects [40]. Our finding that KLX acts

Fig. 6 Underlying mechanisms of the protective effect of KLX against myocardial infarction
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on the components of innate immunity (i.e., inflammasomes and
caspase-1/pyroptosis) encourages further studies on this process.
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