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Aims Diabetic hyperglycaemia is associated with increased arrhythmia risk. We aimed to investigate whether hyperglycae-
mia alone can be accountable for arrhythmias or whether it requires the presence of additional pathological
factors.

Methods Action potentials (APs) and arrhythmogenic spontaneous diastolic activities were measured in isolated murine ven-

and results tricular, rabbit atrial, and ventricular myocytes acutely exposed to high glucose. Acute hyperglycaemia increased the

short-term variability (STV) of action potential duration (APD), enhanced delayed afterdepolarizations, and the in-
ducibility of APD alternans during tachypacing in both murine and rabbit atrial and ventricular myocytes.
Hyperglycaemia also prolonged APD in mice and rabbit atrial cells but not in rabbit ventricular myocytes. However,
rabbit ventricular APD was more strongly depressed by block of late Na™ current (In,.) during hyperglycaemia,
consistent with elevated Iy, in hyperglycaemia. All the above proarrhythmic glucose effects were Ca”-dependent
and abolished by CaMKII inhibition. Importantly, when the repolarization reserve was reduced by pharmacological
inhibition of K™ channels (either I, Ik lks» OF lk1) or hypokalaemia, acute hyperglycaemia further prolonged APD
and further increased STV and alternans in rabbit ventricular myocytes. Likewise, when rabbit ventricular myocytes
were pretreated with isoproterenol or angiotensin I, hyperglycaemia significantly prolonged APD, increased STV
and promoted alternans. Moreover, acute hyperglycaemia markedly prolonged APD and further enhanced STV in
failing rabbit ventricular myocytes.

Conclusion We conclude that even though hyperglycaemia alone can enhance cellular proarrhythmic mechanisms, a second hit
which reduces the repolarization reserve or stimulates G protein-coupled receptor signalling greatly exacerbates
cardiac arrhythmogenesis in diabetic hyperglycaemia.
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1. Introduction

A two-hit mechanism for disease development was first proposed by
Alfred G. Knudson in cancer biology.1 Later, this concept has been ex-
tended to other research fields, including cardiac arrhythmia genetics.>” It
is well-established that the risk of arrhythmias in those carrying a genetic/
acquired predisposition [e.g. ion channel mutation in long QT syndrome
or remodelling in heart failure (HF)] is significantly increased when an ad-
ditional stress occurs (e.g. sympathetic, ionic or metabolic imbalance, or
certain drug treatments). Arrhythmia mechanisms usually require a trig-
ger (e.g. unstable Ca®" cycling) and a vulnerable substrate (e.g. repolariza-
tion abnormality, fibrosis, ischaemic/necrotic islands) which again imply
that two (or more) factors may enhance arrhythmogenic propensity.>

Diabetes mellitus (DM) is associated with increased risk of cardiac
arrhythmias and sudden cardiac death.* Diabetic hyperglycaemia and
glucose-variability correlate with arrhythmia risk.> Moreover, diabetes at
least doubles the risk of HF which further enhances arrhythmia suscepti-
bility.6 Furthermore, hyperglycaemic-clamp to a blood glucose level of
15mM for 2 h slightly prolonged QTc interval (by 31 ms) and markedly
increased QTc dispersion (by 70%) even in healthy individuals.”
Hyperglycaemia is strongly associated with increased risk of early-onset
ventricular tachycardia in non-diabetic patients following myocardial
infarction.®

At the level of molecular signalling, Ca**/calmodulin-dependent ki-
nase |l (CaMKIl) has been implicated in cardiac arrhythmogenesis in DM,
and up-regulation of CaMKIl impairs ion channel function and Ca”" regu-
lation.” Hyperglycaemia has been shown to induce post-translational
modification of CaMKIl by O-linked B-N-acetylglucosamine (O-GlcNAc)
at the serine 280 site which results in autonomous activation of the
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kinase."® In line with this, inhibition of CaMKIl prevented arrhythmias in
various diabetic animal models.’ However, it is still unclear whether
hyperglycaemia alone can be accountable for arrhythmias or whether it
requires the presence of an additional pathological factor (i.e. a second
hit). Here, we tested the effect of acute hyperglycaemia on action poten-
tial (AP) stability in isolated atrial and ventricular myocytes from murine
and rabbit hearts in healthy control and conditions with reduced repo-
larization reserve and neurohormonal stimulation.

2. Methods

Al animal handling and laboratory procedures were in accordance with
the approved protocols of the Institutional Animal Care and Use
Committee at University of California, Davis (#19721 and #21064) con-
forming to the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (8th edition, 2011).

2.1 Animal model and cell isolation

Atrial and ventricular cardiomyocytes were isolated from 27 C57BL/§)
mice (male, 10- to 12-week-old, Jackson Laboratory, Stock No. 000664)
and 60 New Zealand White rabbits (male, 3- to 4-month-old, Charles
River Laboratories) using a standard enzymatic technique as previously
described.” Briefly, animals were injected with heparin (5000 U/kg body
weight) and were subjected to general anaesthesia [induction with one
time intravenous injection of 10mg/kg body weight propofol
(Rapanofal®, Ivaoes Animal Health, Miami, FL, USA) followed by 2-5%
isoflurane inhalation in 100% oxygen throughout the procedure]. Deep
surgical anaesthesia was confirmed by abolished pain reflexes. All animals
were euthanized by surgical excision of the heart while in deep
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anaesthesia. Immediately after excision, the heart was rinsed in cold
nominally Ca**-free Minimal Essential Medium. The aorta was cannu-
lated and retrograde perfused on constant flow Langendorff apparatus
at 37°C with Ca**-free normal Tyrode’s solution, gassed with 100% O,.
Then, ventricular myocytes were digested using collagenase type |l
(Worthington Biochemical Co., Lakewood, NJ, USA) and protease type
XIV (Sigma-Aldrich). Ventricular myocytes were dispersed mechanically
and filtered through a nylon mesh and allowed to sediment for 10 min.
The sedimentation was repeated three times using increasing [Ca®"]
from 0.125 to 0.25 then 0.5mmol/L. Finally, ventricular myocytes
were kept in Tyrode’s solution (0.5 mmol/L [Ca®']) at room tempera-
ture until use.

HF was induced in New Zealand White rabbits (male, 3- to 4-month-
old) by aortic insufficiency and 4weeks later by aortic constriction."
Data here were obtained from three HF and three age-matched control
rabbits. HF progression was monitored periodically by echocardiogra-
phy. Cardiomyocytes were isolated from rabbits at 2—2.5 years of age
when left ventricular end-systolic dimension exceeded 1.55 cm as previ-
ously described." HF animals exhibited significant cardiac hypertrophy,
ventricular dilation, pulmonary congestion, and abdominal ascites fluid
accumulation, all similar to our prior studies on this rabbit model.">"?
Cardiomyocytes isolated from healthy age-matched rabbits were used in
control experiments.

2.2 Electrophysiology

Isolated cardiomyocytes were transferred to a temperature-controlled
chamber (Warner Instruments, Hamden, CT, USA) mounted on a Leica
DMI3000 B inverted microscope (Leica Microsystems, Buffalo Grove, IL,
USA) and continuously perfused (2mL/min) with Tyrode solution
containing (in mmol/L): NaCl 140, KCl 4, CaCl, 1.8, MgCl, 1, HEPES 5,
Na-HEPES 5, glucose 5.5, and mannitol 24.5; pH=7.40 and
osmolality =320+ 2 mOsm/L. High glucose effects were assessed by
switching the bathing medium to a Tyrode solution containing 30 mmol/
L glucose and 0 mannitol (osmolality and pH matched). Electrodes were
fabricated from borosilicate glass (World Precision Instruments,
Sarasota, FL, USA) having tip resistances of 2—-2.5 MQ when filled with in-
ternal solution containing (in mmol/L): K-aspartate 100, KCl 30, NaCl 8,
Mg-ATP 5, phosphocreatine-K; 10, HEPES 10, EGTA 0.01, cAMP 0.002,
and calmodulin 0.0001; pH=720 (with KOH). Using this internal
solution, the intracellular Ca®" transient and contraction of the cardio-
myocyte are presewed.14 Axopatch 200B amplifier (Axon Instruments
Inc., Union City, CA, USA) was used for recordings, and the signals were
digitized at 50kHz by a Digidata 1322 A A/D converter (Axon
Instruments) under software control (pClamp10.4). The series resis-
tance was typically 3-5 MQ, and it was compensated by 90%.
Experiments were discarded when the series resistance was high or in-
creased by >10%. All experiments were conducted at 37 £ 0.1°C.

APs were evoked by 2-ms-long supra-threshold depolarizing pulses
delivered via the patch pipette. Fifty consecutive APs were recorded to
examine the average behaviour at each pacing frequency. AP duration
(APD) at 90% repolarization (APDgg) was determined. Series of 50 con-
secutive APs were analysed to estimate short-term variability of APDgq
(STV) according to the following formula: STV =Z(|JAPD,, 1 - APD,|)/
[(Nbeats - 1) % 2], where APD, and APD,, 1 indicate the durations of the
nth and (n+ 1)th APs, and npears denotes the total number of consecu-
tive beats analysed. Changes in STV are presented as Poincaré plots of
50 consecutive APDqgg. APD alternans magnitude was calculated as the
difference between the average APDyg of odd and even numbered beats
during 50 consecutive APs recorded. Diastolic arrhythmogenic activities

were elicited by cessation of 1-min tachypacing, and membrane potential
was recorded for additional 3 min. Delayed afterdepolarizations (DADs)
were defined as >1mV depolarization within 0.5s. Spontaneous APs
(sAPs) were defined as depolarizations showing overshoot with a fast
upstroke phase.

Chemicals and reagents were purchased from Sigma-Aldrich (St.
Louis, MO, USA), if not specified otherwise. E-4031 and HMR-1556
were from Tocris (Bristol, UK).

2.3 Statistical analysis

Data are presented as mean + SEM. The number of cells/animals in each
experimental group is reported in the figure legends. Because multiple
cells may come from one animal, we performed hierarchical statistical
analysis in line with the previously outlined principles taking into account
inter-subject variability.">'® Normality of the data and the equality of
group variance were assessed by D’Agostino—Pearson and Brown—
Forsythe tests, respectively. Statistical significance of differences for
continuous variables was tested using nested, two-tailed t-test to assess
the effect of hyperglycaemia in paired experiments, and the effects of
pretreatments with ion channel inhibitors or GPCR agonists were
assessed using nested one-way analysis of variance followed by post hoc
Dunnett multiple comparison test. Categorical outcomes were evalu-
ated using Fisher’s exact test. GraphPad Prism 8.0 was used for data
analysis. Differences were considered statistically significant if P < 0.05.

3. Results

3.1 Acute hyperglycaemia induces action
potential changes that depend on CaMKII

AP responses to acute high glucose treatment (30 mM, 6 min) are shown
in Figure 1. In murine ventricular myocytes, high glucose significantly pro-
longed APD at 1Hz steady-state pacing, and significant APD alternans
was induced by tachypacing at 10 Hz (Figure 1A). In rabbit atrial myocytes,
high glucose prolonged APD but without affecting APD alternans magni-
tude (Figure 1A, C). In contrast, high glucose in rabbit ventricular myo-
cytes did not change APD, but increased APD alternans magnitude
(Figure 1C) and also lowered the threshold for alternans appearance
(from 5 to 4 Hz; Supplementary material online, Figure SIA). The AP peak
and maximal rate of rise (dV/dt,,,.) Were both reduced by high glucose in
all cell types tested (Supplementary material online, Figure SIB).
Importantly, CaMKIl inhibition by AIP (1uM) prevented all of these
arrhythmogenic AP changes induced by high glucose (Figure 1B, C) in all
three cell types. Moreover, high glucose enhanced the STV, an effect
that was also abolished by CaMKill inhibition (Figure 1D). Thus, changes in
APD, APD alternans, STV, peak AP V,,, and dv/dt, .. induced acutely by
high glucose all required CaMK Il activity. However, under these baseline
conditions in healthy myocytes, some of these perturbations were mod-
est, or undetectable (e.g. APD in rabbit ventricular myocytes).

3.2 Acute hyperglycaemia induces
spontaneous diastolic activities that
depend on CaMKIl

Arrhythmogenic diastolic activities including DADs and spontaneous ac-
tion potentials (sAPs) were measured following 1 min of tachypacing in
normal and high glucose conditions (Figure 2A). High glucose increased
the number of ventricular cells exhibiting DADs or sAPs in both mouse
and rabbit (Supplementary material online, Figure SIIA). These glucose
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Figure | Acute hyperglycaemia induces action potential changes dependent on CaMKIl. (A) High glucose (30 mM, 6 min) induced action potential (AP)
changes in murine ventricular and rabbit atrial and ventricular cardiomyocytes. Representative traces are shown at 1 Hz steady-state pacing. Paired data on
AP duration at 90% repolarization (APDgg) are shown in insets. Tachypacing-induced APDqg alternans is shown below (S and L refer to short and long
APDgy, respectively). (B) CaMKll inhibition using the selective inhibitor AIP (1 uM) attenuated high glucose effects. (C) APDgg at 1 Hz steady-state pacing
and the magnitude of the tachypacing-induced APDy alternans (at 10 Hz in mouse and at 5 Hz in rabbit). (D) Representative Poincaré plots of 50 consecu-
tive APD values. Insets show short-term variability (STV) of APDgg at 1 Hz pacing. (Murine ventricular cells, control: n = 16 cells from nine animals at 1 Hz
and n = 15 cells from eight animals at 10 Hz; AIP: n = 13 cells from six animals at both 1 Hz and 10 Hz pacing. Rabbit atrial cells, control: n = 12 cells from six
animals at 1 Hz and n = 7 cells from four animals at 5 Hz; AIP: n = 8 cells from three animals at 1 Hz and n = 6 cells from three animals at 5 Hz pacing. Rabbit
ventricular cells, control: n = 15 cells from seven animals at both 1 Hz and 5 Hz pacing; AIP: n = 12 cells from five animals at both 1 Hz and 5 Hz pacing.)
Nested t-test; NS, non-significant; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2 Acute hyperglycaemia induces delayed afterdepolarizations dependent on CaMKIl. (A) High glucose (30 mM, 6 min) enhanced spontaneous dia-
stolic activities (delayed afterdepolarization, DAD; spontaneous action potential, SAP) in murine ventricular and rabbit atrial and ventricular cardiomyocytes
following a tachypacing protocol shown above. (B) DAD and sAP frequencies were increased by high glucose, which were prevented using the CaMKll inhib-
itor AIP (1 uM). (Murine ventricular cells, control: n = 21 cells from nine animals; AIP: n = 18 cells from six animals. Rabbit atrial cells, control: n = 9 cells
from five animals; AIP: n = 6 cells from three animals. Rabbit ventricular cells, control: n = 18 cells from eight animals; AIP: n = 12 cells from five animals.)

Nested t-test; NS, non-significant; *P < 0.05, **P < 0.01, ***P < 0.001.

effects were prevented by the CaMKIl inhibitor AIP (Figure 2B), and all
DADs and sAPs were abolished by intracellular Ca®* buffering using
EGTA (Supplementary material online, Figure SIll). The frequency of dia-
stolic events was also increased by high glucose in both cell types, and
again was dependent on CaMKll signalling (Figure 2B). However, the av-
erage magnitude of DADs was unaltered with a tendency for shorter la-
tency period before the first event occurring following cessation of
tachypacing, which was prominent in mouse ventricular myocytes
(Supplementary material online, Figure SIIB). We infer that CaMKll is also
essential in mediating these Ca”-dependent arrhythmogenic activities.

3.3 Reduced repolarization reserve
enhances arrhythmogenic action potentials
in hyperglycaemia

Next, we systematically tested how reduced repolarization reserve may

potentiate high glucose effects in rabbit ventricular myocytes (our focus
from here on) because of their higher relevance to human ventricular

myocytes.'” The pre-drug APD and STV values were well-matched to
control in each treatment group (Supplementary material online,
Figure SIV).

First, we tested the impact of each K current on baseline APD in
normal glucose, then we tested the effect of elevated glucose (Figure 3).
Inhibiting transient outward K current (lo) using 5 mM 4-aminopyridine
(4-AP) affected mainly phase 1 AP repolarization, slightly prolonged
APD and increased STV in normal glucose. Unlike the high glucose rabbit
ventricular APD results in Figure 1, after I, inhibition, high glucose tended
to further prolong APD, significantly increased STV but had similar
effects on APD alternans (Figure 3).

Inhibition of the inward rectifier K™ current (Ic;) using pentamidine-
analogue 6 (PA-6,200 nM) slowed late repolarization especially, induced
AP triangulation and prolonged APD. High glucose significantly exacer-
bated the increased APD and led to a pronounced APD alternans fol-
lowing Ik inhibition, and a significant further increase in APD-STV (Figure

3A-0).
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Figure 3 Hyperglycaemia-induced arrhythmogenic action potentials are exacerbated by reduced repolarization reserve. (A) High glucose (30 mM, 6 min)
induced action potential (AP) changes are enhanced in rabbit ventricular cardiomyocytes pretreated with either 4-aminopyridine (4-AP, 5 mM) to inhibit the
transient outward K* current (), pentamidine-analogue 6 (PA-6, 200 nM) to inhibit the inward rectifier K™ current (Ix1), E-4031 (1 uM) to inhibit rapid
delayed rectifier Kt current (Ig,), HMR-1556 (1 uM) to inhibit slow delayed rectifier K** current (Iks), or apamin (100 nM) to inhibit the small-conductance
Ca®*t-activated K current (lxc,). Representative traces are shown at 1 Hz steady-state, and insets show tachypacing-induced alternans (S and L refer to
short and long AP durations, respectively). (B) AP duration at 90% repolarization (APDgg) at 1 Hz steady-state pacing and the magnitude of the tachypacing-
induced APDqg alternans at 5 Hz pacing. (C) Representative Poincaré plots of 50 consecutive APDg values. Statistics on short-term variability (STV) of
APDg at 1 Hz pacing. (At 1 Hz pacing, control: n = 15 cells from seven animals; 4-AP: n = 13 cells from six animals; PA-6: n = 11 cells from five animals;
E-4031: n = 10 cells from five animals; HMR-1556: n = 10 cells from five animals; apamin: n = 8 cells from four animals. At 5 Hz pacing, control: n = 15 cells
from seven animals; 4-AP: n = 7 cells from four animals; PA-6: n = 11 cells from five animals; E-4031: n = 10 cells from five animals; HMR-1556: n = 9 cells
from five animals; apamin: n = 7 cells from four animals.) Nested t-test; NS, non-significant; *P < 0.05, **P < 0.01 vs. 5.5 mM glucose. Nested ANOVA,
#P <0.05, 7P < 0.01, ##P < 0.001 vs. control.
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Inhibition of the rapid delayed rectifier K™ current (Ic,) using E-4031
(1 uM) induced pronounced APD prolongation, increased STV and large
APD alternans in normal glucose (Figure 3). High glucose further in-
creased APD, STV and alternans following I, inhibition. Inhibition of the
slow delayed rectifier K* current (Iks) using HMR-1556 (1 uM) did not
change baseline APD in normal glucose but significantly increased APD
alternans and STV (Figure 3B, C). However, high glucose significantly pro-
longed APD and markedly increased STV and APD alternans following
Ixs inhibition (Figure 3C).

Inhibition of the small-conductance (SK) Ca*"-activated K current
(lcca) using apamin (100nM) did not change baseline APD and STV
but did promote APD alternans (Figure 3). High glucose still did not
change APD following I¢c, inhibition but did increase STV and
tended to further enhance APD alternans. The effects of I, lkq, and
I~ inhibitions on APD were more pronounced at slow pacing rates
in normal glucose, and similar reverse-rate dependent APD prolonga-
tion by high glucose was found following the inhibition of these K"
channels (Supplementary material online, Figure SV). On the contrary,
high glucose effect on APD following Ixs and lxc, inhibitions became
significant only at fast pacing rates (Supplementary material online,
Figure SV), which may reflect the Ca*"-dependent up-regulation of
these currents at higher Ca®" levels.

In summary, ., k1, and Ig,- inhibitions each prolonged APD, STV, and
except for I, promoted alternans. In addition, high glucose exacerbated
these APD, STV and alternans effects. This suggests that the high
glucose-induced reduction in repolarization reserve, APD, STV and
alternans is not mediated by only one of these three currents; otherwise
the high glucose effect would have been lost after that current’s inhibi-
tion. I, inhibition alone did not increase APD but did raise APD alter-
nans and STV, and again high glucose exacerbated all three APD
measures even after I, block. Ixc, block was most like I in these
regards, but effects were smaller and closer to those without K™ channel
inhibition (Figure 1).

3.4 Changes in serum K™ level alter
action potential response to
hyperglycaemia
Alterations in serum K™ levels, both hypo- and hyperkalaemia, frequently
occur in diabetes and are implicated in arrhythmogenesis. Hypokalaemia
is known to reduce repolarization reserve by decreasing I and g, con-
ductances.’ In cardiac myocytes, hypokalaemia (2mM [K™],) induced
~-20mV shift in resting membrane potential (vs. control 4 mM [K*], in
line with the change in K" equilibrium potential) and significantly
prolonged APD (Figure 4). High glucose further prolonged APD and in-
creased alternans and STV in hypokalaemia (Figure 4). The high glucose-
induced APD prolongation in hypokalaemia was more pronounced at
fast pacing rates (Supplementary material online, Figure SVI).
Hyperkalaemia (8mM [K*],) induced ~-+18mV shift in resting
membrane potential (vs. control 4mM [K*],) and significantly short-
ened APD. High glucose slightly shortened APD and reduced alter-
nans in hyperkalaemia (Figure 4). The high glucose-induced APD
shortening in hyperkalaemia showed reverse-rate dependence
(Supplementary material online, Figure SVI). We conclude that high
glucose exacerbated the directional effects on APD of both hypo-
and hyperkalaemia, which could aggravate the arrhythmogenic conse-
quences of either change in [K'].

3.5 Acute hyperglycaemia enhances action
potential changes by increasing late Na™
current

Late Na* current (Ina) is critically regulated by CaMKIl and contributes
to APD prolongation and arrhythmias in various heart diseases.”'”
Therefore, we tested the contribution of Iy, to the proarrhythmic
effects of hyperglycaemia using the selective Iy, inhibitor GS-967
(1 uM). GS-967 tended to slightly shorten APD and decrease STV in nor-
mal glucose (Figure 5). However, high glucose in the presence of GS-967
significantly shortened APD in a reverse-rate dependent manner
(Supplementary material online, Figure SVIl) and failed to increase APD
alternans and STV (Figure 5). These data demonstrate the important role
of increased Iy, in the arrhythmogenic effects of hyperglycaemia.

3.6 Acute hyperglycaemia enhances
arrhythmogenic action potential changes
following neurohumoral stimulation
Increased neurohumoral tone is frequently reported in diabetes.
Therefore, we tested the effects of two key neurohormonal mediators
stimulating G-protein coupled receptor (GPCR) signalling and Ca*™ cy-
cling in myocytes. Angiotensin Il (Ang-ll, 100 nM) did not alter baseline
APD but increased the magnitude of tachypacing-induced alternans
(Figure 6A, B). However, hyperglycaemia markedly prolonged APD and
further increased alternans and STV following Ang-Il (Figure 6B, C).
These high glucose effects in Ang-Il were larger at rapid pacing rates
(Supplementary material online, Figure SVIIl). Thus, Ang-Il as a second hit
appears to worsen the high glucose effects on APD, alternans and STV.
The B-adrenergic receptor agonist isoproterenol (ISO, 30 nM) signifi-
cantly shortened APD and reduced both STV and APD alternans (Figure
6A-C). However, these effects of ISO were abolished in hyperglycaemia,
which may negatively affect the repolarization stability induced by sym-
pathetic stimulation.

3.7 Acute hyperglycaemia enhances
arrhythmogenic action potentials in

heart failure

HF is characterized by electrophysiological remodelling with reduced re-
polarization reserve and increased neurohormonal tone. APD was
slightly prolonged, and STV was increased in HF already at normal glu-
cose (Figure 7). Importantly, high glucose further increased both AP
parameters in HF leading to severely impaired AP repolarization
(Figure 7). These data indicate the markedly increased proarrhythmic po-
tency of hyperglycaemia in the failing heart.

4. Discussion

Diabetes and metabolic syndrome are associated with increased ar-
rhythmia risk, but effective therapies are still lac:king.4 Given that and
their steadily increasing prevalence, the need for better understanding of
cellular and molecular arrhythmia mechanisms in diabetes is warranted.
Moving towards this goal, our knowledge on signalling networks and mo-
lecular mechanisms in diabetic cardiomyopathy has significantly im-
proved in recent years.?® One of these key signalling pathways that are
up-regulated in DM is CaMKIl, which regulates several ion channels and
Ca*t handling proteins to increase arrhythmia susc<3|3tibility.9‘10
Moreover, the CaMKll-induced electrophysiological changes'**'

MD*M; and importantly,

closely
resemble the remodelling that occurs in D
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Hz pacing. (At 1 Hz pacing, normokalaemia: n = 15 cells from seven animals;

hypokalaemia: n = 12 cells from five animals; hyperkalaemia: n = 13 cells from four animals. At 5 Hz pacing, normokalaemia: n = 15 cells from seven animals;
hypokalaemia: n = 8 cells from five animals; hyperkalaemia: n = 12 cells from four animals.) Nested t-test; NS, non-significant; *P < 0.05, **P < 0.01 vs. 5.5 mM

glucose. Nested ANOVA; #P < 0.05, ##P < 0.01, ##P < 0.001 vs. control.

CaMKll inhibition was found to be protective against arrhythmias in vari-
ous diabetic animal models.”'®?>” CaMKIl is also subject to post-
translational modifications, including O-GlcNAcylation of a key CaMKII&
site (Ser280) that promotes chronic activation of the kinase'® and subse-
quent phosphorylation of its targets that include numerous ion
channels.”

Na* channel regulation by CaMKIl was shown to reduce the fast tran-
sient Na™ current (Inat) by a negative shift in steady-state inactivation,
which decreases the fraction of available Na* channels at a given mem-
brane potential, but CaMKIl also markedly increases Inale Consistent
with these CaMKI| effects, reduced INaT23 and increased IN;,L24 in diabetic
mice contributed to

impaired impulse propagation and APD
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nificant; *P < 0.05, **P < 0.01 vs. 5.5 mM glucose.

prolongation. These reports are in line with our data showing that acute
hyperglycaemia induced CaMKIl-dependent reduction of dV/dt (a surro-
gate of In,t function) and APD prolongation in mouse ventricular and
rabbit atrial myocytes (Figure 7). Moreover, acute hyperglycaemia short-
ened APD following In. inhibition in rabbit ventricular myocytes
(Figure 5). This suggests that the CaMKIl-dependent increase in I, in
both HF and diabetes contributes to the additional stress on repolariza-
tion reserve observed in high glucose here. The hyperglycaemic-induced
increase in I, can shift the balance between repolarizing and depolariz-
ing currents under the AP plateau phase,”® which may also explain why
inhibition of any K* channel could not suppress the APD effects of high
glucose (Figure 3). Importantly, the I\, inhibitor ranolazine provided
benefits to diabetic patients enrolled in the Combination Assessment of
Ranolazine In Stable Angina (CARISA) trial.?’

Several K channels are regulated by CaMKIl with differential tempo-
ral dynamics. Acutely, CaMKIl was shown to reduce I, inactivation, en-
hance I, recovery, and increase I¢; and IKS.12‘21'30 Thus, acute CaMKIl
activation increases repolarization capacity, which may counterbalance
the increased depolarizing fluxes through Iy, L-type Ca®" current and

Na*/Ca®* exchanger. On the contrary, chronic CaMKIl activation
down-regulates the functional expression of K™ channels demonstrated
in genetic CaMKIl overexpression”’ and in HF.">*° A similar mechanism
may also occur in chronic diabetes, and down-regulation of various K*

30 31,32
rats,

channels have been reported in type 1 diabetic mice,
rabbits,>*** and dogs.*> Thus, the chronic and acute effects of hypergly-
caemia may be additive. Moreover, insulin substitution in type 1 DM pre-
vented the reduction in IKr33 and IKS,22 and partially restored Itc,.22 In line
with this, the fast component of /,, mediated by Ky4.2 and KChIP2 pro-
teins were significantly reduced in cardiac-specific insulin receptor
knockout (CIRKO) mice.>* However, insulin treatment did not affect the
reduction in Ky1.5 channels in atrial myocytes from diabetic Akita
mice, but increased Iyt High glucose may also regulate the activity of
ATP-sensitive K channels®” and play arole in ischaemia-related arrhyth-
mias,® which require further investigation.

Intracellular Ca** cycling is critically regulated by CaMKIl via phos-
phorylation of the ryanodine receptor (RyR), phospholamban and L-
type Ca®" channel. RyRs can get phosphorylated at serine 2814 by
CaMKIl which leads to increased spontaneous Ca®" leak from the
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vs. 5.5 mM glucose. Nested ANOVA; #P < 0.05, P < 0.01 vs. control.

sarcoplasmic reticulum (SR)*® and increased DADs, both of which are
characteristic of HF?*? and diabetic hyperglycaemia.'®?’ In line with this,
acute hyperglycaemia was shown to increase Ca spark and wave fre-
quencies through enhanced CaMKIl activity.'® In the present study, we
found that CaMKIl inhibition prevented this form of arrhythmogenic
spontaneous DADs and sAPs in hyperglycaemia (Figure 2). It was previ-
ously shown that acute hyperglycaemia did not affect Ca®" transient

amplitude but led to diastolic [Ca®'] elevation and enhanced premature
ventricular complexes in Langendorff-perfused rat hearts.'® On the con-
trary, intracellular Ca*t cycling is significantly impaired in chronic diabe-
tes, characterized by reductions in Ca®* transient amplitude and rates of
rise and decay, diminished SR Ca’** load, and further increased SR Ca’*
leak ** Moreover, the SR Ca* threshold at which depolarizing inward
currents are generated is also significantly reduced (below the actual SR
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Ca®" load) in diabetes.”” These changes in Ca>" cycling can further pro-
mote afterdepolarizations in diabetic hyperglycaemia.

These molecular ionic channel (sarcolemmal and SR) mechanisms
may account for the atrial and ventricular AP changes that leads to im-
paired repolarization and temporal heterogeneity in the diabetic heart.
However, the electrophysiological effects of acute hyperglycaemia were
only modest in healthy myocytes (Figure 7). In agreement with our rabbit
data, acute hyperglycaemia induced modest changes in QTc but mark-
edly increased QTc dispersion in healthy human volunteers, indepen-
dent of insulin action.” Similarly, STV but not QTc was increased in
patients with impaired glucose tolerance.*' But importantly, we found
here that AP repolarization became severely impaired when hypergly-
caemia was applied to a cell in the presence of an additional pathological
factor (second hit) including reduced repolarization reserve (specific K
channel inhibitors in Figure 3 and hypokalaemia in Figure 4), GPCR stimu-
lation (Figure 6) and HF (Figure 7).

The role of each K" channel in AP repolarization has already been
established, and the major contributions of I, Ik, and k4 to physiological

repolarization are well agreed upon.** Not surprisingly, their inhibitions
caused significant APD prolongation and enhanced hyperglycaemia
effects (Figure 3). More interestingly, even inhibition of I, which did not
alter baseline APD, significantly promoted the proarrhythmic effects of
high glucose (Figure 3). This is in agreement with the demonstrated role
of Igs as a critical repolarization reserve current in human and large ani-
mals despite minimal impact of l¢s block on APD in the absence of B-
adrenergic agonists.* Moreover, CaMKIl acutely up-regulates lx., which
may counterbalance the depolarizing effects of hyperglycaemia, and such
a role for calcium-dependent g up-regulation to limit APD prolongation
was previously shown in HF."? The contribution of lxc, to APD alternans
but not baseline APD has only been studied under normoglycaemic con-
ditions44; however, its contribution was further enhanced in the AP
adaptation to hyperglycaemia (Figure 3). Hypokalaemia is known to re-
duce the repolarization reserve by decreasing lx4 and IKr,18 whereas the
hyperpolarizing shift in the resting membrane potential increases Na™
channel availability and In,.. In line with that, hypokalaemia markedly en-
hanced the arrhythmogenic potential of hyperglycaemia (Figure 4).
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Increased GPCR stimulation is a critical regulator of heart function,
and increased activity of the renin-angiotensin-aldosterone system is
commonly reported in diabetes as well as in HF.* Ang-ll markedly in-
creased the arrhythmogenic AP changes in hyperglycaemia (Figure 6).
Ang-ll is known to increase the production of reactive oxygen species
(ROS), which by itself can promote RyR activity*® and that of other chan-
nels, but an important additional effect of ROS is the promotion of au-
tonomous CaMKil activation®” which further modulates several of these
same targets.” In diabetic rats, down-regulation of cardiac K™ channels
was also shown to be dependent on Ang-ll mediated ROS production.*®
Moreover, hyperglycaemia prevented physiological APD shortening dur-
ing B-adrenergic stimulation (Figure 6), which is a critical adaptation re-
sponse to maintain diastolic filling and coronary perfusion at rapid heart
rates.

HF is characterized by both reduced repolarization reserve, chroni-
cally increased GPCR stimulation and CaMKIl activation.'>*’
Hyperglycaemia significantly prolonged APD and impaired repolarization
stability in HF (Figure 7). In line with this, HF patients with diabetes
have worse cardiovascular outcomes and prognosis than those without
diabetes, and the two diseases share a complex interrelated
pathophysiology.*’

Diabetes is also associated with increased risk of atrial fibrillation
(AF).*¢ Moreover, a positive linear association was found between gly-
cated haemoglobin (HbA1c) levels and the risk of AF in patients with
and without DM.*® The molecular pathophysiology of AF is complex,
but altered Na™ and K* channel function, impaired intracellular Ca**
handling, and enhanced CaMKIl activity are among the principle mecha-
nisms of AF>" Acute hyperglycaemia significantly increased APD and
STV (Figure 1), reduced dV/dt,.. (Supplementary material online,
Figure SI), and slightly enhanced DAD:s (Figure 2) in rabbit atrial myocytes,
all of which were CaMKIl-dependent. These proarrhythmic alterations
can contribute to AF initiation. Smaller lgs and I, in atria vs. ventricle®?
might explain the increased susceptibility of atrial cells to acute hypergly-
caemia, and we speculate that atrial arrhythmogenesis can be further en-
hanced by a second hit that enhances SR Ca>" leak, which requires
further investigation.

The two-hit arrhythmia mechanism described here has important clin-
ical implications for risk assessment and therapeutic considerations in di-
abetes. First, it highlights the increased arrhythmic risk of hyperglycaemia
in patients with reduced repolarization reserve caused by congenital and
acquired long QT syndromes, cardiac co-morbidities, and ionic and sym-
pathetic imbalances. Several drugs used clinically have been shown to re-
duce repolarization reserve (e.g. off-target hERG inhibition) but do not
affect baseline phenotype (referred to hidden cardiotoxicity™?); how-
ever, they may contribute to disease under stress conditions, including
hyperglycaemia. It also emphasizes the importance of tight control of
blood glucose and K™ levels. Second, it suggests that the cure for two
(or multiple) hits may require a combination therapy including glucose-
lowering medications, angiotensin receptor blockers, and maybe in the
future a targeted CaMKIl inhibitor which may reverse arrhythmogenic
AP remodelling.

Limitations

Here, we studied only the acute effects of hyperglycaemia in healthy and
failing cardiomyocytes; however, chronic effects of diabetes also include
remodelling, fibrosis, mitochondrial dysfunction, and other diabetic com-
plications affecting cardiac arrhythmogenesis. Alterations in insulin signal-
ling can also contribute to proarrhythmia and K channel remodelling.
Further studies are required to elucidate the changes in intracellular

Ca*t cycling and the exact arrhythmia mechanisms in diabetic hypergly-
caemia. Here, we used pharmacological agents to manipulate ion channel
function, and these small-molecule inhibitors may have some off-target
effects which have to be considered when interpreting the data.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Cardiac arrhythmia mechanisms in diabetes are incompletely understood. Here we show that in healthy cardiomyocytes, hyperglycaemia alone only
moderately increased cellular proarrhythmia via CaMKIl activation. However, a second hit which impairs Kt channel function or increases neuro-
hormonal tone markedly enhanced arrhythmogenic action potentials (increased action potential prolongation, alternans, short-term variability, and
afterdepolarizations). Our results may (i) help to identify patients at risk, (ii) suggest tight control of blood glucose and K™ levels in patients with long
QT and heart failure, and (jii) propose a combination therapy including glucose-lowering medications, angiotensin receptor blockers, and potentially

CaMKllinhibitors to prevent arrhythmia.




