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Aims Most cardiac arrhythmia-associated genes encode ion channel subunits and regulatory proteins that are also expressed
outside the heart, suggesting that diseases linked to their disruption may be multifactorial. KCNE2 is a ubiquitously ex-
pressed potassium channel b subunit associated with cardiac arrhythmia, atherosclerosis, and myocardial infarction
(MI) in human populations. Here, we tested the hypothesis that Kcne2 disruption in mice would influence the acute
outcome of experimentally induced MI.

Methods
and results

One-year-old male Kcne2+/+ and Kcne22/2 mice were subjected to cardiac ischaemia/reperfusion injury (IRI) by left
anterior descending coronary artery ligation. After reperfusion (3 h), infarct size and markers of tissue damage were
quantified. Unexpectedly, post-reperfusion, Kcne22/2 mice exhibited 40% lower infarct size, decreased myocardial
apoptosis and damage, and more than two-fold lower serum levels of damage markers, lactate dehydrogenase and cre-
atine kinase, than Kcne2+/+ mice. Kcne2 deletion, despite increasing normalized heart weight and prolonging baseline
QTc by 70%, helped preserve post-infarct cardiac function (quantified by a Millar catheter), with parameters including
left ventricular maximum pressure, max dP/dt (P , 0.01), contractility index, and pressure/time index (P , 0.05) all
greater in Kcne22/2 compared with Kcne2+/+ mice. Western blotting indicated two-fold-increased glycogen synthase
kinase 3b (GSK-3b) phosphorylation (inactivation) before and after IRI (P , 0.05) in Kcne22/2 mice compared with
Kcne2+/+ mice. GSK-3b inhibition by SB216763 mimicked in Kcne2+/+ mice the cardioprotective effects of Kcne2 de-
letion, but did not further enhance them in Kcne22/2 mice, suggesting that GSK-3b inactivation was a primary cardi-
oprotective mechanism arising from Kcne2 deletion.

Conclusions Kcne2 deletion preconditions the heart, attenuating the acute tissue damage caused by an imposed IRI. The findings
contribute further evidence that genetic disruption of arrhythmia-associated ion channel genes has cardiac ramifica-
tions beyond abnormal electrical activity.
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1. Introduction
Cardiovascular disease remains the biggest health challenge of the 21st
century in developed countries. The two primary lethal events that can
arise from cardiovascular dysfunction are myocardial infarction (MI)
and sudden cardiac death (SCD). While multiple genetic and environ-
mental risk factors contribute to most forms of heart disease, and dic-
tate the incidence of MI and SCD, in some (especially younger)
individuals, it is possible to link occurrence of SCD tightly with

inherited or sporadic mutations in genes encoding ion channels or
the proteins that regulate them.

Of the 25 genes currently known to be associated with cardiac
rhythm disturbances, all encode ion channels or their regulatory subu-
nits. Mutations in these genes can predispose to cardiac rhythm distur-
bances including long QT syndrome (LQTS), which in turn increases
the risk of torsades de pointe, ventricular fibrillation, and SCD.1

Arrhythmia-associated genes are typically also expressed outside the
heart, raising the possibility that SCD linked to their dysfunction could
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be multifactorial, and provide an ischaemic substrate as well as an elec-
tric substrate.2– 5

Voltage-gated potassium (Kv) channels are essential for timely repo-
larization of cardiac myocytes, and inherited or pharmacological dis-
ruption of their function can lead to potentially lethal cardiac rhythm
disturbances, creating an electrical substrate for SCD.1 KCNE2 encodes
a relatively promiscuous Kv channel b subunit expressed in human and
mouse heart and required for normal cardiac rhythm in both species.6–11

Aside from its contribution to cardiomyocyte currents, KCNE2 is also
expressed in multiple epithelia. We previously found that, consequently,
Kcne2 deletion in mice causes a multisystem syndrome that adversely
impacts the heart, generating both electrical disturbances and creating
an ischaemic substrate.5

Interestingly, a single-nucleotide polymorphism (SNP) near the hu-
man KCNE2 gene has been linked to early-onset MI,12 and one within
the KCNE2 gene itself is associated with predisposition to coronary ar-
tery disease (CAD)13 and MI.14 In addition, Kcne2 deletion in mice pro-
motes atherosclerosis as well as western diet-dependent ventricular
arrhythmogenesis and sudden death.15 In summary, these findings sup-
port a causal relationship between KCNE2 disruption, CAD, and MI,
and suggest that KCNE2 disruption is a genetic commonality between
two seemingly distinct clinical entities, SCD and MI. Here, employing
the Kcne22/2 mouse model, we examined the potential influence of
Kcne2 deletion on an experimentally imposed acute ischaemic event.
Surprisingly, we discovered that Kcne2 deletion protects the heart
from damage during the early post-ischaemic phase, reducing infarct
size, and preserving cardiac function compared with wild-type mice.

2. Methods

2.1 Animal use
We generated and genotyped Kcne2+/+ and Kcne22/2 C57BL/6 mice as
previously described,8,11 and housed and used them according to the US
National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Animal procedures were approved by the Animal Care and Use Commit-
tee at the University of California, Irvine. All mice used in this study, aside
from breeding females, were male, 12–14 months of age, and generated
from Kcne2+/2 × Kcne2+/2 crosses.

2.2 Surgical procedures
Anaesthesia was induced with 5% isoflurane and 95% oxygen in a gas cham-
ber, followed by tracheotomy and ventilation with 2% isoflurane and 98%
oxygen for maintenance in a mouse ventilator (Harvard Apparatus, Hollis-
ton, MA, USA). The depth of anaesthesia and its adequacy were monitored
by their heart rate, respiration rate, the loss of corneal reflex, and the ab-
sence of pedal withdrawal upon toe pinching. For analgesia and minimizing
pain caused by surgical procedures, mice were given buprenorphine
(0.1 mg/kg) subcutaneously. Mice were euthanized by cervical dislocation
under anaesthesia at the end of the experiment. During surgery and ischae-
mia/reperfusion injury (IRI), mice were ventilated with a tidal volume of
250 mL at a rate of 150 strokes/min. After an equilibration period of
10 min, a thoracotomy was performed at the left fourth intercostal space.
A prominent branch of the left anterior descending coronary artery (LAD)
was identified. A 9-0 polyamide Ethilon suture (Ethicon, Somerville, NJ,
USA) was passed underneath this vessel approximately halfway between
the base and the apex for coronary artery occlusion. The standard limb
lead II configuration electrocardiographic system was attached subcutane-
ously by needle electrodes. ECG was performed in anaesthetized mice
using PowerLab/8sp and LabChart 7.2.1 software (AD Instruments, Color-
ado Springs, CO, USA) under continuous flow with isoflurane vapours.
Successful arterial occlusion was verified by ECG alteration (i.e.

ST-elevation) and the presence of regional dyskinesia and epicardial cyan-
osis in the ischaemic zone. Reperfusion was achieved by releasing the snare
and was verified by observing an epicardial hyperaemic response and grad-
ual resolution of the changes in the ECG signal. The suture was loosened
after 45 min of ischaemia, and the ischaemic myocardium was reperfused
for 3 h, with constant surface ECG monitoring throughout. Temperature
was maintained with a heating blanket. Glycogen synthase kinase 3b
(GSK-3b) inhibitor SB216763 (0.6 mg/kg; Sigma, St Louis, MO, USA) was
intravenously applied to mice of either genotype 5 min prior to reperfusion
injury.

2.3 Haemodynamic analyses
The portion of the right carotid artery next to the trachea was isolated
from the surrounding tissue and nerves. A 1.0-Fr Millar Mikro-tip Catheter
Transducer (Model SPR-1000, Millar Instruments, Houston, TX, USA) con-
nected to a pressure transducer (Millar Instruments) was inserted through
the right carotid artery into the left ventricular (LV) cavity. Haemodynamic
parameters were recorded and analysed with PowerLab/8sp and LabChart
7.2.1 software. The standard limb lead II configuration electrocardiographic
system was attached subcutaneously by needle electrodes for ECG studies.
The corrected QT interval (QTc) was calculated based on a variant of Ba-
zett’s formula modified specifically for mice.16

2.4 Quantification of myocardial infarct size and
tissue injury
At the end of reperfusion, the LAD was re-occluded and the heart was per-
fused with 1% Evans blue dye (Sigma) to delineate the field of the occluded
artery and thus identify the area at risk (AAR). After transient freezing,
hearts were cut into transverse slices of equal thickness (1 mm). Triphenyl-
tertrazolium chloride (TTC) staining was used to determine myocardial in-
farct size. The tissue slices were incubated with 1% TTC (Sigma Chemical
Co.) in 0.1 M phosphate buffer (pH 7.4) for 20 min at 378C. Tissues were
then fixed in 10% PBS-buffered formalin overnight at room temperature.
Infarcted and non-infarcted myocardium within the AAR were carefully se-
parated and weighed. Infarct size was expressed as a percentage of the
AAR. To further quantify cardiac tissue injury, serum levels of lactate de-
hydrogenase (LDH), creatine kinase (CK), and myoglobin were quantified
at the University of California, Davis Pathology Core Facility using standard
procedures.

2.5 Tissue collection
A separate group of experimental animals, parallel to that used for infarct
size quantification, was used for histology and western blot analysis. At the
end of 3 h reperfusion, the LAD was re-occluded and 1% Evans blue was
injected into the LV to delineate the AAR zone. For histology, the whole
heart including ischaemic and non-ischaemic areas was dissected and cut
into slices, parallel to the atrioventricular groove in 1-mm-thick sections.
The slices were rinsed in saline, briefly blotted onto filter paper to dry,
and then immersed in 10% phosphate-buffered formalin solution overnight
at room temperature. Heart sections were then fixed in formaldehyde, de-
hydrated, and embedded in paraffin. Serial sections of transverse myocar-
dial slices (5 mM thickness), which included the LV walls and the septum
from each heart, were mounted on glass slides for haematoxylin and eosin
(H&E). For terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labelling (TUNEL) staining, serial sections of transverse myocardial slices,
which included the LV walls and the septum from each heart, were
mounted on glass slides for apoptosis measurement. For western blot ana-
lysis, hearts were quickly removed and the LV AAR was immediately
snap-frozen.

2.6 TUNEL staining
TUNEL assay was used for apoptosis determination according to the man-
ufacturer’s protocol (Roche Diagnostics, Indianapolis, IN, USA). Ten fields
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from each heart were chosen randomly and analysed in a blind
manner. TUNEL-positive apoptotic nuclei were stained red and TUNEL-
negative nuclei were stained blue. The apoptotic index was judged as
a per cent of the number of TUNEL-positive cardiomyocyte apoptotic
nuclei out of the total cardiomyocyte nuclei population. Images were
obtained using the CAST system (Olympus A/S, Ballerup, Denmark)
and analysed with Image-pro plus (Media Cybernetics, Inc., Carlsbad,
CA, USA).

2.7 Histological evaluation of myocardial
damage
A modified numerical scoring system was used in this analysis for histo-
pathological evaluation based on a scoring system described by Ko
et al.17 Briefly, myocardial damage including interstitial oedema, myofibre
degeneration (i.e. myofibre swelling), and subendocardial haemorrhage
was graded as to their severity (0 ¼ no damage, 1 ¼ mild, 2 ¼ moderate,
and 3 ¼ marked) and distribution (0 ¼ no damage, 1 ¼ focal damage,
2 ¼ multifocal damage, and 3 ¼ diffuse damage). A mean score for each
variable was determined for each heart. Hearts were evaluated by LM in
a double-blind manner.

2.8 Immunofluorescence detection
Ventricular tissue samples from Kcne2+/+ and Kcne22/2 mice (two per
genotype) were frozen, sectioned on a cryostat, then fixed, and permeabi-
lized in ice-cold acetone for 10 min. Immunofluorescence labelling was per-
formed manually, with 3 × 5 min washes in PBS between steps. Slides were
incubated overnight at 48C with rabbit polyclonal primary antibodies (anti-
KI67 from Novus Biologicals, Littleton, CO, USA; anti-Cyclin D1 from Ab-
cam, Cambridge, MA, USA) at 1/100 dilution in PBS with 10% BSA, followed
by a 2-h dilution in Alexa-fluor 488-conjugated donkey anti-rabbit second-
ary antibody (ThermoFisher Scientific, Waltham, MA, USA) at 1/500 dilu-
tion in PBS. For a negative control, primary antibody was omitted. After
mounting using DAPI-containing slow-fade mounting medium (Life Tech-
nologies, Grand Island, NY, USA), slides were viewed with an Olympus
BX51 microscope and pictures were acquired using the CellSens software
(Olympus, Waltham, MA, USA). Images used were each representative of
two mice, four sections per mouse.

2.9 Western blotting
Frozen cardiac tissue was homogenized and suspended in radio-
immunoprecipitation assay (RIPA) buffer containing protease inhibitor
cocktail (Sigma). Homogenates were then subjected to centrifugation for
10 min at 4000 rpm. Debris was removed and the supernatant was re-
tained. For the cardiac membrane preparation, this was followed by pellet-
ing of membrane fractions at 40 000 × g for 10 min. Protein concentration
was determined and normalized using the bicinchoninic acid (BCA) assay
(Pierce, Rockford, IL, USA). Soluble protein fractions (20 mg) were sepa-
rated on pre-cast NuPAGE 4–12% Bis-Tris gels (Invitrogen, Carlsbad,
CA, USA) and were transferred to nitrocellulose membranes (Bio-Rad,
Carlsbad, CA, USA). Blots were blocked for 1 h at room temperature
with 5% non-fat milk in Tris-buffered saline (TBS)-Tween. Antibodies raised
against extracellular signal-regulated kinases 1 and 2 (ERK1/2),
phosphoThr202/204-ERK1/2, AKT, phosphoSer473-AKT, GSK-3b,
phosphoSer9-GSK-3b (rabbit, 1 : 1000; Cell Signaling, Danvers, MA, USA),
Bcl-2, and BAX (rabbit, 1 : 1000, Santa Cruz, Dallas, TX, USA) were used
for primary detection. Goat anti-rabbit IgG secondary antibody linked to
horseradish peroxidase was used for chemiluminescent detection (Milli-
pore, Billerica, MA, USA). Signals were analysed with a Gbox system using
the Gbox software (Syngene, Frederick, MD, USA). Band densities were
quantified using the ImageJ Data Acquisition Software (NIH, Bethesda,
MD, USA).

2.10 Statistical analysis
Data were analysed with SPSS 16.0 software for Windows (SPSS, Inc., Chi-
cago, IL, USA), Graphpad Prism 5 software (La Jolla, CA, USA), or Microsoft
Excel (Seattle, WA, USA). Values are presented as the mean+ SEM. The
statistical test for ST-segment changes over time was performed by two-
way repeated-measures ANOVA. Comparison of two means was per-
formed using an unpaired Student’s t-test. Comparison of several means
was performed using one-way ANOVA. If variances determined by
homogeneity-of-variance assumption were equal, the Bonferroni test was
examined post hoc for multiple comparisons; otherwise, the Dunnett’s T3
test was applied. All P-values were two-tailed. Statistical significance was de-
fined as P , 0.05.

3. Results

3.1 Kcne2 deletion attenuates acute MI and
cardiac tissue damage after IRI
Normalized AAR and infarct size were quantified in Kcne2+/+ and
Kcne22/2 mice subjected to 45 min of LAD occlusion followed by
180 min of reperfusion. The ratio of the AAR to the left ventricle was
similar between Kcne2+/+ and Kcne22/2 mice (P¼ 0.22, Figure 1A and B).
In contrast, infarct size (calculated as the percentage of the AAR) was
significantly smaller in Kcne22/2 mice (28+ 4% of AAR) than in
Kcne2+/+ mice (45+ 5% of AAR; P , 0.05, n ¼ 5–6, Figure 1C).

Also indicative of less post-IRI cardiac tissue damage in Kcne22/2

mice compared with Kcne2+/+ mice, Kcne2+/+ mice exhibited
4.3-fold higher serum CK and 2.0-fold higher serum LDH than
Kcne22/2 mice, post-reperfusion (P , 0.01 or ,0.001, n ¼ 10–12;
Figure 1D and E). However, there was no difference in post-IRI serum
myoglobin level between the two genotypes (P ¼ 0.61, n ¼ 7–8;
Figure 1F). There was a �40% higher Bcl-2/BAX ratio in post-IRI ven-
tricular tissue from Kcne22/2 mice compared with that of Kcne2+/+

mice, suggestive of relatively less apoptosis in the former in response
to IRI. However, this did not reach statistical significance because of
variability within the Kcne22/2 mouse group (P ¼ 0.38, n ¼ 6–7;
Figure 1G). Consistent with this, after 3 h reperfusion, TUNEL-positive
cells were detected within the left ventricles in both genotypes;
however, the ratio of apoptotic cardiomyocytes to the total number
of cardiomyocytes was significantly reduced in Kcne22/2 mouse
ventricles compared with their wild-type littermates (P ¼ 0.0002,
Figure 1H). Myocardial damage was also evaluated by H&E staining
and quantification was also evaluated using a previously described
histological scoring system.17 LV tissue after IRI in both genotypes
suffered various degrees of myocyte injury, including steatosis, suben-
docardial haemorrhage, oedema, and vacuolization. Compared with
Kcne2+/+ mice, the degree of myocardial injury was less severe in
Kcne22/2 hearts (P ¼ 0.02). While these cardiac morphological
changes spread to larger zones of the myocardium, necrosis was not
detected in either group (Figure 1I).

3.2 Kcne2 deletion helps to preserve cardiac
function after IRI
Suggestive of similar levels of ischaemia between genotypes, ECG ana-
lysis showed similar ST-segment changes throughout the LAD ligation
and reperfusion periods between these two genotypes (Figure 2A–D).
Kcne2 deletion helped to preserve cardiac function post-IRI. At base-
line, Kcne2 deletion had no effects on LV pressure and other functional
parameters (Figure 2E–H and see Supplementary material online, Figure
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Figure 1 Kcne2 deletion decreases infarct size and cardiac damage after experimentally imposed IRI. (A) Representative photographs of Evans blue-
perfused, TTC-stained heart sections obtained from Kcne2+/+ and Kcne22/2 mice. Red, AAR; blue, healthy viable tissue; white, infarcted tissue. (B) Mean
AAR after IRI expressed as a percentage of LV area in Kcne2+/+ and Kcne22/2 mice. (n ¼ 5–6 per group). (C) Mean myocardial infarct size after IRI
expressed as a percentage of the LVAAR in Kcne2+/+ and Kcne22/2 mice (n ¼ 5–6 per group). *P , 0.05 between genotypes. (D) Post-IRI mean serum
levels of CK of Kcne2+/+ and Kcne22/2 mice (n ¼ 10–11). ***P , 0.001 between genotypes. (E) Post-IRI mean serum levels of LDH of Kcne2+/+ and
Kcne22/2 mice (n ¼ 12). **P , 0.01 between genotypes. (F) Post-IRI mean serum levels of myoglobin of Kcne2+/+ and Kcne22/2 mice (n ¼ 7–8). (G)
Left: representative western blots showing post-IRI ventricular BAX and Bcl-2 expression, one mouse per lane. Right: mean band density from blots as in
left, n ¼ 6–7. (H ) Left: representative TUNEL-stained heart sections of mice subjected to 45 min of myocardial ischaemia and 3 h of reperfusion injury.
Arrows indicate TUNEL-positive cardiomyocytes (red). Scale bars, 10 mm. Right: graph showing the averaged percentage of TUNEL-positive cells in the
ischaemic regions of LVs (n ¼ 4–5, each genotype). ***P , 0.001 between genotypes. (I ) Left: representative histological H&E-stained micrographs of
cardiac section including the ischaemic and the non-ischaemic areas of the LV tissue from Kcne2+/+ and Kcne22/2 mice as indicated, representative of
n ¼ 4–6 mice per genotype. Arrows point at either myocyte cytoplasmic vacuolation, oedema, haemorrhage, or steatosis. Panel (a) scale bars: 100 mm;
panel (b) scale bars, 10 mm. Right: morphological evaluation of myocardium damage after reperfusion in ischaemic left ventricles of both genotypes
(n ¼ 4–6 mice per genotype). The type and severity of myocardial lesions were graded from 0 to 3 (see the ‘Methods’ section). *P , 0.05 between
genotypes.
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S1). IRI produced an expected loss of pressure and contractility in mice
of either genotype, but was much less impactful on Kcne22/2 mice,
again indicative of the protective effect of Kcne2 deletion against early
post-infarct myocardial tissue damage in the context of experimentally
imposed IRI. Thus, compared with post-IRI Kcne2+/+ mice, post-IRI
Kcne22/2 mice showed 50–100% greater maximum LV pressure,
maximum–minimum pressure, isovolumic relaxation period dP/dt,
maximum dP/dt (all P , 0.01), contractility index, pressure/time
index, mean LV pressure, and minimum dP/dt (all P , 0.05; baseline,

n ¼ 10–13; IRI, n ¼ 5–6, Figure 2E–H and see Supplementary material
online, Figure S1).

3.3 Kcne2 deletion stimulates baseline
cardiac remodelling and GSK-3b
phosphorylation
The greater preservation of cardiac function in Kcne22/2 mice com-
pared with age-matched wild-type mice post-IRI was particularly

Figure 2 Kcne2 deletion attenuates loss of cardiac contractile function after experimentally imposed IRI. (A) Exemplar LAD ligation and reperfusion of
ECG traces from Kcne2+/+ and Kcne22/2 mice (n ¼ 12–18/genotype). (B) Mean ST heights during 45 min of LAD ligation and 3 h of reperfusion in
Kcne2+/+ and Kcne22/2 mice quantified from ECG traces as in A (n ¼ 12–18). Groups were not significantly different (by repeated-measures ANOVA).
(C) Mean ST heights during 45 min of LAD ligation in Kcne2+/+ and Kcne22/2 mice quantified from ECG traces as in A (n ¼ 12–18). (D) Mean ST heights
during the first 10 min of LAD ligation in Kcne2+/+ and Kcne22/2 mice quantified from ECG traces as in A (n ¼ 12–18). (E) Maximum, minimum, and
mean LV pressure parameters measured in Kcne2+/+ (blue) and Kcne22/2 (red) mice with a Millar catheter before (baseline, n ¼ 10–13) and after (IRI,
n ¼ 5–6) 45 min of LAD occlusion followed by 180 min of reperfusion. *P , 0.05 between genotypes; **P , 0.01 between genotypes. (F) Contractility
index for mice as in E; *P , 0.05 between genotypes. (G) Rate (max dP/dt) of LV pressure rise in early systole for mice as in E; **P , 0.01 between
genotypes. (H ) Pressure/time index for mice as in E; *P , 0.01 between genotypes.
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noteworthy given the evidence of extensive electrical and structural
remodelling occurring at baseline (i.e. in the absence of experi-
mentally induced IRI) in Kcne2-deleted myocardium. This included
a 76% longer QT interval and 71% longer QTc (Figure 3A and B;
n ¼ 12–17) and 38% greater normalized heart weight (Figure 3C)
in Kcne22/2 mice compared with Kcne2+/+ mice. There was no
difference in baseline ventricular tissue apoptotic activity between
the two genotypes, as indicated by equal Bcl-2/BAX protein
ratios (Figure 3D). In contrast, there were genotype-dependent
differences in phosphorylation of proteins known to be involved in
signalling cascades activated in response to ischaemic damage. Thus,
the ratio of phosphorylated (p) to total (t) GSK-3b at baseline
in Kcne22/2 mice was almost double that of Kcne2+/+ mice either
in whole ventricles (P ¼ 0.047, Figure 4A) or ventricular myocyte
membrane fractions (see Supplementary material online, Figure
S2A). Similarly, the ratio of pGSK-3b to total tGSK-3b in Kcne22/2

mice post-IRI was double that of Kcne2+/+ mice (P , 0.01,
Figure 4A, or P , 0.05, see Supplementary material online, Figure
S2A). We also observed 50% increased ERK1/2 phosphorylation in
Kcne22/2 mouse ventricular lysates and in ventricular membrane
fractions, only at baseline, but this did not achieve statistical signifi-
cance (P . 0.05), and we saw no difference in the ratio of phosphory-
lated to total protein kinase B (AKT), between genotypes either
before or after IRI (Figure 4B and C, see Supplementary material on-
line, Figure S2B and C).

3.4 Inhibition of GSK-3b mimics the
cardioprotective effect of Kcne2 deletion
against reperfusion injury
To further explore the respective roles of GSK-3b in Kcne2
deletion-induced infarct size limitation, we applied GSK-3b inhibitor
SB216763 after the LAD occlusion but 5 min prior to cardiac reperfu-
sion. It is well established that GSK-3b inhibitors reduce infarct size; we
therefore examined whether SB216763 treatment would affect Kcne2
deletion-linked cardioprotection. The ratio of the AAR to the left ven-
tricle was similar among groups (P . 0.05). Infarct sizes were calculated
as percentages of the AAR and were also comparable among groups.
Inhibition of GSK-3b activity with SB216763 in the Kcne2+/+ and
Kcne22/2 mice resulted in similar infarct sizes to those observed in
Kcne22/2 mice in the absence of SB216763, i.e. reduced compared
with non-SB216763-treated Kcne2+/+ mice (P , 0.05; Figure 5A and
B). SB216763 decreased Kcne2+/+ mouse serum LDH and CK, com-
pared with untreated Kcne2+/+ mice, to levels similar to that of un-
treated Kcne22/2 mice, but did not alter serum CK or LDH levels in
Kcne22/2 mice; the serum concentration of CK-MB after IRI was un-
affected by SB216763 in either genotype (Figure 5C). Expressed as a
percentage of total normal nuclei, SB216763 halved the degree of
apoptosis in Kcne2+/+ mice, but did not further reduce that observed
in Kcne22/2 mouse ventricles (Figure 5D). Meanwhile, pretreatment of
SB216763 also decreased post-I/R myocardial damage, compared with

Figure 3 Kcne2 deletion stimulates baseline cardiac remodelling. (A) Representative surface ECG traces from Kcne2+/+ and Kcne22/2 mice showing
prolonged T wave (arrow) in the latter (n ¼ 12–17 each genotype). (B) Actual ECG parameters measured from mice (n ¼ 12–17) showing QT and QTc
prolongation in Kcne22/2 mice. **P , 0.01. All other group comparisons P . 0.05. HR, heart rate; PR, PR interval; RR, RR interval. (C) Mean heart-
weight to body-weight (HW:BW) and heart-weight to tibia-length (HW:TL) measurements for Kcne2+/+ and Kcne22/2 mice (n ¼ 13–17).
*P , 0.05 between genotypes; **P , 0.01 between genotypes. (D) Left: representative western blots showing baseline ventricular BAX and Bcl-2 ex-
pression, one mouse per lane. Right: mean band density from blots as in left, n ¼ 6 per genotype.

Z. Hu et al.232

http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw048/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw048/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw048/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw048/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw048/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw048/-/DC1


non-SB216763-treated Kcne2+/+ mice, as assessed by histological
scoring of myocyte morphology, resulting in equivalent myocyte dam-
age in either genotype, and to a degree similar to that of Kcne22/2

hearts without inhibitor (P ¼ 0.027, see Supplementary material
online, Figure S3).

3.5 Pharmacological inhibition of GSK-3b
mimics effects of Kcne2 deletion on GSK-3b
phosphorylation
GSK-3b inhibition in Kcne2+/+ mice by SB216763 also mimicked the
effects of Kcne2 deletion (Figure 4A) on ventricular GSK-3b phosphor-
ylation (P , 0.001, Figure 6A) while not further altering GSK-3b phos-
phorylation in Kcne22/2 mouse ventricles (Figure 6A). SB216763 did
not further alter phosphorylation of ERK1/2, which was elevated in
post-IRI mice compared with baseline mice regardless of genotype,
or of AKT, which was unaffected by IRI (Figure 6B and C ).

4. Discussion
Kcne2-deficient mice exhibit a higher risk for cardiac events compared
with their wild-type littermates, arising from one or more of a battery
of risk factors including LQTS, increased heart weight, elevated
serum angiotensin II, lipid accumulation, impaired glucose tolerance,
and hyperkalaemia.5 In addition, mirroring the association of KCNE2

sequence variants with CAD and MI in human populations,12 – 14,18

Kcne2 deletion promotes atherosclerosis in mice.15 Here, we
were therefore initially surprised to find that Kcne2 deletion was
cardioprotective in the early post-IRI period following LAD ligation
in mice.

Compared with mid- or distal-LAD infarction, human individuals
with a proximal LAD infarction are associated with a higher incidence
of arrhythmias and cardiac death. Accordingly, experimental animal
studies have repeatedly shown that animal mortality and infarct
size increases as the distance of the ligation from the origin of the
LAD decreases.19 Previously, we discovered that Kcne2 deletion pre-
disposes to SCD because its disruption can generate both electric
and ischaemic substrates, and a trigger for SCD.5 In those studies, we
used a ligation protocol with a higher, close-to-origin LAD ligation for
10 min, imposing an aggressive, short-lived ischaemia to uncover early
reperfusion-induced arrhythmogenesis. In that context, Kcne2 deletion
was deleterious, predisposing to ventricular fibrillation and SCD within
the first 20 min of reperfusion. In the current study, we ligated the LAD
lower down (albeit for longer) to create a less aggressive ischaemic
insult. With this protocol, none of the mice of either genotype experi-
enced sustained ventricular tachycardia or ventricular fibrillation; all
survived the full 3 h of reperfusion, permitting us to examine outcomes
with respect to infarct size in this early phase of reperfusion. In contrast
to the effects of reperfusion-induced arrhythmogenesis in our prior
study, here we found that Kcne2 deletion was cardioprotective in the

Figure 4 Kcne2 deletion increases ventricular GSK-3b phosphorylation. (A) Left: representative western blots showing baseline and post-IRI ventricu-
lar phospho- (p-) GSK-3b and total (t) GSK-3b expression, one mouse per lane. Right: mean ratio of pGSK-3b/tGSK-3b band density from blots as in left;
n ¼ 4–6; *P , 0.05, **P , 0.01 between genotypes. (B) Left: representative western blots showing baseline and post-IRI ventricular phospho- (p-)
ERK1/2 and total (t) ERK1/2 expression, one mouse per lane. Right: mean ratio of pERK/tERK band density from blots as in left; n ¼ 4–6. (C) Left: rep-
resentative western blots showing baseline and post-IRI ventricular phospho- (p-) AKT and total (t) AKT expression, one mouse per lane. Right: mean
ratio of pAKT/tAKT band density from blots as in left; n ¼ 4–6.
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acute post-ischaemic period, in terms of lessening infarct size and
preserving cardiac function.

We also found here that Kcne2 deletion stimulates ventricular
GSK-3b phosphorylation, both at baseline and after IRI (Figure 4A
and see Supplementary material online, Figure S2A). Two of the main
pathways known to stimulate phosphorylation of GSK-3b involve
AKT phosphorylation—which our results seem to rule out (Figure 4C
and see Supplementary material online, Figure S2C)—and ERK1/2

phosphorylation20,21 for which there was a �50% increase at baseline,
albeit considered statistically not significant (P ¼ 0.27, Figure 4B and
P ¼ 0.11, see Supplementary material online, Figure S2B). It is possible
that either ERK phosphorylation is involved in GSK-3b phosphoryl-
ation in Kcne22/2 mouse ventricles, or a less common pathway is being
stimulated, such as the putative one involving GSK-3b phosphorylation
via cyclic AMP activation of protein kinase A, or the canonical Wnt
pathway21—possible targets for follow-up studies. Our observation

Figure 5 The effect of pharmacological inhibition of GSK-3b upon reperfusion in Kcne2+/+ and Kcne22/2 mice. (A) Representative TTC-stained sec-
tions isolated from Kcne2+/+ and Kcne22/2 mouse hearts subjected to 45 min of LAD ligation followed by 180 min of reperfusion in the presence (+) or
absence (2) of SB216763. (B) Upper: AAR expressed as a percentage of LV area. Lower: quantification of myocardial infarct size expressed as a per-
centage of LVAAR (n ¼ 5–7, each group). All data were expressed as mean+ SEM. *P , 0.05 compared with Kcne2+/+ mice (by one-way ANOVA). (C)
Post-IRI mean serum levels of CK, CK-MB, and LDH of Kcne2+/+ and Kcne22/2 mice with (n ¼ 5–6) or without SB216763; values for Kcne2+/+ and
Kcne22/2 mice without inhibitors are repeated from Figure 1, for comparison. *P , 0.05, ***P , 0.001 compared with Kcne2+/+ mice (by one-way
ANOVA). (D) Left: representative TUNEL-stained heart sections of mice in the presence (+) or absence (2) of SB216763 post-surgery. Arrows indicate
TUNEL-positive cardiomyocytes (red). Scale bars, 10 mm. Right: graph showing the averaged percentage of TUNEL-positive cells in the ischaemic
regions of LVs. Each group: n ¼ 4–5. ***P , 0.001 compared with Kcne2+/+ mice (by one-way ANOVA). Values for Kcne2+/+ and Kcne22/2 hearts
before SB216763 administration are repeated from Figure 1H for comparison.
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that Kcne2 deletion inactivates ventricular GSK-3b is notable because
of the extensive literature linking GSK-3b to ischaemic injury, and
GSK-3b inactivation (or inducible knockout) to ischaemic precondi-
tioning.22 Pharmacological inhibition of GSK activity was previously
shown to be cardioprotective in terms of reducing infarct size in vari-
ous animal models,23 and inhibition of GSK-3b activity results in the
enhancement of its phosphorylation and promotes cell survival.21

Importantly, we found that Kcne2 deletion increases baseline GSK-3b
phosphorylation, which may produce a ‘cardiac preconditioning’-like
phenomenon that protects against subsequent ischaemic insult.
GSK-3b phosphorylation in Kcne22/2 mouse ventricles was further
increased post-I/R, doubling it compared with post-I/R wild-type litter-
mates. Furthermore, our finding that inactivation of GSK-3b by pretreat-
ment with SB216763 prior to reperfusion did not result in a further
increase in GSK-3b phosphorylation or cardioprotection in Kcne22/2

mice, but mimicked in Kcne2+/+ mice the degree of GSK-3b phosphor-
ylation and cardioprotection observed in untreated Kcne22/2 mice, is
highly supportive of a primary role for GSK-3b phosphorylation (inacti-
vation) in the post-I/R cardioprotection conferred by Kcne2 deletion.
However, inhibition of GSK-3b activity did not alter ERK or AKT phos-
phorylation post-I/R (P . 0.05), suggesting that conventional crosstalk
among these signalling pathways was not a crucial factor in the Kcne2
deletion-specific aspects of post-I/R cardioprotection.

Activated GSK-3b is thought to promote the actions of p53, which
stimulates the release of cytochrome c and causes disruption of mito-
chondria during apoptosis,24 whereas GSK-3b inactivation suppresses
mitochondrial permeability transition pore opening, thus preventing
cardiomyocyte death.21 In addition, GSK-3b inactivation prevents its
anti-hypertrophic effects,22 which would be consistent with our previ-
ous data, suggesting that Kcne2 deletion increases heart size at least
partly via ventricular hypertrophy (increasing ventricular myocyte
size).10 Interestingly, we also previously found that Kcne2 deletion
causes ventricular fibrosis in 1-year-old mice.10 In mice with hyper-
trophic cardiomyopathy, cardiac fibrosis was reportedly mediated by
non-myocyte proliferation and both were preventable by chronic
angiotensin II receptor antagonism.25 As Kcne2 deletion increases ser-
um angiotensin II,5 which is also known to result in GSK-3b inactiva-
tion,22 it will be of interest to determine the effects in Kcne22/2

mice of angiotensin II receptor antagonism on fibrosis and post-IRI
cardioprotection.

It is important to recognize that the magnitude of the response to an
experimentally provoked IRI and the susceptibility to naturally occur-
ring infarct-producing IRIs are two fundamentally different parameters.
Paradoxically, chronic ischaemia arising from Kcne2 deletion, stemming
from one or more of the combination of impaired glucose tolerance,
anaemia, and hypercholesterolaemia and perhaps as yet unknown

Figure 6 Pharmacological inhibition of GSK-3b upon reperfusion mimics effects of Kcne2 deletion on GSK-3b phosphorylation. (A) Left: represen-
tative western blots of phosphorylated GSK-3b and total GSK-3b isolated from ventricles of Kcne2+/+ and Kcne22/2 mice in the presence (+) or ab-
sence (2) of pharmacological inhibitor SB216763 in baseline and post-IRI. Right: quantification of p-GSK-3b/GSK-3b protein band density; n ¼ 6–9,
each group. ***P , 0.0001 compared with Kcne2+/+ with SB216763 (by one-way ANOVA). (B) Left: representative western blots of phosphorylated
ERK1/2 and total ERK1/2 isolated from ventricles of Kcne2+/+ and Kcne22/2 mice in the presence (+) or absence (2) of pharmacological inhibitor
SB216763 in baseline and post-IRI. Right: quantification of p- ERK1/2/ERK1/2 protein band density; n ¼ 4–6, each group. (C) Left: representative western
blots of phosphorylated AKT and total AKT isolated from ventricles of Kcne2+/+ and Kcne22/2 mice in the presence (+) or absence (2) of pharma-
cological inhibitor SB216763 in baseline and post-IRI. Right: quantification of p-AKT/AKT protein band density; n ¼ 4–7, each group.
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defects of this complex mouse model, may contribute to remodelling
of the heart in a manner that better prepares it for an acute ischaemic
event in the form of an acute IRI. This remodelling limits infarct
size, but does not attenuate early reperfusion arrhythmogenesis,
which we previously found to be exacerbated by Kcne2 deletion
(probably largely because of delayed myocyte repolarization and
hyperkalaemia).5

Future studies will be directed towards determining whether Kcne2
deletion in mice influences the chances of a naturally occurring infarct.
This is predicted to be the case because of the risk factors associated
with Kcne2 deletion in mice (including diabetes, anaemia, and hyper-
cholesterolaemia),5 but we do not yet know whether the reprogram-
ming that limits infarct size after an imposed ischaemic event can also
mitigate the effects of the aforementioned risk factors in terms of the
chances of a naturally occurring event. This will be particularly import-
ant to discern given the association of SNPs in or near human KCNE2
with CAD/MI, and our recent findings that Kcne2 deletion promotes
atherosclerosis in mice—suggesting that Kcne2-disrupted mice would
be more likely than wild-type mice to exhibit natural infarcts, especially
if placed on a western diet.15

Our findings must be interpreted within the constraints of several
other potential limitations. (i) human gene mutations or rare SNPs are
most commonly represented only on one allele, whereas we exam-
ined homozygous Kcne22/2 mice, which are at best an exaggeration
of the potential human condition because they involve an entire gene
deletion from both alleles. (ii) In the current study, we employed an
IRI protocol of 45 min of ischaemia followed by 3 h of reperfusion,
representing only the acute post-infarct period. A fuller examination
of the ultimate infarct outcomes and remodelling (which occurs on an
even longer time-frame) will require further investigation, but will be
challenging because the many other defects in Kcne22/2 mice render
them quite frail and difficult to maintain postoperatively. (iii) While
no obvious differences in coronary artery anatomy were observed
(data not shown), we did not quantify coronary vessel anatomy,
genotype-dependent differences which might influence ischaemia
(although ST-segment elevation was equivalent between genotypes,
suggesting against this) or reperfusion injury. (iv) Importantly, the
mouse model we study is a global knockout; therefore, we do not
know the relative effects of Kcne2 deletion from the heart vs. from
each of the other tissues in which Kcne2 is normally expressed, and
which effects are beneficial vs. harmful. (v) In the previous study of
the effects of Kcne2 deletion on acute, high-LAD ligation arrhythmo-
genesis, we studied adult female mice, whereas here we study adult
male mice. Direct comparisons between the two studies should
therefore be approached with caution because not only the ligation
position was different, but also the sex of the mice was different.
It will be of interest to determine in future studies whether there
is sex-specificity to the GSK-3b-dependent cardioprotection in
Kcne22/2 mice.

In conclusion, our findings further support the hypothesis that
arrhythmia-linked ion channel genes influence a wide spectrum of
physiology and pathology outside their established role in conducting
ventricular myocyte currents. This diversity of function is important
for cardiovascular physiologists and geneticists to acknowledge,
because as this and previous studies demonstrate, disruption of
arrhythmia susceptibility genes can impact the heart in an unpredictable
manner, both deleteriously and, as we show here, with partial benefit in
some contexts.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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