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Abstract
Pyroptosis is an inflammatory cell death that regulates cardiomyocyte loss after myocardial

infarction. Reports indicate that nicorandil has a strong anti-inflammatory effect and pro-

tects the myocardium from myocardial infarction. However, its relationship with pyroptosis

is largely unreported. Here, we investigated to influence and mechanism of action of

nicorandil on cardiomyocyte pyroptosis. Forty Sprague Dawley rats were randomly

assigned to sham, MI, MIþ nicorandil, and MIþnicorandilþTAK242 groups (10 per

group). Myocardial infarction modeling was performed through ligation of the anterior

descending branch of the left coronary artery. The function of cardiac was evaluated

through echocardiography, detection of myocardial adenine nucleotides, cTnI, LDH,

TTC, and HE staining. Moreover, we used qRT-PCR, immunohistochemistry, and

Western blotting to examine the expression of pyroptosis-related molecules and the inflam-

masome pathway of TLR4/MyD88/NF-jB/NLRP3. Myocardial infarction caused the activation of GSDMD, aggravatedmyocardial

injury, and triggered cardiac dysfunction. Myocardial infarction induced pyroptotic cell death, manifested as upregulation in

mRNA and protein levels associated with pyroptosis, including caspase-1 cleavage and increased expression of IL-1b and IL-18.

These changes were mitigated by nicorandil. The achieved data implicate that myocardial infarction induces pyroptosis via the

TLR4/MyD88/NF-jB/NLRP3 pathway, which can be inhibited by nicorandil pretreatment. Therefore, nicorandil exerts cardiopro-

tective effects by activating KATP channels, and at least in part through inhibition of the TLR4/MyD88/NF-jB/NLRP3 pathway to

reduce myocardial infarction-induced pyroptosis. As such, it is a potential therapy for ischemic heart disease.
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Introduction

Myocardial infarction (MI) is a serious life-threatening car-
diovascular event and results in high levels of mortality
across the globe.1 The present treatment for MI is primarily
to reopen the infarcted vessels through percutaneous coro-
nary intervention (PCI), increasing patient survival.
However, the cardiomyocyte population is non-renewable
and reperfusion after myocardial ischemia may trigger cell
loss, potentially leading to heart failure (HF) in surviving

patients, thus imposing both disease and economic bur-
dens on patients.2 With the rapid improvement of living
conditions and the aging of the world population, the inci-
dence of cardiovascular events is likely to increase. The
mechanism in preventing cardiomyocyte loss after MI has
often been a fundamental focus by researchers. Therefore,
in combination with reperfusion therapy, it is important to
develop novel prevention and treatment approaches that
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minimize myocardial cell death after MI, thereby limiting
irreversible myocardial damage.

Pyroptosis was proposed by Cookson and Brennan as a
new form of programmed cell death. Unlike apoptosis, its
essence is the inflammatory death of cells, which might
potentially be one of the mechanisms of cardiomyocyte
loss.3 Additionally, pyroptosis is characterized by cell per-
foration and leakage of intracellular pro-inflammatory
factors and is dependent on the activation of pro-
inflammatory caspases. In pyroptosis, activation of
caspase-1 requires a pyroptosis-specific molecule, gasder-
min D (GSDMD).4 GSDMD is a caspase substrate and a key
promoter of pyroptosis.5 It is a pore-forming protein
cleaved by the inflammatory caspase to produceN-terminal
fragment oligomers (GSDMD-N) in the cytoplasm, which
form 10–14 nm pores in the membrane of the cell allowing
passage of IL-1b and IL-18.6 It has been found that pyrop-
tosis can induce the loss of cardiomyocytes in MI.7–9

Nevertheless, the detailed regulatory mechanism requires
further study.

Toll-like receptors (TLRs) are activated by cellular
patterns including damage-associated molecular patterns
(DAMPs). The primary TLRs expressed in cardiomyocytes
include TLR2, TLR3, and TLR410 of which TLR4 is involved
in myocardial injury caused by MI. Activation of TLR4 by
DAMPs causes an inflammatory response in myocardial
tissue, producing additional damage to the already dam-
aged cardiomyocytes.11,12 Previous reports have shown
that myocardial inflammation is reduced by TLR4/
Myd88/NF-jB pathway inhibition, improving cardiac
function. For instance, inhibiting the expression of TLR4
reduces NLRP3-mediated inflammation and pro-
inflammatory cytokines expression,13 together with
reducing the size of the myocardial infarction,14 together
with alleviating myocardial tissue remodeling and
protecting cardiac function.15 Therefore, to develop
drugs that can effectively reduce the loss of
cardiomyocytes and improve the prognosis of MI patients,
it is necessary to investigate the involvement of the TLR4/
Myd88/NF-jB/NLRP3 pathway in mediating pyroptotic
cell death.

Nicorandil, an ATP-sensitive potassium channel opener,
exhibits a cardioprotective effect by increasing coronary
blood flow and reducing preload and afterload.16 Studies
have shown that nicorandil improves early functions and
clinical problems in AMI patients,17 and prevents long-
term cardiovascular events and death in patients with
ST-segment elevation MI.18 Moreover, the application of
nicorandil before PCI regulates postoperative inflamma-
tion and exerts myocardial protection.19,20 However,
besides dilating the coronary arteries, it is not known
whether nicorandil improves heart function in other
ways. The effects of nicorandil on pyroptosis and whether
it can reduce pyroptotic death in cardiomyocytes are also
not known. Therefore, this work explored the effect of
nicorandil on myocardial pyroptosis and its molecular
mechanism in a rat MI model.

Materials and methods

Animals

Animal experiments were accomplished according to the
guidelines of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were confirmed
through the Animal Ethics Committee of Guangxi Medical
University. Forty male eight-week-old Sprague Dawley
(SD) rats weighing 180–220 g were purchased from the
Experimental Animal Center of Guangxi Medical
University. The rats were maintained in a 12-h/12-h
light/dark cycle with freely available water and food.
Four groups of rats were randomly established (n¼ 10
per group): the sham operation (Sham), MI, MI plus nicor-
andil (MIþNic), and MI plus nicorandil plus TAK242
(MIþNicþTAK242) groups. Based on previous findings,
the MIþNic group andMIþNicþTAK242 group received
15mg/kg nicorandil (Chugai Pharmaceutical Co., Japan)
via intragastric administration once a day for seven consec-
utive days before MI modeling.21 In the MIþNicþTAK242
group, TAK242 (2mg/kg, MedChem Express, Princeton,
USA) was injected through the tail vein 30min before MI
modeling.13

Rat MI modeling

MI modeling in the rats was produced as previously
described via ligating the left anterior descending (LAD)
coronary artery.22 Rats were anesthetized 2% pentobarbital
sodium (40mg/kg; Merck, China) by intraperitoneal injec-
tion and received tracheal intubation and mechanical ven-
tilation using a small animal ventilator. An incision was
made from the edge of the left sternum between the third
and fourth ribs to expose the left chest cavity before ligation
of the LAD using a 6–0 suture approximately 2mm from
the start of the artery. Successful occlusion of the coronary
artery was confirmed by the color change from red to white
in the left ventricular wall and apex. The sham group
underwent a similar procedure without ligation of
the LAD.

Cardiac function evaluation

Echocardiography was performed 72h after the operation
using a 7500 ultrasonic instrument from Hewlett-Packard
Sonos with a 12.0MHz probe (Philips Technologies, USA)
was used for echocardiography. The left ventricular frac-
tional shortening (LVFS), left ventricular ejection fraction
(LVEF), left ventricular end-systolic diameter (LVESd),
and the left ventricular end-diastolic diameter (LVEDd)
were determined. After the cardiac function assessment,
blood was sampled from the abdominal aorta to separate
the serum, and then the rats were euthanized to remove the
heart. The atrium and right ventricle were removed, and
the heart was processed under the ligation line based on
different experimental requirements. Figure 1 shows the
experimental protocol.

Chen et al. Nicorandil inhibits cardiomyocyte pyroptosis in MI rats 1939
...............................................................................................................................................................



Infarct size measurement

The frozen heart tissue was sectioned (1mm sections) and
stained with 2% 2,3,5-triphenyl tetrazolium chloride (TTC;
Solarbio) at 37�C in the dark for 15min before fixation with
4% formaldehyde solution for 15min. Finally, the infarct
size was quantified by ImageJ software (NIH).

Myocardial adenine nucleotides assay

Myocardial ATP, ADP, and AMP were assayed by commer-
cial detection kits (mlbio Biotechnology Co., Shanghai,
China) conforming to the instructions of the kit. Briefly,
30mg of myocardial tissue was collected and homogenized
in 400 lL of adenine nucleotide lysis buffer. The lysed mate-
rial was centrifuged for 5min at 4�C at 12,000g, and the
supernatant was retained. Twenty microliters of superna-
tant were then added together with 100lL adenine nucle-
otide working solution to the wells of a 96-well plate, and
the relative light unit value was measured with a lumin-
ometer. The concentrations of adenine nucleotides were
determined from comparison with a standard curve.

Determination of serum lactate dehydrogenase,
cardiac troponin I, and inflammatory cytokines

Specific ELISA kits (Bioswamp, Wuhan, China) were uti-
lized to assess the concentrations of cTnI, IL-1b, and IL-18
in rat sera, while LDH was measured by an automatic bio-
chemical analyzer (Roche, Inc., Switzerland).

Histological staining and immunohistochemical
staining

Animal hearts were fixed (4% paraformaldehyde) and
placed in paraffin. Five-micrometer sections were stained
by using hematoxylin and eosin (HE) and GSDMD and
NLRP3 immunohistochemical staining using anti-
GSDMD (#93709, Cell Signaling Technologies, Danvers,
MA, USA) and anti-NLRP3 (ab214185, Abcam,

Cambridge, UK) monoclonal antibodies. Images were
observed with an Olympus FV300 confocal laser scanning
microscope (Olympus, Japan).

Quantitative real-time PCR

The extraction of total RNA was performed from myocar-
dia with the TRIzol reagent (Invitrogen, Waltham, MA,
USA), and the RNA concentration was determined by spec-
trophotometry. Then, reverse transcription was performed
using reverse transcription kits (Takara, Japan) following
the manufacturer’s instructions to obtain cDNA. Next,
the cDNA was amplified by qRT-PCR using the SYBR
Green I PCR kit (TaKaRa, Japan). Reactions were conducted
on the system of ABI PRISM 7500 (Applied BioSystems,
Waltham, MA, USA). Table 1 illustrates the primer sequen-
ces. The internal reference was GAPDH. mRNA expression
of MyD88, NF-jB, TLR4, NLRP3, caspase-1, ASC, GSDMD,
IL-18, and IL-1b was quantified according to the 2�DDCt

approach.

Western blot

Myocardial cells were lysed in a buffer containing 1% pro-
tease inhibitors, and the total protein concentration ascer-
tained utilizing a bicinchoninic acid kit (Beyotime, China).
Proteins were separated on 10% SDS-PAGE and blotted
onto PVDF membranes (Millipore, Atlanta, GA, US).
Following the blocking with 5% fat-free milk (1 h at room
temperature), the incubation of the membranes was done
with primary antibodies (anti-TLR4, MyD88, NF-jB p65,
NLRP3, ASC, cleaved caspase-1, GSDMD, mature-IL-1b,
mature-IL-18, and b-actin) at 4�C overnight. The anti-
TLR4 (ab95562), MyD88 (ab219413), NF-jB p65 (ab16502),
mature-IL-1b (ab200478), and mature-IL-18 (ab191860) pri-
mary antibodies were purchased from Abcam, while anti-
ASC (#13833), cleaved caspase-1 (#89332), and b-actin
(#3700) antibodies were from Cell Signaling Technologies.
Membranes were then incubated with an HRP-conjugated

Table 1. qRT-PCR primer sequences.

Gens Forward primer (50-30) Reverse primer (50-30)

TLR4 TATCGGTGGTCAGTGTGCTT CTCGTTTCTCACCCAGTCCT

MyD88 AACTGAAGGACCGCATCGAG AGCAGATGAAGGCGTCGAAA

NF-jB GATCGCCACCGGATTGAAGA CTCGGGAAGGCACAGCAATA

NLRP3 CTCGCATTGGTTCTGAGCTC AGTAAGGCCGGAATTCACCA

ASC GCTGAGCAGCTGCAAAAGAT GCAATGAGTGCTTGCCTGTG

Caspase-1 GGAGCTTCAGTCAGGTCCATC ATGCGCCACCTTCTTTGTTC

GSDMD CTGGGAGATCATGCAACGTG TCACCATCTTCTTCCGGCTT

IL-18 TGCTCATCATGCTGTTCTGC AGCCAAGAATCTCCGTAGCA

IL-1b GGGATGATGACGACCTGCTA TGTCGTTGCTTGTCTCTCCT

GAPDH TTTGAGGGTGCAGCGAACTT ACAGCAACAGGGTGGTGGAC

Figure 1. The timeline of the experimental protocol. (A color version of this figure is available in the online journal.)
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secondary antibody (sc-2357, sc-516102, Santa Cruz
Biotechnology, Dallas, USA) for 2 h at room temperature.
Finally, the washed membranes were evaluated for the pro-
tein signals with the enhanced chemiluminescence detec-
tion system. ImageJ computer program was utilized to
assess the band intensities.

Statistical analysis

All data were expressed as mean� standard deviation, and
SPSS 17.0 and GraphPad Prism 8.0 were utilized for statis-
tical analysis and graphing. The Student’s t-test was uti-
lized for the comparison of two groups, and one-way
investigation of variance was utilized for the comparison
of several groups. Each measurement was repeated at least
three times, and a P-value <0.05 was regarded to be statis-
tically significant.

Results

TLR4 and GSDMD expression is up-regulated in
myocardia after MI

To explore the relationship between pyroptosis and MI, the
expression of GSDMD, a key executor of pyroptosis, was deter-
mined in the myocardia. The expression of both GSDMD
mRNA and GSDMD-N protein was enhanced in the MI
group. Moreover, the expression of both interleukins was also
elevated, suggesting an increase in pyroptosis in the injured
myocardium. TLR4 andMyD88 also showed increased expres-
sion in the MI myocardium (Figure 2). These results indicate
that MI-induced cardiomyocyte pyroptosis may occur through
activation of the TLR4/MyD88 pathway.

Nicorandil alleviates myocardial injury and improves
cardiac function in MI rats

cTnI and LDH concentrations in sera were used to reflect
damage to cardiomyocytes. The results showed that the

serum cTnI concentrations of the sham, MI, MIþNic, and
MIþNicþTAK242 groups were 0.18� 0.04, 0.88� 0.02,
0.68� 0.10, and 0.60� 0.11 ng/mL, respectively. The
serum LDH concentrations of the sham, MI, MIþNic,
and MIþNicþTAK242 groups were 258.80� 72.34,
1560.80� 168.36, 1054.80� 64.29, and 939.00� 110.54 U/L,
respectively. Figure 3(a) and (b) shows the serum concen-
trations of cTnI and LDH in the model group to be signif-
icantly higher and decreasing after Nic administration
(P< 0.01). Furthermore, ultrasound evaluation of rats’ car-
diac function (Figure 3(c)) showed that, in contrast to the
sham group, the LVEF and LVFS values in the MI group
were reduced, while the LVESd and LVEDd were increased
(P< 0.01), indicating left ventricular systolic dysfunction.
However, unlike the untreated group, the cardiac dysfunc-
tion of MI rats was improved after nicorandil treatment,
demonstrated by elevated LVEF and LVFS and decreased
LVESd and LVEDd values (P< 0.01) (Figure 3(d) to (g)).

Nicorandil reduces myocardial infarction size and

improves cardiomyocyte morphology

The infarct size was measured to further determine the
effects of nicorandil on myocardial injury. As shown in
Figure 4(a) and (b), the myocardial infarct size of the
sham, MI, MIþNic, and MIþNicþTAK242 groups were
0, 58.42� 5.64, 23.49� 6.21, and 16.19� 3.84, respectively,
indicating significantly decreased infarct sizes after nicor-
andil administration (P< 0.01). The morphological changes
of cardiomyocytes were observed by HE staining.
Cardiomyocytes in the sham group were intact with
normal morphology, while in the MI group, the cells
showed swelling with disintegrating nuclei. Inflammatory
cells and lysed erythrocytes were also seen. Tissue sections
from the Nic group contained significantly fewer swollen
cells than the MI group (Figure 4(c)).

Figure 2. Increased expression of key executive molecules of pyroptosis after MI. (a–b) Comparison of mRNAs for TLR4, MyD88, GSDMD, IL-1b, and IL-18 between

the MI and sham groups. (c) Representative Western blot bands of TLR4, MyD88, GSDMD-FL, GSDMD-N, IL-1b, and IL-18. (d) Comparison of protein expression

levels between the MI and sham groups. The loading control was b-actin. n¼3 per group. *P< 0.05, **P< 0.01, and ns means no statistical difference.
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Nicorandil pretreatment increases the adenine
nucleotides in myocardia of MI rats

As described by Garlid et al.,23 activation of the KATP potas-
sium channel conserves ATP during cardiac ischemia. Since
nicorandil is an opener of KATP, we assessed the level of
KATP activation by determining the concentration of myo-
cardial adenine nucleotides (ATP, ADP, and AMP),

followed by exploration of the cardioprotective mecha-
nisms of nicorandil. It was found that compared with the
sham group, MI clearly reduced myocardial ATP, ADP, and
AMP concentrations. Similarly, the ATP/ADP ratio and
total adenine nucleotide levels were also decreased. What
was interesting, however, was that the adenine nucleotides
in myocardial tissue after nicorandil pretreatment were

Figure 3. Nicorandil pretreatment attenuates cardiomyocyte injury and improves cardiac function after MI. (a–b) The level of cTnI and LDH in serum. (c) Representative

M-mode images of each group. (d–g) LVEF, LVFS, LVESd, and LVEDd in each group. n¼ 5 per group. *P< 0.05, **P< 0.01, and ns indicates no significant difference.

Figure 4. Nicorandil reduces infarct size and improves cardiomyocyte morphology. (a) Representative TTC staining pictures. (b) The percentage of infarct area in the

groups. (c) Representative HE-stained myocardial sections from each group. Scale bar¼ 100 lm. n¼ 3 per group. *P< 0.05, **P< 0.01, and ns indicates no significant

difference. (A color version of this figure is available in the online journal.)
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significantly elevated in comparison with the MI group
(Table 2). This result agrees with the findings of a previous
study,24 and demonstrated that nicorandil pretreatment
increased the ATP content by opening KATP channels
during MI, which assisted the maintenance of the mito-
chondrial oxygen consumption rate under hypoxic
conditions.

Nicorandil protects cardiomyocytes from MI-induced
pyroptosis

To study the influence of nicorandil on myocardial pyrop-
tosis after ischemia, its effects on the expression of
pyroptosis-associated proteins were investigated. The
mRNA expression of all these genes was found to be
increased in the MI group (P< 0.01) (Figure 5(a) to (d)).
The levels of protein, including GSDMD-N and cleaved
caspase-1, were also significantly increased (P< 0.01)
(Figure 5(e) and (f)). The immunohistochemical results
showed GSDMD expression to be enhanced in MI
(Figure 5(g)). Additionally, ELISA data indicated that in
the MI group, IL-18 and IL-1b expression was considerably
enhanced (P< 0.01). The cytokine levels in the sham, MI,
MIþNic, and MIþNicþTAK242 sera were 19.26� 1.67,
85.41� 8.35, 64.47� 9.15, 54.14� 13.11, and 31.58� 4.37,
147.89� 15.33, 95.37� 5.48, 81.12� 11.58 pg/mL, respec-
tively (Figure 5(h) and (i)). Notably, nicorandil pretreat-
ment significantly prevented these effects, confirming that
nicorandil exhibits an inhibitory effect on MI-induced
pyroptotic cell death.

Nicorandil inhibits pyroptosis through the TLR4/
MyD88/NF-jB/NLRP3 pathway

The rats were pretreated with a TLR4-specific inhibitor
(TAK242) and the levels of TLR4, MyD88, NF-jB, NLRP3,
and ASC were determined to establish the relationship
between the inhibition of MI-induced cardiomyocyte
pyroptosis by nicorandil and the TLR4/MyD88/NF-jB/
NLRP3 pathway. In the Nic group, expression, both
mRNA and protein, of the above indicators was significant-
ly lower than the MI group, as shown in Figure 6(a) to (g)
(P< 0.01). However, the combination of TAK242 and nicor-
andil did not improve the influence of nicorandil (P> 0.05).
NLRP3 is implicated in caspase-1 activation, which cleaves
GSDMD to produce N-terminal fragments, inducing
pyroptosis.25 Moreover, immunohistochemical detection
of myocardial NLRP3 showed that after pretreatment
with Nic and TAK242, the NLRP3 level in myocardial

tissue was not clearly downregulated compared to Nic
alone (Figure 6(h)). These results suggest that nicorandil
inhibits MI-induced cardiomyocyte pyroptosis, at least in
part, through the signaling of TLR4/MyD88/NF-jB/
NLRP3.

Discussion

Our study explored the effect of nicorandil on cardiomyo-
cyte pyroptosis in a rat MI model and the potential mech-
anism involved. First, we observed that cardiomyocyte
pyroptosis is a vital pathophysiological event in MI, result-
ing in a massive loss of cardiomyocytes, which are non-
renewable cells, and eventually cardiac dysfunction.
Secondly, nicorandil pretreatment could significantly
increase the levels of adenine nucleotides, reduce the size
of the MI, and improve cardiac insufficiency. In terms of the
mechanism, nicorandil activated the KATP channel, and
blocked GSDMD activation via inhibiting the signaling of
TLR4/MyD88/NF-jB/NLRP3. Moreover, it reduces the
release of pro-inflammatory cytokines thereby significantly
inhibiting pyroptotic cell death (Figure 7). The findings pro-
vide new evidence demonstrating the protective effect of
nicorandil against myocardial ischemic diseases and offer
new ideas for preventing and treating MI-induced cardio-
myocyte loss, thus improving cardiac function. However,
there are several remaining issues that warrant further
studies.

Despite reperfusion therapy reducing the mortality of
MI, both hypoxia and reoxygenation cause irreversible
damage to cardiomyocytes. The damaged myocardium
cannot regenerate and is replaced by scar tissue that is
unable to produce myocardial contractions and ultimately
leads to heart failure in survivors.26 This shows that the
primary cause of myocardial injury is cardiomyocyte
death. Therefore, elucidating the specific mechanism of
ischemia-hypoxia-induced cardiomyocyte loss is essential.
Pyroptosis is an inflammation-mediated programmed cell
death and is an important cause of cardiomyocyte loss after
MI.7 GSDMD, a pore-forming protein, is activated after
being cleaved by activated caspase to produce GSDMD-
N, transfers to the cell membrane, and executes pyroptosis
by forming membrane pores to release the mature interleu-
kins.27 Reports indicate that during the pathogenesis of MI,
NLRP3 activates pro-caspase-1 by forming an inflammato-
ry complex with ASC, leading to cardiomyocyte death.8

Furthermore, the activation of NLRP3 inflammasomes
requires the response of toll-like receptors to DAMPs or

Table 2. Changes in ATP, ADP, AMP, ATP/ADP ratio, and total adenine nucleotides contents.

Groups ATP (lmol/L) ADP (lmol/L) AMP (lmol/L) ATP/ADP ratio Total adenine nucleotides (lmol/L)

Sham 13.50� 1.22 9.49� 0.42 3.71� 1.09 1.42� 0.09 26.69� 0.65

MI 5.23� 0.31a 5.38� 0.48a 0.17� 0.06a 0.98� 0.15a 10.78� 0.20a

MIþNic 9.06� 0.73b 7.25� 0.08b 1.44� 0.61b 1.25� 0.10b 17.74� 0.99b

MIþNicþTAK242 10.41� 0.95 ns 7.57� 0.36 ns 1.76� 0.47 ns 1.37� 0.06 ns 19.74� 0.90c

ATP: adenosine triphosphate; ADP: adenosine diphosphate; AMP: adenosine monophosphate; MI: myocardial infraction; Nic: nicorandil.

Note: Note: Nicorandil pretreatment increases the adenine nucleotides in myocardium of MI rats. The results are presented as mean� standard deviation. n¼ 3 per

group.
aP< 0.05 vs. Sham; bP< 0.05 vs. MI; cP< 0.05 vs. MIþTAK242; nsP> 0.05 vs. MIþTAK242.
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pathogen-associated molecular patterns (PAMPs) and ini-
tiates the important step of recruiting MyD88 to activate
NF-jB.28 Of the toll-like receptors, TLR4 is the most
widely studied and the most promising new target for the
treatment of ischemic heart disease. Numerous reports
have indicated that TLR4 is activated in ischemic heart dis-
ease, leading to upregulated expression of proinflamma-
tory factors, causing additional damage to the already
damaged myocardium.10,11 Nonetheless, inhibiting TLR4
significantly reduces myocardial injury and improves car-
diac function.13–15

Nicorandil is a KATP channel opener with nitrate func-
tion.17 Although no evidence exists on the relationship
between nicorandil and cell pyroptosis, several studies
have shown that it protects cardiovascular functioning
demonstrated.19,20,29 Because the essence of pyroptosis is
also inflammatory death, we speculate that nicorandil
exhibits an inhibitory effect on MI-induced pyroptotic cell
death. Moreover, its potential mechanism may be through

the opening of the KATP channels, as well as involving inter-
ference with TLR4/MyD88/NF-jB/NLRP3 signaling.
Further investigation should explore the relationship
between KATP channels and pyroptosis.

Here, myocardial injury and left ventricular systolic dys-
function occurred in rats after MI modeling, manifested by
increased cTnI and LDH and decreased LVEF and LVFS
values, as well as increased LVESd and LVEDd. These find-
ings indicate that the establishment of the MI model was
effective. Subsequently, we explored the expression of
GSDMD, a key protein that induces pyroptosis, and con-
firmed that its expression was significantly up-regulated in
MI. Further, we observed that the expression of other mol-
ecules related to pyroptosis was also up-regulated in MI.
This indicates that pyroptosis occurs during the pathogen-
esis of MI. Secondly, we investigated the effects of nicoran-
dil pretreatment on pyroptosis and cardiac function in MI
rats. Unlike the MI group, the Nic-pretreated rats had less
myocardial injury, smaller infarct size, improved cardiac

Figure 5. Nicorandil attenuates MI-induced pyroptosis of cardiomyocytes. (a–d) mRNA levels of caspase-1, GSDMD, IL-1b, and IL-18 in the groups.

(e) Representative Western blot bands of cleaved caspase-1, GSDMD-FL, GSDMD-N, IL-1b, and IL-18. F, The relative expression levels of these proteins in each

group. b-actin was utilized to normalize protein expression. (g) Representative GSDMD immunohistochemical staining pictures of each group. Scale bar¼ 100 lm. (h–i)

Serum IL-1b, and IL-18 levels of rats in each group. n¼ 3 per group. *P< 0.05, **P<0.01, and ns indicates no significant difference. (A color version of this figure is

available in the online journal.)
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Figure 6. Nicorandil inhibits MI-induced pyroptosis through the TLR4/MyD88/NF-jB/NLRP3 signaling pathway. (a–e) The mRNA levels of TLR4, MyD88, NF-jB,
NLRP3, and ASC in each group. (f) Representative Western blot bands of cleaved TLR4, MyD88, NF-jB p65, NLRP3, and ASC. (g) Relative protein expression levels in

each group. b-actin was the loading control. (h) Representative NLRP3 immunohistochemical staining in each group. Scale bar¼ 100 lm. n¼ 3 per group. *P< 0.05,

**P< 0.01, and ns represents no significant difference. (A color version of this figure is available in the online journal.)

Figure 7. Schematic diagram of the potential molecular anti-pyroptotic mechanism of nicorandil via the TLR4/MyD88/NF-jB/NLRP3 pathway.
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function, and reduced pyroptosis, demonstrated by
decreased cTnI and LDH, increased adenine nucleotides,
elevated LVEF and LVFS, and decreased LVESd and
LVEDd, as well as downregulated expression of caspase-
1, GSDMD, IL-1b, and IL-18. This suggests that nicorandil
inhibits myocardial cell pyroptosis and improves the car-
diac function of rats. Finally, we explored whether the
TLR4/MyD88/NF-jB/NLRP3 signaling pathway was
implicated within the protective effect of nicorandil on
myocardial pyroptosis injury. We also found that nicorandil
significantly inhibited the expression of TLR4, causing a
down-regulation of the expression of its downstream
target proteins. However, the combination of nicorandil
and TAK242, a specific inhibitor of TLR4, did not further
enhance the inhibition of TLR4 (P> 0.05). We, therefore,
conclude that nicorandil at least partially blocks TLR4/
MyD88/NF-jB/NLRP3 signaling to attenuate myocardial
pyroptosis in MI-induced myocardial injury, which may
also involve the activation of KATP channels.

This work has a few limitations. First, we simulated MI
by ligating the coronary artery. Although this physical
occlusion method produces a pathophysiological response
similar to atherosclerotic plaque embolism, the composi-
tion of atherosclerotic plaque is complex and has biological
characteristics that can be altered under the influence of
drugs, while physical occlusion is relatively less affected
by drugs. Therefore, this is somewhat different from the
actual MI situation. Secondly, the involvement of atypical
pyroptosis signals or other forms of cell death cannot be
excluded, which merits further study. Furthermore, the
TLR4 inhibitor in the case of nicorandil intervention trig-
gered an overlap of the two synergies; hence, it might be
better to give agonists. Finally, the direct causal relationship
between the expression of TLR4, MyD88, NF-kB, and
NLRP3, as well as the relationship between the KATP chan-
nels and pyroptosis remained unconfirmed, and future
research should determine the link between them.

Conclusions

In conclusion, this study shows that nicorandil alleviates
cardiomyocyte pyroptosis and enhances cardiac function in
MI rats. The underlying mechanism involves, at least in
part, the TLR4/MyD88/NF-jB/NLRP3 signaling pathway
which could be associated with the activation of KATP chan-
nels. This might potentially be one of the vital mechanisms
for the preventive application of nicorandil before PCI or
the treatment of ischemic heart disease to improve the dis-
ease prognosis. Overall, nicorandil is an effective therapy
for ischemic heart disease and is worth further
consideration.
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