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Abstract
Objectives: Myocardial dysfunction is a significant manifestation in sepsis, which re-
sults in high mortality. Even Kcnh2 has been hinted to associate with the pathological 
process, its involved signalling is still elusive.
Materials and methods: The caecal ligation puncture (CLP) surgery or lipopolysac-
charide (LPS) injection was performed to induce septic cardiac dysfunction. Western 
blotting was used to determine KCNH2 expression. Cardiac function was exam-
ined by echocardiography 6 hours after CLP and LPS injection in Kcnh2 knockout 
(Kcnh2+/-) and NS1643 injection rats (n ≥ 6/group). Survival was monitored following 
CLP-induced sepsis (n ≥ 8/group).
Results: Sepsis could downregulate KCNH2 level in the rat heart, as well as in LPS-
stimulated cardiomyocytes but not cardiac fibroblast. Defect of Kcnh2 (Kcnh2+/-) 
significantly aggravated septic cardiac dysfunction, exacerbated tissue damage and 
increased apoptosis under LPS challenge. Fractional shortening and ejection fraction 
values were significantly decreased in Kcnh2+/- group than Kcnh2+/+ group. Survival 
outcome in Kcnh2+/- septic rats was markedly deteriorated, compared with Kcnh2+/+ 
rats. Activated Kcnh2 with NS1643, however, resulted in opposite effects. Lack of 
Kcnh2 caused inhibition of FAK/AKT signalling, reflecting in an upregulation for 
FOXO3A and its downstream targets, which eventually induced cardiomyocyte ap-
optosis and heart tissue damage. Either activation of AKT by activator or knockdown 
of FOXO3A with si-RNA remarkably attenuated the pathological manifestations that 
Kcnh2 defect mediated.
Conclusion: Kcnh2 plays a protection role in sepsis-induced cardiac dysfunction (SCID) 
via regulating FAK/AKT-FOXO3A to block LPS-induced myocardium apoptosis, indi-
cating a potential effect of the potassium channels in pathophysiology of SCID.

1  | INTRODUC TION

Highly concerning is always drawn on sepsis, a major cause 
of death in the intensive care unit, which can attribute to 

uncontrolled inflammatory responses, mitochondrial energy me-
tabolism disorders and cell apoptosis.1-3 Particularly, sepsis-in-
duced cardiac dysfunction (SICD) is associated with significant 
mortality, which clinically manifests myocardium damage due to 
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cardiomyocyte apoptosis.4-7 However, its pathogenesis is still not 
fully understood.

The potassium voltage-gated channel subfamily H member 
(KCNH), 6-transmembrane–spanning and one-pore–forming domain 
protein, is generally responsible for the excitability of tissues.8 Kcnh2 
(hERG1 or Kv11.1) is highly expressed in heart, and its mutation is 
often associated with arrhythmias.9 Recently, KCNH2 channels are 
also found to involve in modulating cell proliferation and apoptosis.10 
For example, mutant KCNH2 with homozygous missense N629D or 
inhibition of the channel by small molecule doxazosin really can induce 
cellular apoptosis both in vivo and vitro.11,12 KCNH2 channels have also 
been identified as a significant effector in sepsis-induced atrial tach-
yarrhythmias.13,14 In addition, IL-6 impaired KCNH2 channel currents 
in cardiomyocytes by downregulating KCNH2 alone or in combination 
with the soluble IL-6 receptor (IL-6R).15 However, no evidence is avail-
able how Kcnh2 modulates sepsis-related apoptosis in heart.

Phosphoinositide 3-kinase(PI3K)/ serine/threonine kinase AKT 
(protein kinase B) regulates a wide range of physiological processes, 
including inflammatory responses and apoptosis.16 Activation of 
PI3K/AKT can prevent against LPS-induced acute inflammatory 
injury through limiting pro-inflammatory and apoptotic events.17,18 
In turn, inhibition of PI3K/AKT deteriorates the inflammatory dam-
age via upregulating pro-inflammatory Transcription factors (TFs), 
such as NF-κB, which next promotes the release of inflammation 
cytokines.18,19 It has been known that Kcnh2 could modulate AKT 
signalling by interacting with integrin β1.20 Activation of AKT in-
hibits FOXO3A expression, resulting in reducing apoptosis by de-
creasing transcriptionally activating the pro-apoptosis genes BIM/
PUMA.16,21 Moreover, cardiac-specific overexpression of FOXO3A 
induces a decrease of heart weight by reducing individual cardio-
myocyte size.22 FOXO3A also drives the expression of BNIP3 based 
on regulation of JNK signalling, which further induces mitochon-
drial apoptosis and mitophagy in heart failure.23 These evidences 
strongly suggest that Kcnh2 may mediate AKT/FOXO3A pathways 
to modulate the sepsis-induced pathological process in heart.

Here, the investigation was performed using rat models of sepsis 
induced by CLP surgery or LPS injection. Transgenic rats with het-
erozygous deficiency and NS1643-treated were used to decrease or 
active KCNH2. These studies suggest that Kcnh2 plays a protective 
role in SCID by reducing cardiomyocyte apoptosis through AKT/
FOXO3A/BIM pathways, providing rationale for Kcnh2 as a promis-
ing candidate target in SCID.

2  | METHODS

2.1 | Animal

To generate the rat Kcnh2 knockout model, the CAG-GFP-IRES-Pac 
was inserted to replace the exon 7-8 by homologous recombination. 
Targeting construct and genotyping method were done as supple-
mentary data (Figure S1). Male Sprague Dawley rats weight between 
220 g and 250 g were purchased from Slaccas Company and kept in 

the animal facility at Tongji University. All of the procedures were 
approved by Institutional Animal Care and Use Committee at Tongji 
University (approval no: TJLAC-016-022). All of animal experiments 
were performed in accordance with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals (NIH Publication 
No. 85-23, revised 1996).

2.2 | Sepsis model

2.2.1 | Caecal ligation and puncture surgery model

Male rats weight between 220 g and 250 g were administered CLP 
surgery as previous reported with part modification.24 Rats were 
anaesthetized with intraperitoneal injection of mixture of ketamine 
(100 mg/kg) and xylazine (25 mg/kg). Make a 2-3 cm incision at the 
midline of the abdomen to expose the caecum, which was ligated with 
a 4-0 silk 1 cm from the end of the caecum distal to the intestine and 
punctured through-and-through with an 18-gauge needle. A small 
amount of faecal contents was gently squeezed through the punc-
ture site. The bowel was then situated back in the abdomen and the 
incision was sutured with a sterile 4-0 silk suture. The sham group 
underwent the same procedure except caecal ligation and puncture. 
All animals were kept in 37℃ and water immediately after the surgery.

2.2.2 | LPS-induced model

For LPS endotoxaemia, rats were administered i.p. with either lethal 
(10 mg/kg) or sublethal (4 mg/kg) doses of LPS derived from E. coli 
0111: B4 (Sigma-Aldrich) as previously reported.25 Sterile PBS was 
used as vehicle control in sham groups.

At the time of sacrifice, all rats were euthanized by inhaling in 
CO2, the euthanasia method used for all animal procedures.

2.3 | Echocardiography

Six hours after CLP surgery or LPS injection, rats were performed 
transthoracic echocardiograms using Vevo770 small animal echo-
cardiography machine (Visual Sonics Inc.) as previously described.26 
Three consecutive cardiac cycles each checking were calculated for 
cardiac function analysis. LV ejection fraction (EF %) and LV frac-
tional shortening (FS %) were calculated. All of rats were performed 
under anaesthesia (1.5%-2% isoflurane, 2 L/min oxygen flow rate).

2.4 | Histopathology

Fix the fresh tissues with 10% paraformaldehyde and embed it in 
paraffin by standard protocols. Then, the samples were sectioned at 
8 μm; haematoxylin and eosin (HE) and immunohistochemical stain-
ing were performed. A rabbit monoclonal antibody against p-AKT 
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(Abcam, catalogue number ab81283; 1:250) and a rabbit monoclonal 
antibody against p-FAK (Abcam, catalogue number ab81298; 1:250) 
were incubated overnight. The slides were then observed under a 
Leica confocal microscope.

2.5 | Cell culture and treatment

Neonatal Sprague Dawley rats born within 24 hours were purchased 
from Slaccas Company. Isolation and culture of primary neonatal 
rat cardiomyocytes (NRCMs) or cardiac fibroblasts (CFs) were per-
formed as previous described.26 Cells were cultured in DMEM with 
10% foetal bovine serum (FBS), while cardiomyocytes harboured 
0.1 mM BrdU (Sigma) for 48 hours. The serum-free DMEM was used 
to pre-treat NRCMs for overnight before indicated experiments.

2.6 | Western blot

Hearts, NRCMs and CFs were lysed using RIPA to extract the 
total protein and concentration of protein was determined using a 
BCA Protein Assay kit (TaKaRa). The samples were analysed with 
8%-15% SDS-PAGE gels and transferred to 0.45-μm PVDF mem-
branes (Millipore). The membranes were blocked with 5% BSA and 
incubated with primary antibodies: KCNH2 (ab136467; 1:1000), 
FOXO3A (ab17026; 1:1000), BCL-2 (ab59348; 1:1000), p-AKT 
(ab81283; 1:1000), AKT (ab179463; 1:1000), p-FAK(ab81298; 
1:1000) and FAK (ab40794; 1:1000) (Abcam); BIM (Cell Signaling 
Technology, 2933T, 1:1000); PUMA (Santa Cruz Biotechnology, 
USA,sc-374223, 1:100); GAPDH (Proteintech, 60004-1-lg, 1:1000) 
was applied as a loading control. The membranes were then in-
cubated with secondary antibodies anti-mouse (sa00001-1), 
anti-rabbit (sa00001-2) (Proteintech) and imaged with Amersham 
Imager 600 or ImageQuant LAS 4000.

2.7 | RNA extraction and quantification

Total RNA was extracted from NRCMs and rat heart tissues using TRIzol 
reagent (Invitrogen) and was converted to cDNA by applying PrimeScript™ 
RT reagent Kit with gDNA Eraser (TaKaRa). Then, expression of genes 
was determined by applying TB Green™ Premix Ex Taq™ (TaKaRa) on a 
Bio-Rad CFX connect™ real-time PCR system using the primers:

Kcnh2 forward primer: 5′-GATCGGCAAGCCCTACAACA-3′ and 
Kcnh2 reverse primer: 5′- GAGCGCTGTGACGTACTTGT-3′; GAPDH 
forward primer: 5′-AAGGTCGGTGTGAACGGATT-3′ and GAPDH 
reverse primer: 5′-CTTTGTCACAAGAGAAGGCAGC-3′.

2.8 | Si-RNA transfection

Neonatal rat cardiomyocytes were seeded at 2 × 106 in 6-well plates 
or at 4  ×  104 in 24-well plates. After starving serum-free DMEM 

cultured overnight, si-RNA was transfected using lipofectamine 
2000 (Invitrogen) at a terminal concentration of 20 nM. 4-6 hours 
later, NRCMs were changed with fresh medium and cultured for an-
other 24-48 hours before conducting next experiments. Si-FOXO3A: 
5′-CUCUAUAACGUAUGCAAAU-3′ and Scrambled si-RNA were 
purchased by Genepharma.

2.9 | TUNEL assay

Apoptosis rate of heart sections and NRCMs was determined by 
terminal deoxynucleotidyl transferase(TdT)-mediated dUTP nick 
end-labelling (TUNEL) assay (Roche). The samples were fixed and 
permeated, followed with adding 80 μL of TUNEL reaction mixture 
onto samples for 60 minutes at 37°C in dark, and then, the samples 
were incubated with Hoechst for 12 minutes at RT and finally im-
aged using Leica confocal microscope system.

2.10 | ELISA

Rat blood serum was collected from rats by retro-orbital bleed-
ing and plasma was isolated using lithium heparin-coated plasma 
separator tubes (BD) according to the manufacturer's instructions. 
Inflammatory cytokines in the serum were measured 6 hours after 
surgery by using commercially available IL-1β (Proteintech KE20005) 
and TNF-α (SAB, EK0517) ELISA kits and the concentration were 
analysed on a Bio-Rad microplate reader system.

2.11 | Statistical analysis

ANOVA test was used to compare among three or more groups, fol-
lowed by Turkey's post hoc test. Student's t test was applied to com-
pare two groups, and the error bar represented the standard error of 
mean (SEM). A value of P < .05 was considered significant. All data 
were analysed using Prism 5.0 (GraphPad Software, Inc).

3  | RESULTS

3.1 | Kcnh2 was downregulated in septic heart and 
cardiomyocytes

To explore the effect of Kcnh2 on septic heart and cardiomyo-
cytes, we detected the expression level of Kcnh2 in SICD, we ap-
plied CLP surgery to prepare a rat model with polymicrobial sepsis 
or induced endotoxaemia by intraperitoneal injection of bacte-
rial LPS, which resulted in a typical feature of sepsis-lung injury 
(Figure S2). Sepsis led to significant cardiac damages such as dif-
fuse interstitial oedema, hyperaemia, haemorrhages, cardiomyo-
cyte degeneration with myofibril lysis, lost cross striations in most 
myofibril and obvious cellular infiltration (Figure 1A,B). The mRNA 
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and protein level of Kcnh2 were found to be significantly downreg-
ulated in septic heart tissues, compared with control rats (Figure 
S3A,B, Figure 1C,D). Furthermore, we challenged primary neona-
tal rat cardiomyocytes (NRCMs) and cardiac fibroblasts (CFs) with 
LPS at different concentrations. Kcnh2 expression was found to be 
inhibited with a concentration-dependent pattern in cardiomyo-
cytes in presence of LPS, which was consistent with that observed 
in heart tissues (Figure S3C, Figure 1E). However, there is no sig-
nificant difference in CFs after LPS stimulation (Figure 1F). The in 
vivo and in vitro results indicated that Kcnh2 was really regulated 
in cardiomyocytes during SICD process.

3.2 | Loss of Kcnh2 aggravates the heart damage in 
SICD models

Reduced expression of Kcnh2 suggested its potential role in SICD. 
To further explore the effects of Kcnh2, we confirmed the status 
of Kcnh2 expression and performed electrocardiogram (ECG) for 
Kcnh2+/- rats. We found the expression of Kcnh2 was significantly 
decreased and the defect of KCNH2 also led to significant prolong 
of QTs interval (Figure 2A-C, Figure S4). Then, the CLP surgery was 
used to induce sepsis on the Kcnh2+/- rats. Our results show that 
CLP stimulation really made wild-type (WT) rats have poor survival 
rate, compared with the sham group and unchallenged Kcnh2+/- rats. 
The CLP surgery, however, induced the rats with Kcnh2+/- genetic 
background to exhibit lower rate of survival (Figure 2D). A similar 
survival rate was also observed in LPS-challenged model (Figure 2E).

Since sepsis could cause multiple organs dysfunction, we next an-
alysed the damage of kidney, liver, lung and spleen stimulated by LPS 
among WT, Kcnh2+/- or NS1643, compared with control. As shown in 
the results, LPS could significantly damage these organs but the het-
erozygous deficiency or activation of Kcnh2 has no effect on the tis-
sues injury (Figure S5). However, the injury of heart was significantly 
influenced by Kcnh2. In presence of LPS, the deficiency of Kcnh2 also 
remarkably aggravated the myocardial tissue damage with an increase 
of apoptosis (Figure 2H-I). LPS also induced more serious hypertrophy 
in Kcnh2+/- rats compared with that in WT group (Figure S6). However, 
the fibrosis induced by LPS, which was often a consequence of inflam-
mation, had no any difference (Figure S7).

To further confirm the potential role of Kcnh2 on SICD, we per-
formed serial in vivo echocardiographic (M-mode) and found that 
even LPS could lead to a significant reduction in the left ventricu-
lar ejection fraction (EF %) and fractional shortening (FS %) for WT 
rats, but more serious impact on Kcnh2+/- models, with an almost 
20% decrease in EF and 10% reduce in FS, respectively, compared 
to WT group (Figure  2F, G). Moreover, Kcnh2+/- rats exhibited a 
lower expression of anti-apoptosis gene BCL-2, and higher expres-
sion of pro-apoptosis genes BIM/PUMA than WT rats induced by 
LPS (Figure 2J, K). Collectively, Kcnh2 might be a potential target to 
protect heart from inflammatory injury through regulating FOXO3A.

Mortality in the LPS models is usually considered to be outcome 
of tissue injury caused by uncontrollable inflammation. Therefore, 

the result of Kcnh2 deletion might be caused by either enhanced 
inflammation or attenuated ability of tissues to tolerate inflamma-
tory injury. To evaluate this, we detected plasma levels of TNF-α and 
interleukin (IL)-1β. As the results shown, there was no difference be-
tween Kcnh2 deletion and WT rats (Figure S8). These data indicated 
that the increase of mortality observed with Kcnh2 deletion may be 
an outcome of reduced ability of tissues to tolerate inflammatory 
injury, rather than the consequence of an expanded inflammatory 
response.

3.3 | Enhancing Kcnh2 activity attenuates the 
sepsis-induced heart damage

NS1643, a Kcnh2 activator, was applied to activate Kcnh2 for con-
firming again the role of Kcnh2 in SICD. The Kcnh2 activation with 
NS1643 really reduced the mortality induced by CLP surgery or LPS 
challenge (Figure 3A-B), which could improve the cardiac function, 
manifesting as increase of the EF % and FS% (Figure 3C-D), and at-
tenuating the cardiac damage partly due to reduced infiltration of 
immune cells (Figure  3E). NS1643 also reduced LPS-induced rat 
heart apoptosis (Figure  3F), evidenced with an increase of BIM/
PUMA expression and a decrease of BCL-2, accompanied with de-
creased expression of FOXO3A (Figure 3G-H). Similar to previous 
results, the plasma levels of TNF-α and IL-1β had no significant dif-
ference (Figure S8). These data, hereby, indicate Kcnh2 is crucial to 
attenuate the SICD via modulating cardiomyocyte apoptosis.

3.4 | Defect of kcnh2 aggravates the sepsis-induced 
cardiomyocyte damage

Since the alteration of Kcnh2 expression on a damaged heart 
was mainly observed in cardiomyocytes, and endotoxin could 
increase mortality by damaging cardiomyocytes in SICD,5 we as-
sessed whether Kcnh2 modulates the fate of cardiomyocytes 
during sepsis. NRCMs of Kcnh2+/- and WT rats were isolated and 
treated with LPS, respectively. Like in vivo results, the low level of 
Kcnh2 due to its defect in NRCMs (Figure 4A-C) could also aggra-
vate LPS-induced cellular apoptosis (Figure 4D-E), and upregulate 
FOXO3A that then promoted BIM/PUMA expression. Meanwhile, 
Kcnh2+/- made the cardiomyocytes downregulate BCL-2, which 
also agreed with the observation in LPS rat models (Figure 4F-G). 
It is meaningful that Kcnh2 involves improvement of the cardiac 
dysfunction in sepsis through modulating cardiomyocyte apopto-
sis process.

3.5 | FOXO3A knockdown diminishes the effect of 
Kcnh2 on LPS-induced damage

Given that SICD could activate FOXO3A/BIM signalling, which 
has been shown to associate with multiple cellular activities such 
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as stress resistance, apoptosis and cell cycle arrest,23 we next 
ask whether FOXO3A mediates the modulation of Kcnh2 in the 
pathological process. Immunofluorescence results showed that 
FOXO3A expression and nuclear retention were significantly 
increased in LPS-treated Kcnh2 ± rats, while NS1643 could 
decrease both expression and nuclear retention of FOXO3A 
(Figure 5A, Figure S9A-B). Knockdown assay with specific si-RNA 
revealed that inhibition of FOXO3A could significantly reduce 
the apoptosis of cardiomyocytes, which aggravated due to Kcnh2 
defection under LPS challenged (Figure 5B). Western blot analy-
sis further confirmed a remarkable suppression of BIM/PUMA 
along with the condition, while BCL-2 level was expectedly en-
hanced (Figure 5C). Taken together, our data suggest that Kcnh2-
FOXO3A axis really involved in the regulation of cardiomyocyte 
apoptosis in SICD.

3.6 | FAK/AKT signalling axis involves in the 
regulation of Kcnh2 during SICD

FOXO3A, as one of the major downstream effectors of AKT, has 
been shown to be upregulated with LPS challenge in cardiomyo-
cytes.26 Here, we found that the deficiency of Kcnh2 simultane-
ously led to a decrease of AKT activity independent of intergrin 
β1, which subsequently enhanced the activity of FOXO3A/
BIM-PUMA pathway (Figure 6A, Figure S11). It was worth not-
ing that the phosphorylation of FAK, a direct activator of AKT, 
shown a change characteristic consistent with AKT, suggesting 
the signalling axis was really triggered in the disorder condition 
(Figure 6A).

The immunohistochemical results of in vivo model were fur-
ther confirmed in the involved cardiomyocytes (Figure 6B). Similar 

F I G U R E  1  Sepsis reduces myocardial Kcnh2 expression. For LPS-induced rat model (A) and CLP rat model (B), haematoxylin–eosin 
staining (H&E staining) was performed to detect heart injury. Scale bar: 50 μm. After stimulation for 6 h, KCNH2 expression was 
immunoblotted in rat heart of (C) LPS model (n = 6) and (D) CLP model (n = 5). (E) The expression of KCNH2 was showed in cultured 
cardiomyocytes and (F) cardiac fibroblasts by Western blot at 12 h after either saline or LPS treatment at different concentration (0, 0.1, 
0.2, 0.5, 1.0, 2.0 μg/mL), (n ≥ 4). (These results were performed as mean ± SD of at least 4 independent experiments. Statistical analysis was 
performed with one-way ANOVA followed by Tukey's test. *, P < .05; **, P < .01; ***, P < .001 and ****, P < .0001)
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with pattern in heart, the activity of FAK and AKT also decreased 
in Kcnh2+/- cardiomyocytes compared with WT rats challenged by 
LPS at different times (Figure 6C). To clarify whether AKT mediate 
the modulation of Kcnh2 during SICD, we treated Kcnh2+/- rats 
with bpV(HOpic), an activator of AKT, which has been proved to 
markedly enhance the phosphorylation level of AKT (Figure 6D). 
As we expected, the enhanced activity of AKT by bpV(HOpic) 

could significantly reduce heart tissue damage (Figure S10), 
and cardiac apoptosis combined with increase of FOXO3A and 
pro-apoptotic genes BIM/PUMA as well as decrease of BCL-2 in 
the Kcnh2+/- heart when challenged with LPS(Figure 6E-F), that 
may be why AKT, at least, is one of potential regulators in FAK 
pathway to mediate the effect of Kcnh2 in protecting heart from 
sepsis damage.

F I G U R E  2  Kcnh2 defect promotes the heart damage induced by sepsis. The levels of (A) mRNA of Kcnh2 and (B-C) protein of KCNH2 
in WT or Kcnh2+/- cardiac extracts, (n = 6). (D) Survival status of Kcnh2+/- and WT rats after CLP surgery (n = 8) or (E) after LPS stimulation 
(n = 8). The change of heart function in Kcnh2+/- and WT rats at 6 h after LPS challenge, (F-G) left ventricular ejection fraction (FS %) and 
fractional shortening (EF %) measured with echocardiography, (n = 8); (H) H&E staining for detecting the heart tissue damage, (n = 5). (I) The 
cardiac apoptosis determined by TUNEL assay (n = 5), scale bar: 75 μm. (J-K) Western blot and quantitative analysis for FOXO3A, BCL-2, 
BIM and PUMA in cardiac extracts (n = 6). (All the results were performed as mean ± SD of at least 6 independent experiments. Statistical 
analysis was performed with one-way ANOVA followed by Tukey's test. *, P < .05; **, P < .01; ***, P < .001 and ****, P < .0001)
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F I G U R E  3  Kcnh2 activator NS1643 attenuates the heart injury induced by sepsis. (A) Survival status after CLP surgery following pre-
treatment of either NS1643 (6 mg/kg) or DMSO only, (n = 8). (B) Survival status after treatment of LPS following pre-treatment of either 
NS1643 (6 mg/kg) or DMSO only, (n = 8). (C-D) The effects of NS1643 on left ventricular ejection fraction (FS %) and fractional shortening 
(EF %) in presence of LPS, (n = 6); (E) H&E staining of heart sections for detecting the damage of tissue, (n = 5), scale bar: 50 μm. (F) The 
cardiac apoptosis by TUNEL assay, (n = 5), scale bar: 75 μm. (G-H) Western blot and quantitative analysis for FOXO3A, BCL-2, BIM and 
PUMA in cardiac extracts (n = 5). (All of the results were performed as mean ± SD of at least 5 independent experiments. Statistical analysis 
was performed with one-way ANOVA followed by Tukey's test. *, P < .05; **, P < .01; ***, P < .001 and ****, P < .0001)
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F I G U R E  4  Kcnh2 defect aggravates the LPS-induced damage in cardiomyocytes. (A -C) The Kcnh2 levels of mRNA and protein in WT or 
Kcnh2+/- NRCMs extracts, (n = 6). (D-E) TUNEL assay results for Kcnh2+/- or WT NRCMs treated with LPS for 24 h, (n = 4). Scale bar: 50 μm. 
(F-G) Expression levels for FOXO3A, BCL-2, BIM and PUMA in Kcnh2+/- or WT NRCMs in presence of LPS for 24 h, (n = 4). (These results 
were performed as mean ± SD of at least 4 independent experiments. Statistical analysis was performed with one-way ANOVA followed by 
Tukey's test. *, P < .05; **, P < .01; ***, P < .001 and ****, P < .0001)
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4  | DISCUSSION

Myocardial dysfunction occurs in the early stages of sepsis, which 
is the main cause of death in the intensive care unit.3 Our data sug-
gest that Kcnh2 observed reductions in heart resulted from altered 
processing of cardiomyocytes, which, in turn, led to downregulation 
of the FAK/AKT activity, increasing the expression of FOXO3A and 
ultimately increasing pro-apoptosis genes BIM/PUMA expression 
during sepsis. In addition, Kcnh2 activator NS1643 could improve 
cardiac function, suppressed the cardiomyocyte apoptosis. These 
results indicate that Kcnh2 will result in a protective effect on car-
diac dysfunction during sepsis/septic shock.

Sepsis leads to high mortality associated with multiple organ in-
jury, in which cardiac dysfunction is a well-recognized manifestation 

that may attribute to metabolic abnormalities, mitochondrial dys-
function, inflammation, necrosis and apoptosis. Based on LPS or CLP 
surgery models, two general strategies to understand sepsis-related 
cardiac dysfunction, we have previously found affected heart dis-
played a reduction of EF (%) and FS (%), accompanied with enhanced 
inflammatory response and increase of apoptosis in myocardium.26 
SICD is involved in complex processes that associate with a variety 
of effectors. For example, eNOS and PLCλ1 signalling enhanced 
cardiac inflammatory response through stimulating TNF-α expres-
sion.27,28 Calpastatin could attenuate myocardial dysfunction by 
increasing caspase-3 activation and TNF-α expression during en-
dotoxaemia.29 Incremental apelin-13 bloodstream levels clearly 
improved myocardial performance through reducing release of in-
flammatory cytokine and apoptosis.30 Interestingly, recent studies 

F I G U R E  5  FOXO3A mediates the modulation of Kcnh2 on sepsis-induced apoptosis. (A) The immunofluorescence was performed to 
detect the express and location of FOXO3A in Kcnh2+/- and WT rats at 6 h after LPS challenge. (n = 4). Scale bar: 50 μm. (B) The apoptosis 
image of Kcnh2+/- or WT NRCMs after knockdown of FOXO3A by si-RNA in presence of LPS, (n = 4). Scale bar: 50 μm. (C) Western blot and 
quantitative analysis for the expression of FOXO3A, BCL-2, BIM and PUMA in NRCMs after inhibition of FOXO3A under LPS treatment, 
(n = 4). (All the results were performed as mean ± SD of at least 4 independent experiments. Statistical analysis was performed with one-
way ANOVA followed by Tukey's test. *, P < .05; **, P < .01; ***, P < .001 and ****, P < .0001)
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revealed that potassium channels such as TWIK2 also involved in 
modulating LPS-induced inflammatory injury during sepsis.31,32 And 
growing number of work hinted that Kcnh2 also plays an important 
role in regulating of sepsis.13-15

Kcnh2 that encodes the voltage-gated potassium channel was 
proved to exert a crucial role in cell fate determination.33 We and 
other studies have demonstrated that homozygous deletion of 
Kcnh2 can lead to cardiac developmental defects that finally result 
in embryonic lethality.11,34 Inhibition of Kcnh2 by si-RNA or inhib-
itor E4031 could remarkably attenuate cellular proliferation and 
migration due to inhibition the pathway of MAP kinase/c-fos.35 
Activation of Kcnh2 using activator NS1643, however, improved sur-
vival rate of breast cancer through a mechanism whereby inhibiting 
cell motility, attenuating Wnt/β-catenin signalling to reprogramme 

epithelial–mesenchymal transition and suppressing cancer cell stem-
ness.36 As a potential cytokine effector, Kcnh2 has been proved to 
be associated with sepsis related inflammatory processes.15,37-39 We 
here found that Kcnh2 could be downregulated by LPS injection or 
CLP surgery. And its defect (Kcnh2+/-) aggravated LPS-induced car-
diac dysfunction and decreased survival rate through inducing more 
apoptosis of cardiomyocytes. Activation of Kcnh2 by NS1643 exhib-
ited opposite outcome, indicating a potential role of the molecule in 
heart protection during sepsis. However, the inflammatory response 
nearly has not significantly influenced by Kcnh2, which suggested its 
vital function on modulation of tolerance to sepsis in cardiomyocytes.

A growing body of evidences suggests that the PI3K/AKT path-
way is involved in inflammatory response and apoptosis40 and plays 
an important role as a negative feedback regulator in excessive 

F I G U R E  6  FAK/AKT involves in the regulation of Kcnh2 in sepsis-induced cardiac apoptosis. (A) The phosphorylation levels of AKT and 
FAK in Kcnh2+/- and WT rat cardiac extracts challenged with LPS (n = 3). (B) Immunohistostaining for phosphorylation status of AKT and 
FAK, (n = 3). Scale bar: 100 μm. (C) The phosphorylation levels of AKT and FAK in cardiomyocytes challenged by LPS at different time points 
(D) The phosphorylation change of AKT in NRCMs treated with bpV(HOpic).(n = 4). (E) TUNEL staining for heart treated with bpV(HOpic) 
and LPS, (n = 4), scale bar: 75 μm. (F) Western blot and quantitative analysis for the expression of FOXO3A, BCL-2, BIM and PUMA in heart 
treated with bpV(HOpic) and LPS, (n = 5). (These results were performed as mean ± SD of at least 3 independent experiments. Statistical 
analysis was performed with one-way ANOVA followed by Tukey's test. *, P < .05; **, P < .01; ***, P < .001 and ****, P < .0001)

F I G U R E  7  Schematic representation shows the mechanisms of Kcnh2-modulated cardiac dysfunction following sepsis stimulus. 
Sepsis-induced decrease of Kcnh2 resulted in inhibition of AKT in cardiomyocytes. Attenuation of AKT of cardiomyocytes mediated by 
Kcnh2 upregulated FOXO3A expression, which initiated the transcription of BIM/PUMA genes. Finally, enhanced BIM/PUMA caused the 
cardiomyocyte apoptosis, leading to cardiac dysfunction
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innate immune and Toll-like receptor-mediated pro-inflammatory 
response.17,18 Like previous observation, we found that LPS really in-
duces activity of AKT by modulating its phosphorylation level in rat 
heart. Importantly, AKT could be also activated by Kcnh2 through in-
teracting with integrin β1/FAK41,42 or enhancing the phosphorylation 
of AKT independently.20 Integrin β1/FAK contributes to promote 
vascular leakage in endotoxaemia.43 When here induced a defect of 
Kcnh2 by genetic manipulation, the activity of both FAK and AKT 
was obviously impaired, which further aggravated the apoptosis due 
to LPS challenge. However, the situation was improved as long as 
activator bpV(HOpic) of AKT was applied, suggesting that Kcnh2 
might mediate FAK/AKT signalling axis to modulate cardiomyocyte 
apoptosis during SICD.

FOXO3A, a member of the forkhead transcription factor family, is 
a major effector of AKT,16 and its activation can aggregate organ in-
flammatory damage and dysfunction via inducing the pro-apoptosis 
gene BIM expression.44,45 In our previous work, FOXO3A inhibition 
was demonstrated to significantly attenuate LPS-induced cardiac 
damage,26,46 so the inhibition of AKT activity due to defect of Kcnh2 
(Kcnh2+/-) may lead to upregulation of FOXO3A in the presence 
of LPS. As expected, we found LPS challenge induced an increase 
of FOXO3A in the myocardium of Kcnh2+/- rats, which correlated 
with the status of cardiac apoptosis; furthermore, the expression 
of pro-apoptosis genes BIM and PUMA that were transcriptionally 
regulated by FOXO3A was also upregulated in LPS-treated Kcnh2+/- 
rats. Moreover, inhibition of FOXO3A in Kcnh2-defected cardio-
myocytes could attenuate apoptosis and suppress BIM and PUMA 
expression. Thence, Kcnh2 can modulate AKT activity to affect the 
expression of FOXO3A in SICD.

5  | CONCLUSIONS

Kcnh2 could negatively contribute to the SICD, at least in part, via 
FAK/AKT/FOXO3A pathway. Deficiency of Kcnh2 suppresses the 
phosphorylation of FAK and AKT, which, in turn, induces upregula-
tion of their downstream target FOXO3A, resulting in an increase 
of BIM/PUMA expression. These results suggest a potential mecha-
nism of Kcnh2 by which to involve apoptosis of cardiomyocytes and 
septic cardiac dysfunction (Figure 7).
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