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One of the inflammatory heart diseases, viz. acute 
myocarditis, occurs due to cardiac cell death. How-
ever, the molecular mechanism underlying cell death 
remains largely unexplored. In this study, we report 
that the down-regulation of KCNJ11, a central sub-
unit of the ATP-sensitive potassium (KATP) channel 
plays a key role in the reduction of blood glucose, and 
is involved in apoptosis of cardiac cells. Using proteo-
mics analysis of experimental autoimmune myocardi-
tis (EAM), we show that the KCNJ11 level marked by 
decreased, whereas Camk2a expression increased sig-
nificantly in EAM tissues by 16 and 20 days, com-
pared to control tissues. Using 1H-MAS NMR we also 
show that glucose levels were slightly elevated in EAM 
tissues. In vitro assays using H9c2 cardiac cells re-
vealed that both lipopolysaccharide (LPS) and high 
glucose treatment decreased cell viability, in which 
toxicity was attenuated by treatment with KATP 
pharmacological openers, but not by the KATP block-
ers (Gli and 5-HD). Apoptosis induced by LPS or high  
glucose treatment was suppressed by Ca2+ chelator 
(BAPTA-AM) treatment. We found that KCNJ11  
levels had decreased in cardiac cells by LPS or high 
glucose treatment, and siRNA-mediated knockdown of 
KCNJ11 expression further stimulated the LPS- or 
high glucose-induced apoptosis. Together, our results 
demonstrate first that KCNJ11 is down-regulated  
under inflammation and high glucose conditions and 
its inactivation facilitates cardiac cell apoptosis. We 
assume that down-regulation of KCNJ11 has an effect 
on the development of myocarditis. 
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INFLAMMATORY heart disease, including myocarditis, is 
caused by infection of virus and protozoa, autoimmune 
responses and drugs1–3. Acute myocarditis is a heart dis-
ease that cannot be predicted because several clinical 
courses are asymptomatic or a variety of symptoms1,2. 
Acute myocarditis is induced by massive cardiac cell death, 
in which the accumulation of fibres results in fibrosis and 

heart attack1,4. However, the signalling pathway of  
cardiac cell death remains largely elusive. 
 One of the well known myocarditis models is experi-
mental autoimmune myocarditis (EAM), in which myosin 
injection triggers autoimmunity in heart tissues. The rat 
EAM shows elevated levels of toll-like receptor 4 (TLR4), 
caspase-3 cleaved form and tumour necrosis factor-α 
(TNF-α), proof that rat EAM mimics viral myocardi-
tis1,5,6. The TNF-α related apoptosis-inducing ligand 
(TRAIL), Fas (CD95/APO1) and TNF-α cell death recep-
tors can control cell apoptosis and also trigger intrinsic 
apoptosis pathway7–9. Previous studies showed that mito-
chondrial Ca2+ stimulates an increase in reactive oxygen 
species (ROS) and induces mitochondrial permeability 
and apoptosis10,11. High levels of glucose are also known 
to trigger mitochondrial dysfunction, caspase activation 
and apoptosis12,13. 

 The ATP-sensitive potassium channels (KATP) regu-
late insulin secretion in pancreatic beta cells14,15. The  
octameric complex containing the Kir6.2 (KCNJ11)  
tetramer at the centre is the KATP channel, surrounded 
by four SUR1 subunits, which responds to glucose con-
centration via its opening/closing for regulating blood 
glucose levels16–18. Under high glucose conditions, the 
KATP channel is closed, resulting in cell membrane  
depolarization, Ca2+ uptake and apoptosis16,19,20. Studies 
also showed that inactivation of KCNJ11, the central 
subunit of the KATP channel, is implicated in cardiac cell 
death and heart diseases21,22. 
 To explore the mechanistic basis of cardiac cell death 
leading to acute myocarditis, we analysed the proteomics 
profiles using rat EAM model. We show that the KCNJ11 
level is downregulated during acute myocarditis and its 
inactivation facilitates cardiac cell apoptosis triggered by 
inflammation or high glucose-induced stresses. 

Material and methods 

Experimental autoimmune myocarditis induced  
by myosin in rats 

The EAM was induced by injecting 1 mg/100 μl of por-
cine heart myosin and the Freund’s adjuvant to footpad of 
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seven-week-old Lewis rats (n = 15) twice on the zeroth 
and sixth day, in addition to injecting 500 ng of Bordetel-
la pertussis toxin intraperitoneally on the first day. The 
cardiac tissues were obtained at 9, 16 and 20 days after 
the first injection. The vehicle without B. pertussis toxin 
or pig heart myosin was injected into the control group 
(n = 5). All animal procedures were performed with per-
mission from the ‘Institutional Animal Care and Use 
Committee at the Korea Basic Science Institute’ (KBSI-
AEC1602)23.  

Reagents treatment and H9c2 cardiac cell culture 

Under condition 5% CO2 humidifier at 37°C and incuba-
tor, the cells were cultured in culture flasks. The cells 
were obtained from rat embryonic heart tissue (ATCC, 
Manassas, VA, USA). Penicillin–streptomycin (P/S) 1% 
and foetal bovine serum (FBS) 10% were added to Dul-
becco’s modified Eagle’s medium (DMEM, Gibco, Basel, 
Switzerland)23. Cytotoxicity was activated under glucose 
or LPS conditions. The reagents (Sigma-Aldrich, St. 
Louis, USA) were used in the treatment of cardiac cells at 
37°C for 0, 6, 18 and 24 h. Diazoxide (DZ), glyburide 
(Gli), pinacidil (Pin) and 5-hydroxy decanoic acid (5-HD) 
were purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA)23. 

1H HR-MAS NMR analysis in EAM heart tissue 

1H HR-MAS NMR analysis in EAM heart tissue  
was done according to previous experiments23. A 4 mm 
diameter zirconia rotor with inserts (total volume of 
40 μl) was used, where 5–10 mg of heart tissue samples 
was placed23. Distilled water containing 0.05% (wt) of  
3-(trimethylsilyl)-propionic-d4 acid (TSP) to provide 2H 
field locking was used to fill the rest of the rotor  
volume23. 
 The 1H HR-MAS NMR spectra were recorded (Unity 
Inova 500 spectrometer; Agilent Technologies Inc., USA) 
under the operating conditions at 500.13 for 1H, a spin 
rate of 2300 Hz, and temperature of 283 K and 4 mm 
gHX nano-probe head was attached for acquisition23. The 
Carr–Purcell–Meilboom–Gill (CPMG) spin–echo pulse 
sequence was used to collect the 1H NMR spectra with 
total spin–spin relaxation time of 300 ms and spin–echo 
delay (τ) of 400 μs (refs 23, 24). For each sample, 128 
transients into 32 K data points were collected through a 
spectrum width of 8004.8 Hz, an acquisition time of 2 sec 
with water pre-saturation during the relaxation delay. A 
line-broadening function of 0.3 Hz was used to multiply 
the spectra and was then phase-adjusted, Fourier-
transformed (FT) and manually baseline-corrected, and 
referenced to TSP (0.00 ppm)23. Signal assignments for 
representative tissue samples were achieved using hete-
ronuclear single quantum correlation (HSQC), total corre-

lation spectroscopy (TOCSY) and two-dimensional  
1H–1H correlation spectroscopy (COSY), the 500 MHz 
library from Chenomx NMR suite version 6.0 and com-
pared with the literature23,25,26. 

Protein level analysis in heart tissues and cardiac  
cells 

The total proteins of cardiac cells and EAM heart tissues 
were extracted in the RIPA buffer. Next, 10–15% SDS-
PAGE gel was used to separate the 20–30 μg of total  
proteins and then transferred to a polyvinylidene difluo-
ride (PVDF) membrane. The primary antibodies for 
GAPDH (CST #2118), cytochrome c (CST#4272), cas-
pase-3 (CST #14220), β-actin antibody (CST #3700) and 
Kir6.2 (KCNJ11; PA5-26218) were purchased from 
Thermo Scientific (Waltham, MA, USA), Cell signalling 
(CST, Danvers, MA, USA) and Santa Cruz Biotechno-
logy (Santa Cruz, Calif. USA). 

mRNA analysis in heart tissues and cardiac cells 

Total RNA was extracted from EAM hearts tissues or the 
H9c2 cardiac cells using 0.2 ml of TRIzol reagent (Ther-
mo Scientific) and converted to cDNA using the First 
Strand cDNA Synthesis Kit (Thermo Scientific). The 
qRT-PCR reaction was duplicated in 10 μl of cDNA  
diluted 10 times in water using SYBR-Green PCR Master 
Mix (Thermo Scientific). Using Step One Plus Real-Time 
PCR System (Thermo Scientific), the qRT-PCR working 
conditions were as follows: 3 min at 95°C followed by 40 
cycles at 95°C for 15 sec (denaturation), 60°C for 25 sec 
(annealing temperature), and 72°C for 25 sec (extension). 
The 18S rRNA or GAPDH level was used to normalize 
the quantification of PCR products of the target genes. 
The primers used were – Camk2a sense primers: 5′-
CGAGGGCCTGGACTTTCA-3′, and Camk2a antisense 
primers: 5′-TGCACGGGCTTGCTGTT-3′; GAPDH sense 
primers: 5′-GGCAAGTTCAACGGCACAGT-3′ and 
GAPDH antisense primers: 5′-TGGTGAAGACGCCAG- 
TAGACTC-3′; 18s rRNA sense primers: 5′-CATTCGA- 
ACGTCTGCCCTAT-3′ and 18s rRNA antisense primers: 
5′-GTTTCTCAGGCTCCCTCTCC-3′. 

siRNA transfection into H9c2 cells 

The cardiac cells were seeded in six-well plates without 
antibiotics. A transient transfection with lipofectamine 
2000 (Invitrogen, Waltham, MA, USA) was applied when 
the cells were 60–75% confluent and the experiment was 
in accordance with the manufacturer’s instructions23. In 
this experiment, siRNA (10 pmol) and lipofectamine 
2000 (2.5 μl) were individually diluted in 125 μl serum-
free Opti-MEM (GIBCO/Invitrogen) and incubated at 
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25°C for 5 min, and then combined. The siRNA–
Lipofectamine mixture was incubated at 25°C for 20 min 
and added to the cell culture in a 5% CO2 humidifier at 
37°C for 16 h. The next day, PBS was used for cell wash 
and the cells were cultured in fresh medium with 1% an-
tibiotics. At 24, 48 and 72 h after transfection, the cells 
were harvested. The siRNA knockdown constructs used 
in the study were obtained from Cosmogenetech (Seoul, 
Korea) and their sequences are listed here: Kcnj11-rat-
335 sense primers: 5′-CCGCUUCGUGUCCAAGAAATT- 
3′ and antisense primer: 5′-UUUCUUGGACACGAAGC- 
GGTT-3′; Kcnj11-rat-689 sense primer: 5′-GCAGAAU- 
AUCGUAGGGCUATT-3′ and antisense primer: 5′-
UAGCCCUACGAUAUUCUGCTT-3′; Kcnj11-rat-1384 
sense primer: 5′-GCAUCUCUCCGGAUUCCUUTT-3′ 
and antisense primer: 5′-AAGGAAUCCGGAGAGAUG- 
CTT-3′. The random sequence control mixtures were  
also provided by the manufacturer and treated as in-
structed. 

Cell viability assay in H9c2 cells 

The MTT proliferation assay kit (ATCC) was used for 
cell viability analysis, according to the manufacturer’s  
instructions23. The 10% FBS/DMEM medium was used to 
culture cardiac cells in 96-well plates for 16 h. At the end 
of the treatment, 10 μl of MTT reagent (0.5 mg/ml MTT) 
was treated to cells with or without the exposure of  
siRNA constructs, LPS or glucose, which was then  
incubated in a 5% CO2 humidifier at 37°C for additional 
4 h. 

Statistics 

At least three independent experiments were performed to 
obtain the mean ± standard deviation (SD) of the data. 
The statistical significance of the differences was con-
firmed using an unpaired Student’s t-test. The SPSS Sta-
tistical Software version 24 (IBM, Armonk, NY, USA) 
was used for statistical analysis and one-way analysis of 
variance (ANOVA) was used to determine the P value23. 
A P-value of less than 0.05 was considered statistically 
significant (**). 

Results 

Apoptosis induction in EAM heart tissues 

To characterize cardiac cell apoptosis involved in myo-
carditis pathogenesis, we used the rat EAM model in 
which myocarditis was induced by myosin injection.  
Following injection of myosin or adjuvant (control) into 
rats, the EAM heart tissues were analysed on days 9, 16 
and 20. As expected, myosin-induced EAM lesions  

(discoloured surface) were clearly seen at day 20 post-
injection (Figure 1 a). To assess apoptosis induction, we 
performed immunoblot analyses of cleavage caspase-3 
and cytochrome c, which are elevated through activation 
of the mitochondrial pathway of apoptosis. Compared to 
control tissues, EAM tissues at day 20 showed markedly 
increased levels of both cytochrome c and cleaved cas-
pase-3, confirming that active apoptosis is accompanied 
by myocarditis development (Figure 1 b and c). 

Elevated levels of glucose and KCNJ11  
down-regulation in EAM tissues 

Previous studies demonstrated that the inactivation of 
KATP channel, a key regulator of calcium and glucose, is 
associated with the development of heart disease21. In the 
present study, 1H HR–MAS NMR revealed that glucose 
levels were increased in EAM tissues, compared to con-
trol (Figure 2 a). We thus measured the level of KCNJ11, 
a subunit of the KATP channel which controls calcium 
transport in response to glucose levels. An immunoblot 
assay showed that the level of KCNJ11 protein gradually 
decreased in EAM (Figure 2 b and c). In addition, we ob-
served that the mRNA level of Camk2a (Ca2+ associated 
calmodulin) gene was significantly increased in EAM  
tissues compared to control (Figure 2 d). Given that ele-
vated calcium in mitochondria activates mitochondrial 
apoptosis signalling, the results suggest that myocarditis 
pathogenesis might be associated with the elevation of 
glucose and calcium, and subsequent mitochondrial dys-
function and apoptosis. 

KATP openers attenuate cardiac cell death induced  
by LPS or high glucose 

To confirm whether abnormal KATP function is  
associated with cardiac cell death, we tested the effects of 
KATP opener (diazoxide (DZ) and pinacidil (Pin)),  
KATP-blocker glyburide (Gli) and 5-hydroxy decanoic 
acid (5-HD) or Ca2+ chelate (BAPTA-AM) on the cell 
viability of H9c2 cells exposed to LPS or high glucose 
levels. MTT assay showed that compared to cells treated 
with LPS or glucose alone, cells co-treated with DZ 
(100 μM) or Pin (50 μM) exhibited 19–26% increase in 
viability (Figure 3 a and b). Conversely, cells co-treated 
with Gli (100 μM) or 5-HD (100 μM) exhibited 43% re-
duction in viability compared to LPS- or glucose-treated 
control cells. Cells treated with BAPTA-AM showed 17–
24% increase in viability compared to control (Figure 3 a 
and b). Figure 3 c and d shows the effects of KATP open-
ers, blockers or Ca2+ chelate BAPTA-AM on cell death. 
Consistent with MTT assay results, cells treated with DZ, 
Pin or BAPTA-AM were protected against LPS or glucose 
alone compared to control cells. 
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Figure 1. Changes in heart morphology and in apoptosis gene in the experimental autoimmune myocarditis 
(EAM) model during EAM induction. a, EAM rat heart on days 9, 16 and 20. b, Protein levels of cytochrome-c 
and cleaved caspase-3 proteins EAM heart. c, Quantitative confirmation of cytochrome-c and cleaved caspase-3 
protein levels confirmed in EAM heart at 20 days. Data represent mean ±SD (n = 3). *P < 0.05, **P < 0.01 in 
two-tailed Student’s t-test. 

 
 

 
 

Figure 2. Changes in glucose levels by 1H HR-MAS NMR and 
KCNJ11 and Camk2a levels in EAM model. a, Changes in glucose lev-
el by 1H HR-MAS NMR in EAM heart tissue. b, Western blot showing 
KCNJ11 protein levels at 9, 16 and 20 days in the EAM model. c, 
Quantification of KCNJ11 protein levels confirmed on days 9, 16 and 
20 in the EAM heart. d, EAM cardiac tissue confirming the level of 
Camk2a mRNAat9, 16 and 20 days. Data represent mean ±SD (n = 3). 
*P < 0.05, **P < 0.01 in two-tailed Student’s t-test. 

KCNJ11 reduction facilitates cardiac cell apoptosis  
induced by LPS or high glucose levels 

We tested whether reduced expression of KCNJ11 was 
involved in cardiac cell apoptosis. Western blot assay 
showed that LPS or glucose treatment downregulated 
KCNJ11 expression in cardiac cells, which was accom-

panied by an increase in cleaved caspase-3 levels (Figure 
4 a). A drastic decrease in KCNJ11 was observed in cells 
treated with LPS, compared to those treated with glucose 
(Figure 4 b). We also observed that the mRNA level of 
Camk2a was increased in cells treated with glucose or 
LPS for 24 h (Figure 4 c). Moreover, siRNA-mediated 
knockdown of KCNJ11 expression further promoted  
glucose- or LPS-mediated apoptosis (Figure 4 d and e). 

Discussion 

Pro-inflammatory cytokines such as TNF-α play an  
important role in cardiac cell apoptosis triggered by  
pathogen invasion and inflammation5,27,28. It has been  
also reported that LPS-exposed heart injury is related to 
mitochondrial dysfunction and cell death in the EAM 
model29,30. However, the molecular mechanism underly-
ing cardiac cell death during myocarditis development 
remains unknown. In this study using myosin-induced rat 
EAM model, we have identified that KCNJ11 downregu-
lation is implicated in induction of heart cell apoptosis 
under inflammatory conditions. 
 It is known that lactate levels are elevated in EAM tis-
sues and increased lactate levels are associated with heart 
attack31,32. Lactate moves to the liver and produces glu-
cose through gluconeogenesis, and this glucose is again 
used as an energy source for muscles (Cori cycle). It is 
known that high levels of glucose cause mitochondrial 
dysfunction33. In response to high glucose levels, the
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Figure 3. Cell viability assay by treatment with diazoxide (DZ), glyburide (Gli), pinacidil (Pin), 5-hydroxy  
decanoic acid (5-HD) and Ca2+ chelator (BAPTA-AM) on H9c2 cells under lipopolysaccharide (LPS) or high glu-
cose conditions. a, b, MTT analysis confirmed that the cells treated with glucose or LPS showed change in cell 
viability. However, glucose or LPS toxicities were significantly by 50 μM Pin or 100 μM DZ or 0.5 μM BAPTA-
AM. Glucose or LPS toxicity was found to increase with 100 μM Gli or 100 μM5 5-HD. c, d, Cells were treated 
without or with glucose or LPS, and 100 μM DZ, 50 μM Pin, 100 μM Gli, 100 μM 5HD or 0.5 μM BAPTA-AM 
to confirm cell morphology. Data represent mean ±SD (n = 3).  

 
 

 
 

Figure 4. The exposure of LPS or glucose induces cleaved caspase-3 gene expression and the knock-down of KCNJ11 induces cytotoxicity of 
LPS or glucose in H9c2 cells. a, In Western blot, the levels of KCNJ11 and cleaved caspase-3 protein were identified in H9c2 cells after 10 μg LPS 
or 50 mM glucose exposure. b, In protein quantification, cleaved caspase-3 levels increased in 50 mM glucose or 10 μg LPS for 24 h, while 
KCNJ11 levels decreased in 24 h. c, Checking the Camk2a mRNA level in cells using qRT-PCR while being exposed to glucose or LPS for 24 h. d, 
In immunoblot, 50 mM glucose or 10 μg LPS treatment in the cells induced the expression of cleaved caspase-3 and siRNA of KCNJ11increased 
the glucose or LPS effects. The loading control was β-actin. e, Quantification of caspase-3 and KCNJ11 protein levels in H9c2 cells with siRNA. In 
the quantification of cleaved caspase-3 and KCNJ11 proteins in H9c2 cells, 50 mM glucose or 10 μg LPS treatment substantially significantly  
increased the level of cleaved caspase-3, decreased the level of KCNJ11 and the glucose or LPS effects were almost completely increased by the 
siRNA of KCNJ11. Data are presented as mean ±SD (n = 3). *P < 0.05, **P < 0.01 in two-tailed Student’s t-test. 
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Figure 5. Estimated apoptosis pathway in the EAM model. 
 
 
KATP channel is closed and Ca2+ enters into the cell,  
resulting in ER (endoplasmic reticulum) stress and mem-
brane depolarization11,14–16,19,20. Studies also showed that 
ER stress occurs in EAM and KCNJ11 inactivation causes 
heart diseases22,34,35. 
 Ca2+-calmodulin-dependent proteolytic enzyme II 
(CaMKII) is a serine/threonine protein kinase that phos-
phorylates multiple excitation–contraction binding pro-
teins36–41. CaMKII is important in the pathogenesis of 
hypertrophy and heart dysfunction42. In the present study, 
we found that EAM tissues have elevated levels of  
glucose, reduced expression of KCNJ11 and increased 
expression of CaMKII. Using cultured cardiac cells, we 
also verified that LPS- or glucose-induced reduction of 
cardiac cell viability was attenuated when the cells were 
co-treated with KATP openers (DZ and Pin). Consistently, 
the Ca2+ chelate (BAPTA-AM) treatment suppressed cell 
death induced by LPS and high glucose, and this effect 
was further elevated by combined treatment with KATP 
openers. The immunoblot assay of cleaved caspase-3 also 
revealed that the treatment using LPS or high glucose  
decreases KCNJ11 expression in cultured H9c2 cardiac 
cells. Furthermore, siRNA-mediated depletion of KCNJ11 
was identified to promote apoptosis induced by LPS or 
glucose. 
 In a previous study, we have reported that apoptosis 
progresses in the heart tissue of the EAM model when 
Aldoart1 gene was expressed23. Aldoart1 is known as a 
protein of the fructose-1,6-bisphosphate aldolase family, 
and a gene related in glycolysis and gluconeogenesis23. 
When the H9c2 cardiac cells were treated with glucose, 
the Aldoart1 expression level was found to increase, in-
cluding apoptosis in the H9c2 cells23. In addition, when 
the level of glucose increase in H9c2 cardiac cells, it has 

an impact on KCNJ11 gene expression, which results in 
apoptosis. We assume that the two genes interact with 
each other by a mediator, directly or indirectly. 
 This study demonstrates that KCNJ11 expression is 
downregulated under inflammation and/or high glucose 
conditions, and its inactivation facilitates cardiac  
cell apoptosis and thereby contributes to myocarditis  
development. Figure 5 shows the model pathway. 

Conclusion 

We conclude that when KCNJ11 was inhibited, apoptosis 
occurs in heart cells, which affects the development of 
myocarditis. 
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