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RESUME

Le diabete est une maladie grave qui est associée le plus souvent a des complications sévéres
dont les plus fréquentes sont les pathologies cardiovasculaires. Cinquante pour cent des patients
diabétiques meurent suite & des cardiopathies parmis lesquels plus d’un quart des patients présentent
un prolongement de I’intervalle QT, qui constitue un facteur de prédiction de la mortalité chez les
patients diabétiques. Les études chez les modeles diabétiques des rats et des souris prouvent que la
diminution des canaux Iy, et I est le majeur facteur. Ce pendant, plusieurs des problémes importants
ne sont pas expliqués. D’abord, les roles de canaux Ik, et Ixs qui n’existent pas chez les rats et les
souris adultes, ne sont pas clair, mais ils jouent un rdle important determinant I’APD chez I’homme.
De plus, les profils des changements des courants ioniques trouvés chez les rats et les souris ne
peuvent pas expliquer complétement la survenue de troubles de I'intervalle QT chez les patients
diabétiques. Enfin, le diabéte est principalement un trouble métabolique pour lequel les niveaux de
glucose, de ROS (Reactive Oxygen Species), de TNF-a (tumor necrosis factos-a) et de ceramide sont
élevés. A contrario, le niveau de I’insuline est réduit et la voie de signalisation de I’insuline est
diminuée. Cependant, ces perturbations métaboliques comme les mécanismes potentiels pour les
désordres électriques diabétiques ont été négligé dans le passé.

Cette thése a pour objectif d’apporter de nouveaux éléments permettant d’approcher plus en
détail les mécanismes cellulaires et moléculaires responsables des troubles des rythmes et de la
prolongation de intervalle QT, chez les individus présentant un diabete. L hypothése principale est
que le courant Iy, transporté par les canaux HERG chez I’homme joue un réle majeur dans la
survenue des troubles du rythme associés au diabéte , et que la réduction du courant Ix/HERG est le
résultat, d’une part d’une diminution de I’expression du canal HERG, mais aussi d’autre part, d’une
régulation fonctionnelle négative liée au stress métabolique ainsi qu’aux protéines de signalisation.

Nous avons tout d’abord vérifié 1’altération de I’APD et de I’intervalle QT dans les myocytes
ventriculaires isolés provenant d’un modéle de lapin présentant un diabéte de type-1 induit par
I’alloxan. Dans ce modéle, nous avons montré que parmi les principaux courants ioniques, la
réduction d’Ik, était un facteur majeur dans ’altération de I’APD et de I’intervalle QT. Nous avons
également démontré que chez les animaux diabétiques, les perturbations métaboliques associées au
diabéte entrainaient d’importantes dysfonctions des canaux Ix/HERG a cause de la réduction de

I’expression de la protéine HERG, ainsi que en raison de la régulation dysfonctionnelle par les ROS,
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par I’oxydation protéique, par la peroxydation lipidique qui sont augmentées, et par la réserve
endogéne d’antioxydants qui est réduite. Ces effets sont contrés par un traitement a I’insuline qui
normalise le niveau de glucose ou par I’antioxydante vitamine E, permettant de récupérer le courant
Ix/HERG ainsi que I’APD et I’intervalle QT. Ces résultats sont confirmés par le fait que les lapins
diabétiques traités  I’insuline ou a la vitamine E ne présentent aucuns signes d’arythmies.

Au cours d’études plus détaillées, nous avons montré que la fonction du canal HERG était a
son maximum dans un contexte de normoglycémie, et que cette fonction était altérée en hypo- ou
hyper-glycémie suite a la sous-production d’ATP ou la surproduction de ROS, respectivement.

Nous montrons aussi que 1’activité basale de la protéine kinase B (PKB), directement corrélée
a D’action d’insuline, est essentielle a la fonction normale du canal HERG. De plus, deux autres
facteurs de signalisation impliqués dans le diabéte, le TNF-a et le céramide affectent la fonction des
canaux Ix/HERG via un méme mécanisme de I’augmentation de ROS.

L’ensemble de ces travaux nous permet de conclure que la modulation fonctionnelle du
courant Ix/HERG joue un rdle central dans la prolongation de I’intervalle QT et I’apparition de
troubles du rythme associés au diabéte. Le dysfonctionnement du courant Ix/HERG est le résultat
d’un équilibre net entre les facteurs d’activation du courant, tel que I’insuline et la PKB, et les
facteurs inhibant le courant tels que I’hyperglycémie, les ROS, le TNF-a et le céramide. Ainsi,
I’augmentation du courant Ix/HERG par manipulation de I’expression ou par modulation
fonctionnelle pourrais retarder voir méme renverser les désordres électriques du myocarde associés a

la pathologie diabétique.

Mots-clés: Cardiomyopathie diabétique, intervalle QT, arythmies, Ix/HERG, insuline,
hyperglycémie, protéine kinase B, TNF-a, céramide, ROS.
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ABSTRACT

Heart diseases account for half of all deaths among people with diabetes. Up to one
fourth of diabetic patients have prolonged QT interval. QT prolongation, primarily reflecting the
lengthening of ventricular action potential duration (APD), can cause sudden cardiac death due
to the occurrence of lethal ventricular arrhythmias, and has been considered as a predictor of
mortality in both type I and type II diabetic patients. Previous studies found reduction of several
ion currents (e.g. reduced I, and I) in experimental models of diabetes. These studies contribute
significantly to our current understanding of the ionic mechanisms for diabetic QT prolongation,
but several important issues remained unresolved. First, previous studies were conducted nearly
exclusively in rats and mice, the species in their aduithood not expressing phenotypic and
physiologically significant Ix, and Ixs that are otherwise the major repolarizing currents
determining the plateau phase and total APD in humans. Second, the profiles of changes of ion
currents found in rats and mice could hardly fully explain the clinical diabetic QT prolongation.
Finally, diabetes is primarily a metabolic disturbance with elevated levels of glucose, reactive
oxygen species (ROS), tumor necrosis factor-a (TNF-a) and ceramide, and reduced insulin and
impaired insulin signaling transduction. However, these metabolic perturbations as the potential
mechanisms for the diabetic electrical disorders have been overlooked in the past.

In this thesis, we aimed at delineating the underlying ionic, cellular, molecular and
signaling mechanisms for diabetic QT prolongation and the associated arrhythmias, and shedding
the light on developing novel and rational therapies. We hypothesized that I, and its pore-
forming o.-subunit HERG (human ether-a-go-go related gene) is the major contributor to the
diabetic QT prolongation and the impairment of Ix/HERG in diabetic heart is a combined effect
of the down-regulation of I, channel protein and of the negative functional modulation of
Ix/Iugrg by metabolic stresses and signaling molecules.

We reproduced the prolongation of APD and heart-rate corrected QT (QTc) interval in
alloxan-induced type 1 diabetic rabbits, and identified the significantly impaired Ik, as the major
jonic mechanism for diabetic APD prolongation, while other ion currents as the minor
contributors to this abnormality. We demonstrated that diabetic metabolic perturbations cause the
dysfunction of Ix/HERG in diabetic hearts by significant down-regulation of HERG protein and
by impairing Ix/HERG function due to increased levels of ROS, oxidations of lipids and



proteins in diabetic myocardium and simultaneously decreased endogenous antioxidant reserve
(total antioxidant status), which can be prevented by insulin or vitamin E therapy to decrease the
glucose level and/or to reduce the oxidative stress, rendering normalized Ix,/HERG function and
APD and QTc interval, and preventing the associated arrhythmias.

Our studies further revealed that the maximum HERG function operates under
normoglycemia, and depression of HERG function occurs with either hypoglycemia or
hyperglycemia, due to underproduction of ATP in the former, and overproduction of ROS via
oxidative phosphorylation in the latter.

We found that the activity of protein kinase B (PKB), a down-stream component of
insulin signaling pathway, is essential for proper function of Ix,/HERG. Moreover, TNF-a and
ceramide, which are known to be deleterious factors critical to the progression of diabetes, both
impaired Ix/HERG function via the common pathway, the increases in ROS.

Based on these data, we conclude that Ix,/HERG K* channelopathy serves as the ionic
basis for diabetic QT prolongation and accompanying arrhythmias, and oxidative stress caused
by hyperglycemia as the major metabolic mechanism for diabetic Ix,/HERG K" channelopathy.
The dysfunction of Ix/HERG is a combined effect of decrease in the enhancing factors (e.g.
insulin, PKB) and increases in the suppressing factors (e.g. hyperglycemia, elevated ROS, TNF-
o and ceramide). Thus, increasing Ix/Iugrg by manipulating HERG expression and by functional
modulation on related cellular signaling molecules such as antioxidants could retard and even

reverse, at least partially, the electrical disorders in diabetic hearts.

Key words: Diabetic cardiomyopathy, QT interval, Arrhythmia, Ix/HERG, Insulin,

Hyperglycemia, Protein kinase B, Tumor necrosis factor-a, Ceramide, Reactive oxygen species.
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PART I. INTRODUCTION AND REVIEW OF THE
LITERATURES



Unattended patients of diabetes mellitus (DM) are at high risk of developing cardiac and
vascular diseases, such as arrhythmias and hypertension, which can be life-threatening; therefore,
it is important to understand the mechanisms underlying the diabetic cardiac and vascular
complications.

Previous studies on diabetic vascular and heart diseases have demonstrated the impaired
cardiac function independent of vascular and other diseases, suggesting the existence of a
primary myocardial defect in DM, so-called diabetic cardiomyopathy. Diabetic cardiomyopathy
is characterized by electrical remodeling with aberrant electrophysiology, metabolic remodeling
with malignant biochemical processes and anatomical remodeling with progressive loss of
cardiomyocytes, which result in impaired cardiac function and increased risk of lethal
arrhythmias, with the prolongation of cardiac QT interval as a predictor. These studies have
suggested the transient outward K channel (I,,) to be a contributor to the QT prolongation.
However, these studies were mainly done in diabetic rat and mouse models, and it is unlikely
applicable to humans. The metabolic stresses, such as increased reactive oxygen species, and the
defective biochemical process including insulin insufficiency, are also considered to cause
diabetic arrhythmias because of the resultant functional impairment of cardiac myocytes.

This dissertation focuses on the role of the rapid delayed rectifier K* channel (Ik;) that is
encoded mainly by human ether-a-go-go related gene (HERG) which is a critical player in
maintaining regular cardiac rhythm, in the diabetic QT prolongation and arrhythmias, and
deciphers the possible mechanisms using cell and animal models. The ultimate goal is to provide
novel and rational approaches for the treatment of cardiac arrhythmias in DM patients.

The first chapter introduces the basis of cardioelectrophysiology and provides extended
review of our understanding to the diabetic QT prolongation and arrhythmias, and the questions
remained unanswered. The main parts of the thesis include: in Type 1 diabetic rabbits, how the
cardioelectrophysiology changes and what are the underlying mechanisms (Chapters 3 and 4);
how glucose level affects Ix/HERG function in an HEK293 cell model (Chapter 5); the role of
protein kinase B (PKB), a downstream target of insulin signaling cascade, in sustaining proper
Ix/HERG activity (Chapter 6); and how tumor necrosis factor-a (TNF-a) and ceramide, both of
which are diabetic signaling molecules, modulate the function of Ix/HERG and change the
cardiac function (Chapter 7, and 8). Overall discussion of these results is followed at the end of

the dissertation (Chapter 9).



CHAPTERS



1 QT PROLONGATION AND ARRHYTHMIAS IN
DIABETIC CARDIOCOMPLICATIONS

1.1 Diabetes Mellitus and Diabetic Complications

1.1.1 Diabetes, a prevalent and costly disease

Diabetes mellitus (DM), a silent killer, is a chronic metabolic disease caused by inherited
and/or acquired absolute or relative deficiency in production of insulin by the pancreas, or by the
ineffectiveness of the insulin produced (known as insulin resistance). Such kind of deficiency
results in increased concentration of glucose in blood, which in turn damages functions of many
systems of the body, in particular the heart, blood vessels, nerves, kidneys, etc.

There are mainly two common types of DM: the insulin-dependent DM (IDDM, Type 1)
and the non-insulin-dependent (NIDDM, Type 2). IDDM is characterized as a symptom that the
pancreas islet fails to produce insulin, which is essential for survival. This form develops most
frequently in children and adolescents, but is being increasingly noted later in life. NIDDM
results from the body's inability to respond properly to the action of insulin produced by the
pancreas. Type 2 diabetes is much more common and accounts for around 90% of all diabetes
cases worldwide.! It occurs most frequently in adults, but is being noted increasingly in
adolescents as well.

DM is a major health problem worldwide. Now more than 2.4 million or 6.7% of
Canadians,” and 18.2 million or 6.3% of Americans have diabetes.’ Globally, there are currently
almost 200 million diabetic patients. In Canada, more than 60,000 new cases of diabetes come to
light every year. Moreover, half of people with diabetes are unaware of their condition. In some
countries this figure may rise to 80%. According to the World Health Organization (WHO)'s
Diabetes Program of the Division of Noncommunicable Diseases and Mental Health
(NMH/DIA), recent estimates predict that if current trends continue the number of persons with

diabetes will be more than double, from 175 million to 300 million in the next two decades.*?



The greater proportion of the increase is likely to occur in the developing countries, the
communities that can least afford the treatments.

Diabetes is a costly and even fatal disease. WHO estimates that 4~5% of health budgets
is spent on diabetes-related illnesses. A person with diabetes incurs medical costs that are two to
five times higher than those of a person without diabetes. This is due to more frequent medical
visits, purchase of supplies and medication, and the higher likelihood of being admitted to a
hospital. Health care costs for diabetes and its complications amount to more than $9 billion a
year for the Canadian.” It is the fourth main cause of death in most developed countries, the
leading cause of blindness and visual impairment in adults, and the most common cause of
amputation which is not the result of an accident. It is a bit better that this disease is the seventh
leading cause of death in Canada. Diabetic patients are two to four times more likely than people
without diabetes, to develop cardiovascular disease, which is the number one cause of death in
industrialized and most of the less developed countries. Increased risks and occurrence of heart
attack, stroke, and high blood pressure are found in people with diabetes.

There is considerable scope however, to lessen the economic and social burden, and the
patients’ torment resulted from diabetes, provided that work continues in identifying the most
effective prevention and control policy.>® There is conclusive evidence that good control of
blood glucose level can substantially reduce the risk of developing complications and slow their
progression in all types of diabetes. The management of hypertension and hyperlipemia is
equally important. In all societies, better control of these parameters would contribute to a
substantial improvement of quality of life. Once diabetic complications occur, well monitored

conditions such as arrhythmia-prevention will help to improve the health of the diabetics.

1.1.2 Cardiomyopathy and cardiovascular complications in diabetes

Due to the increased glucose level and insulin insufficiency and resistance, diabetes can
result in a number of complications that have a major impact on the health and well-being,
depending on the serious degree of the diabetic diseases. These include neuropathy or nerve
problem, cardiovascular complications (e.g. hypertension, coronary heart disease, micro- and
macrovascular complications), retinopathy or eye problem, nephropathy or kidney damage,

diabetic foot diseases, etc (Figure 1).



Cardiovascular disease represents the major cause of morbidity and mortality in diabetic
patients and heart disease is the leading cause of diabetes-related deaths. Adults with diabetes
have heart disease death rates and risk for stroke, both about two to four times higher than adults
without diabetes. About 65% of deaths among people with diabetes are due to heart disease and
stroke. Heart disease accounts for approximately 50% of all deaths among people with diabetes.®
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Figure 1. Diabetic Complications. (Modified from healthcentersonlin.com)
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Prior to 1972, the increased cardiovascular morbidity and mortality in diabetics had been
attributed to vascular diseases. In 1972, Rubler et al first described a specific type of
cardiomyopathy related to diabetes," suggesting that there exist myocardial disease as an

independent clinical entity.'' The term "diabetic cardiomyopathy" was thus proposed, describing



an early complication of diabetes that shows diastolic dysfunction and then followed by systolic
dysfunction. Since then, a variety of disciplines including noninvasive and invasive cardiac
methodologies, as well as epidemiologic studies, have provided information that has changed our
view on the relation of diabetes to cardiac diseases. Instead of an exclusive focus on coronary
artery disease, it is now recognized that heart muscle can be independently involved in diabetic
patients. In diabetics without known cardiac diseases, abnormalities of left ventricular
mechanical function have been demonstrated in 40~50% of subjects and it is primarily a diastolic
phenomenon. Left ventricular hypertrophy may eventually appear in the absence of hypertension.
The diastolic dysfunction appears related to interstitial collagen deposition, largely attributable to
diminished degradation.'? Clinical studies demonstrated that children and adolescents with type 1
diabetes have signs of subclinical cardiac dysfunction since their early disease stage; in this
population comorbidity such as ischemic heart disease or hypertension can be considered as
absent or minimal."?

When presenting with other cardiovascular complications (e.g., ischemic heart disease or
hypertension), diabetic patients have a much worse prognosis than non-diabetic patients and are
more prone to progress to congestive heart failure."*'® The underlying diabetic cardiomyopathy
appears to contribute to accelerated heart failure. Diabetic cardiomyopathy in general is
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characterized by metabolic remodeling with malignant biochemical processes,' "
remodeling with aberrant cardiac electrical and contractile functions and arrhythmias, and
anatomical remodeling with progressive loss of cardiomyocytes.”” These alterations can be
primary (due to loss of direct insulin action) or secondary (due to the metabolic perturbations
associated with the disease). Cardiomyopathy will result in impaired cardiac performance and
increased risk of lethal arrhythmias. Despite the obvious importance of diabetic cardiomyopathy,
a better understanding of this complex and very likely multi-factorial problem at the cellular and
molecular levels is lacking. Much of what is known about the pathogenesis of diabetic

complications has been gleaned from studies using animal models, including rat, mouse, rabbit,

and dogs, etc.

1.1.3 QT prolongation and arrhythmias in diabetic hearts
Electrocardiogram (ECG) recorded from diabetic patients show prominent electrical

disturbance with prolonged QT interval according to more than 6 long-term epidemiological



studies (including the EURODIAB, the Neuropathy Study Group of the Italian Society for the
Study of Diabetes, the 3" National Health and Nutrition Examination Survey) involving more
than 20 countries and 30 centers, and 11 thousand diabetic patients.*** It was found up to 26%
diabetic patients have electrical disturbance along with QT prolongation and dispersion,**
including the diabetics of both children and adolescents.”® The QT prolongation and dispersion
are associated with an increased risk of sudden cardiac death in diabetics have been considered
as a predictor of mortality in diabetic patients and,*>* due to the occurrence of lethal ventricular
arrhythmias known as Torsade des Pointes or long Q-T syndrome (LQTS).*’® These findings
can also be applied to type 2 diabetes.*®?%%%4!

Studies also demonstrated that both hyperglycemia of diabetes, and hypoglycemia in
diabetes therapies, can prolong cardiac QT interval ****** Indeed, QT prolongation and
heterogeneity of QT prolongation (QT dispersion) have been suggested as the predictor of

Despite this serious reality, it is only in recent years that people start to understand the

ionic and cellular/molecular basis for the diabetic QT prolongation.

1.1.4 Animal models of diabetes mellitus

There has been little progress in characterizing the ionic, cellular and molecular features
of diabetic cardiomyopathy in patients, much less their mechanisms. It remains unclear whether
there are differences between insulin dependent and non-insulin dependent forms of diabetes
mellitus with respect to the development of diabetic cardiomyopathy. Defining cardiac changes
in diabetic humans is obviously extremely important in light of the fact that diabetes is a chronic
disease not well represented by animal models. However, animal models are the most used
subjects to understand the mechanisms of diabetic complications.

Although we now have animal models for both type 1 and type 2 diabetes, the separation
of these two categories is not total, just as these two are not completely separated in human.
Most used type II diabetic animal models are: genetic, obese diabetic mouse and fatty Zucker rat,
nutrition-induced diabetic sand rat and spiny mouse, rodents with decrease in B-cell mass
induced by pancreatectomy and streptozocin (STZ), and diabetic offsprings of selective

inbreeding of rodents.*



Type 1 diabetic animals can be subdivided into two groups: chemical-induced, and
spontaneous/ genetic modified.’*”! Genetic models include the nonobese diabetic (NOD) mouse

1,2 which will not be discussed in detail in this thesis.

model of diabetes and also the BB rat mode
Induced diabetes can be achieved by pancreatectomy or by destroying the pancreatic B-cell with
a number of chemicals, including alloxan and STZ which are frequently used. Alloxan and STZ,
initially used as active anti-tumor reagents, are deleterious and can selectively damage islet cells,
thus can be used to induce IDDM.**¢ The B-cell is uniquely sensitive to alloxan because its
plasma membrane contains ionized sulphydryl (SH) groups related to insulin release which are
not found in other tissues.”” The sensitivities to alloxan or STZ in different species are not the
same, e.g. guinea pig and some big-size animals including dog and rabbit, are resistant to STZ,
therefore it is difficult to make diabetes in these species.’® Functionally, both alloxan and STZ
interfere the glucose transport, alter the SH groups of glucokinase, and impair mitochondrial
function by inducing the formation of free radicals.’® Repeated injections with low doses of STZ
into genetically susceptible mice can induce diabetes similar to human IDDM, in which a
pathogenic involvement of cell-mediated immunity and the coexistence of a marked pancreatic
insulitis are encountered and apoptotic death of B-cell is a responsible mechanism. However, this
model is different from the autoimmune type 1 diabetes seen in spontaneous animal models.”®
Both chemical-induced and genetic-modified diabetic animal models have been
generated to facilitate the studies in the pathology of diabetes. By far the most extensively
employed animal models are the STZ-induced diabetes mellitus in rat and mouse and alloxan-
induced rabbits and dogs. Rats treated with STZ for weeks to months develop hypoinsulinemic
diabetes mellitus, and mice are usually treated for a single dosage of STZ in order to develop
DM. Chronic diabetes diminishes contractility and, most especially, relaxation, and prolongs the
duration of contraction in rabbit hearts,”® which may due to the alteration of myosin isoenzyme
composition (i.e. switch from V1 to V3 isomyosin) and are reversible with insulin.% Effects on
"passive" diastolic compliance have been variable. These contractile abnormalities are correlated
with several alterations in excitation-contraction (E-C) coupling, ion transport and exchange,
including the prolongation of AP, and the depressed sarcoplasmic reticular (SR) calcium
pumping and sarcolemmal Na/Ca exchange.!'*'®! While the STZ-diabetes mellitus rat and
mouse are reliable, well-characterized models, they may not be the most relevant model for

human disease, particular in their different electrophysiological profiles.



10

1.2 QT interval, APD, and lon Channels: Physiology and Pathology

1.2.1 QT interval as a function of cardiac repolarization
Heart rhythm is generated by sequential movement of inward and outward ion currents
across the membrane of the cardiomyocyte; disturbance of the balance will result in aberrantly

altered cardiac electrical activities, so called arrhythmias.

1.2.1.1 Electrocardiogram (ECG)

The electrical activity of heart can be detected using a technique called electrocardiogram
(ECG) which represents the electrical current moving through the heart during heartbeat cycles.
The current movement is divided into several parts, and each part is given an alphabetic
designation in the ECG. Each heartbeat begins with an impulse from the heart's pacemaker (sinus
or sinoatrial node) located at the entrance to the right atrium. This impulse activates the upper
chambers of the heart (atria), represented as a P wave in the ECG recording. Then the excitatory
stimuli pass over the atrioventricular node (AV node) to the lower chambers of the heart
(ventricles) and generate the QRS complex in ECG. The electrical pulse then spreads back over
the ventricles wall in the opposite direction, resulting in the recovery T wave. Therefore, the QT
interval which is the duration between the onset of Q wave and the termination of T wave
represents the activity of ventricular contraction. Many kinds of cardiac abnormalities can be
seen on an ECG. For example, the heart rhythm may be abnormal: too fast, too slow, or irregular.
By reading an ECG, doctors can usually determine where in the heart the abnormal rhythm starts

and what its causes may be.

1.2.1.2 Ion channels and action potential
The basis of ECG is the ion currents passing through the protein-structured “ion

channels” on cell membrane of cardiomyocytes and channels on membrane of cell organelle
such as sarcoplasmic reticulum (SR) which is a pool of calcium storage. Cell plasma membranes
are highly selective barriers forming the outer surface of eukaryote cells including
cardiomyocytes. Inside the cell, membranes of many organelles such as the SR and the

mitochondria also have similar structure as the plasma membranes. Assembled from lipids and
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proteins in sheet like fashion, plasma membranes give the cell individuality and a certain level of
control over its internal environment, and permit the development of concentration gradients (e.g.
ions) crucial to the function of signaling molecules.

An ion channel is a pore-forming protein or more typically an assembly of several
proteins on the membrane. Such "multi-subunit" assemblies usually involve a circular
arrangement of identical or related proteins closely packed around a water-filled pore through the
plane of the membrane or lipid bilayer. Ion channels are generally highly selective and
impermeable to most ions. By conducting and controlling the flow of ions, ionic channels help
establish the small negative voltage that all cells possess at rest, or fire the cell membrane when a
certain voltage threshold reaches. Ion channels can generally be classified according to their
“gating” (the open-close of a channel): voltage-gated and ligand-gated ion channels; or based on
their permeability to ions: cation, anion, or Na*, Ca?*, K*, CI" channels, etc. Ions passing though
the channel will generate either inward or outward currents.

The cardiac action potential (AP) is generated by the concerted action of depolarizing
(inward) and repolarizing (outward) currents conducted by different ion channels, pumps and
transporters. As the ventricular activity is the main part responsible for the QT interval, it will be
focused on the ventricle when discussing AP and ion channels. In ventricle, major inward
currents include sodium current (In,) and calcium current (I¢c,), and outward currents include the
Ca**-independent transient outward K* current (I,), the rapid and the slow activating delayed
rectifier outward K* currents (Ix, and Iks, respectively), and the inward rectifier K" current (Ix;)
which conducts outward current at membrane potential between —80 and 0 mV.5% A small
change in the potential across the cell due to various stimuli is sensed by the Na" channel protein
(Ina), Which alters its conformation from resting close state to open, allowing a large, rapid Na*
influx, producing the typical rapid rising upstroke phase 0 depolarization -- membrane potential
becomes positive compared to the resting membrane potential which is between -65mV to -85
mV in different heart cells. A rapid phase 1 repolarization then ensues in some types of cells (e.g.
atrial and ventricular myocytes), because of the outward movement of K™ via the transient
outward K* channels (I,). Calcium channels open when the membrane depolarizes to the
threshold during phase 0 and phase 1. Following phase 1 is the long lasting plateau (phase 2) of
the action potential, reflecting a balance between inward current, largely through L-type Ca®*

channels (Icy), and outward current, mainly through delayed rectifier K+ channels (I, including
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Ik, and Igs). It is Ik, that initiates the repolarization phase 2 in the action potential. The net
outward current during Phase 3 repolarization comes from the increasing Ik, along with the
inactivation of IcaL. Ik, reach maximum at about 90% depolarization of AP (APDgg). Final
repolarization is accomplished by the increasing outward movement of K* through inward
rectifier channels (Ix;) beginning from phase 3 and reach stable at complete repolarization. Slow
response cells, for example the sinus node and the AV node have slow depolarization during
phase 4 due to the activity of the pacemaker channel. In these cells, a rapid phase 1 upstroke is
absent, and initial depolarization is accomplished by the opening of L-type (and perhaps also T-
type) Ca** channels.

The burst and the decay of inward and outward currents during an electrical pulse cycle
in a cell form different phenotypes of AP at different regions of the heart because of the different
expression in ion channels. For example in ventricle, there are three distinct cell types: epicardial,
midmyocardial (M) and endocardial cells particularly in species with larger size. APs of
epimyocardial and M cells differ from endocardial cells with respect to the morphology of phase
1. These cells possess a prominent I, which mediates the notch and is responsible for the ‘spike
and dome’ morphology in APs. M cells are distinguished from the other cell types in that they
display a smaller I, but a larger late sodium current (Ina.) and sodium-calcium exchanger
current (Incx).87* These intrinsic electrical heterogeneities in ventricular myocardium underlie
the longer action potential duration (APD), which is more pronounced in the presence of
antiarrhythmic agents with class III actions. The preferential prolongation of the M cell action
potential results in the development of a transmural dispersion of repolarization, which can be
examined from the ECG showing a prolonged QT interval and a change of the T morphology.
Exaggeration of these heterogeneities due to inherited (i.e. gene mutation of channels and their
regulatory molecules) or acquired means (e.g. drug exposure, exercise, and secondary to diseases
such as ischemia, diabetes, etc.) enhances reentrant excitation, a common mechanism for many
cardiac arrhythmias.”>" The acute electrophysiological response of a myocyte to exogenous
stressors such as drugs, myocardial ischemia, diabetes, or autonomic activation likely reflects
changes in function of individual ion channels (also called remodeling), including channels
activated by specific stimuli such as ATP depletion and muscarinic stimulation. More chronic

responses to such exogenous stressors may also include changes in gene expression.
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Figure 2. Relationships between ECG, APD and ion currents. (Adapted from Roden DM, et
al., 2002.%)

In theory, inward currents depolarize (meaning the membrane potential is brought to
more positive) the cardiac cell membrane and maintain the APD, whereas outward currents
repolarize (meaning the membrane potential is brought back to more negative) cardiac cells and

shorten the APD. Therefore, decreases in outward currents and/or increased inward currents will
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result in the prolongation of APD thereby the QT interval. Figure 2 describes the relationship

between a typical ECG, an AP, and ion currents.

1.2.1.3 Long QT syndromes (LQTS)

LQTS is a disorder characterized by a prolongation of the QT interval on the ECG and a
propensity to ventricular tachyarrhythmia, which may lead to syncope, cardiac arrest, or sudden
death. Defects in the genes corresponding to certain ion channels or impairment of functions of
these channels result in QT prolongation, reflecting the abnormally long delay between the
electrical excitation (or depolarization) and relaxation (repolarization) of the ventricles of heart.
Heart rate corrected QTc values above 0.44 seconds are generally considered abnormal in human,
although age- and sex-specific abnormal QTc values have been proposed. Certain triggers such
as intense physical exercise or excitement, and being suddenly startled or badly frightened, result
arrhythmias, e.g. torsade de pointes (TdP), a life-threatening form of ventricular tachycardia and
sudden cardiac death.

LQTS is recognized as the Romano-Ward (RW) syndrome (familial occurrence with
autosomal dominant inheritance, QT prolongation, and ventricular tachyarrhythmias) or the
Jervell and Lang-Nielsen (JLN) syndrome (familial occurrence with autosomal recessive
inheritance, congenital deafness, QT prolongation, and ventricular arrhythmias). Conventionally,
LQTS is divided into two catalogues: genetic or inherited, and acquired or drug-induced. Based
on recent efforts in deciphering the arrhythmias in cardiac or noncardiac diseases, it is rational to
classify a new class of QT prolongation which may also lead to LQTS. Many other syndromes or
diseases have been correlated to and probably a reason of QT prolongation. This “pathological
LQTS” may occur in ischemia and infarction, chronic heart failure, and noncardiac conditions,
such as electrolyte abnormalities (e.g. hypokalemia, hypocalcemia), pulmonary embolism, CNS
diseases (e.g. cerebrovascular disorders), hypothermia,”’ hypothyroidism,78'8' and both IDDM
and NIDDM which have been discussed in Section /./.3. Yet, the ionic mechanisms underlying
these pathological LQTS are just becoming understood by intensive studies in electrophysiology,
cellular and molecular biology.

Genetic testing of LQTS is unfortunately still not readily available, and it may not be
possible to determine with certainty a particular patient’s genotype. However, at least one recent

article claims that LQT 1, 2, and 3 can frequently be identified by the ECG pattern.? LQT 1 has
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a prolonged QT interval with a normal to high T wave amplitude, a broad based T wave, and an
indistinct T wave onset, caused by dysfunction of the pore-forming a-subunit of Ixs channel due
to either lost-function mutation or drug induced or diseases-modulated channel impairment. LQT
2 accounts for about 35% of the long QT syndrome patients, resulted from the depression of Ik,
current. It is characterized by a prolonged QT interval, low amplitude and bifid T waves in over
60% of cases. LQT 3 patients have a prolonged QT interval with a delayed-onset, peaked and
widened T wave, and a long, isoelectric ST segment. They have a rate dependence of the QT
interval prolongation and develop TdP at slow rates. The positional candidate gene approach was
used to establish that the gene responsible for this chromosome 3-linked LQTS is the cardiac
sodium channel gene SCNS5A.¥ In 1995, Schott et al.** reported on a large French kindred with a
complex cardiac phenotype including sinus bradycardia, abnormal heart rate variability, defects
in cardiac repolarization (denoted on the ECG as prolonged QT interval), and sudden cardiac
death. This report described the first finding of ‘type 4 long QT syndrome’ and mapped the
autosomal dominant disease to human chromosome 4q25-27, a site distinct from the location of
any other ion channel gene implicated in the genesis of inherited arrhythmia. LQT5 and LQT6
are diseases resulted from the dysfunction of the channel accessory subunits minK and MiRP1,
of Ixs and Ik, channel, respectively. The Andersen syndrome is a rare, inherited disorder
characterized by periodic paralysis, long QT interval with ventricular arrhythmias, and skeletal
developmental abnormalities, and subtyped into LQT7 due to its prolonging QT interval and its
distinct substrate for arrhythmia susceptibility: in reduced extracellular K*, it induces delayed
afterdepolarizations (DAD) and spontaneous arrhythmias. Homozygous KVLQT1 and KCNEI
mutations are associated with congenital deafness (JLN syndrome) and account for less than 1%
of cases of LQTS. Approximately 200 different mutations of these genes have been found so far.
Significant phenotypic variation of the ECG findings (T wave morphology), factors triggering
cardiac events, and risk of cardiac events exist, depending upon which gene and which mutations
are involved. Because not all known cases of LQTS are caused by mutations of the above genes,
other genes causing this disorder are expected to be identified in the future.

Table 1 lists the chromosomal locus, gene and ion currents related to these LQTS.*>*’
Drug-induced and pathological QT prolongations may also lead to increased risk of ventricular
tachyarrhythmias (e.g., TdP) and sudden cardiac death in a similar ionic mechanism as observed

in congenital LQTS.
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In sum, ionic basis in LQTS demonstrates that reduction of outward current (e.g. Ik, Iks)

and/or increase of inward current (e.g. Ina, Icar), Will delay the repolarization of AP, lead QT

prolongation and predispose to LQTS.

Table 1. Genetic Background of Inherited Forms of LQTS.

LQTS D/R Chromosomal Gene Target Alteration
type Locus (channel, etc.)
D KVLQTI (KCNQ!
LQT1 11p15.5 oTi( on Iks (@) ¢
(heterozygotes)
LQT2 7935-36 HERG Ik J
LQT3 D 3p21-24 SCN54 Ina 1)
calcium signalings [Ca®];
LQT4 D 4q25-27 ankyrin-B, G Na/K-ATPase, Incx transient T
InsP3 receptor
D KCNEI : \
LQT5 21g22.1-22.2 Iks (B, minK)
(heterozygotes)
LQT6 D 21q22.1-22.2 KCNE2 Ik: (B, MiRP1) 2
LQT7
(Andersen D 17923 KCNJ2 (Kir2.1) Ik !
syndrome)
LQT8
(Timothy D 12p13.3 CACNAlc (Cavl.2) IcaL 2
syndrome)
KVLQTI (KCNQI {
JLN1 R 11pl5.5 OT1 ( on Iks (@)
(homozygotes)
KCNEI , 2
JLN2 R 21q22.1-22.2 Iks (B, minK))
(homozygotes)

D: autosomal dominant inheritance; R: autosomal recessive inheritance; : decrease, T: increase;

o and P represent pore-forming subunit and auxillary subunit of ion channels, respectively.
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1.2.2 Inward currents

1.2.2.1 Na' current: Iy,

Voltage-gated sodium (Na") channels (VGSCs) play a fundamental role in the
excitability of cardiomyocytes and neurons. They mediate the influx of Na' into the cell in
response to local membrane depolarization, resulting in a positive feedback to generate the action
potential, and produce the rapid rising upstroke in a cell action potential recording (phase 0). Ina
expresses in both atria and ventricles in almost all species, including human, canine, rabbit, rat,
mouse, guinea pig, and porcine. In heart, In, is critical in the initiation, propagation, and
maintenance of normal cardiac rhythm. Alteration in VGSC expression and/or function thus has
a profound effect on the excitability and conduction of stimuli in the heart. It has been
demonstrated that channel dysfunctions resulted from gene mutation or blockage of the channels
will render to serious cardiac problems including bradycardial arrhythmias and cardiac death.

Like most of other voltage-gated ion channels, In, heteromultimer composes of one pore-

88:89 g-subunit

forming a-subunit and one or two regulating auxiliary (B; and PB,) subunits.
determines main characteristics of the complex conveying ion selectivity and containing the ion-
conducting pore, the voltage sensors, the gates for the different opened and closed channel states,
and the binding sites for endogenous and exogenous ligands. It is a tetramer of a series of six
transmembrane a-helical segments, numbered S1-S6, connected by both intracellular and
extracellular loops called interlinkers (Figure 3). Twelve different genes have been identified that
are known to encode the four-domain a-subunits of VGSC (SCNIA4 to SCNI124).°*°' All o-
subunits contain four internal repeat domains (DI-DIV), two large interdomain cytoplasmic loops
(L1 and L2) and short interdomain loop (L3); S4 is positively charged and the others are
hydrophobic. Segment S4 and loop L3 are responsible for voltage sensor and inactivation,
respectively. The B subunits regulate the kinetic properties and facilitate membrane localization
of sodium channels.

Ina current peaks rapidly and then inactivates in just a few milliseconds. During the
plateau of AP, Iy, is very small yet contributes critically to the configuration of AP.”2 VGSCs
are classified pharmacologically into two large groups according to their sensitivity or resistance

to the block by tetrodotoxin.”> Most sodium channels are tetrodotoxin-sensitive, but the well-

studied Scn5a/SCNS5A, is tetrodotoxin-resistant channels. SCN5SA is expressed specifically in
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cardiac muscle and brain. Its mutation is responsible for the cardiac arrhythmia of the congenital
LQT3,2* due to the resultant persistent noninactivating inward Na" current, the alterations of
voltage dependence and rate and speed of inactivation of the channel throughout the plateau
phase of AP.”> The small net inward pedestal current through these channels is sufficient to
distract the balance between inward and outward currents in the plateau and, hence, to prolong
APD. On the other hand, mutation in SCN5A can also cause other congenital arrhythmia
syndromes including idiopathic ventricular fibrillation (IVF) and conduction block, which unlike
LQT3, appears to arise from reduced In,. Some patients with IVF, i.e., sudden death in the
absence of any detectable heart disease (and a normal QT interval), display an unusual ECG
feature at rest, J-point elevation in the right precordial leads. This distinctive ECG was first
popularized by Brugada & Brugada and is termed the Brugada syndrome.”® Some Brugada
syndrome mutations result in a highly truncated, and therefore nonfunctional protein,> or lead to
the slowing of inactivation,97 both causing the reduction of In,. The ECG manifestations of the
Brugada syndrome likely reflect a marked shortening of epicardial but not endocardial APs by
loss of Na* channel function; the rate dependence of recovery from slow inactivation explains
why these ECG findings are exaggerated at fast rates. Some other mutations, e.g. G514C in the
I-II linker, have been demonstrated to cause slowed conduction by shifting the voltage
dependence of activation to positive potential, and by enhancing the inactivation rate, therefore
results in reduced In,.”® Recent studies in a family case showed its mutation (D1275N, T220I,
R814W, and D1595H) and truncation (2550-2551insTG) is susceptible to cause the early-onset
dilated cardiomyopathy and atrial fibrillation (AF). Similar or even identical mutations of this
gene may lead to heart failure, arrhythmia, or both.*® Figure 3 shows the structure of sodium
channel subunits which is shared by other voltage gated ion channels, and some sites on SCN5A
responsible for Na* channel diseases.

Besides the mutated channel defection, Iy, impairment caused by drugs such as anti-

190 especially in

arrhythmic Iy, blockers flecainide and encainide results in increased mortality,
those patients with high risk of recurrent myocardial ischemia, because the In, blockers slows the
conduction, and increase the chance of reentry through a scarred myocardium.'®" Moreover, in
ischemic condition and In, blocking, the balance between In, and I, at the end of phase 1 of AP

is disrupted. Because I, is expressed highly in epicardium but not in endocardium, the alteration
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of AP in phase 1 generates significant heterogeneity of APDs (shorten in epicardial but not in

endocardial APs), and leads to reentry.'®

Na’ channel
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Figure 3. Subunits of voltage-gated sodium channel and sites responsible for diseases.
Subunit consists of 4 highly homologous domains (repeats I-IV) containing 2 transmembrane
segments each (S1-S6). S5-S6 loops form ion-selective pore, and S4 segments contain positively
charged residues conferring voltage dependence to protein. Repeats are connected by
intracellular loops; one of them, III-IV linker, contains supposed inactivation particle of channel.
1 and 2 are auxiliary subunits. When inserted in membrane, 4 repeats of protein fold to generate
a central pore as schematically indicated on bottom right. Also listed are mutations of a-subunits
of various species and tissues: human and equine adult skeletal muscle (Skm-1), human heart
(hH-1), and murine brain. Conventional 1-letter abbreviations are used for replaced amino acids
whose positions are given by respective numbers of human skeletal muscle channel. Different
symbols used for point mutations indicate resulting diseases as explained at bottom left.
(Lehmann-Horn, F and Jurkat-Rott, K%).

Under chronic conditions, reduction of current can be a result of channel remodeling by

either decrease in expression level, or of regulation by both protein kinase C (PKC) and protein
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kinase A (PKA)-mediated phosphorylation which reduce the In, function.'”® PKC effects appear
to be mediated by phosphorylation of a serine in the III-IV linker, which is highly conserved
among Na" channel isoforms.'® Multiple PKA consensus sites are located in the I-1I linker, and
a role for PKA-mediated phosphorylation of the channel in mediating its trafficking to and from
the cell surface has been proposed.'® Iy, was found to be unchanged in heart failure in
ventricular pacing dogs'® while other studies found it decreased in heart failing dogs induced by
in coronary microembolization,'®” and in pig and rabbit a reduction by 40% was found. For more

details about the roles of Iy, in arrhythmias, refer to the reviews 5%:8%90:108-112

1.2.2.2 Ca* currents: Icar, Icar

There are primary two types of Ca*" channels in the heart: L-type (long lasting current,
Ica) and T-type (tiny or low-voltage threshold, Icat). More sensitive to Ni" block than Ica, Icat
is thought to be absent in human ventricle though it contributes to the automaticity in sinus node,
AV node, and atrium and acts as a pacemaker current, '3 Icar is sensitive to cadmium and zinc
block while more permeable to barium than Ca?". Following the activation of Iy, to depolarize
the membrane, calcium channels open and conduct inward currents to further depolarize the
membrane and maintain the membrane potential, in which way they critically determine the APD
from phase 1 to 3. Ca®* channel o subunit resembles that of sodium channel while a/3, B; to B,
and y are auxiliary. a;c encodes the L-type a-subunit, and o,y (maybe also a;g) encodes the Icar
o subunit.'’ Ca(V)1.2 encodes the cardiac Ic,. pore forming a-subunit. B-subunits for Ica
increase Ca?' current, accelerate activation and inactivation, and shift activation to more
hyperpolarized potentials and maybe involve in a-Ca®" channel trafficking as well.''%!"7

Ica is regulated by a complex of signaling molecules.'®!"® Calmodulin, a widely
distributed Ca®* binding protein in eukaryotic cell, also acts as the Ca®* sensor for the facilitation
of IcaL, perhaps by directly binding to the C terminus of Ica. 0-subunit or through the activation
of the Ca**/calmodulin—dependent protein kinase CaM kinase I1.'%° CaM kinase II and PKA-
mediated phosphorylation of the channel, dihydropyridine agonists (e.g. BayK8644) and f-
adrenergic stimulation, can enhance the long opening of the channel which result in increased
Ca*" current.'*""'22 I¢,,. can be also PKC phosphorylated thus its activation curve being shifted to
more positive potential, which reduces the Ca®* current.'®*'?* Extracellular ATP stimulates Icar

by increasing the channel open probability.'?
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As a major contributor of inward current to maintain the AP and also to regulate the
intracellular Ca** handling, inherited or artificial mutations of Ic,. channel have been shown to
cause various types of neurological or cardiac diseases.”*'?!'?7 Dysfunction of I, by missense
mutation G406R and G402S in Ca(¥)1.2 causes Long QT syndrome with syndactyly (Timothy
syndrome) which is characterized by multiorgan dysfunction including lethal arrhythmias,
webbing of fingers and toes, congenital heart disease, immune deficiency, intermittent
hypoglycemia, cognitive abnormalities, and autism.'?” These mutations produce sustained inward
Ca®" currents by causing nearly complete loss of voltage-dependent channel inactivation and
induces intracellular Ca®** overload in multiple cell types which can delay cardiomyocyte
repolarization and increase risk of arrhythmia, the ultimate causes of death in this disorder.

Ca®* channels are blocked by three major classes of drugs: dihydropyridines (nifedipine
and others), phenylalkylamines (verapamil and others), and benzothiazepines (diltiazem)."*%!*
Multiple binding sites for dihydropyridines have been described, including domains III and IV
S6 as well as the domain IV P-loop.”*® Most Ca®* channel blockers shift the steady-state
inactivation toward more negative voltages.

Ica. and Iy, are reduced in myocytes in animal models of AF, congestive heart failure,

76:31-137 511 which APD is significantly shortened, while in hypertrophy Ic,y is

138;139

atrial tachycardia,
enhanced so APD prolonged due to the accelerated recovery from inactivation.
Prolongation of the AP also increases the amplitude of the [Ca’"); transient, activating CaM
kinase (and thus Ic,. and other arrhythmogenic inward currents), thereby promoting
arrhythmogenic early and delayed afterdepolarizations (EAD, DAD).'* In addition, mutation in
cardiac ryanodine release channel RYR2 causes elevated [Ca®*]; transient and bursts Ic,. thereby

141

prolongs APD and QT interval, result in polymorphic ventricular tachycardia. ™ Other studies

showed that in hypertrophied ventricle after ischemia, Icy, is reduced and p-adrenergic response

is impaired,'*? which could relate to the degree and types of hypertrophy.'*’

1.2.3 Outward currents

1.2.3.1 Transient outward K* current: I,

Cardiac potassium (K') ion channels constitute the most diverse class of ion channels

with respect to kinetic properties, regulation, pharmacology, and structure. 5365144148 They carry
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outward currents in the physiological range of potentials and act to set the resting potential near
the K* equilibrium potential or to repolarize the membrane.'** K* currents are nearly involved in
all phases of AP. K* channels can be generally classified into two types: voltage-gated K
channels (VGKCs) which contain six transmembrane segments and one pore in each of its four
highly homologous a-subunits; and voltage insensitive or ligand-gated K* channels that are also
tetramer of a-subunits but composing of two transmembrane segments and one pore, and are
normally regulated by signaling molecules or neuronal transmitters. In heart, I, Ix (Ikr, Iks) are
the major VGKCs and Ik; is the main voltage insensitive channel that contributes to the
ventricular AP configuration. There are a variety of auxillary B-subunits to modify the VGKCs’
properties, e.g. channel gating."4%!%°

I, expresses in human ventricular and atrial cells and acts as the principal repolarizing
current in adult mouse and rat atrium and ventricle, accounting for the extraordinarily short APs
in these species. There is significant transmural heterogeneity in the expression of I, in
ventricles, especially in large-size species including human %7515 This transmural
heterogeneity results in the difference of AP in phase 1 repolarization: Epicardial and M cells
possess a prominent I,,-mediated notch responsible for the 'spike and dome' morphology, which
is absent in endocardial cells due to the lower I, current density . M cells are distinguished from
the other cell types in that they display smaller Igs, but larger Ina. and Incx. These ionic
distinctions underlie the longer APD and steeper APD-rate relationship in M cells, which is more
pronounced in the presence of antiarrhythmic agents with class III actions. However, I, does not
function as a key current to regulate the APD in rabbit, canine, or human,'®"" though
eliminating this current in mouse results in significant APD and QT prolongations.m;153

I, channel has very fast activation and inactivation gates and activates then inactivates
rapidly, brings about only a transient of outward K* current that repolarizes to protect the
membrane. Various cloned K channel a-subunits, including Kv1.4, Kv3.3, Kv3.4, Kv4.1, Kv4.2
and Kv4.3 result in rapidly activating and inactivating K* currents with characteristics
resembling endogenous cardiac I, yet subtle difference exists.'”>*!'>> For example, the primary
difference between Kv1.4 and the two Kv4 channels is in the recovery from inactivation, with
Kv1.4 recovering much more slowly than Kv4.2.1%%1%8 With respect to I, expression in the heart,

only Kvl.4, Kvl1.7, Kv4.2, and Kv4.3 show substantial expression in the mammalian

myocardium, while other Kva genes (i.e. Kv3.4 and Kv4.1) encode for Ii-like currents, but



23

physiologically express in much lower level. Recent studies demonstrated that the B-subunit, K*-
channel interacting protein (KChIP), expresses differently in different regions of the heart and in
different species, contributing to the biophysical properties of I, and its pharmacological

145;149;157-159 even though one

response, tissue distribution, as well as the trafficking of a-subunit,
study considered that the phenotype differences are not likely caused by differential expression
of the K" channel subunit genes thought to encode Iy, but rather may arise from differences in
molecular structure and/or posttranslational modification of these subunits.'®

In addition, the molecular basis for I, varies greatly in myocytes from different species
and cells from different regions of the heart in the same species. In many cases, more than one

144-146,155,161 \ hich contributes to the

gene is responsible for the channel a-subunit conducting I,
subtle difference in the channel properties of time- and voltage-dependence.

I,o is blocked by many antiarrhythmic agents such as quinidine, flecainide, propafenone,
most of which are viewed as having other primary cardiac ion channel targets. Thus, the extent to
which [,,/K.4 block contributes to the actions of these drugs is uncertain. A common finding in
human heart failure is AP prolongation, an effect that has been attributed in part to reduction of
I,,. A remarkably good correlation has been found between the extent of reduction of I, and
reduction in the abundance of mRNA transcripts encoding Kv4.3 in human heart failure.'®? The
mechanisms underlying this transcriptional regulation have not been elucidated. In mice
expressing a dominant negative Kv4.2 construct in heart, action potentials are markedly
prolonged, reflecting the primacy of I, in rodent heart.'*

I, seems to be a “conventional” current that undergoes remodeling (down-regulation) in

164-167 while its correlation

various types of diseases: heart failure,'®® diabetic cardiomyopathy,
with clinical QT prolongation is unknown even though it has been demonstrated to prolong APD

significantly in rat or mouse.'>

1.2.3.2 Rapid delayed rectifier K currents: I,

Delayed rectifier K* channels (Ix) activate more slowly compared to other VGKCs,
therefore generally do not play a major role in determining the balance of inward and outward
currents during phases 0 and 1, while they contribute the outward currents in the later phases of
AP. There are two components of Ix (the rapid component Ik, and the slow component Iks) in

ventricular myocytes of human,'®' rabbit,'”""'"* and dog.t”'”'"" These channels are
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distinguished by their kinetics of activation, deactivation and inactivation, and by their highly
variable sensitivity to blocking drugs.

Ik, activates rapidly, and inactivates faster at more positive potential thus limits the
amount of time that channels spend in the open state, showing strong inward rectification.'” It
deactivates much more slowly compared to the slow component Igs therefore shows large
outward tail current (Figure 4). On repolarization the rate of recovery from inactivation through
the open state is much more rapid than deactivation, which at voltages negative to 0 mV results
in a large outward current and set the basis for promoting the repolarization at phase 3 of AP. It
is the unique ability that Ix, governs the rate of membrane potential repolarization at the end of
each cardiac AP and refractoriness, and therefore is crucial for the termination of AP. In
ventricular and atrial myocytes, I, regulates the duration of the plateau phase of AP. Application
of E-4031 or dofetilide prolongs APD but has little effect on the rate of final repolarization or on

resting potential.'” Figure 5 depicts the unusual kinetic of this voltage gated K channel.
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Figure 4. Comparison of cardiac delayed rectifier K currents in heterogenous systems.

HERG encodes Ik, and KCNQI1+minK encodes Iks.
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Figure 5. Unusual kinetics of Ix,/HERG channel. (Modified from Roden DM, et al.%%)

The putative a-subunits of delayed rectifier K" channels are comparable as of I, and In,
(Figure 3), containing four repeats of six transmembrane segments (S1-S6) with a S5-S6 linker
(loop) to form the channel pore. There are also auxiliary B-subunits for Ik,, mainly to regulate the
channel kinetics or sensitivity to drug blockage. Initially isolated by screening a human
hippocampal cDNA library with a mouse homolog of ether-a-go-go, a Drosophila K channel
gene,'®® the human either-a-go-go related gene (HERG) (it is also nominated as KCNH2)
encodes the a-subunits of Ik, and conducts nearly identical biophysical properties as of native Ik,
in cardiomyocytes when it is expressed in heterogenous system, including Xenopus oocytes,”’
Chinese hamster oocytes,'®! COS,'® and human embryonic kidney cell line 293 (HEK293).'®
However, when expressed in Xenopus oocytes, it is not blocked by drugs that specific block Ik,
(e.g. dofetilide),”’” as the required concentration to achieve blockage is significantly higher,
probably due to the different cellular matrix in oocytes. This prompted the subsequent studies
searching for the accessory subunits of HERG. The minimal K* channel protein (MinK) is a

widely expressed protein of relative molecular mass approximately 15Kd that forms potassium

channels by aggregation with other membrane proteins. MinK governs the ion channel activation,
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pathway.'®* It has been shown to associate with both KVLQT1 which is the a-subunit of Iks, and
HERG, to produce current resembling Ixs and Ix,.'® minK-related peptide 1 (MiRP1) was

initially believed to act as a B-subunit of HERG,'®® while contradictions remain on whether

-189
G,187

MiRP1 or MinK plays an essential role in pharmacology and biophysics of Ix,/HER even

though it may serves as stabling molecular for HERG. MinK is encoded by KCNE!; and MiRP1

is encoded by KCNE2, which was cloned based on homology with minK. MiRP1 mutations are

identified to cause a congenital long-QT syndrome (LQT6).'%

HERG gene is highly conserved across mammalian species. The canine and rabbit clones

are 99% identical to the human sequence at the amino acid level.'”® In some species, such as

67;172 169;191

guinea pigs,168 humans, and dogs,67 Ik is composed of both Ixs and Ik, In

195

rabbits,

others (e.g. cats,m'I94 fetal mice ), the current is almost exclusively Ik, Ik, is the major
g y )

repolarizing current in fetal mouse and rat heart, but it is rapidly supplanted postnatally by a very

196,197 195

large I, resulting in the characteristically short action potential in small rodents.

Because of its crucial role in determining the APD, Ix/HERG has been demonstrated to
be a target of inherited and drug induced LQTS, a potentially-lethal arrhythmia. HERG is a
second most common cause of LQTS2; until the year of 2000, more than 94 mutations scattered
throughout this entire gene have been seen while no hot spots have been recognized.'”® Several

199201 3lteration of channel gating properties,”®

199;203-207 have

mechanisms, including loss of channel function,
and defects in assembling, trafficking, and membrane targeting of channel protein,
been demonstrated in heterogeneous system as mechanisms underlying the reduction of Ix,/
HERG current in LQTS2. Based on these findings, gene-testing on HERG, and pharmacological
rescuing of the channel protein, have been proposed for the prevention and therapies of LQT2
patients.

Ix/HERG is very sensitive to the block by antiarrhythmic drugs containing
methanesulfonanilide group (e.g. dofetilide, D-sotalol, E-4031, ibutilide, and MK-499)"68,

calcium blockers (e.g. verapamil, bepridil, and mibefradil)'®

and many noncardiovascular drugs
(e.g. cisapride,208 astemizole, terfenadine’®) that share a potential to produce marked QT
prolongation and a distinctive ventricular tachycardia, TdP, and syndromes resembling
congenital LTQ2. Recent concerns on the QT prolongation and arrhythmias induced by many
clinically used drugs (“pharmacological LQTS”) prompt investigators to study the Ix/HERG

blockage in order to prevent possible arrhythmic events.
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Impairment of Ix/HERG in diseases may also serve as a cause of the pathological type
LQTS, though only a few detail studies have been reported. For example, acidosis such as in
ischemia, results in the reduction of Ik, thus prolongs the APD.21%2!! Myocytes isolated from
hypertrophied left ventricles of cats have reduced Ix density, with slowed channel activation and
faster deactivation.”'? In the pacing-induced heart failure rabbit model, both Ik, and Ik, are
smaller while not changed in the voltage dependence or the kinetics of Ik currents.”'® The
reduction in the outward current over the plateau phase of AP in cells from hypertrophied feline
left ventricles, exhibits a greater predisposition to developing potentially arrhythmogenic
EAD.*? Ik, density and HERG mRNA levels are reduced in myocytes from infarcted canine
ventricle,2'* while no change was found in the steady-state level of HERG mRNA in human
HE . '62

Moreover, HERG is regulated by phosphorylation by PKA and PKC. There are four
putative cAMP-dependent PKA phosphorylation sites and a cyclic nucleotide binding domain in
the C-terminal of HERG, which can be modulated via the cAMP-PKA phosphorylation
pathway.2'*?'® Activation of adrenergic receptors and increased intracellular cAMP levels
regulate HERG channels both through PKA-mediated effects and by direct interaction with the
protein.>'> PKA activation reduces HERG current amplitude and induces a depolarizing shift in
the voltage-dependent activation curve. This shift is inhibited by specific PKA inhibitors (H89,
KT5720) and in channels missing all PKA phosphorylation sites (S283A, S890A, T895A,
S1137A), while coexpression of HERG with KCNE1 or KCNE2 accentuates the cAMP-induced
voltage shift.?"> The net result of these effects is a reduction in HERG current. However,
isoproterenol increases I, in guinea pig ventricular myocytes, an effect that was inhibited by
bisindolylmaleimidc.216 In rabbit SA cells isoproterenol increases Ik, and this effect is inhibited
by H89, but not by bisindolylmaleimide.?'” These results suggest that regulation of Ix, might be
species- and tissue-specific and might also depend strongly on experimental conditions.

HERG channels are modulated by PKC independently of direct phosphorylation of the
channel.?'®* PMA causes a positive shift of activation and reduces Ik, and its effects can still be
observed when the PKC-dependent phosphorylation sites are deleted by mutagenesis. Changes in
phosphatidyl 4,5-biphosphate (PIP2) levels result from activation of several adrenergic and
muscarinic receptors. PIP2 increases HERG currents and shifts the voltage-dependence of

channel activation in a hyperpolarizing direction.””” Moreover, in cells coexpressing o;a-receptor
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and HERG, phenylephrine reduces HERG currents and this effect is prevented by PIP2 but not
by PKC inhibition. Since there are several polycationic segments in the cytoplasmic C-terminus
of HERG, it is possible that an electrostatic interaction between the negatively charged
phosphate groups of PIP2 and the positively charged amino acids in the channel protein can
maintain the channel in an open state.2! In human ventricular myocytes, endothelin-1 inhibits Ix,,
but fails to modify I, and Ix;.”?° Lysophosphatidylcholine (LPC), a naturally occurring
phospholipid metabolite, can accumulate and cause extracellular K* accumulation and AP

22l This may contribute to K loss, abnormal

shortening, via the enhancement of HERG current.
electrophysiology (e.g. shortened APD and QT interval in the early phase of ischemia), and
arrhythmia occurrence in the ischemic heart 22132 Thus, dysfunction of Ix,/HERG (enhanced or
defected) can result in alteration of APD and QT interval, substrates of different types of

arrhythmias.

1.2.3.3 Slow Delayed rectifier K* currents: Iy,

Igs is slowly activated at potentials above -30 mV with a linear current-voltage

relationship, reaching half-maximum activation (Vi) at +20 mV (V) for Ik is around -25
mV),68:16%:183:224225 1 activates much more slowly than any other known VGKCs, and steady-
state amplitude is only achieved with extremely long depolarization. Thus, Ixs contributes to
human atrial and ventricular repolarization, and serves as a “repolarization reserve”

component, 2%

particularly when I, is reduced by disease or drug, preventing excessive action
potential prolongation and development of arrhythmogenic early afterdepolarizations.228 It is a
dominant determinant of the physiological heart rate-dependent shortening of APD besides
Ican,2? due to its incomplete deactivation and subsequent current accumulation, which is much

230-232 while it has not significant role when

more pronounced under beta-adrenergic activation,
the cycle length is short.”®! Pharmacologically, Ix; is resistant to methanesulfonanilides,'®® but
selectively blocked by chromanols (293B, HMR-1556)***** and others.

The pore-forming a-subunit KvLQT1 (or KCNQI) together with the B-subunit minK (or
KCNE1) reconstitute the native Ixs-like current when co-expressed in heterogeneous systems

225;235-238

while any alone can not carry Igs-like current. minK functions as a regulatory subunit to

increase the KvLQT]1 current by increasing the membrane targeting of KvLQT1 and eliminating
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the inactivation gate of the channel *%***?*> Mutations in either KvLQT1 or minK can destroy
the channel function and current kinetics, resulting in reduced repolarization K* current during
the plateau phase, thus prolong APD and QT interval. Clinical and experimental studies have

1 38;198;225;237;238;243
b

revealed that mutations in KvLQT1 can result in LQT and minK in

;149;198;240;244-246
LQT5 % 14%198:240;

Reduced Ik resulted from block by cardiac or noncardiac drugs leads to APD and QT

209;247

prolongation, and resembles the LQT1-like syndrome especially in the presence of beta-

adrenergic activation, mainly due to the transmural heterogenous of Ik that its density is much

66:67248 and due to that Igs is

larger in M cells compared to epi- and endo-myocardial cells,
regulated by sympathetic nervous stimulation, with activation of beta-adrenergic receptors PKA
phosphorylating this channel,>****? and the colocalization of adrenergic receptors and Ixs channel
proteins.*’ Phosphorylation of Igs channel shifts the channel activation to negative potential, and

increase the current,z‘w'252

thus beta-adrenergic stimulation is a frequent trigger of arrhythmias in
patients with inherited KvLQT1/minK mutations or taking Iks-inhibiting drugs. PKC also
enhance Ik in guinea pig ventricular myocytes.253 The effects of PKC activation on minK are
species-dependent, causing an increase in guinea pigs and a decrease in rats and mice.>****® Prior
PKC activation prevents Ixs current modulation by PKA, and vice versa, suggesting multiple
interacting phosphorylation sites on KvLQT1 and/or minK subunits.”**

There are a few studies on the remodeling of Ixs by diseases or stimulations. Cells

27 while

isolated from pressure-overload guinea pig ventricles demonstrate no change in I,
chronic atrioventricular block canine hypertrophy model exhibits significant down-regulation of
Ixs.>® Ixs may be absent in ventricles from ischemic or dilated cardiomyopathy but present in

normal heart.'?"?%°

1.2.3.4 Inward rectifier K currents: Ix;

Composed of only two membrane-spanning segments with an intervening loop
homologous to the S5-P0-S6 section of voltage-gated K* channels, forming a homo- or hetero-
tetramer, the inward rectifier K* channel (Ix1) subserves a variety of physiologic functions,
including setting the resting potential, hyperpolarizing depolarized membranes, and contributing
to repolarization. 63:144147 1t carries an outward current during the late phase of AP. Ix; shows

significant inward rectification (increases of K' conductance under hyperpolarization and
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decreases under depolarization) thus carries a substantial current at negative potentials and set a
stable resting potential close to Ex at around -85 mV, while conducts very little outward current
even at positive potentials. Upon depolarization this large conductance is virtually shut down by
the rectification, allowing other K* currents to control the plateau phase. It remains closed
throughout the plateau and opens again at potentials negative to —20 mV, thus contributes to
terminal phase 3 of repolarization. I, density is higher in ventricular than in atrial myocytes, and
is not different in epicardial, M and endocardial cells in canine and guinea pig hearts. 2
Members of Kir2 family are the major Ix; channel proteins. Homo- or hetero-tetramer of
Kir2.1 Kir2.2, Kir2.3 subunits resemble the native 1x1.2°2%% Due to the manifold roles of Ixj,
mutation of Kir2.1 causes Andersen's syndrome (or LQT7), a rare disease characterized by
periodic paralysis, dysmorphic features, QT prolongation and ventricular arrhythmias. Mutations
in Kir2.1 associated with Andersen syndrome were found to cause dominant negative
suppression of the wild type Kir2.1 channels when expressed in Xenopus oocytes thus mimicking
the effects of the Kir2.1 gene knock-out which is characterized by prolonged QT interval 264268
Ik can be blocked by Ba?* (I1Cs50=20 pM),269 or drugs such as chloroquine and nicotine,m
lengthening the atrial, AV node and ventricular APDs. Ik, blockers are effective against various
types of experimental reentrant ventricular tachycardias.”” Moreover, Ix; blockers produce
membrane depolarization (an effect that slows conduction velocity due to a voltage-dependent
inactivation of Na* channels) and prolong the QT interval, both actions being proarrhythmic.
Findings in guinea-pig ventricular myocytes suggest that Ix; can be suppressed by a
PKA-mediated phosphorylation occurring in response to isoprenaline-induced beta-adrenergic
receptor activation and that acetylcholine (Ach) can antagonize the suppression by mechanisms
that involve both intracellular and membrane-delimited pathways. The membrane-delimited
pathway appears to involve M2-cholinergic receptors, their associated G protein, Gi, and a
protein phosphatase, all located in the sarcolemma in close proximity to the involved Ik,

272

channels. However, human Kir2.1 current is up-regulated by activation of PKA, and is

inhibited by direct PKC-dependent phosphorylation.z'”;274 Besides, a)p-adrenergic receptor
activation mediates I regulation via CaMKIIL.?"

Ix; is down-regulated in spontaneously hypertensive rats, in models of cardiac
hypertrophy, infarcted rat heart, and in patients with severe heart failure and

cardiomyopathies,”’**"* but may not at mRNA level.”” This leads to the membrane
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depolarization, the prolongation of APD, and the early and delayed afterdepolarizations.?®*”’

However, Ix; density increases in patients with chronic AF."! The increase of Ix; results in
abnormalities of excitability, including slowed heart rate, premature ventricular contractions,
atrioventricular block, and atrial fibrillation, as found in transgenic mice over-expressing Ik

CllI'I'Cl’lt.?'80

1.2.3.5 Other cardiac ion channels
Physiologically, the inward Iy, and Ic,. currents, and the outward I, Ik, Iks, and Ik

currents, are the major players setting the heart rhythm and mainly determining the APD and QT
interval. There are also several catalogues of ion channels shaping the electrophysiology of heart,
especially during the diseased states. Most of these ion channels are not voltage-gated while
modulated by physiological ligands, e.g. ATP, adenosine, Ach. Ion exchangers such as Na*-Ca**
exchanger (Incx), contribute to the plateau phase of AP, too.

Present in various tissues, including pancreatic B-cells, heart, skeletal muscles, vascular
smooth muscles, and brain,”®' Ixarp channels are hetero-octameric proteins composed of pore-
forming inwardly rectifying K channel (Kir6.x) and regulatory sulfonylurea receptor (SUR)
subunits.?® Ixarp is a major regulator for insulin secretion in pancreases.”®® Physiologically,
cardiac sarcolemmal Igarp channels are closed by the inhibitory effect of ATP, and conduct
outward K current when opened due to decreased intracellular ATP but increased ADP levels,
which often occur under stresses conditions such as ischemia and hypoxia,®® thus contribute to
the increase of K' efflux and the shortening of APD.?# Therefore, opening of Ixatp channels
may result in cardioprotective as well as proarrhythmic effects while blocking (e.g. by glyburide)
may prevent arrhythmias in ischemia.?®® The Ixarp channel has been therapeutic targets for both

diabetes and heart diseases.
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1.3 Current Knowledge of lonic Mechanisms for Prolonged QT

Interval in Diabetic Hearts

Under pathological states such as ischemia, congestive heart failure, stress, autonomic
activation, and diabetes, etc., the functions of either inward or outward ion channels, or both, are
changed, due to the variation of ion channel expressions and/or functions and mal-regulation by

34:286-28% ()T Prolongation resulted from ion channel dysfunction is a common

related signalings.
electrophysiological symptom in diseased hearts, such as heart failure resulted from ischemia,
hypertension and diabetes.

APD recorded in STZ-diabetic cardiomyocytes was increased more than one fold
compared to normal heart cells.'5%?8922 A net change in increased inward current and/or reduced
outward current across the cell membrane can result in APD and QT prolongation as we have
discussed in the Introduction. Great efforts have been made to understand the ionic mechanisms

underlying diabetic APD and QT prolongations.

RV, control EpIALY, control EndoBLY, control
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Figure 6. Action potentials of rat ventricles. APDs of three selected regions of the ventricular

muscle recorded in diabetes (B) are remarkably longer than in control (4). RV: right ventricle,
EpiALV: epimyocardial wall of left ventricle; EndoBLV: endomyocardial wall of left ventricle.
From Casis O, et al. 2000.%?
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1.3.1 Inward currents

1.3.1.1 Sodium currents

The peak sodium current (In,) in isolated diabetic rat ventricular myocytes does not
change significantly compared to that in healthy myocytes.””> However, slowly inactivating
component of Na* current (InaL), as a contributor to ischemic Na* and subsequently Ca®" loading,
was found to be significantly decreased in myocytes isolated from diabetic rat hearts.2%
Therefore, it is not likely that sodium current contributes to the QT prolongation in these diabetic

animal models.

1.3.1.2 Calcium currents

Ica. was found smaller in IDMM in some studies 294295 hut unaltered in chemical-induced
or genetic diabetic animals in other studies.”****" The former is supported by a study showing
significant decreases in maximal number of 3H—nitrendipine binding to Ic,. channels in STZ-
induced IDDM rats.2*® As activation of Ic,. is essential for subsequent stimulation of Na*-Ca?
exchanger (Incx) current, reduced Ic,, may contribute to decreasing the activation of Incx in
diabetic myocytes.”* In STZ-diabetic guinea pigs, the impaired Ca®* homeostasis in the
myocardium of diabetic guinea pigs may explain the increased incidents of DADs and triggered
activity in this model. Even though the basal calcium current density and kinetics remain
normal,”**?%' decrease in response to beta-stimulation occur in genetically diabetic rats compared
with control rats.2%

In addition, the resting levels of [Ca®*]; and basal [Ca*]; transients remain normal in
diabetes until the system is challenged by certain stimuli. [Ca**]; responses to isoproterenol are
depressed in both resting and stimulated diabetic cells. This suggests an alteration in the beta-
adrenergic pathway, possibly related to the beta-adrenoceptor deficiency reported in diabetic
hearts. SR Ca-ATPase is also involved in the isoproterenol-induced [Ca**]; changes. Moreover,
the decreased maximum response to 8-bromo-cAMP provides evidence of a post-receptor
alteration in the pathway. Diabetic myocytes are more sensitive to ouabain, whereas the
maximum response to ouabain was depressed. This may be the result of depressed Na-K ATPase
and increased [Ca*'];. Ryanodine binding suggests a decreased number of high-affinity binding
sites in the SRs of diabetic myocytes. Additionally, there are indications that SR releasable

calcium is reduced and that the major functions of SR, notably uptake, release and storage, may
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be depressed in diabetic myocytes. Finally, L-type Ca**-channels are quantitatively and
qualitatively altered in diabetes. Insulin treatment normalizes most of the diabetes-induced
changes in cardiomyocytes, suggesting that metabolic alterations due to insulin deficiency play
an important role in diabetic cardiomyopathy. Results from several studies show that in diabetes
the function of major organelles that handle [Ca®*); in myocytes is depressed, which in turn
causes the alteration of [Ca®*]; mobilization in myocytes. Different second messenger systems
involved in E-C coupling may also be altered due to metabolic impairments. The rapid
advancement in our understanding of the pathophysiology of calcium homeostasis in
cardiomyocytes will be forthcoming as the powerful new tools of molecular and structural

301

biology are used to investigate the regulation of the Ca*" transport system.’®' These data suggest

that Ic,. does not likely account for diabetic APD or QT prolongation.

1.3.2 Outward currents

1.3.2.1 I, and I

Representative studies in diabetic models by Shimoni’s group and other fellows
contributed greatly to this area, '64166:290:295302:306 Their work establishes that I, and a slowly
inactivating, quasi-steady-state outward K™ current (I), are the major electrophysiological
determinants for the APD prolongation in ventricular cells from STZ-diabetic rats and
mice.'®?% It was found that in STZ-induced diabetic rats, I;, and I, were significantly smaller

than in the age-matched rats,'66289:292:307:308

166;295;305

and the reactivation kinetics of I;, was slowed down,
or the inactivation was accelerated,’® mechanisms underlying the I, reduction. These
reductions are uniform in the total right ventricle, subepicardium at the apex of the left ventricle
and subendocardium at the base of the left ventricle of STZ-rats.>*> By comparing I, in diabetic
myocytes treated with or without insulin and the inhibitors mitogen-activated protein kinase
(MAPK), they believed the loss of insulin-stimulated gene expression of ion channels through
MAPK kinase pathway is responsible for the malfunction of I,. In addition, STZ itself has no
direct effect on electrophysiological activity in the hearts of diabetic rats.’® Similar results were

.2 .2 . 0 .
1289295296306 (yin et al recently

reproduced by other groups using the same animal mode
documented that mRNA and protein levels of Kv2.1, Kv4.2, and Kv4.3, the molecular

components of cardiac I, are significantly decreased in IDMM rats.’'® Moreover, Nishiyama et
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al’!! demonstrated that the density of Kv4.2 protein decreased, whereas Kv1.4 protein increased.
They postulated that isoform switching from Kv4.2 to Kv1.4 is most likely the mechanism
underlying the slower kinetics of I, initially identified by Shimoni et al.’®® In type 2 genetic
diabetic rats, ventricular I, is also decreased significantly. 297, 299312 Thege results reveal the
molecular basis of Iy, depression in diabetic rats and mice.

Autonomic neuropathy, including cardiac neuropathy, is a complication of chronic
diabetes. Acute exposure of the a-adrenergic agonist norepinephrine (NE) reduces I, current
amplitude in both healthy and diabetic rat myocytes; however diabetes shifts to the right of the

3% thus

concentration-response curve and reduces the maximum effect of the neurotransmitter,
diabetic myocytes are more resistant to sympathetic regulation than are healthy cells. Moreover,
prolonged exposure of diabetic cardiomyocytes with NE restores I, current, may be by
increasing its expression.’"® The reduced I, and I density is significantly restored in diabetic rat
isolated ventricular myocytes treated in vitro with insulin or agents that activate the cellular
metabolism such as by increasing the pyruvate dehydrogenase activity (e.g. by dichloroacetate).
164:314:315 This mechanism is not limited to diabetic conditions, because metabolic stimuli that up-
regulate I, in diabetic rat myocytes act similarly in non-diabetic models of heart failure.*'®
Moreover, in diabetic rat myocytes, the integrity of cytoskeleton (e.g. B-tubulin) was disrupted
remarkably in parallel with the I, and I reduction. This is mimicked by destroying the actin
microfilament network with cytochalasin D, and rescued by insulin treatment.'®® It is possible
that in diabetic myocytes, the significant changes in the cellular milieu result in the impaired
trafficking of ion channel to the membrane. Detail electrophysiological studies of diabetic and
non-diabetic disease conditions affecting the heart suggest I;, channels are regulated by a redox-
sensitive mechanism, where glucose utilization plays an essential role in maintaining a normally
reductive state of the myocyte.*'* This concept may have implications for clinical approaches
aimed at reversing pathogenic electrical remodeling in a variety of cardiovascular diseases.
However, controversy was reported by Rusznak et al’'’ with diabetic Bio Breeding/
Worcester (BB/Wor) rats that spontaneously develop pathologic changes characteristic of human
type I diabetes. They found no significant difference between the non-diabetic and diabetic BB
rats (IDDM) in the amplitude, and the rate of recovery from inactivation, of I;,. In ob/ob NIDDM

mice, the 4-aminopyridine sensitive currents (I,,) were also similar and the voltage dependences

of the activation and of the steady-state inactivation did not differ significantly, either.’'” This
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may due to the difference in mechanisms underlying the insulin deficiency in genetic and
chemical-induced diabetic models, where the former results in more complicated gene regulation
and auto-immunol injuries while the later results in mainly the dysfunction of pancreas and most
symptoms are secondary to the insulin insufficiency. More efforts are needed to advance our

understanding in the role of I, in diabetic cardiomyopathy.

1.3.2.2 Iy

Ik, was found unchanged in the magnitude or voltage dependence around the resting

289;292;296;308 excluding

membrane potential in IDDM by Shimoni et al'®* and other laboratories,
the contribution of Ix; to APD prolongation in these animal models of diabetes. As Ik; is the
major current setting the resting membrane potential (RMP), the preserved Ix; may explain the

comparable RMPs in healthy and diabetic cardiomyocytes.

1.3.2.3 Igarp

Igkate channel opens under stress states such as ischemia or hypoxyia that results in

28 When opened, it conducts outward K* current

reduction of intracellular ATP concentration.
and influences the repolarization of AP. Evidence exists that Ixatp is enhanced in diabetic rat
hearts, due to the increased sensitivity to ATP. %18 However, increase in Igatp is expected to
shorten, but not lengthen the APD. Thus, participation of Ixatp in diabetic APD prolongation can

also be ruled out.
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Figure 7. Current knowledge of ionic disturbance in diabetic heart. Inward Na' or Ca’'
currents are unchanged or reduced. Outward I, is reduced markedly and contributes to the APD

prolongation in diabetic rodents; Ik, is resistant to the diabetes and remains similar level as in

healthy ones.
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1.4 Current Knowledge of Cellular/Molecular Mechanisms in

Diabetic Cardiocomplications

Although expression of a single gene, encoding a pore-forming subunit, is often sufficient
to generate an ion current, recapitulation of all the physiologic features of a current in myocytes
frequently requires function-modifying accessory subunits. To extend this further, it is now
apparent that the generation of ion currents in cardiac myocytes requires coordinated function of
not only of a and B subunits, but also multiple other gene products that settle such functions as
assembly and trafficking, phosphorylation and dephosphorylation, posttranslational
modifications, and regulation by other signalling molecules. The mechanisms underlying these
very important aspects of channel physiology and the roles of cellular signalling pathways are
only now being delineated.

Studies on both type 1 and type 2 diabetes have revealed several important cellular/
molecular mechanisms underlying the cardiocomplications. This section outlines some of the
signaling factors in diabetes closely related to the channel pathophysiology, including: glucose,
insulin, phosphoinositide 3-kinase (PI3K), protein kinase B (PKB, also named Akt), tumor
necrosis factor a (TNF-a) and the intermediate metabolite ceramide, and enhanced PKC activity

and oxidative stress, etc. 3

1.4.1 Hypo- and hyper-glycemia

Determination of elevated plasma glucose is a criterion to diagnose diabetes. Untreated
diabetic patients have hyperglycemia with fasting plasma glucose > 140 mg/dl (7 mM), or
venous plasma glucose > 200 mg/d]l (10 mM) at 2 hours after a 75 g oral glucose challenge.
However, treatments to correct this biochemical disturbance may result in ultra low level of
glucose. As a major source of metabolic fuel, degradation of glucose via glycolysis and
subsequent oxidative phosphorylation generates high-energy phosphates (e.g. ATP) to drive
biological processes in the cell. When glucose level is reduced to less than 2.5 mM, it is
diagnosed as hypoglycemia, which may be fatal when lasting for a prolonged period.

Multiple lines of studies have demonstrated that hyperglycemia can impair cellular

functions. The common effect of hyperglycemia in various types of cells is increase in ROS level,
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which subsequently have numerous molecular targets in the cell.****?! Incubation of pancreatic
B-cells in mimetic hyperglycemia induces mitochondrial ROS and suppressed first-phase of
glucose induced insulin secretion through the suppression of GAPDH activity.*”* Exposure of rat
small coronary arteries to high glucose reduces nitric oxide activities but enhances superoxide
(Oy") formation.’”® Hyperglycemia also enhances ROS production in rat cardiomyocytes,
resulting in the increased phosphorylation on angiotensin II (AT-II) by Janus-activated kinase-2,
a tyrosine kinase related with myocyte hypertrophy and cytokine and fibrogenetic growth factor
overexpression, which may explain the increased hypertrophy and higher cardiovascular
morbidity and mortality in diabetics, in which the AT-II activity is augmented.*?* More detailed

discussion about diabetic ROS is made in Section 1.4.4.

1.4.2 Insulin-PI3K-PKB signaling pathway

Signaling through the insulin pathway is critical for the regulation of intracellular and
blood glucose levels and the avoidance of diabetes. Insulin binds to its receptor leading to the
autophosphorylation of the B-subunits and the tyrosine phosphorylation of insulin receptor
substrates (IRS). IRS activates PI3K through its SH2 domain, thus increasing the intracellular
concentration of PIP2 and PIP. This, in turn, activates phosphatidylinositol phosphate-dependent
kinase-1, that subsequently activates Akt/PKB. This leads to the translocation of the glucose
transporter (glucose transporterase, GLUT4) from cytoplasmic vesicles to the cell membrane to
carry in the glucose molecule in cardiac and other tissues.??>328

PKB is a serine/threonine (Ser/Thr) protein kinase which can be activated by a variety of
stimuli in a PI3K-dependent or -independent manner.?***2 PKB regulates cellular processes and
promotes cell survival by the Ser/Thr phosphorylation of downstream signaling proteins, such as
glycogen synthase kinase-3, GluT4, nuclear factor kB (NfkB), and TNF-a, etc.?**3%7
Experiments have demonstrated that PI3K and PKB are also involved in the growth and the

334338343 and they regulate some ion channels, including L-type Ca®* and M-

function of hearts,
type K* channel in neurons.?**** As a survival factor insulin prevents H,O,-induced apoptosis in
rat neonatal cardiomyocytes via activating the PI3K/PKB pathway.3 45346 In STZ-diabetic rats,
insufficient insulin results in the downregulation of heat shock protein-60 and the subsequent
reduction of the downstream IGF-1 receptor signaling that protects cardiac muscle against injury

via activation of PI3K/PKB.>*3%



40

In chemical-induced or genetic type 1 diabetic subjects, the PKB/PI3K signaling pathway
has been found being dramatically impaired.?®*336%34% Ephanced PKC activity resulted from
hyperglycemia and diabetes also diminishes PKB function.*>® However, there are studies indicate
that insulin-induced phosphorylation of Akt/PKB on Thr-308 was increased fivefold in STZ-
diabetic heart, but normal on Ser-473; in contrast with PKB phosphorylation, insulin-induced
phosphorylation of GSK-3, a major cellular substrate of PKB, was markedly reduced in

diabetes,3 40

therefore impairs other cellular functions. However, one study on rats showed
unchanged PKB activity up to 9 months of IDDM.*' Despite of the discrepancy, insulin
treatment normalizes most of the diabetes-induced changes in cardiomyocytes, suggesting that

metabolic alterations due to insulin deficiency play an important role in diabetic cardiomyopathy.

1.4.3 Tumor Necrosis factor-a and sphingolipid metabolites

Increased TNF-a level in cardiac tissues plays an important role in the progress of non-
obese IDDM resulted from the immunol reaction of CD8" T cells.***?% TNF-a is also
responsible for the development of human insulin resistance as found in NIDDM;**

administration of exogenous TNF-a induces insulin resistance, whereas neutralization of TNF-a

improves insulin sensitivity.*>

On the other hand, elevated TNF-a contributes greatly to heart diseases including

356,357

congestive heart failure (CHF), ischemic and non-ischemic heart failure, myocardial

infarction, arrhythmias, and apoptosis of heart cells.**® CHF increases the APD, leading to EAD

and lethal ventricular tachyarrhythmias.?" Circulating concentrations of TNF-a and soluble TNF

receptors (TNFR) are independent predictors of mortality in CHF.**

TNF-a reduces both the inward rectifying and outward K* current in oligodendrocytes.>*

In brain, it decreases the expression of Kir2.1 but upregulates Kv1.3, thus modulate the neuron

31 K* and CI' channels are activated in liver cells by TNF-a in Ca**-

h.362

firing and repolarization.
and PKC-dependent manners, and participate in pathways leading to TNF-mediated cell deat
In spite of this, the role of TNF-a in regulating cardiac ion channels is not well defined although
TNF-a. is a causative factor in diabetes and a deleterious factor in cardiomyopathy.

In addition, the activation of TNF-a pathway triggers the production of arrhythmogenic

363

sphingolipid such as palmitoylcarnitine, LPC, and ceramide™ which modulate cardiac channels,

e.g. | PR HERG,?*, and Ik, " These lipids accumulate much more in ischemic hearts of
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diabetic rats compared to the ischemic hearts of healthy ones,**® which may explain the higher

arrhythmic rate in diabetic subjects insulting an ischemic senior.

1.4.4 Oxidative stress

The well-balanced organism system has a finely controlled antioxidant system to
eliminate any excessive free radioactive particles generated in disease or stress states. Elevated
ROS or nitrogen species under oxidative stress have been demonstrated to be important factors
responsible for the pathogenesis of both diabetes mellitus and heart diseases, hence the diabetic
cardiomyopathy and cardiocomplications.*®*"!

In diabetes, hyperglycemia results in the production of reactive oxygen and nitrogen
species, which brings about oxidative myocardial injury. Pancreatic beta-cells exposed to high
glucose produce significantly high level of ROS due to the overwork of mitochondria, resulting
in the suppression of glucose-induced insulin secretion.’** Significant alterations in myocardial
structure and function occur in the late stage of DM. These chronic changes are believed being
resulted from acute cardiac responses to suddenly increased glucose levels at the early stage of
diabetes. Oxidative stress derived from hyperglycemia causes abnormal gene expression and
protein function, and altered signal transduction, and the activation of pathways leading to
cardiomyocytes apoptosis.336 In hearts of STZ-diabetic rats, oxidative stress starts at early stage
of diabetes and increases progressively.**® Studies on type 2 DM patients also found an increased
ROS level as comparable to that in animal models.*”!

Increased ROS can prolong the APD significantly. When exposed to H,O,, the APD in
isolated adult rat cardiomyocytes and in guinea pig cardiac muscle is significantly prolonged,
which is later markedly abbreviated due to the depletion of intracellular ATP and the activation
of Ixate. 7> It was shown that within minutes of exposure to dihydroxyfumaric acid or
xanthine /xanthine oxidase (X/XO), both of which produce the superoxide anion, the APD was
prolonged in canine myocytes, papillary muscle or small strips of right ventricular walls of
guinea pig hearts, and this effect was followed by the appearance of EAD.>"* 3" It has been
previously reported that the O,  generated by high glucose (23 mM) or by X/XO in rat small

coronary arteries impairs cAMP-mediated dilation by reducing Kv channel function,****’® which

was partially restored by SOD and catalase.
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The elevated oxidative stress in diabetes is also found to be a deleterious factor for the
function of I,. By incubating the diabetic rat cardiomyocytes with insulin or GSH, I, current
density was normalized to the level as in healthy myocytes, resulting from increased glucose
utilization and enhanced insulin signaling of reductive components in the redox system.”%%27" It
was not clear whether other cardiac ion channels, for instance, I, and Ixs, are modulated by the

overproduction of ROS in hyperglycemia and diabetes.
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1.5 Questions

Although previous studies have tremendously advanced our understanding of ionic and
cellular/molecular mechanisms for the QT prolongation in diabetic animals, application of these
findings to humans remain uncertain mainly because there exist some unsolved issues. There are
potentially other factors contributing to the abnormal cardiac QT interval of diabetic hearts.

First, our current knowledge of ionic mechanisms of diabetic QT prolongation is acquired
nearly exclusively from animal models of rats and mice that in their adulthood do not express
typical and apparent I, or Ig..'”> No studies regarding ionic mechanisms of diabetic QT
prolongation have so far been reported in humans and other species whose hearts possess
prominent I;, and significant Ix, and Ixs as well. Apparently, the potential role of Ik, or Ixs in
diabetic cardiac electrical disorder has been overlooked.

Second, decreased I;, may prolong the APDs in rats or mice, but may not in species also
possessing Ik, and Iks, such as humans, dog, and rabbit, in which the APDs have been shown to
be shortened by reducing Lo 5268378381 Thijs phenomenon is commonly interpreted as such that
depression of I, elevates the plateau level so as to set the membrane potential favoring greater
activation of Ix, (maybe also slightly on Ixs) which in turn results in a briefer APD. Therefore,
the finding that depression of I, accounts for the QT prolongation in diabetic rats and mice may
not be directly extrapolated to humans or other Ik,/Ixs-possessing species. Although experiments
with transgenic expression of dominant negative Kv4.2 and Kv4.3 (also named KCND2 and
KCND?3) constructs in murine models have indicated that a decrease of I;, may increase the APD

G,""%'3 it does not contribute to

and give rise to the prolongation of QT interval in EC
determining the APD or the transmural APD dispersion in species with dominant Ik, and Ik, e.g.
in dogs.'® Moreover, no clear clinical evidence indicates that patients suffering long QT
syndromes have abnormal I,; instead, the mutations in KCND2 and KCND3 found in LQT
patients have normal function, thus I, dysfunction is not a frequent cause of long QT
syndrome. !

Third, the ion current equivalent to I is believed to be absent in human ventricular cells

although reduction of I has been found to significantly contribute to QT prolongation in

diabetic rats.>® Hence its clinical implication in diabetic QT lengthening is uncertain.
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Taken these together, it appears conceivable that besides the diminishment of I,

alterations of some other ion currents may also be involved in causing diabetic QT prolongation

and the associated arrhythmias. In particular, I, or its genetic counterpart HERG as in humans

has all the potentials of being one of the multi-players. Yet, the potential roles of this current in

this regard, and the underlying mechanisms, have not been assessed. This thesis seeks to cast

light on this area and hopes to attain a clearer view on diabetic cardiocomplications so that

rational intervention is possible.
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PART Il. ORIGINAL CONTRIBUTIONS

In this part, the working hypothesis and specific objectives of studies are proposed
(chapter 2), followed by the results of studies in animal and cellular models, which form 6

manuscripts (chapters 3 to 8). General discussion is addressed in the last chapter.
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2 AIMS OF THE STUDIES

This project focused on the ionic and cellular/molecular mechanisms of QT prolongation
in IDDM hearts. It is anticipate that the result of this study, at least partially, can be extrapolated
in the diabetic QT prolongation in NIDDM.

2.1 Working Hypothesis

Based on the current knowledge of ionic and molecular mechanisms in the diabetic QT
prolongation, and the roles of different ion channels (in particular the Ix/HERG K" channel) in
governing the action potential duration and the QT interval, we hypothesized that Ix./Inerg is
impaired in IDDM cardiomyocytes; Depression of Ix,/Iygrg results from down-regulation of I,
protein and mRNA expressions, and from negative functional modulation of Ik/Inerg by
metabolic stresses and signaling molecules; The modulation is a net outcome between enhancing
and suppressing factors; Impairment of Ix./Inerg is an important causative factor in QT
prolongation and arrhythmogenesis in IDDM subjects; Thus, enhancing Ix/Inerc by
manipulating HERG gene expression and cellular signaling molecules can retard and even

reverse, at least partially, the electrical disorders in IDDM hearts.

2.2 Specific Aims of the Project

The overall purpose of this project is to establish the roles of Ik./Inerc in QT prolongation
in IDDM hearts and to decipher the underlying cellular signaling and molecular mechanisms.
The ultimate goal of these studies is to provide novel and rational approaches for the treatment of
cardiac arrhythmias in DM patients. To reach this goal, the following specific studies will be
carried out:

(1) To investigate systemically the remodeling of ion channels in diabetic rabbit hearts

(Chapter 3).

(2) To examine whether I, function is impaired or its density is reduced in hearts of alloxan-
induced diabetic rabbits and if yes, whether Ix, depression correlates to the APD and QT

prolongations (Chapters 3 and 4).
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(3) To decipher the molecular mechanisms underlying the Ix, depression by studying if
HERG expression is down-regulated in diabetic hearts and whether insulin or vitamin E
treatment can rescue Ik, functions thus prevent diabetic QT prolongation and the
associated arrhythmias (Chapters 3 and 4).

(4) To elucidate the signaling mechanisms for Ik, depression by studying the modulations of
Ik: by glucose, insulin, PKB, 0O” and antioxidant vitamin E, TNF-a and ceramide, which
are actively contributors to diabetic signaling pathways and to cardiac diseases as well
(Chapters 5~8).



3 CRITICAL ROLE OF Ik IN DIABETIC QT
PROLONGATION AND THE ASSOCIATED
ARRHYTHMIAS

In this study, we established a type I diabetic rabbit model induced by alloxan. IDDM
rabbit model was used for this project because reliable diabetes have been demonstrated by other
groups, and it has been shown that alloxan-rabbit has significant cardiomyopathy. In addition,
the rabbit heart possesses ionic channels akin to that in humans. Moreover, Ix;, which could be a
promising contributor to the diabetic QT prolongation, can be reasonably separated from other
ion currents in rabbit myocytes; in functional and protein level, rabbit shares many similiarities
of Ik, with human, e.g. voltage dependence, pharmacological properties. To simplify the content,

we use HERG to describe both human and rabbit Ik, channel protein.

We compared the QT intervals and APDs recorded in diabetic and healthy rabbit hearts.
The inward (Ing, Ical) and outward currents (I, Ikr, Iks, Ik1) were then studied by patch-clamp,
with Western blot analysis on their respective channel proteins. Based on the ionic alterations,
simulation using software LabHEART developed by Drs. José L. Puglisi and Donald M. Bers for
rabbit ventricular myocytes, was performed to assess the contribution of each ion current to the

diabetic APD prolongation.

This manuscript has been submitted to American Journal of Physiology for review.
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3.1 Abstract

Abnormal QT prolongation with associated arrhythmias is considered the major cardiac
electrical disorder and the significant predictor of mortality in diabetic patients. The precise ionic
mechanisms for diabetic QT prolongation remained unclear. We performed whole-cell patch-
clamp studies in the rabbit model of alloxan-induced insulin-dependent diabetes mellitus. We
demonstrated that heart rate-corrected QT interval and action potential duration (APD) were
prolonged by ~20% with frequent occurrence of ventricular tachyarrhythmias. Several K*
currents were found decreased in diabetic rabbits including transient outward K™ current (I;) that
was reduced by ~60%, rapid delayed rectifier K™ current (Ix,) reduced by ~70% and slow
delayed rectifier K* current (Ixs) reduced by ~40%. The time-dependent kinetics of these currents
remained unaltered. The peak amplitude of L-type Ca®* current (Ica.) was reduced by ~22% and
the inactivation kinetics was slowed. The integration of these two effects yielded ~15% reduction
of total Ic,.. The inward rectifier K current (Ix1) and fast sodium current (In,) were unaffected.
Simulation with LabHEART, a computer model of rabbit ventricular action potnetials, revealed
that inhibition of I, or Ik alone fails to alter APD whereas inhibition of Ik, alone results in 30%
APD prolongation and inhibition of Ic,, alone causes 10% APD shortening. Integration of
changes of all these currents leads to ~20% APD lengthening. Protein levels of the pore-forming
subunits for these ion channels were decreased to varying extents, as revealed by
immunoblotting analysis. Our study represents the first documentation of Ix, channelopathy as

the major ionic mechanism for diabetic QT prolongation.

Keywords: diabetes; QT prolongation; arrhythmias; ion currents.
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3.2 Introduction

The most prominent cardiac electrical disturbance in diabetic mellitus (DM) is the
abnormality of QT interval. When QT interval is corrected for heart rate (QTc), values longer
than 440 ms are considered abnormal, and this limiting value is commonly exceeded in diabetic
patients. A prolongation of the QT interval has been associated with an increased risk of sudden
cardiac death in patients with diabetes due to occurrence of lethal ventricular arrhythmias known
as Torsade de Pointes or long QT syndrome (LQTS) (1, 3, 5, 6, 8, 11, 18, 20, 30, 35, 37, 39, 53,
59-62). Particularly noticeable is that in recent years there has been increasing incidences of the
appearance of ECG disorders with no association between QT alterations and neuropathy, micro-
or macro-vascular diseases, cardiovascular drugs, age or gender, being these situations additional
risk factors (44,59). LQTS occurs in both insulin-dependent type I (IDDM) and insulin-
independent type II DM (NIDDM) patients and the prevalence is as high as some 25%. Indeed,
QT prolongation has been suggested as the predictor of mortality in both IDDM and NIDDM (4,
11, 37, 44, 59-62).

QT interval reflects the total duration of ventricular depolarization and repolarization or
integrated action potential duration (APD) of heart cells. Cardiac APD is determined by the rate
of membrane repolarization which is governed by delicate balance between inward and outward
ion currents. Increase in inward currents and/or decrease in outward currents tend to prolong
APD thereby QT interval. L-type of Ca®* current (Ica.) is the key inward current responsible for
maintaining membrane depolarization or the duration of plateau phase (31). The fast Na* current
(Ina,) 1s mainly responsible for the initial upstroke of an AP, but its sustained component and the
window current resulted from overlapping of activation and inactivation can contribute to the
length of plateau phase (69). The outward currents in a ventricular myocyte include a number of
K" channels that are of critical importance in determining cardiac repolarization thereby QT
interval. They are transient outward K" current (I,,) (70) rapid delayed rectifier K" current (Ig,)
(24,42,43,71), slow delayed rectifier K* current (Ixs) (24,41-43) and inward rectifier K* current
(Ix1) (75). I, is mainly responsible for the initial (phase 1) rapid membrane repolarization, due to
its rapidly activating and inactivating properties. Moreover, I, also has indirect impacts on APD
by setting the time-voltage trajectory for the activation of subsequent ion currents in line. Ik, is a

key repolarizing current responsible for terminating phase 2 plateau and initiating phase 3
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repolarization in cardiac cells of many species such as human (24,42,71,72) and rabbit (15,17,
25,27,40,55,58,63). Human ether-a-go-go related gene (HERG) is the pore-forming a.-subunit of
Ik, and is well recognized as the molecular target for mutations and pharmacological target for
drug actions that generate inherited and acquired LQTS, respectively. The slow component of
delayed rectifier K™ current (Ixs) regulates only the late phase repolarization owing to its slow
activation kinetics (41,43). Inward rectifier K™ current (Ix;) contributes to the final phase of
repolarization (21,75).

The roles of several of above mentioned ion currents in diabetic APD/QT prolongation
have been studies with experimental animal models. I, and I (steady-state outward K" current)
were found reduced in IDDM animals in most studies (14,28,46,48,56,64) and unaltered in
others (38). Ix; was found unchanged in IDDM (28,47,49), excluding the contribution of Ix; to
the APD prolongation in these animal models of diabetes. Ic,, was found smaller in IDMM in
some studies (10,64) but unaltered in other studies (14,57). Ina was also found to be decreased
(9). These studies contribute significantly to our current understanding of the ionic mechanisms
for diabetic QT prolongation, but several important issues remained unresolved. First, previous
studies were conducted nearly exclusively in rats and mice, the species in their adulthood not
expressing phenotypic and physiologically significant Ik, and Ik that are otherwise the major
repolarizing current determining the plateau phase and total APD in humans. Second, inhibition
of I, though expected to lengthen APD, has been shown to paradoxically shorten APD in many
species such as humans and rabbits (12,19,52,74). Third, I or the equivalent has not been thus
far identified in ventricular cells from species other than rats and mice, such as humans, canines,
rabbits, guinea pigs and other Ix./Ixs-bearing species. Therefore, its physiological function and
pathological role in diabetic QT prolongation remain questionable. Finally, reduction of Ic,. and
Ing in diabetic hearts should, if anything, shorten, but not lengthen APD/QT interval. Obviously,
our understanding of the ionic mechanisms underlying diabetic QT prolongation is still far from
complete and there is an urgent need for further investigations into the issue in an animal model
that possesses a similar set of ion current components as humans. This study was designed (1) to
have an overall picture of alterations of ion currents/channels in diabetic hearts under identical or
similar experimental conditions in rabbit model of diabetes, a species that possesses similar

profiles of ion currents as humans and (2) to dissect the relative contribution of these ion
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currents/channels in diabetic QT/APD prolongation and to shed some light on the potential

underlying mechanisms.

3.3 Methods

3.3.1 Preparation of rabbit model of type | insulin-dependent diabetes mellitus
Male New Zealand white rabbits weighing 1.6~2.0 Kg (Charles River Canada Inc) were
housed individually in stainless steel wire-bottomed cages in a room with a 12:12-hrs light-dark
cycle with standard laboratory rabbit chow and drinking water ad libitum. The animals were
randomly assigned to control (Ctl) and IDDM groups. To establish diabetes, a single injection of
140 mg/kg (body weight) of pre-warmed (37°C) alloxan monohydrate (Sigma-Aldrich) was
administrated via marginal ear vein under local anesthesia. Alloxan was freshly dissolved in
saline at a concentration of 100 mg/ml. To prevent fatal hypoglycemia from massive insulin
release, 10% glucose solution (100 mg/kg, s.c.) was administered 4 and 6 hrs after alloxan
treatment. The blood was collected via marginal ear vein after local anesthesia for determining
the plasma level of glucose with a glucometer (TheraSense, USA) and the insulin level with
colorimetric assay and radioimmunoassay in non-anesthetized rabbits before and 2-3 days after
alloxan injection, and the blood glucose level was monitored weekly thereafter till 10 weeks.
Only those animals with serum glucose concentrations >15 mM were considered diabetic and
were used for further studies. All procedures were in accordance with the guidelines set by the

Animal Ethics Committee of the Montreal Heart Institute.

3.3.2 Implantation of telemeters and ECG recording in conscious rabbits

Rabbits were anesthetized with ketamine (Vetalar®, BioNiche Animal Health Canada,
Belleville, Ontario) and xylazine (Rompun®, Bayer Inc, Toronto, Ontario) mixture (7:1) at a
dosage of 1.2 ml/3 Kg (i.m.). Abdominal hair was shaved and skin was cleaned and sterilized
with antiseptic. A small incision was then made on the skin for subcutaneous implantation of
ECG telemeter (EMKA Technologie, Paris, France) and the probes of the telemeter were fixed to
the right and left underarm positions. Antibiotic cream (Polytopic®, Sabex Inc, Boucherville,
QC, Canada) was applied to the closed skin wounds followed by adherent surgical dressing.
Bondages were then used to protect the wounds. Antibiotic solution (0.5 ml, Longisil®,

Vétoquinol N.-A. Inc) containing penicillin G benzathine (150,000 IU/ml) and penicillin G
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procaine (150,000 IU/ml) was applied i.m. daily for 5 days after the surgery. Seven days after
implantation, the transducer was activated to record the real-time ECG in conscious rabbits
before induction of diabetes as the basal measurement. The ECG signal was acquired and
analyzed by the EMKA Technilogies’s IOX acquisition software and ECG-Auto, respectively.
ECG was monitored continuously for 24 hrs immediately after treatment with alloxan. From day
2 after alloxan treatment, ECG was recorded for 20 min at an interval of every 3 hrs. ECG

recorded in this way is equivalent to the standard lead II ECG.

3.3.3 Isolation of rabbit ventricular myocytes

Myocytes were isolated from rabbit left ventricular endocardium via enzymatic digestion
with the procedures similar to previously described (73). Rabbits were anesthetized by sodium
pentobarbital (60 mg/kg, i.v.). Hearts were rapidly excised and mounted on a Langendorff
apparatus and perfused retrogradely with the following four solutions in sequential order: 1 mM
Ca® Tyrode (2 min), Ca**-free Tyrode (3-5 min), Ca’*-free Tyrode containing collagenase
(Worthington type II) for 25-35 min. The left ventricular wall was shaved to obtain endocardial
layer and the samples were minced in KB solution and filtered. The freshly isolated myocytes
were gently centrifuged and resuspended in either KB solution for patch-clamp studies. KB
solution for cell storage contained (mM): 20 KCI, 10 KH;POy, 25 glucose, 70 K-glutamate, 5 p-
hydroxybutyric acid, 20 taurine, EGTA, 40 mannitol, and 0.1% albumin (pH 7.4).

3.3.4 Whole-cell patch-clamp recording

Patch-clamp techniques have been described in detail elsewhere (66-68, 70-77). Currents
were recorded with whole-cell voltage-clamp and action potentials (APs) were recorded with
current-clamp, with an Axopatch-200B amplifier (Axon Instruments). Borosilicate glass
electrodes had tip resistances of 1-3 MQ when filled with the internal pipette solution. The
pipette solution for I, and Ik; recording contained (mM): 130 KCl, 1 MgCl,, 5 Mg-ATP, 10
EGTA, and 10 HEPES (pH adjusted to 7.25 with KOH). The pipette solution used for recording
Ina contained (mM) 135 CsF, 5 NaCl, 10 EGTA and 5 Mg-ATP, 5 HEPES, and that for Ic,.
contained (mM): 20 CsCl, 110 Cesium aspartate, 1 MgCl,, 5 Mg-ATP, 10 EGTA, and 10
HEPES (pH 7.25 with CsOH). The internal pipette solution for AP recording contained same

components as for K* currents recording, except that EGTA was 0.05 mM. The extracellular



88

(normal Tyrode’s) solution for Iy, and Ik; currents and AP recording contained (mM): 136 NaCl,
5.4 KCI, 1 CaCl,, 1 MgCl,, 5 glucose, and 10 HEPES (pH 7.4 with NaOH). The extracellular
solutions used for recording In, contained (mM) 132.5 CsCl, 5.0 NaCl, 1.0 MgCl,, 1.0 CaCly, 11
glucose, and 10 HEPES. For Ica. recordings, the solution contained (mM): 136 TEA-CI, 5.4
CsCl, 1 CaCl,, 1 MgCl,, 5 glucose, and 10 HEPES (pH adjusted to 7.25 with CsOH). For I
recordings, the superfusate was changed to an NMG solution composed of the following (in
mM): 149 N-methyl-D-glucamine, 5 MgCl,, 0.9 CaCl,, and 5 HEPES (pH adjusted to 7.4 with
HC)). In addition to the use of different solutions for optimize the recordings of the currents of
interest and for avoiding unwanted currents, ion channel blockers were also used to prevent the
contaminating currents. For studies on K" currents, In, was inactivated by holding the membrane
at -50 mV and Ic,. was blocked by CdCl; 200 uM in the bathing solution. 4-aminopyridine (1
mM) was used to inhibit I, for recording other currents and glyburide (10 mM) plus Mg-ATP (5
mM) in the pipette solution to prevent ATP-sensitive K’ current. Dofetilide (1 uM) and
HMR1556 (1 uM) (Aventis) were used to separate Ix, and Iks, respectively. Experiments were
conducted at 36 + 1°C except that Iy, was recorded at 18 + 1°C. Junction potentials were zeroed
before formation of the membrane-pipette seal. Series resistance and capacitance were
compensated and leak currents were subtracted.

The voltage protocols for current recordings are shown in the insets of the respective
figures. Since group comparisons of experimental results were made for our data analysis, the
currents were all recorded immediately after membrane rupture and series resistance
compensation in order to minimize the possible time-dependent rundown, run-up, or negative
shift of currents. Individual currents were normalized to the membrane capacity to control for
differences in cell size, being expressed as current density pA/pF. The amplitude of I, was
measured as the difference between the initial peak of I, and the current level remaining at the
end of the pulse. Ix; was measured as the magnitude of the current at the end of the pulse relative
to zero reference. I, was expressed as dofetilide-sensitive currents by subtracting the currents
recorded 10 min after dofetilide (1 pM) from the baseline currents before dofetilide. Ixs was
taken as dofetilide-resistant currents. The amplitude of Ik, and Ix; was measured from both step
currents at various test potentials (the difference between the current level at the end of the pulse
and zero level) and tail currents (the difference between the peak tail current and zero level) at a

repolarizing potential of -40 mV for Ik, or at -20 mV for Ixs. The amplitude of Ica, and In, was
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measured as the difference between the peak inward currents and the currents remaining at the

end of the pulse.

3.3.5 Western blot

The membrane protein samples were extracted from rabbit ventricles for immunoblotting
analysis of ion channel proteins, with the procedures essentially the same as described in detail
elsewhere (65). The protein content was determined with Bio-Rad Protein Assay Kit (Bio-Rad,
Mississauga, ON) using bovine serum albumin as the standard.

Membrane protein sample (~150 pg) was fractionated by SDS-PAGE (7.5%-10%
polyacrylamide gels) and transferred to PVDF membrane (Millipore, Bedford, MA). The sample
was incubated overnight at 4°C with the primary antibodies in 1:50~1:200. Affinity purified
polyclonal primary antibodies against C-termini of human SCNS5A (the pore-forming a-subunit
of Ina), Cay1.2 (for the a ¢ subunit of Ic,), Kv4.3 (the pore-forming o -subunit of I,), Kir2.1 (for
Ix1), HERG (the pore-forming a -subunit of Ik,;), or KCNQI1 (KvLQT1, the pore-forming a-
subunit of Ik;), and N-terminus of KCNE1 (minK, the B-subunit of Iks), were raised in goat.
HERG is used for rbERG throughout the manuscript for simplicity as the amino sequences of
them are mostly identical. Inhibitory peptide for each antibody was used to test the antibody
specificity. Next day, the membrane was washed in TTBS three times (10 min/each) and
incubated for 2 hrs with the HRP-conjugated donkey anti-goat IgG (H+L) (1:600) in the blocking
buffer. Both primary and secondary antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Bound antibodies were detected using the chemiluminescent substrate
(Western Blot Chemiluminescence Reagent Plus, NEN Life Science Products, Boston, USA).
GAPDH was used as an internal control for equal input of protein samples, using anti-GAPDH
antibody purchased from RDI (Flanders, NJ). Coomassie staining was also performed to verify
the sample quantity. Western blot bands were quantified using QuantityOne software by
measuring the band intensity (Area x OD) for each group and normalizing to GAPDH. The

results are expressed as fold changes by normalizing the data to the control values.

3.3.6 Data analysis
Group data are expressed as mean + S.E. Statistical comparisons (performed using

ANOVA followed by Dunnett’s method) were carried out using Microsoft Excel. A two-tailed



90

p< 0.05 was taken to indicate a statistically significant difference. Nonlinear least square curve

fitting was performed with CLAMPFIT in pCLAMP 8.0 or GraphPad Prism.

3.4 Results

3.4.1 Diabetic QT prolongation and the associated arrhythmias

A total of 55 rabbits were used in this study, among which 22 were in the control group,
and 33 in the IDDM group. Twenty-nine out of 33 rabbits (38/42, 91%) developed typical
characteristics of type I diabetes 12-24 hrs after single injection of alloxan, as indicated by the
elevated non-fasting blood glucose level (22.6 + 1.1 mM) as compared with the normal value
(5.4 £ 0.7 mM) in age-matched healthy animals and by the reduced plasma insulin level. The
induced IDDM stabilized from day 3 after the onset and lasted for at least 10 weeks (the
maximum period of our experiments). Four of 33 rabbits of IDDM group (4/33, 12%) were
resistant to the alloxan treatment, either failed to develop diabetes (blood glucose <12 mM) or
recovered from diabetes shortly after the onset. In addition, among the 29 IDDM rabbits, 10 died
before complete data collection. Treatment of the IDDM rabbits with insulin partially but
significantly corrected high blood glucose.

Remarkably, QT interval and heart rate-corrected QT interval (QTc interval) were
consistently prolonged in rabbits after treatment with alloxan (188 £ 5 ms) for 10 weeks
compared with the baseline values obtained before treatment (155 + 2 ms, p<0.05, n=19), but not
in healthy animals (159 + 3 ms for baseline vs. 158 + 4 ms for time-matched comparison). These
data indicate a 21% prolongation of QTc interval in the IDDM rabbits over the age-matched
healthy animals. Also noticeable is that in the rabbits that failed to develop IDDM, their QTc
interval was normal (167 + 3 ms) and comparable to that of control rabbits (p>0.05). The QTc
data are shown in Figure 1A. In the present study, the heart rate of diabetic rabbits (205 + 6 bpm)
was only slightly slower than that of the age-matched healthy ones (211 + 8 bpm, p>0.05).

Excessive QTc prolongation creates the substrates for arrhythmogenesis. This was indeed
demonstrated in our experiments with the IDDM rabbits. As depicted in Figure 1B, arrhythmias,
mainly of ventricular tachycardia (VT), occurred frequently in the IDDM rabbits, which was
otherwise absent in healthy animals. Of the 19 IDDM rabbits used for data analyses, 12
developed VT (12/19, 63%). The VT often predisposed to ventricular fibrillation (VF) leading to
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sudden death. We were able to record ECG with telemetry from 4 out of 10 rabbits right before
they died five days after development of IDDM. The ECG clearly showed runs of polymorphic
VT and VF.

To delineate the cellular mechanism underlying the QTc prolongation in our IDDM
model, single cell action potentials (APs) were recorded in enzymetically dispersed myocytes
from left ventricular endocardium. As illustrated in Figure 1C and 1D, APD at 50%
repolarization (APDsp) and 90% repolarization (APDgy) was approximately 35% and 24%,
respectively, longer in IDDM than in healthy subjects, which are somewhat longer than the 21%
lengthening of QTc interval.

3.4.2 Functional alterations of cardiac ion currents in diabetic hearts

To unravel the changes of ion currents that may account for the QTc/APD prolongation
and the associated arrhythmias in our IDDM animals, we performed whole-cell patch-clamp
studies of the ion currents operating under physiological conditions in ventricular myocytes,
including Iio, Ik1, Ikr, Iks, IcaL and Ina. Our results revealed reduction of multiple ion currents (I,
Ik:, Iks, and Icar) in cells isolated from IDDM rabbits, compared with healthy rabbits.

I, current density was approximately 60% smaller in diabetic myocytes than in control
ones and similar percentage of reduction was seen at all test potentials ranging from -40 mV to
+60 mV (Fig. 2A). The activation and inactivation kinetics remained unaltered (data not shown).

Ik current density was found to be smaller in IDDM myocytes only at non-physiological
potentials negative to -90 mV and no difference was seen at potential between -90 mV and +10
mV, where Ik, channels conduct outward currents (the inset of Fig. 2B).

Ik, was substantially depressed in IDDM cells, as illustrated in Figure 2C. Intriguingly,
the depression of I, appears to be inversely voltage-dependent with greater reduction at more
negative potentials. For instance, at -40 mV I, was some 80% smaller in IDDM than in control
animals, whereas at +10 mV, Ix, was only 60% smaller in IDDM than in control animals. The
steady-state voltage-dependent activation property of Ix, was not changed and the kinetics of I,
did not seem to differ between control and IDDM either (data not shown).

Ik was also reduced in IDDM rabbits relative to healthy control animals (Fig. 2D), but to
a much less extent compared to Ig,. Similar to other K" currents, the gating properties of Ixs were

unaltered by pathological conditions of IDDM.



92

Ica, was also reduced in IDDM hearts, albeit to a smaller extent compared to the K
currents described above. The reduction was voltage-independent with around 20% decreases at
potentials ranging from -40 mV to +50 mV. Noticeably, the inactivation process of Ica. was
moderately but significantly slowed in IDDM, relative to control, myocytes (Fig. 3A). For
example, at +10 mV the inactivation time constant, obtained by the mono-exponential fit to the
decaying phase of Ic,., was 29.0 + 1.2 ms (n=5 cells) for control myocytes and 24.0 £ 1.3 ms
(n=7 cells) for IDDM myocytes (p<0.05). Since slowing of Ica. inactivation tends to increase
Ca?* entry through the channels so as to counteract the reduction of Ic,. amplitude, we calculated
the total Ca®** current by integrating the area under Icq, traces at 0 and +10 mV in order to better
quantify the changes of Ica. (Fig. 3A). In this way, we found that Ic, was reduced by ~15% in
IDDM hearts.

Ina density, by comparison, was not significantly changed by the pathological process of

IDDM (Fig. 3B), neither was the inactivation kinetics (Data not shown).

3.4.3 Relative contributions of various ion currents to APD lengthening in IDDM
To estimate the relative contributions of various ion currents to diabetic QTc/APD
prolongation, we performed the following analyses. First, we compared the relative changes of
the ion currents that demonstrated differences between IDDM and control cells at the selected
test potentials: +10 mV and -40 mV. The voltage of +10 mV was chosen for it roughly
represents the phase 2 plateau level, and -40 mV was chosen because this potential falls roughly
into the middle of phase 3 repolarization, of a rabbit ventricular AP. As illustrated in Figure 4A
and 4B, at +10 mV the current densities of I, Ixr and Iks are within the same range, around 1.5
pA/pF, and the degrees of depression of I, and Ik, in IDDM cells are also quite comparable
(around 60%) and Ixs was decreased by approximately 37%. At the same potential, Ic,. density
(4.2 pA/pF) is roughly the sum of the three K* currents mentioned above and the reduction of
Ica density was around 15% when the slowing of inactivation was taken into consideration.
Evidently, the total decreases in K* currents were much greater than the decrease in I, at +10
mV, which is expected to result in net lengthening of the plateau phase or APDsy. At -40 mV, the
overall density of all currents studied was considerably smaller than at +10 mV; for Ixs -10 mV
was used for analysis because Ixs was minimal at -40 mV. Among the various ion currents, Ik,

density was the greatest and more importantly, I, depression in IDDM cells was also to the
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greatest extent, ~80%. By comparison, the reduction of Ik at -10 mV was smaller than at +10
mV (~27% at -10 mV vs. 37% at +10mV). Decreases in I;; and Ica at -40 mV were to a similar
degree as at +10 mV, ~60% and 23%, respectively. Obviously, the total reduction of outward K*
currents tremendously exceeded that of inward currents, and slowing of phase 3 repolarization is
expected; hence, decrease in Ik, seems to be the major contributor.

To go further insight into the above analysis, we investigated the changes of APD by
simulation of AP with LabHEART, an interactive computer model designed for ion channels
rabbit ventricular myocyte (33). The model allows us the opportunity for predicting changes of
APD based on the changes of ion currents, simply by inputting the percent changes of each
individual current or of any combinations of different currents. In this way, we were able to
obtain the predicted APs as shown in Figure 4C. Reduction of I, (60%) alone hardly changes
APD. 40% decrease in Ik fails to alter APD either. I, suppression by 70% (roughly the average
between 60% and 80% at +10 mV and -40 mV, respectively), however, produces remarkable
lengthening (~30%) of APDs and APDy. In contrast, depression of IcaL by only 22% results in
the abbreviation of APD (changes of Ic,. amplitude, instead of the integrated area, was used for
maximum effect), approximately 10% shortening of APDsy and APDgy. APD prolongation
caused by Ik, inhibition and APD shortening caused by Ica inhibition should partially cancel out
each other. This was indeed verified when changes of all currents were incorporated into
simulation; APD was less prolonged than when only Ik, was taken into account: APDsy was
lengthened by 19% and APDy by 23%.

3.4.4 Altered protein levels of various ion channel subunits

To investigate whether the reduced densities of the ion currents tested in our experiments
was due to decreases in expression levels of the responsible channel proteins, we went on to
carry out Western blot analysis and the results are depicted in Figure 5. Kv4.3 (75 kDa), the
major pore-forming a-subunit of I, in humans and rabbits (70), was reduced by ~30% in IDDM
rabbits. Kir2.1 (110 kDa), the major component of the inward rectifier K channels Ix; (75),
remained unchanged in IDDM hearts. HERG, the pore-forming a-subunit of Ik, (42),
demonstrated two discrete bands with molecular mass of 155 kDa and 135 kDa, respectively.
The former represents the N-glycosylated form and the latter is non-N-glycosylated portion of
the channels. The N-glycosylated HERG was reduced by around 45% and the non-N-
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glycosylated HERG was reduced by some 55%, in IDDM relative to healthy rabbits.
Unexpectedly, KvLQT1 (80 kDa), the pore-forming a-subunit of Ixs (41), decreased by
approximately 25% in IDDM hearts. Moreover, minK (14 kDa), the auxiliary B-subunit of
KvLQT]1, decreased by as high as 85%. The pore-forming o;c-subunit of Ica;. Cay1.2 (210 kDa)
was reduced by some 15%. No difference was found for Na,1.5 (200 kDa), the a-subunit of
cardiac In, (54) between IDDM and healthy hearts (Fig. 6).

3.5 Discussion

Here we report the study on the electrical disturbances in the rabbit model of type I
diabetes (IDDM) and the related ionic and molecular alterations as possible mechanisms. The
diabetic animals had abnormal QT prolongation and high incidence of ventricular
tachyarrhythmias, resembling the clinical observations with diabetic patients. Our study revealed
alterations of multiple ion currents/channels in IDDM hearts. While some of the results
reproduced the observations from previous studies by other laboratories, several novel findings
are documented in the present study. First, this is the first published study thus far to take Ik, and
Iks into account for the diabetic QT prolongation and the associated arrhythmias. Second, our
study is also the first to evaluate the relative contributions of various ion currents to the diabetic
APD lengthening under identical or similar experimental conditions. Finally, Ix,/HERG K"
channel dysfunction in diabetic heart is caused by functional impairment and expression down-
regulation. Our study suggests that diabetic QT prolongation results from dysfunction of multiple

ion currents/channels and depression of Ix,/HERG is the major ionic contributor.

3.5.1 Dysfunction of Ix/HERG as the major ionic mechanism for diabetic QT
prolongation and the associated arrhythmias
Here we demonstrated remarkable depression of I, and Ik in IDDM animals, in addition
to depression of I;, and Ic, as already known, which has not been previously reported in the
literature. In agreement with the functional depression, the protein levels of HERG and
KvLQT1/minK were also significantly reduced. These findings open up an opportunity for
evaluating the relative contributions of the alterations of all these ion currents to diabetic

QT/APD prolongation. We used the LabHEART computer model written for rabbit ventricular
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myocytes (33) to address the issue. With the simulation, we showed that 60% reduction of I,
alone does not produce any visible alterations of APD. This is not surprising for direct
demonstration of I, inhibition causing LQTS has been missing to date, particularly in the clinical
settings (52). While inhibition of I, indeed can result in APD prolongation in species devoid of
Ik, such as rats and mice, it paradoxically shortens APD in the species expressing Ik, like humans
and rabbits (12,19,52,74). This phenomenon is commonly interpreted as such that depression of
I, elevates the plateau level so as to set the membrane potential to the levels favoring greater
activation of Ik, and disfavoring Ic, (at potentials positive to 0 mV, Ic,;, amplitude is smaller and
IcaL inactivation is faster), leading to a briefer APD. Furthermore, a recent elegant study with
dynamic clamp techniques provides convincing experimental data and persuading theoretical
reasoning for APD shortening as a result of I, inhibition in canine myocytes (52). Therefore, the
finding that depression of I, accounts for QT prolongation in diabetic rats and mice may not be
directly extrapolated to humans or other Ix,-bearing species like dogs and rabbits.

Most prominently, Ix, was found decreased by around 70% in our study and this
depression alone theoretically causes some 30% lengthening of rabbit APD based on the
simulation with the LabHEART model (33). This is expected based on our current understanding
of the role of Ik, in cardiac repolarization. I, is known to be a critical repolarizing current in
cardiac myocytes and the drugs which produce acquired LQTS nearly exclusively target I, or
HERG K" channel, the major molecular composition of Ix,. However, the potential role of I, in
diabetic QT prolongation has somehow been overlooked, mainly owing to the use of animal
species lacking of Ik, for studying diabetic electrophysiology.

Depression of Iks alone by 40% fails to alter rabbit ventricular APD either. This is also
understandable since Ixs has been believed to have limited role in cardiac repolarization under
physiological conditions, presumably due to its strong depolarization requirement for activation
and slow activation kinetics. Igs also has the potential to contribute to diabetic APD/QT
prolongation although it has limited role in cardiac repolarization under physiologic conditions.
Is acts as repolarization reserve to limit excess slowing of repolarization (16,36), and when it is
depressed this safety factor is removed so that inhibition of other repolarizing current such as Ik,
could lead to more pronounced APD/QT prolongation.

Our study demonstrates that Ic,. decreases in its current density and slows in its

inactivation kinetics in diabetic rabbits. While the former is expected to shorten APD, the latter
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tends to lengthen it. To take both factors into account, we analyzed the areas under the Ic,. traces
to estimate the amount of Ca** movement across the membrane and this yielded ~15% decrease
in Ic,L. This reduction alone predicts, by the LabHEART model, <10% shortening of rabbit APD.
This is consistent with the role of Ic,. in determining the plateau phase of cardiac myocytes.

The combinational account of the altered ion currents in our IDDM rabbits yielded
approximately 20% lengthening of APD.

Taken together all these data along with previous studies, there is hardly any doubt that
dysfunction of Ix/HERG is an important ionic pathway for the lengthening of APD/QT in
diabetic subjects. The prolongation of APD/QT due to dysfunction of Ix,/HERG and other K*
currents causes the cell to remain longer at the depolarized plateau phase. During this long
plateau phase plus the slowing of inactivation of L-type Ca®* channels in IDDM, Ca’* ions have
increased probability to enter into the cell leading to prolongation of APD. It is conceivable that
this prolongation is offset by the shortening due to reduction of Ic.. Decrease in I, shifts the
plateau level to more positive potential that might favor activation of L-type Ca®* channels,
indirectly leading to APD lengthening. Iks, normally acting to limit excessive prolongation of
APD, experiences weakened ability to do so when reduced. This would facilitate the prolonging
effects of Ik, depression. In a whole, the diabetic QT/APD prolongation in rabbit is primarily the
net outcome between lengthening factor of Ix/HERG depression and the shortening factor of I,y
depression, with indirect but maybe important contributions from I, and Iks inhibition to
favoring the prolongation. Our study represents the first documentation of Ix/HERG
channelopathy as an ionic mechanism for diabetic QT prolongation.

The lack of changes of Ix; and Ina is in agreement with the lack of changes in their
protein levels and the functional depression of I, Ikr, Iks and Icar. is consistent with the decreases
in their protein levels. Intriguingly, the degree of reduction at the functional level did not match
with the extent of reduction at the protein level, except for Ic,./Ca,1.2 with equivalent decreases
in function and protein levels. Specifically, I;, and Ik, decreased to a greater extent than Kv4.3
and HERG levels, respectively, whereas, Ixs decreased to a much smaller extent than KvLQT1
and mink protein levels did. The most plausible explanation for the discrepancy is that decrease
in the protein level may not be the only cause of the current depression and other factors such as
altered cellular environment and metabolic status may well serve to modulate the channel

function. We have indeed documented that HERG function is critically impaired by
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hyperglycemia (76), enhanced oxidative stress (67,68) or accumulation of tumor necrosis factor-

alpha (TNF-a) (67) the conditions encountered in diabetic cardiomyopathy.

3.5.2 Potential implications of the findings

In recent years there is increasing evidence of the appearance of ECG disorders with no
association between QT prolongation and neuropathy, micro- or macro-vascular diseases,
cardiovascular drugs, age or gender, being these situations additional risk factors. Understanding
the exact ionic mechanisms for diabetic QT prolongation has become a timely and imperative
task of basic scientists in order to develop more rational approaches for the prevention and
treatment of electrical disorders and the resultant sudden cardiac death in diabetic patients. The
present study revealed that multiple ion currents/channels are involved in the development of
QT/APD prolongation in diabetic subjects with the balance between Ix,/HERG and Ic,./Ca,1.2
as the major determinant. Our finding is the first to document Ix,/HERG as the major ionic
pathway leading to the abnormal QT prolongation in diabetic hearts. This implies that Ix/HERG
may be the best target for interventions that enhance the channel function and/or expression to
shorten or reverse prolonged QT interval. Indeed, several endogenous signaling molecules and
metabolites including insulin (unpublished observation), protein kinase B (PKB) (77),
phosphatidylinositol-4,5-bisphosphate (PIP2) (2) and lysophosphatidylcholine (66) have been
shown to be able to enhance HERG function and protein level. Among these, PKB is of best
approach because it is a downstream mediator of the insulin signaling pathway involving glucose
metabolism and cell survival and its basal activity is the requirement for the normal function of
HERG channels (77). PKB approach will not only enhance HERG function but also suppress
apoptotic cell death that is one of the characteristics of diabetic cardiomyopathy. In diabetic
hearts, PKB activity and expression were found decreased in many studies, which might be one

of the mechanisms leading to enhanced apoptosis, and Ik, depression as well.

3.5.3 Possible limitations of the study

Several issues might limit the clinical application of the results in this study. First, the
animal model we used is typical type I insulin-dependent diabetes, and the ionic and metabolic
mechanisms for APD/QT prolongation in type II insulin-resistant diabetes may not be exactly the

same. In reality, type II diabetes consists of 95% of the total diabetic patients in the clinical
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settings. However, APD/QT prolongation observed in type I diabetes is also known to be present
at the similar percentage in type II diabetics. Except for the difference between insulin
insufficiency and insulin resistance, the basic metabolic perturbations are quite similar between
type I and type II diabetes. Hence, it is not unreasonable to believe that Ix/HERG dysfunction is
also the cause for the APD/QT prolongation existing in type II diabetes. Second, our data
obtained from rabbits may not be applicable to humans considering the interspecies difference,
e.g. the heart rate which may affects the ion channel activities. Nevertheless, our rabbit model
reproduces nearly all the phenotypes pertinent to the electrophysiological alterations seen in
clinical diabetes. Also important are that rabbit Ik, shares many similarities to human I, in term
of their biophysical characteristics and pharmacological properties and that rabbit ERG channel
sequence (Genbank accession U87513) is highly similar to human ERG, around 93% and 96%
homologous at the nucleotide and the amino acid levels, respectively. Even the expression levels
of ERG gene under normal conditions are quite comparable between the two species (78). Thus,

Ix/HERG dysfunction in our type I diabetic rabbit model may also exist in diabetic patients.
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Figure 1. Electrical disorders in rabbits with insulin-dependent diabetes mellitus (IDDM).

(A) Abnormal prolongation of QT interval in IDDM rabbits. Shown are representative ECG

recordings from a control (Ctl) and an IDDM (10 weeks) rabbits, and the mean data (n=12
rabbits for Ctl and n=14 for IDDM) of heart rate-corrected QT interval (QTc interval). The dash

lines define the measurements of QT interval.

*p<0.05 IDDM vs. Ctl

(B) Ventricular

arrhythmias in IDDM rabbits. The examples of ventricular tachycardia (VT) and ventricular

fibrillation (VF) were recorded by an ECG telemeter from an IDDM rabbit 2 min before sudden

death. (C) Prolongation of action potential duration (APD) in IDDM rabbits. Mean data are from

n=12 cells from 4-5 rabbits. *p<0.05 vs. Ctl.
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Figure 2. Comparison of various K' currents in ventricular cardiomyocytes between
healthy and diabetic rabbits. Currents were recorded with the voltage protocols shown in the
insets. Left panels: representative recording of I, Iki, Ikr, and Iks in healthy (Ctl) and IDDM
rabbit hearts, and right panels: averaged I (current density)-V relationships (right panels). The
inset in the Ix; [-V curves shows the outward portion of Ix;. Ik, is defined as the dofetilide (1
uM)-sensitive currents and Ixs the dofetilide-resistant currents. The values within the brackets

indicate the number of cells included for data analysis (the same below). *p<0.05 IDDM vs. Citl.
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Figure 3. Comparison of L-type Ca®" current (Icav) and fast Na® current (INa) in ventricular
myocytes between healthy and IDDM rabbits. Currents were recorded with the voltage
protocols shown in the insets. (A) The inactivation time constants (z) of Ic,. were obtained by a
single exponential fit to the decaying phase of the currents at potentials from -10 to +30 mV. To
integrate the changes of amplitude and inactivation kinetics, the areas under the Ica. traces were
calculated for more rational comparison of Ic, sizes between healthy and IDDM rabbits.

*p<0.05 IDDM vs. Ctl.
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Figure 4. Relative contributions of various ion currents to APD prolongation in ventricular
myocytes from IDDM rabbits. (A and B) Comparison of various ion currents at selected test
potentials (+10 mV and -40 mV or -10 mV for Iks). *p<0.05 IDDM vs. Ctl. (C) Simulation of
action potentials based on the changes of ion currents in IDDM hearts, using LabHEART
software. The labels in each panel indicate the simulation with the inhibition of a given current
and the percent reduction of currents is indicated in the brackets. Bottom left panel (IDDM)

represents AP simulated with combinational changes of all ion currents examined.
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Figure 5. Alterations of protein levels of outward ion channel subunits revealed by Western
blot analysis. The relative quantification of protein levels was attained by normalizing the band
densities to GAPDH, followed by further normalization to the values from control hearts. The
data were averaged from experiments in triplicate with 5 hearts of healthy and IDDM rabbits,
respectively, and are expressed as fold changes. *p<0.05 IDDM vs. Ctl.
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Figure 6. Alterations of protein levels of a-subunits of Ic.. (4) and In, (B) revealed by
Western blot analysis. The relative quantification of protein levels was attained by normalizing
the band densities to GAPDH, followed by further normalization to the values from control
hearts. The data were averaged from experiments in triplicate with 5 hearts of healthy and IDDM
rabbits, respectively, and are expressed as fold changes. *p<0.05 IDDM vs. Ctl. *p<0.05 IDDM
vs. Ctl.



4 EXPERIMENTAL THERAPIES OF DIABETIC QT
PROLONGATION AND ARRHYTHMIAS

According to the prediction on the contributions of ion channels to the APD lengthening
in diabetic cardiomyocytes by the software LabHEART, APD is mostly prolonged by reduction
of Ix, but not Ixs or I,. We continued to explore the mechanisms underlying the diabetic
channelopathy of Ix/HERG using both IDDM rabbits and cell models expressing HERG
channels under mimicked hyperglycemia.

The major metabolic disturbances in diabetes include increased glucose level, reduced
insulin level (in IDDM) and impaired insulin signaling. Previous studies have also shown levels
of reactive oxygen species increase dramatically in diabetes. We describe here the experimental
therapy for the diabetic QT prolongation and arrhythmias using insulin to decrease glucose and

vitamin E to reduce the oxidative stress, and decipher the potential mechanisms.

This manuscript has been submitted to American Journal of Physiology for review.
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4.1 Summary

Abnormal QT prolongation in diabetic patients has become a non-negligible clinical
problem and attracted increasing attention from basic scientists, due to its resultant increases in
the risk of lethal ventricular arrhythmias. Correction of QT interval may be an important measure
in minimizing sudden cardiac death in diabetic patients. Herein we report the efficacies of insulin
and vitamin E in preventing QT prolongation and the associated arrhythmias and the
mechanisms underlying the effects in a rabbit model of type I insulin-dependent diabetes
mellitus (IDDM). The heart rate-corrected QT interval (QTc interval) and action potential
duration (APD) were considerably prolonged with frequent occurrence of ventricular
tachyarrhythmias. The rapid delayed rectifier K™ current (Ix;) was markedly reduced in DM
hearts and hyperglycemia depressed the function of HERG that encodes Ix,. Impairment of
Ix/HERG function in diabetic animals and hyperglycemic cells was primarily ascribed to the
enhanced oxidative damages to the myocardium as indicated by the increased intracellular level
of reactive oxygen species and simultaneously decreased endogenous antioxidant reserve and by
the increased lipid peroxidation and protein oxidation. Moreover, DM or hyperglycemia resulted
in downregulation of HERG protein level and loss of HERG protein stability. Insulin or vitamin
E restored the depressed Ix/HERG and prevented QTc/APD prolongation and the associated
arrhythmias and our data further indicate that the beneficial actions of insulin and vitamin E are
likely due to their anti-oxidant ability. Our study represents the first documentation of Ix,/HERG
K" channelopathy as the ionic mechanism for diabetic QT prolongation and oxidative stress
caused by hyperglycemia as the major metabolic mechanism for diabetic HERG K*
channelopathy, and of Ix,/HERG as a therapeutic target for the treatment of diabetic electrical
disturbances.

Abbreviations used: AP, action potential; APD, action potential duration; APDsy and APDyy,
action potential duration to 50% and 90% full repolarization, respectively; DM, diabetes mellitus;
Dof, dofetilide; INS, insulin; G5, S mM glucose; G20, 20 mM glucose; HERG, human ether-a-
go-go-related gene; IDDM, type I insulin-dependent diabetes mellitus; Ik,, rapid delayed rectifier
K* current; Ixs, slow delayed rectifier K™ current; NIDDM, type II insulin-independent NIDDM;
QTc interval, heart rate-corrected QT interval; rbERG, rabbit ether-a-go-go-related gene; ROS,
reactive oxygen species; VF, ventricular fibrillation; VT, ventricular tachycardia; VitE: vitamin

E; X/XO, xanthine/xanthine oxidase.
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4.2 Introduction

Diabetes mellitus (DM) is one of the most prevalent chronic conditions associated with
significant morbidity and mortality from cardiovascular diseases. Increasing evidence indicates
that impaired cardiac function in diabetes can be independent of vascular diseases, suggesting the
existence of myocardial defect in diabetic subjects, so-called diabetic cardiomyopathy (3, 14, 35).
Diabetic cardiomyopathy is characterized by electrical remodeling with aberrant
electrophysiology (11, 14, 20, 26), metabolic remodeling with malignant biochemical processes
(25, 33), and anatomical remodeling with progressive loss of cardiomyocytes (15), which result
in impaired cardiac contractile and increased risk of lethal arrhythmias. The abnormal
prolongation of the QT interval is the most prominent electrical remodeling in diabetic hearts;
clinically, it accounts for some 25% DM patients including both type I insulin-dependent (IDDM)
and type II insulin-independent (NIDDM) populations (27, 44). QT prolongation has been
considered as a predictor of mortality in diabetic subjects because it is associated with an
increased risk of ventricular arrhythmias and the consequent sudden cardiac death (9, 13, 41, 49,
50). Correction of QT prolongation therefore is an important step towards reducing cardiac death
of lives suffering from DM.

To achieve the therapeutic goal, sufficient knowledge about the ionic mechanisms
underlying diabetic QT prolongation is critical. We have recently identified depression of
multiple ion currents in diabetic rabbits, including transient outward K" current (Io), L-type Ca?*
current (Ica), rapid delayed rectifier K* current (Ix,) and slow delayed rectifier K* current (Ixs).
Our data on I, and I, are consistent with the results from earlier studies carried out with animal
models of rats and mice (12, 42, 43, 46, 52). However, our finding that Ik, is the major ionic
determinant, while other ion currents play a minimal role, in diabetic QT prolongation is unique
and bears significant implications for therapeutic interventions (39). Moreover, our previous
studies have revealed that HERG (human ether-a-go-go related gene), the pore-forming o-
subunit of the native Ik, is negatively modulated by hyperglycemia, tumor necrosis factor-alpha
(TNF-a), ceramide and reactive oxygen species (ROS) (55, 60), the cellular metabolites
accumulating in diabetic tissues (16, 17, 37, 64). Also pertinent to the diabetic QT-P is our
finding that basal activities of protein kinase B (PKB), a down-stream mediator of the insulin

signaling pathway, are crucial for maintaining the normal function of HERG K" channels (61).
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Our current understanding of diabetic QT prolongation, though still incomplete, allows us to
develop rational therapeutic approaches. The present study was designed to shed some light on
this issue, evaluating the potential of Ix/HERG as the therapeutic target. In IDDM model of
rabbits, we examined whether reducing metabolic stress by insulin therapy and antioxidant
therapy with vitamin E (VitE) could restore the prolonged QT interval and prevent the associated

arrhythmias, and decipher the underlying mechanisms.

4.3 Methods

4.3.1 Rabbit model of type | insulin-dependent diabetes mellitus (DM)

Male New Zealand white rabbits weighing 1.6~2.0 Kg (Charles River Canada Inc) were
housed individually in stainless steel wire-bottomed cages in a room with a 12:12-hrs light-dark
cycle with standard laboratory rabbit chow and drinking water ad libitum. The animals were
randomly assigned to control, DM, and DM/insulin (INS) and DM/vitamin E (VitE) groups. To
establish diabetes, a single injection of 140 mg/kg (body weight) of pre-warmed (37°C) alloxan
monohydrate (Sigma-Aldrich) was administrated via marginal ear vein under local anesthesia
(19, 65). Alloxan was freshly dissolved in saline at a concentration of 100 mg/ml. To prevent
fatal hypoglycemia from massive insulin release, 10% glucose solution (100 mg/kg, s.c.) was
administered 4 and 6 hrs after alloxan treatment. For DM/INS group, after establishment of
stable diabetes for 3 days, animals were administered with diluted insulin zinc (first dosage 7-10
IU/kg, s.c., and 5-7 IU/kg every 2-3 days thereafter, to clamp the glucose level between 8-12
mM) to lower the rabbit plasma glucose level while still maintaining the diabetic condition. For
DM/VitE group, diabetic rabbits were administered with VitE acetate (100 mg/kg/day, i.m.). The
blood was collected via marginal ear vein after local anesthesia for determining the plasma level
of glucose with a glucometer (TheraSense, USA) and the insulin level with colorimetric assay
and radioimmunoassay in non-anaesthetized rabbits before and 2-3 days after alloxan injection,
and the blood glucose level was monitored weekly thereafter till 10 weeks. Only those animals
with serum glucose concentrations =15 mM were considered diabetic and were used for further
studies. All procedures are in accordance with the guidelines set by the Animal Ethics

Committee of the Montreal Heart Institute.
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4.3.2 Implantation of telemeters and ECG recording in conscious rabbits

Rabbits were anesthetized with ketamine (Vetalar®, BioNiche Animal Health Canada,
Belleville, Ontario) and xylazine (Rompun®, Bayer Inc, Toronto, Ontario) mixture (7:1) at a
dosage of 1.2 ml/3 Kg (i.m.). Abdominal hair was shaved and skin was cleaned and sterilized
with antiseptic. A small incision was then made on the skin for subcutaneous implantation of
ECG telemeter (EMKA Technologie, Paris, France) and the probes of the telemeter were fixed to
the right and left underarm positions. Antibiotic cream (Polytopic®, Sabex Inc, Boucherville,
QC, Canada) was applied to the closed skin wounds followed by adherent surgical dressing.
Bondages were then used to protect the wounds. Antibiotic solution (0.5 ml, Longisil®,
Vétoquinol N.-A. Inc) containing penicillin G benzathine (150,000 IU/ml) and penicillin G
procaine (150,000 IU/ml) was applied i.m. daily for 5 days after the surgery. Seven days after
implantation, the transducer was activated to record the real-time ECG in conscious rabbits. The
ECG signal was acquired and analyzed by the EMKA Technilogies’s IOX acquisition software
and ECG-Auto, respectively. ECG was monitored continuously for 24 hrs immediately after
treatment with alloxan. From day 2 after alloxan treatment, ECG was recorded for 20 min at an
interval of every 3 hrs when necessary (at least 2 days every week). ECG recorded in this way is

equivalent to the standard lead I ECG.

4.3.3 Surface ECG recording in anesthetized rabbits

Standard ECG was recorded before and after establishment of diabetes in rabbits.
Sedation and induction of anesthesia were obtained with intramuscular injections of ketamine
(65 mg/kg) and xylazine (13 mg/kg). Three-lead surface ECGs were recorded with silver
electrodes placed under the skin at the optimized positions to obtain maximal amplitude
recordings, enabling accurate measurements of QT intervals. ECGs were recorded from standard
lead II and the QT measurements and simultaneously recorded RR intervals were used to derive

heart rate corrected QT intervals using Carlsson's formula (QTc=QT - 0.175 (RR-300)) (10).

4.3.4 Isolation and primary culture of rabbit ventricular myocytes
Myocytes were isolated from rabbit left ventricular endocardium via enzymatic digestion
of the whole heart on a Langendorff apparatus with the procedures similar to previously

described (58). Rabbits were anaesthetized by sodium pentobarbital (60 mg/kg i.v.). Hearts were
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rapidly excised and mounted on a Langendorff apparatus and perfused retrogradely with the
following four solutions in sequential order: 1 mM Ca®** Tyrode (2 min), Ca**-free Tyrode (3-5
min), Ca**-free Tyrode containing collagenase (Worthington type II) for 20-30 min. The
ventricle was cut off and minced in enzyme solution and incubated at 37°C while shaking for 3-4
min, then filtered to remove big piece of tissue. The freshly isolated myocytes were gently
centrifuged and resuspended in either KB solution for patch-clamp studies or in standard culture
medium (M199 with Earl's salts and L-glutamine; Gibco) for ROS measurement and patch-
clamp experiments involving signaling molecules, supplemented with penicillin (50 U/ml; Sigma)
and 2% FBS (Gibco). Cells were maintained at 37°C in a humidified atmosphere of 5% CO, and
95% air. KB solution for cell storage (at 4 °C) contained (mM): 20 KCl, 10 KH,PO4, 10 glucose,
70 K-glutamate, B-hydroxybutyric acid, 20 taurine, EGTA, 40 mannitol, and 0.1% albumin (pH
7.4).

4.3.5 HEK293 cell culture
HEK?293 cells stably-expressing HERG were a kind gift from Drs. Zhou and January (62).

Cell culture and handling procedures have been described previously (53-55).

4.3.6 Whole-cell patch-clamp recording

Patch-clamp of Ik, and HERG currents have been described in detail elsewhere (53-57).
Briefly, currents were recorded with whole-cell patch-clamp and action potential-clamp (AP-
clamp) techniques in the voltage-clamp mode and single cell action potentials were recorded in
the current-clamp mode, using an Axopatch-200B amplifier (Axon Instruments). For AP-clamp,
the AP waveforms were collected from single myocytes of rabbit left ventricular endocardium
using current-clamp methods. Borosilicate glass electrodes had tip resistances of 1-3 MQ when
filled with the internal pipette solution. The pipette solution contained (mM): 130 KCl, 1 MgCl,,
5 Mg-ATP, 10 EGTA, and 10 HEPES (pH adjusted to 7.3 with KOH). The internal pipette
solution for AP recording contained the same components, except that EGTA was reduced to
0.05 mM. The extracellular solution for Iygrg recording contained (mM): 136 NaCl, 5.4 KC], 1
CaCl,, 1 MgCly, 10 HEPES, 5 glucose (pH 7.4 with NaOH). For Ik, recordings, the superfusate
was changed to NMG solution containing (mM): 149 N-methyl-D-glutamine, 5 MgCl,, 0.9
CaCl,, and 5 HEPES (pH adjusted to 7.4 with HCI). All experiments were conducted at 36:1°C.
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Junction potentials were zeroed before formation of the membrane-pipette seal. Series resistance
and capacitance were compensated and leak currents were subtracted.

For myocyte studies, the following were included in the bath to block contaminating
currents: nisodipine (3 uM, L-type Ca**-current), glyburide (10 pM, ATP-sensitive K*-current)
and 293B (10 pM, slow delayed-rectifier K*-current). I, was expressed as dofetilide-sensitive
current by subtracting the currents recorded 10 min after dofetilide (1 pM) from the baseline

currents before dofetilide. The voltage protocols for current recordings are shown in the figures.

4.3.7 Western blot

The membrane and cytosolic protein samples were extracted from rabbit hearts and
HERG-expressing HEK293 cells and were used for immunoblotting analysis of membrane
HERG protein, with the procedures essentially the same as described in detail elsewhere (53).
The protein content was determined with Bio-Rad Protein Assay Kit (Bio-Rad, Mississauga, ON)
using bovine serum albumin as the standard.

Membrane proteins (150 pg for rabbit heart samples and 20 pg for HEK293 cell samples)
were fractionated by SDS-PAGE (10% polyacrylamide gels) and transferred to PVDF membrane
(Millipore, Bedford, MA). The membrane was incubated overnight at 4°C with the primary
antibody, polyclonal anti-HERG (diluted 1:50) raised in goat against the highly purified peptide
corresponding to residues within 1100-1200 of human HERG. The overall rabbit ERG clone
(Genbank accession U87513) is 96% identical to the human sequence at the amino acid level and
is 100% identical to HERG within the region where the antigenic peptide is generated for the
antibody (24; 30; 59). Therefore, HERG is used for rbERG throughout the manuscript. Next day,
the membrane was washed in TTBS three times (10 min/each) and incubated for 2 hrs with the
HRP-conjugated donkey anti-goat IgG (H+L) (1:600) in the blocking buffer. Both primary and
secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Bound
antibodies were detected using the chemiluminescent substrate (Western Blot
Chemiluminescence Reagent Plus, NEN Life Science Products, Boston, USA). GAPDH was
used as an internal control for equal input of protein samples, using anti-GAPDH antibody
purchased from RDI (Flanders, NJ). Coomassie staining was also performed to verify the sample

quantity. Western blot results were quantified using QuantityOne software by measuring the
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band intensity (Area X OD) for each group and normalizing to GAPDH. The final results are

expressed as fold changes by normalizing the data to the value for control 155 kDa band.

4.3.8 Immunohistochemistry

Hearts of 4 to 6 week-diabetic rabbits or age-matched healthy rabbits were rapidly
removed from heparinized animals after sedated with sodium pentobarbital and washed in ice-
cool Tyrode’s solution. Left ventricle was dissected and immersed in 2-methylbutane (2-MB)
pre-chilled with liquid nitrogen. Samples were then frozen in liquid nitrogen and stored at -80°C
for later use.

Left ventricular apexes were continuously cryo-cut in 14 um section at -20 °C with a
Leica CM19000 cryostat and mounted onto slides, dried and stored at -80°C before
immunohistochemical studies. Specimens were fixed with acetone at -20°C for 5 min followed
by three washes in phosphate-based buffer (PBS) at room temperature (RT). Samples were then
blocked with 2% normal donkey serum (NDS in PBS) for 1 hr, and reacted overnight at 4°C with
goat polyclonal antibodies against HERG and mouse monoclonal antibody against BIP (ER
marker) diluted in 1:50 in 1% NDS. Donkey anti-goat, Alexa Fluor 546-conjugated and donkey
anti-mouse, Alexa Fluor 647-conjugated antibodies, purchased from Molecular Probes (Eugene,
OR), were used as secondary antibodies. Anti-fading medium was applied to the specimens to
prevent color bleaching. The samples were examined under a confocal microscope and analyzed

by Zeiss LSM software suite, using control group for optimization.

4.3.9 Immunocytochemistry

Immunocytochemical procedures have been described previously (53, 61). Briefly, left
ventricular cardiomyocytes enzymatically isolated from hearts of both healthy and diabetic
rabbits as already described above were seeded onto coverslips coated with laminin and
incubated in M199 medium for 1 hr at 37°C. The cells were washed twice in ice cooled PBS
before being fixed with freshly prepared 1% paraformaldehyde (pH 7.35 in PBS) at RT for 30
min, followed by three washes in PBS. 1% Triton X-100 (in PBS) was used to permeabilize the
cell membrane by incubating at RT for 5 min, followed by blocking with 1% NDS for 1.5 hrs at
RT. Goat polyclonal primary antibodies against HERG (and rbERG, Santa Cruz Biotechnology,
Santa Cruz, CA) and mouse monoclonal antibody (IgG:.) against BIP (ER marker protein, BD
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Biosciences Pharmingen, San Jose, CA) were diluted 1:50 in antibody dilution buffer (ADB,
containing 1% NDS in PBS) and reacted with cells on coverslips at 4°C overnight. The
specificity of antibodies was verified using antigenic blocking peptides. Donkey anti-goat, Alexa
Fluor 594-conjugated and Alexa Fluor 647-conjugated donkey anti-mouse IgG (H+L), purchased
from Molecular Probes (Eugene, OR), were used as secondary antibodies (1:600). After blocking
with 1% BSA, cell membrane was stained with Alexa Fluor 488-conjugated wheat germ
agglutinin (WGA, 10 pg/ml) (Molecular Probes) for 30 min. Coverslips were then mounted onto
slides with anti-fading medium and subjected to confocal microscopic examination. The images

were deconvolved to minimize the background noise.

4.3.10 Measurement of intracellular reactive oxygen species (ROS)

Detailed procedures have been described previously (60, 61). Briefly, 5-(and-6)-
chloromethyl-2 , 7 -dichlorodihydrofluoresceinp diacetate (CM-H2DFDA) from Molecular
Probes was used to detect oxidative activity in living cells, according to the manufacturer’s
protocols. The cells were examined under a laser scanning confocal microscope (Zeiss LSM 510),
with an excitation wavelength of 480 nm and an emission wavelength at 505 530 nm. The
percentage of positively stained cells and the fluorescence intensity of staining were determined

by densitometric scanning with LSM software (Zeiss).

4.3.11 Lipid peroxidation assay

Lipid peroxidation was measured using a Lipid Hydroperoxide (LPO) Assay kit from
Cayman Chemical (Arbor, Michigan). Rabbit left ventricular preparation of 0.2 g was
homogenized in HPLC grade H,O on ice and LPO was immediately extracted from the sample
into chloroform and assayed in a 96-well plate in triplicate according to the manufacture's
protocols. The standard curve was generated with the materials provided with the kit using a
microplate reader (Power Wave x 340, Biotec Instrument, Inc.) by measuring the absorbance at
500 nm, for calculating the LPO amount. LPO was expressed as hydroperoxide in nM per gram

heart tissue.
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4.3.12 Protein oxidation assay

Protein Carbonyl Assay kit from Cayman Chemical was used for quantifying protein
oxidation in the samples extracted from the hearts of DM and age-matched healthy rabbits,
according to the manufacturer’s protocols. Briefly, 0.2 g of ventricular tissue was homogenized
and total proteins were extracted. The reactions were carried out in a 96-well plate and the
absorbance was measured at a wavelength of 370 nm in duplicate using a microplate reader
(Power Wave X 340, Biotec Instrument, Inc.). The relative OD values were calculated for

comparison and protein oxidation was expressed as protein carbonyl in nM per mg total protein.

4.3.13 Total endogenous antioxidant assay

Blood was collected from ear edge vein in citrate containing tubes. Plasma was obtained
by centrifuging blood at 1000 x g for 20 min at 4°C. Plasma total antioxidant status was
measured using the Antioxidant Status Assay kit from Cayman Chemical according to the

manufacturer’s instructions. The reactions were read at 750 nm in duplicate.

4.3.14 Data analysis

Group data are expressed as mean * S.E. Statistical comparisons (performed using
ANOVA followed by Dunnett’s method) were carried out using Microsoft Excel. A two-tailed
p< 0.05 was taken to indicate a statistically significant difference. Nonlinear least square curve

fitting was performed with CLAMPFIT in pCLAMP 8.0 or GraphPad Prism.
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4.4 Results

4.4.1 Insulin corrects diabetic QT prolongation and suppresses arrhythmias

Rabbits developed typical characteristics of type I diabetes 12-24 hrs after single
injection of alloxan, as indicated by the elevated non-fasting blood glucose level as compared
with the normal value in age-matched healthy animals and by the reduced plasma insulin level.
The induced DM usually stabilized from day 3 after the onset and lasted for at least 10 weeks.
Four of 33 rabbits allocated for DM group (4/33, 12%) were resistant to the alloxan treatment,
either failed to develop diabetes (blood glucose <12 mM) or recovered from diabetes shortly
after the onset. In addition, among the 29 DM rabbits, 10 died before complete data collection.
Treatment of the DM rabbits with insulin partially but significantly corrected high blood glucose.
The average blood glucose concentration was 5.4 + 0.7 mM for control group (n=22), 22.6 + 1.1
mM (n=29) for DM group, 11.4 = 1.8 mM (n=5) for DM/INS group, and 23.1 + 2.3 mM (n=4)
for DM/VitE group.

QT interval and heart rate-corrected QT interval (QTc interval) (188 = 5 ms) were
consistently prolonged in rabbits developed stable IDDM as compared with the baseline values
obtained before treatment (155 + 2 ms, p<0.05, n=19), but not in healthy animals (159 + 3 ms for
baseline vs. 158 + 4 ms for time-matched comparison). These data indicate a 21% prolongation
of QTc interval in the DM rabbits over the age-matched healthy animals. Particularly important
is that insulin administration prevented QTc prolongation (165 + 7 ms, p<0.05 vs. DM group,
n=5) (Fig. 1A). Also noticeable is that in the rabbits that failed to develop DM, their QTc interval
was normal (167 £+ 3 ms) and comparable to that of control rabbits (p>0.05). The effects of VitE
will be discussed in a later section. In the present study, there is not significant change of heart
rate in diabetic or healthy rabbits (205 + 6 vs 211 + 8 bpm, p>0.05).

Excessive QTc prolongation creates the substrates for arrhythmogenesis. As depicted in
Fig. 1B, arrhythmias, mainly ventricular tachycardia (VT), occurred frequently in DM rabbits,
which was otherwise absent in healthy animals. An episode of VT was defined as a run of extra-
excitations with at least three consecutive beats. The VT often predisposed to ventricular
fibrillation (VF) leading to sudden death. Of the 19 DM rabbits used for data analyses, 12
developed VT (12/19, 63%). We were able to record ECG with telemetry from 4 out of 10
rabbits right before they died five days after development of DM. The ECG clearly showed runs
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of polymorphic VT and VF. Consistent with the correction of QTc prolongation, no arrhythmias
of any sorts were seen in DM rabbits with insulin treatment (Fig. 1B).

To decipher the cellular mechanism underlying the QTc prolongation in our IDDM
model, single cell action potential (AP) was recorded in enzymatically dispersed myocytes from
left ventricular endocardium. As illustrated in Fig. 1C, AP duration at 50% repolarization (APDs)
and at 90% repolarization (APDyg) was approximately 35% and 24%, respectively, longer in DM
than in healthy subjects, which are somewhat longer than the 20% lengthening of QTc interval.

We have previously demonstrated that high glucose suppresses HERG channel activity
and based on the data, we proposed that impairment of Ix,/HERG function by hyperglycemia
accounts for diabetic QT prolongation. To examine this hypothesis and to decipher the ionic
mechanism for the abnormal lengthening of APD and QTc in our diabetic rabbits, we went on to
study the native Ig,, the physiological counterpart of HERG, in isolated rabbit ventricular cells
with whole-cell patch-clamp techniques. Ik, was elicited by conventional voltage-clamp
protocols with depolarizing pulses of 2.5-s duration from a holding potential of —50 mV to
various potentials ranging from —40 to +60 mV to record the step Ik, followed by 2-s
repolarizing pulses to 40 mV to observe the tail Ig,. Ik, was measured as dofetilide-sensitive
component and expressed as current density by dividing the current amplitude by the cell
capacitance. The data are displayed in Fig. 1D, where both raw current traces and averaged
values are shown. Strikingly, Ik, current density was considerably smaller (40~55% at test
potentials between -20 mV and +40 mV) in DM rabbits relative to healthy animals. Consistent to
its effects on shortening the prolonged APD, insulin treated to diabetic rabbit significantly

restored I, density in isolated myocytes significantly.

4.4.2 HERG K' channel dysfunction as the ionic mechanism for diabetic QT
prolongation: role of high glucose
Evidently, depression of Ig, accounts for, at least partially, the observed APD/QT
prolongation and the associated arrhythmias in DM subjects. It is known that diabetes is a
pathological process caused by, and resulting in, metabolic disorders in the cell: diminished
glucose metabolism, impaired insulin signaling, increased oxidative stress, etc. To elucidate the
metabolic and molecular mechanisms underlying the reduced I, function, we investigated the

effects of glucose on Iy, and APD. Since the results from the above experiments also
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demonstrated that insulin completely prevented QT prolongation and arrhythmias despite that
insulin at the dosage used in our study only partly corrected the blood glucose level, effects of
insulin on Ix, and APD were also evaluated.

Dispersed ventricular myocytes of healthy rabbits were divided into three groups: control
group, hyperglycemia group, and hyperglycemia/insulin group. Cells of hyperglycemia group
were incubated with 20 mM glucose (G20) in Tyrode solution for 40 min before patch-clamp
recordings. Cells of hyperglycemia/insulin group were preincubated with insulin (100 nM) for 1
hr and then incubated with 20 mM glucose (G20/INS) in insulin-containing solution for 40 min
before patch-clamp recordings. Both APDsy and APDgy were significantly prolonged in G20-
treated myocytes, which was prevented by insulin (Fig 2A). When dofetilide (1 pM) was present
to block Ik, insulin lost the ability of shortening the APD prolongation induced by G20.
Consistently, I, in myocytes treated with G20 was reduced by 50% relative to untreated control
cells, and the G20-induced Ik, depression was restored by insulin (Fig 2B).

Moreover, the effects of glucose and insulin on Ix, were reproduced in the in vitro
expression system with HERG-expressing HEK293 cells. Depolarizing pulses of 2.5-s duration
were delivered from a holding potential of -80 mV to various potentials ranging from —60 to +40
mV to record the step Ingrg. G20 produced substantial reduction (60% decrease) of Iuprc step
current, as illustrated in Fig. 2C, and the effect was abolished in cells pretreated with insulin.

The possibility that Ix, depression in DM rabbits is a consequence of direct toxic action
of alloxan on HERG channels was excluded by our data demonstrating the failure of alloxan to

affect Iygrg at concentrations up to 1 mM (data not shown).

4.4.3 Oxidative stress leading to impairment of HERG K' channel: vitamin E

treatment

As already mentioned above, oxidative stress as a result of metabolic perturbation is a
pivotal deleterious factor for diabetic cardiomyopathy. Moreover, we have previously identified
HERG channel as a target for the action of ROS; specifically, superoxide anion (O;") depresses
Inerg in the heterologous expression system. However, whether the same results can be applied
to in vivo diabetic conditions remained yet to be established. To this end, we confirmed the
presence of oxidative damage to the myocardium in our rabbit DM model by measuring the

degree of lipid peroxidation and protein oxidation of the myocardium.



129

As depicted in Fig. 3A, the degree of lipid peroxidation was increased by ~45% in
diabetic heart relative to control heart. This increase was nearly abolished by insulin (100 nM)
and ~50% abrogated by vitamin E (100 mg/kg).

It is known that protein carbonyls are covalent modification of a protein induced by
reactive oxygen intermediates or by-products of oxidative stress, such as xanthine oxidase,
superoxide anion, lipid peroxide adducts, etc. Carbonyls can result in protein aggregation and are
often associated with dysfunction but may require more stringent oxidative conditions. As
illustrated in Fig. 3B, the protein oxidation, determined by carbonyl assay, was significantly
increased in DM rabbit relative to healthy animals (Fig. 3B), the effects abrogated by insulin or
vitamin E.

The oxidative damages might be caused by decreased endogenous antioxidant reserve or
increased ROS production or both. To clarify the issue, we went on to quantify the total
antioxidant capacity and intracellular ROS concentration.

Figure 3C shows that in six-week diabetes antioxidant concentration was diminished to
some 45% of the level in age-matched healthy rabbits. This reduction was likely due to depletion
of endogenous antioxidant molecules by intracellular ROS because pretreatment with insulin or
vitamin E partially restored the endogenous antioxidant level; antioxidant concentrations were
75% and 65% of the control value with insulin and vitamin E, respectively. More direct evidence
came from the experiments with intracellular ROS staining shown in Fig. 3D. The myocytes
treated with high level of glucose had considerably higher percentage of positive ROS staining
and strikingly stronger staining, indicating an elevated level or over-production of ROS in the
cell, compared to the cells in normal glucose level. Strikingly, in the myocytes under
hyperglycemic condition treated with insulin, the ROS level was restored to nearly identical to
the healthy animals. The increased ROS level in hyperglycemia may be produced by
hyperglycemia for the healthy myocytes and normal HEK293 cells treated with 20 mM glucose
also had high levels of intracellular ROS that was diminished by incubation with insulin (Fig. 3E,
3G).

If, as revealed by the above results, the elevated intracellular ROS level and diminished
endogenous antioxidant reserve are indeed the key for the functional impairment of Ix/HERG
and if Ix/HERG is indeed the major ionic determinant for diabetic QT prolongation, then

treatment of DM rabbits with vitamin E alone should, as insulin does, allow for alleviation of the
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diabetic electrical disorders. This notion was examined by the following experiments carried out
with both in vivo animal model and in vitro cell system. We first demonstrated that the abnormal
QT prolongation and arrhythmias in diabetic rabbits were prevented by VitE, as indicated by
virtually identical QTc interval between DM rabbits with VitE and healthy rabbits (15944 ms,
n=4). Consistently, the APD lengthening seen in single cells isolated from diabetic hearts was
substantially smaller after the rabbits had been treated with VitE. These results are shown in Fig.
4A and 4B. We then observed that VitE prevented impairment of Ik, in DM myocytes (Fig. 4C)
and hyperglycemia-induced Inygrg depression in HEK293 cells (Fig. 4D). The point was further
reinforced by the results showing the efficacy of another antioxidant MnTBAP to counteract
with ROS so as to rescue the depressed HERG function (Fig. 4E). Moreover, the O, "-generating
system xanthine/xanthine oxidase (X/XO) produced similar inhibitory effect on Inerg as high
glucose did (Fig. 4F), another evidence for the role of oxidative stress in functional impairment

of HERG channels and the resultant diabetic QT prolongation.

4.4.4 Reduced protein level and membrane density of HERG K' channels

There is a possibility that the diabetic conditions can result in down-regulation of HERG
expression contributing to the HERG dysfunction thereby QT prolongation in diabetic heart.
This was indeed supported by our Western blotting analysis with membrane protein samples
extracted from the hearts of healthy or diabetic rabbits and from HERG-expressing HEK293
cells. The anti-HERG antibody recognized two separate HERG bands, one with a molecular
mass of 135 kDa representing the non-N-glycosylated protein and the other of 155 kDa for the
N-glycosylated form of HERG. When normalized to the internal control with GAPDH for
protein sample input, the densities of both bands were found to be approximately 25% smaller in
DM rabbit relative to healthy animals, despite that the decrease in 135 kDa band did not reach
statistical significance, indicating that HERG protein expression level was overall diminished.
This decrease in HERG protein expression was diminished in DM rabbits treated with insulin or
vitamin E (Fig. 5A).

To see whether the observed down-regulation of HERG expression in DM hearts was
attributable to hyperglycemia, we carried out further investigations in HERG-expressing

HEK?293 cells. As depicted in Fig. 5B, the samples from the cells treated with 20 mM glucose
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had markedly lower levels of HERG protein compared to non-treated cells. Insulin (100 nM)
reversed the hyperglycemia-induced downregulation of HERG protein.

Noticeably from the immunoblotting bands and mean data in Fig. 5, the decrease in the
glycosylated form was more significant than the non-glycosylated form of HERG proteins,
indicating that there might be trafficking deficiency of HERG proteins. To resolve this issue, we
performed immunostaining analyses as to be described below.

Cellular localization of HERG channel proteins was analyzed first by
immunohistochemistry with double staining for HERG (red) and endoplasmic reticulum (ER,
green) using confocal microscopy. As displayed in Fig. 6A, HERG proteins were stained along
the cytoplasmic membrane with stronger staining at the intercalated discs, and ER was stained
scattered in the cytosol as rod-shaped objects or punctates. Clearly, HERG staining was overall
weakened in diabetic heart compared to that in healthy heart, particularly at the intercalated discs.
HERG staining in ER (co-localization of HERG and ER, stained yellow) was minimal. Also, in
the diabetic heart, no clear HERG retention in ER was observed as expected for trafficking
deficiency. There was a possibility that the non-glycosylated form of HERG channels observed
in our Western blotting bands represents the internalized portion of the proteins. To test this
notion, we then performed more detailed investigation on the subcellular distribution of HERG
proteins using immunocytochemistry.

To make it possible to see subcellular localization of HERG proteins, triple stainings for
HERG (red), membrane (green) and nucleus (blue) were performed for our
immunocytochemistry and Fig. 6B presents some typical examples of such staining. A punctate
staining pattern was detected for HERG channels on the cytoplasmic membrane and intercalated
discs; consistent with our immunohistochemical data, the strongest staining was found in the
intercalated discs. This staining pattern was overall kept in myocytes from DM rabbits, but the
density of staining was remarkably diminished, especially at the region of intercalated discs.
Intriguingly, with close look at the images using higher magnifications, we found that in DM
myocytes, there was a significant amount punctate staining of HERG in the cytosol adjacent to
the cytoplasmic membrane (or sub-membrane localization) together with some staining in the
perinuclear locations consistent with retention in the ER for misfolded proteins. However, no
appreciable localization of HERG to ER was observed. By comparison, in myocytes from

healthy hearts, there was little intracellular staining of HERG proteins. Consistent with the
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results from immunoblotting analysis, insulin reversed the DM-induced decrease in HERG
proteins as shown in Figure 6B (middle panels). Vitamin E also partially restored the density of

HERG proteins in the cytoplasmic membrane.

4.5 Discussion

The results presented here reveal first time the ionic, molecular and metabolic mechanism
of the QT prolongation and arrhythmias in IDDM model of rabbits. The diabetic animals had
prolonged QTc, with high incidence of ventricular tachyarrhythmias and increased risk of sudden
death, resembling the clinical findings with diabetic patients. The present work allowed us to get
some insights into the diabetic QT prolongation with several novel and important findings. First
of all, the diabetic QT prolongation and the associated arrhythmias are mainly the consequence
of Ix/HERG K" channel dysfunction. Second, Ix, K™ channel dysfunction in diabetic heart is
caused by defects at multiple levels, including functional impairment, trafficking deficiency, and
probably also expression down-regulation. The metabolic perturbation in diabetic heart,
especially the increased ROS presumably generated by hyperglycemia and the consequent lipid
and protein oxidations, is the key factor causing Ix/HERG K" channel dysfunction. Finally, I,
K" channel dysfunction in diabetic heart is reversible and the diabetic electrical disturbances are
efficiently corrected by treatment with insulin or with vitamin E. The mechanism for the
beneficial actions of insulin and vitamin E is primarily ascribed to their anti-oxidant ability. Our
study represents the first documentation of Ix/HERG K" channelopathy as an ionic mechanism
for diabetic QT prolongation and oxidative stress caused by hyperglycemia as the major

metabolic mechanism for I, /HERG K" channelopathy.

4.5.1 Ix/HERG K' channelopathy as an ionic mechanism for diabetic QT
prolongation and the associated arrhythmias
In the present study with alloxan-induced DM in rabbits, we reproduced the electrical
disorders typical of diabetic conditions as encountered in the clinical settings. These include
excessive QT prolongation (20% lengthening in our model vs. 18~25% lengthening in patients (1,
7-9, 11, 13, 21, 22, 29, 31, 34, 36, 44, 47, 48, 50, 51), ventricular tachyarrhythmias (5, 23, 45)
and increased risk of sudden death (8, 13, 21, 29, 31, 34, 40, 50, 51). The diabetic QT
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prolongation and arrhythmias (ventricular tachycardias) were entirely prevented by treatment
with insulin and significantly abrogated by vitamin E. In the cellular level, APD was
substantially increased to the similar extent as QTc prolongation in DM rabbits relative to age-
matched healthy rabbits, an effect reversed by either insulin or vitamin E. The native Ik, was
suppressed in primary myocytes from DM rabbits and consistently the genetic counterpart Ingrc
was suppressed in the expression system of HEK293 cells treated with high glucose. Either
insulin or vitamin E reversed the depression of Ix; and Iygrg in both in vivo and ir vitro models.
These results clearly indicate suppression of Ix,/HERG as an ionic mechanism for diabetic QTc
prolongation and the associated arrhythmias. The dysfunction of Ix/HERG in our models is
mainly due to Impairment of HERG K" channel function and downregulation of HERG protein
level and membrane density.

In human or rabbit ventricular cells, there are several kinds of K* current contributing to
repolarization, including transient outward current (I;,), delayed rectifier currents (Ix, and Iks)
and inward rectifier currents (Ix;). All of these currents participate in one or more phases of a
cardiac action potential. I, initiates phase 1 repolarization and regulates the amplitude and
duration of phase 2 (plateau phase). I, terminate the plateau. The final repolarization to resting
potential is produced primarily by Ix,. Ixs may contribute to the final phase of repolarization but
its role is limited under normal conditions; only when there is excessive slowing of
repolarization the role of Ixs becomes manifested, so-called repolarization reserve. In rat and
mouse, there are additional two K" current components Ix and Ig. Previous work aimed to
elucidate ionic mechanisms of diabetic APD prolongation was performed exclusively in rats and
mice. It was found that I, Ix and I are reduced by diabetes, whereas the inward rectifier I, is
not affected. As already described in Introduction, while I, is important to cardiac repolarization
as a major repolarizing current in rats and mice lacking I, and when suppressed, may be
responsible for diabetic APD prolongation in these species, I, inhibition in human and canine
hearts paradoxically shortens APD, instead of lengthening it. Thus, the claim that I, inhibition
underlies diabetic APD prolongation remains uncertain in humans and other mammals such as
dogs and rabbits that possess Ik;.

L-type Ca®* current has been found either unaltered or decreased in diabetic myocytes.

This is expected to result in APD shortening, instead of lengthening. Interestingly, however, it
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has also been shown that the fast inactivation time constant of Ic,. is slowed (by ~40%) in the
chronic model of diabetes (12), which may cause APD prolongation.

Based on all these previous studies and the present work, it seems plausible that
dysfunction of Ix,/HERG is an important ionic pathway, in addition to I, for the lengthening of
APD/QT in diabetic subjects. The prolongation of APD/QT due to dysfunction of Ix,/HERG and
other K* currents causes the cell to remain longer at the depolarized plateau potential. During
this long plateau phase, the slowed inactivation of L-type Ca®* channels have sufficient time to
become reactivated, thus provoking the renewed depolarization of the cell, leading to frequent
appearance of afterpotentials. These changes could explain the increased predisposition of the
diabetic patients to episodes of ventricular tachyarrhythmia. We therefore proposed that diabetic
QT prolongation is primarily a HERG K channelopathy.

4.5.2 Metabolic perturbation as the mechanism for dysfunction of HERG K'
channels

Diabetes mellitus is a syndrome characterized by chronic hyperglycemia and alterations
in carbohydrate, fat and protein metabolisms associated with total or partial deficiencies in
insulin secretion or activity. Metabolic changes in diabetes are directly triggered by
hyperglycemia.

Hyperglycemia may mediate its damaging effects through a series of secondary
transducers and a common element linking hyperglycemia-induced damage is overproduction of
superoxide by the mitochondrial electron-transport chain (28).

Because of the importance of insulin in the regulation of myocardial metabolism, chronic
insulin deficiency or resistance results in a marked reduction in cardiac glucose utilization such
that the heart relies almost exclusively on fatty acids to generate energy. High rates of fatty acid
utilization in the diabetic heart could lead to functional derangements related to accumulation of
lipid intermediates, excessive oxygen consumption, etc. Chronic derangements in myocardial
cell metabolism, as well as impairment of various intracellular signaling pathways, may therefore
have maladaptive consequences, including functional abnormalities. We have recently
documented that sphingolipid metabolite ceramide that accumulates in diabetic myocardium
impairs HERG function (unpublished observation). Similarly, TNF-a. that is also known to

elevate in its concentration and activity in diabetic myocardium suppresses Inerg (55).
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Intriguingly, we found that the common mechanism for HERG dysfunction induced by ceramide
and TNF-a is overproduction of ROS, especially superoxide anion (O:”). Studies from other
laboratories demonstrated that PKC phosphorylation reduces HERG activity (4) and we found
that PKC activators increase intracellular ROS level and depress Ingrg (unpublished observation).
Conversely, the intracellular substances important to maintaining HERG function such as Akt,
PIP2 (6) and ATP are diminished in diabetic myocardium. Reduction of these substances can
cause decrease in HERG function.

Taken together, it is conceivable that metabolic perturbations are the causal factor for the
diabetic Ix/HERG dysfunction and ROS is the common pathway or key element linking
metabolic perturbation with HERG dysfunction in diabetic myocardium. The direct and indirect
evidence supportive of the notion from the present study include increased lipid peroxidation and
protein oxidation, increased intracellular ROS level and decreased endogenous antioxidant
reserve, and X/XO mimicking, while exogenous antioxidants (vitamin E and MnTBAP)

alleviating, hyperglycemia-induced depression of Ixerg.

4.5.3 Insulin and vitamin E treatment of diabetic APD/QT prolongation and the

associated arrhythmias

One of the most significant findings of the present study is that Ix,/HERG dysfunction
and the resultant APD/QT prolongation in diabetic hearts are preventable and reversible with
treatment of either insulin or vitamin E. Strikingly, arrhythmias frequently occurring in diabetic
rabbits were also abolished by insulin or vitamin E treatment. Insulin restores the diabetic
depression of Ix, and hyperglycemia-induced impairment of HERG activity. The mechanisms
determining the efficacy of insulin are likely multiple. First of all, insulin corrects hyperglycemia
by improving cellular metabolism. We show that insulin efficiently lowers blood glucose level in
diabetic rabbits despite that complete restoration was not achieved at the dosage used in our
experiments. Second, insulin possesses antioxidant effects; it reduces intracellular ROS level and
reverses HERG depression induced by oxidative stress. Third, insulin activates its downstream
component Akt that we have shown to be essential for maintaining normal HERG activity (61).
Moreover, Akt mediates insulin’s effects on glucose transport and metabolism, which is also

important in modulating Ix/HERG function.
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Perhaps the most significant observation of this study is the efficacy of antioxidant
vitamin E against Ix/HERG dysfunction and APD/QT prolongation. Though surprising, this
antioxidant alone is sufficient for reversing the Ik./Iugrg depression and the resultant APD/QT
prolongation. Although the beneficial effect of vitamin E appears smaller than insulin in our
model, our data simplify the complex nature of diabetic electrical disorders to primarily

oxidative stress.

4.5.4 Potential implications of the findings

Accumulating data from experimental, pathological, epidemiological, and clinical studies
have shown that diabetes mellitus results in cardiac functional and structural changes,
independent of hypertension, coronary artery disease, autonomic neuropathy, or any other known
cardiac disease, which support the existence of diabetic cardiomyopathy (2, 14). The ECG of
diabetic patients shows a variety of alterations with respect to healthy people. Among these
alterations, the most frequent are those related to cardiac repolarization. When QT interval is
corrected for heart rate (QTc), values longer than 0.44s are considered abnormal, and this
limiting value is commonly exceeded in diabetic patients (1, 7-9, 11, 13, 21, 22, 29, 31, 34, 36,
44, 47, 48, 50, 51). Prolonged QTc is associated with a higher risk of ventricular arrhythmias.
Thus, these alterations can be the cause of the higher incidence of ventricular afterpotentials, the
marked increase in complex arrhythmias and the higher incidence of sudden death that have been
demonstrated in patients with diabetes mellitus (18, 23, 32, 45). In recent years there is
increasing evidence of the appearance of ECG disorders with no association between QT
prolongation and neuropathy, micro- or macro-vascular diseases, cardiovascular drugs, age or
gender, being these situations additional risk factors (2, 14). Therefore, understanding the exact
ionic mechanisms for diabetic QT prolongation is of pivotal importance to developing more
rational approaches for the prevention and treatment of the electrical disorders and the associated
arrhythmias and sudden cardiac death. The present study is the first to document Ix/HERG as
the major ionic pathway through which the diabetic heart acquires abnormal QT prolongation
and ventricular tachyarrhythmias.

Increasing evidence from both experimental and clinical studies suggests that oxidative
stress plays a major role in the pathogenesis of both types of diabetes mellitus (28). Free radicals

are formed disproportionately in diabetes by glucose oxidation, nonenzymatic glycation of
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proteins, and the subsequent oxidative degradation of glycated proteins. Abnormally high levels
of free radicals and the simultaneous decline of antioxidant defense mechanisms can lead to
damages of cellular organelles and enzymes, increased lipid peroxidation, and development of
insulin resistance. Our study represents the first to show that oxidative stress as a result of
metabolic perturbations is the major cause for Ix/HERG dysfunction and the consequent QT
prolongation in diabetes. Pathophysiologically important is that Ix/HERG dysfunction and the
resultant APD/QTc prolongation in diabetic heart are reversible; treatment with insulin or
vitamin E rescues Ix,/HERG and prevents APD/QT prolongation. While the efficacy of insulin
may be limited to type I insulin-dependent diabetes with suboptimal value for type II insulin-
resistant diabetes, our finding that vitamin E has similar effects as insulin at least on Ix/HERG
dysfunction and the resultant APD/QT prolongation suggests an alternative approach for the
therapy of diabetic electrical disturbances. Antioxidants, albeit with minimal therapeutic value
for diabetes per se, can be used for correcting the abnormal APD/QT prolongation. This is
particularly important considering that Ix/HERG enhancer is currently unavailable. Alternatively,
any interventions that can boost up Akt level and activity should enhance Ix,/HERG function on
one hand and improve cellular metabolism on the other hand since we have demonstrated that
Akt serves to maintain the normal Ix,/HERG function (60) and Akt is known to be critical to the
insulin signaling pathway. These points imply that “metabolic correction” may be considered a
more rational therapeutic approach for QT prolongation and the associated arrhythmias in

diabetic patients.

4.5.5 Possible limitations of the study

Several issues that might limit the application of the results from this study to clinical
practice should be mentioned. First, our model deals with only type I insulin-dependent diabetes,
and the ionic and metabolic mechanisms for APD/QT prolongation in type II insulin-resistant
diabetes may not be exactly the same. In reality, type II diabetes consists of more than 90% of
the total diabetic patients in clinics. Nonetheless, APD/QT prolongation observed in type I
diabetes is also known to be present at the similar percentage in type II diabetic patients. And the
trigger of metabolic perturbations, hyperglycemia, and the key element for HERG impairment,
ROS, are present in both type I and type II diabetic subjects. Moreover, except for the difference

between insulin insufficiency and insulin resistance, other metabolic perturbations are quite
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similar between type I and type II diabetes. Hence, it is not unreasonable to believe that Ix,/
HERG dysfunction is also the cause for the APD/QT prolongation existing in type II diabetes.
Second, our data obtained from rabbits may not be applicable to humans since there exist
interspecies differences. Nevertheless, our rabbit model reproduces nearly all the phenotypes
pertinent to the electrophysiological alterations seen in clinical diabetes. Also important are that
rabbit Ix, shares many similarities to human Ig, in term of their biophysical characteristics and
pharmacological properties (38) and that rabbit ERG channel sequence (Genbank accession
U87513) is around 93% and 96% homologous to human ERG at the nucleotide and amino acid
levels, respectively (55-57). Even the expression levels of ERG gene are quite comparable
between the two species (63). These facts suggest that the Ix/HERG dysfunction observed in our
rabbit model may also be applied to patients. Finally, Ik also has the potential to contribute to
diabetic APD/QT prolongation although it has limited role in cardiac repolarization under
physiologic conditions. I acts as repolarization reserve to limit excess slowing of repolarization
and when it is depressed this safety factor is removed so that inhibition of other repolarizing
current such as Ik, could lead to tremendous APD/QT prolongation. However, whether Ik plays
a role in diabetic APD/QT prolongation remained unknown and the present study cannot resolve

the issue; it is an on-going research project in our laboratory.

4.5.6 Conclusion

Based on our data and above discussion, we were able to draw the following conclusions.
First, the abnormal APD/QT prolongation in diabetic subjects is partly a HERG K’
channelopathy; or in other words, HERG dysfunction is an important or even the major ionic
mechanism underlying diabetic APD/QT prolongation, which forms the electrophysiologic
substrate for increased propensity of arrhythmias in diabetic hearts. HERG dysfunction includes
functional impairment, expression down-regulation and metabolic alteration. Second, cellular
metabolic perturbations are the direct mechanism underlying dysfunction of HERG channels.
The diabetic metabolic perturbations are triggered mainly by hyperglycemia and the latter,
besides resulting in deficiency of energy metabolism and accumulation of glycolysis end-
products, stimulates over-production of ROS. ROS appears the common pathway linking
metabolic perturbations to HERG dysfunction. Finally, of particular significance is our finding

that correction of abnormal metabolic status by insulin reverses HERG dysfunction thereby
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diabetic APD/QT prolongation and more so is our data showing the efficacy of vitamin E in
protecting HERG function and preventing diabetic APD/QT prolongation. These imply that
antioxidants, albeit with little value for the treatment of diabetes per se, may find their value in
antagonizing diabetic electrical disturbances thereby alleviating diabetic cardiocomplications or
cardiomyopathy.

A schematic chart is presented in Figure 7 which illustrates the changes of metabolic
status in diabetic myocardium with increases or decreases in an array of enzymes, signaling
molecules and metabolic substances that have been shown to modulate HERG function. In
principle, the factors positively modulate HERG (such as insulin, Akt) decrease and those
produce negative modulation of HERG (such as TNF-a, ceramide, PKC) increase in diabetic
hearts. Thus, the metabolic status is shifted towards the direction in favor of ROS production
leading to HERG dysfunction. Evidently, “metabolic correction” may be a better therapeutic
approach for diabetic QT prolongation and the associated arrhythmias. It should be emphasized
that by proposing this theme, we are in no way trying to exclude the role of other ion
currents/channels in contributing to diabetic QT prolongation and arrhythmias. Instead, we

consider Ix,/HERG as a part of the multiple players including I, Iss, Icar, etc.
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Figure 1. Electrical disorders and the ionic mechanism in rabbits with insulin-dependent
diabetes mellitus (DM) and insulin treatment. 4, Abnormal prolongation of QT interval in DM
rabbits. Upper panel: Representative ECG recordings before alloxan injection for baseline data and
10 weeks after alloxan for endpoint data in anesthetized rabbits, showing prolongation of QT
interval. Ctl: control sham-treated and age-matched rabbits; DM: rabbit with diabetes mellitus; INS:
insulin. Lower panel: Mean data (n=12 rabbits for Ctl, n=14 for DM, and n=5 for DM/INS) of
heart rate-corrected QT interval (QTc interval). *p<0.05 vs. Ctl (endpoint); +p<0.05 vs. DM
(baseline); “p<0.05 vs. DM (endpoint). B, Ventricular arrhythmias in DM rabbits. Upper panel and
lower left panels: Examples of polymorphic ventricular tachy-arrhythmias (VT, Torsade de
Pointes) in a DM rabbit and of ventricular fibrillation (VF) occurring 2 min before sudden death of
a DM rabbit, recorded by an ECG telemeter. Lower right panel: Mean data of incidence of VT and
VF. Data in each group are from 3 rabbits with telemetry ECG recordings. C, Prolongation of
action potential duration (APD) in DM rabbits. Left panels: Analog data of APs recorded from
single ventricular myocytes. Right panel: Mean data of APD at 50% (APDs) and 90% (APDy)
repolarization, respectively (n=12 cells from 4-5 rabbits). *p<0.05 vs. Ctl; +p<0.05 vs. DM alone.
D, Depression of rapid delayed rectifier K* current (Ix;) in DM rabbits. Left panels: Cell-
capacitance normalized Ik, traces recorded from isolated ventricular myocytes with the voltage
protocols shown in the inset. Shown are dofetilide (1 pM)-sensitive currents. Right panel: Mean
data of current density as a function of testing potential. Cell numbers from 4 to 6 hearts are

indicated in brackets. *p<0.05 vs. Ctl.
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Figure 2

Rabbit Single Ventricular Cell Action Potentials

G5

—i20mV

———100 ms

APD (ms) IG5

500
400
300

G20
% EE1G20+INS

*

APDg, APDy,

G20 INS

et
Il Dof
E3Dof + INS

APDyg, (ms)
N F
(=3 (=]
o o

G5 G20

Rabbit I, (Dofetilide-Sensitive Currents)

. pA/pF

pA/pF -O-G5
0.6 -& G20
- G20+INS

****

0 100

200 300 40 20 0 20 40 60

Duration (ms) Test Potential (mV)

lherg €xpressed in HEK293 Cells

C
+40 mV
-50 mV

™)
i G5 QV G20
wn
~N
Igi

—i1s

©-G5
-5-G20
-4~ G20+INS

pA/pF
60

G20+INS
§ 20
\h

60 40 20 0 20 40
Test Potential (mV)




149

Figure 2. Metabolic mechanisms for diabetic APD prolongation: high glucose and insulin
treatment. Metabolic mechanisms for diabetic APD prolongation: high glucose and insulin
treatment. A, Insulin reverses hyperglycemia-induced abnormal APD prolongation in rabbit
ventricular myocytes. Upper panels: Raw traces of action potentials (APs). G5: glucose 5 mM;
G20 glucose 20 mM; INS: insulin 100 nM. Lower left panel: Mean data of APDsp and APDygg,
showing the effects of INS on G20-induced APD prolongation. *p<0.05 vs. G5; +p<0.05 vs. G20.
n=20 for G5; n=16 for G20; n=13 for G20+INS. Lower right panel: Mean data showing the
effects of INS on APD in the presence of dofetilide (Dof, 1 uM). Ctl: Dof-untreated cells.
*p<0.05 vs. Dof alone. B, Insulin reverses hyperglycemia-induced impairment of Ik, in rabbit
ventricular myocytes. Ix, was elicited either by action potential-clamp (AP-clamp) techniques or
by conventional pulse protocols. Left panel: The AP waveform from a left ventricular myocyte
used for evoking Ig,. Middle panel: The raw Ik, traces (dofetilide-sensitive currents) recorded
with AP-clamp techniques. Right panel: Mean I (density)-V relationships of Ik, (dofetilide-
sensitive currents) obtained using conventional pulse protocols as shown in the inset of Figure
1D. *p<0.05 vs. G5. C, Effects of insulin on Ingrg in HERG-expressing HEK293 cells. Ingrg was
recorded with the voltage protocols shown in the inset. Left panels: The capacitance-normalized
Ierg traces. Right panel: Mean data on I-V relationships. *p<0.05 vs. G5, and +p<0.05 vs. G20.
n=14 cells for G5, n=16 cells for G20, and n=14 for G20+INS.
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Figure 3. Metabolic mechanisms for diabetic APD prolongation and insulin treatment. A4,
Lipid hydroperoxidation in myocardium from healthy (Ctl), DM, DM-+insulin (INS) or
DM-+vitamin E (VitE) rabbits. Shown are averaged data obtained from experiments performed in
duplicate from three hearts for each group. *p<0.05 vs. Ctl; +p<0.05 vs. DM alone. B, Protein
carbonyl oxidation in myocardium from healthy (Ctl), DM, DM+INS or DM+VIitE rabbits. Shown
are averaged data obtained from experiments performed in triplicate from three hearts for each
group. *p<0.05 vs. Ctl; +p<0.05 vs. DM alone. C, Total endogenous antioxidant level in the plasma.
Shown are averaged data obtained from experiments performed in duplicate from 3-4 hearts for
each group. *p<0.05 vs. Ctl; +p<0.05 vs. DM alone. D-G, Overproduction of intracellular reactive
oxygen species (ROS) induced by high glucose (G20, glucose 20 mM) in myocytes isolated from
left ventricular endocardium of rabbit hearts (D and F) or in HERG-expressing HEK293 cells (£
and G). Example images are shown and the green fluorescence indicates ROS staining (D and F).
The mean data were acquired from 24-26 cardiomyocytes (F) and from 85-126 HEK293 cells
(G). *p<0.05 vs. G5; +p<0.05 vs. G20 alone.
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Figure 4. Role of oxidative stress in diabetic QT/APD prolongation and vitamin E
treatment. 4, Effects of vitamin E (VitE) on QTc interval and arrhythmias in DM rabbits.
*p<0.05 vs. Ctl (endpoint); "p<0.05 vs. DM (baseline); ~p<0.05 vs. DM (endpoint). n=12 for Ctl,
n=14 for DM and n=4 for DM+VitE. B, Effects of VitE on APD in myocytes isolated from left
ventricular endocardium of DM rabbits. Shown are mean data of APD at 50% (APDsg) and 90%
(APDyy) repolarization, respectively (n=12 cells from 4-5 rabbits). *p<0.05 vs. Ctl; +p<0.05 vs.
DM alone. n=12 for Ctl, n=12 for DM and n=10 for DM+VitE. C, Averaged I (density)-V
relationships of Ik, (dofetilide-sensitive currents) in myocytes isolated from left ventricular
endocardium of DM rabbits, showing the effects of VitE on DM-induced depression of Ik..
*p<0.05 vs. Ctl; +p<0.05 vs. DM alone. Values in the brackets indicate the number of cells studied.
D-E, Effects of antioxidants VitE (100 uM) or MnTBAP (5 puM) on Iygrg impairment induced by
hyperglycemia (G20, glucose 20 mM) in HERG-expressing HEK293 cells. n=5 for each group. F,
Effects of the superoxide anion-generating system xanthine/xanthine oxidase (X/XO) on Iygrc in

HERG-expressing HEK293 cells. X: 500 pM and XO: 5SmU/ml, n=>5 for each group.
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Figure 5. Alterations of protein levels of HERG K channels. 4, HERG protein level assessed
by Western blot analysis with the membrane samples extracted from rabbit hearts. Upper panel:
Examples of Western blot bands with anti-HERG and anti-GAPDH antibodies. Lower panel:
Mean data of densitometric analysis of the bands corresponding to the non-N-glycosylated form
(135 kDa) and N-glycosylated (155 kDa) forms of HERG; the data were normalized to GAPDH
and expressed as fold changes over control 155 kDa band. n=6 hearts for Ctl, n=7 hearts for DM,
n=4 for DM+INS and n=3 for DM+VitE. *p<0.05 vs. Ctl; +p<0.05 vs. DM alone. B, HERG
protein level assessed by Western blot analysis with the membrane samples extracted from HERG-
expressing HEK293 cells. Upper panel: Examples of Western blot bands. Lower panel: Mean
data of band density normalized to the G5-155 kDa band; the concentration of insulin for the
mean data is 100 nM. *p<0.05 vs. Ctl; +p<0.05 vs. G20 alone; n=4 independent experiments for

each group.
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Figure 6. Subcellular distribution and membrane density of HERG channel protein. 4,
Immunohistochemical analysis of HERG with left ventricular samples from healthy and DM
rabbits. HERG is stained in red with anti-HERG antibody and endoplasmic reticulum (ER) is
stained in green with anti-BIP antibody. Note that the intensity of HERG staining is weaker in the
DM tissue than in the healthy tissue, particularly at the intercalated disks. B, Immunocytochemical
analysis of HERG in the ventricular myocytes isolated from healthy and DM rabbits. Left panels:
Examples of laser scanning confocal microscopic images showing the alterations of the
cytoplasmic membrane density of HERG K" channel proteins (red). Right panel: Mean values on
fold changes of HERG staining on the cell membrane. *p<0.05 vs. Ctl; +p<0.05 vs. DM alone.
Data are from 2-3 three rabbits in each group and 5-8 cells for each rabbit. C, Left panels:
Examples of triple staining showing the subcellular distribution of HERG K" channel proteins
(red), ER (BIP blue) and cytoplasmic membrane (green, Alexa Fluor 488-conjugated wheat germ
agglutinin). “V” indicate the areas chosen to display in a high magnification (right panels) the
typical sub-membrane distribution of HERG proteins (red punctate staining in the cytosol
adjacent to cytoplasmic membrane indicated by the white arrows) in the cells from DM rabbits

as opposed to the restricted membrane distribution in the cells from healthy once.
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5 IMPAIRMENT OF HERG K" CHANNEL FUNCTION BY
HYPOGLYCEMIA AND HYPERGLYCEMIA

Elevated glucose level is one of the results of insulin insufficiency and deficiency, but also a
causative factor for many of the diabetic complications. High level of glucose can be toxic to
many cellular events while shortage of glucose can render the cell working abnormally. This
work was designed to test the effects of mimicked hyperglycemia and hypoglycemia on the
function of HERG K" channel expressed in HEK293 cells, and the underlying mechanisms. It is
demonstrated that both hypo- and hyper-glycemia impair HERG function, due to the
underproduction of ATP in the former, and overproduction of reactive oxygen species in the

latter.

This work has been published in the Journal of Biological Chemistry 2003; 278:10417-26.
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5.1 Summary

Hyperglycemia and hypoglycemia both can cause prolongation of Q-T interval and
ventricular arrhythmias. Here we studied modulation of HERG K channel, the major molecular
component of delayed rectifier K* current responsible for cardiac repolarization, by glucose in
HEK293 cells using whole-cell patch-clamp techniques. We found that both hyperglycemia
(extracellular glucose concentration [Glu],=10 or 20 mM) and hypoglycemia ([Glu],=2.5, 1 or 0
mM) impaired HERG function by reducing HERG current (Iyerg) density, as compared with
normoglycemia ([Glu],=5 mM). Complete inhibition of glucose metabolism (glycolysis and
oxidative phosphorylation) by 2-deoxy-D-glucose mimicked the effects of hypoglycemia, but
inhibition of glycolysis or oxidative phosphorylation alone did not cause Iugrg depression.
Depletion of intracellular ATP mimicked the effects of hypoglycemia and replacement of ATP
by GTP or non-hydrolysable ATP failed to prevent the effects. Inhibition of oxidative
phosphorylation by NaCN or application of antioxidants vitamin E or superoxide dismutase
mimetic (MnTBAP) abrogated, and incubation with xanthine/xanthine oxidase (X/XO)
mimicked, the effects of hyperglycemia. Hyperglycemia or X/XO markedly increased
intracellular level of reactive oxygen species (ROS), as measured by CM-H,DCFDA
fluorescence dye, and this increase was prevented by NaCN, vitamin E or MnTBAP. We
conclude that ATP, derived from either glycolysis or oxidative phosphorylation, is critical for
normal HERG function; depression of Iyerg in hypoglycemia results from underproduction of
ATP and in hyperglycemia from overproduction of ROS. Impairment of HERG function might
contribute to Q-T prolongation caused by hypoglycemia and hyperglycemia.

Keywords: HERG K" channel, glucose, glycolysis, oxidative phosphorylation, intracellular ATP,
yw

reactive oxygen species
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5.2 Introduction

Glucose, the primary end product of the digestion of glycogen, is essential for
maintaining life activities in organisms. As a major source of metabolic fuel, degradation of
glucose via glycolysis and subsequent oxidative phosphorylation generates high-energy
phosphates to power the biological processes in the cell. Yet, through an exquisitely complex
network of control mechanisms, the rate of glucose metabolism is only as great as needed by the
organisms. Moreover, glucose also has other regulatory effects on many cellular functions.
Either inadequate or excessive glucose can be harmful to the living system. Therefore, the blood
glucose level is dynamically controlled. However, under pathological conditions like diabetes,
glucose cannot be efficiently utilized and the blood glucose level rises. When the blood level of
glucose maintains higher than 7 mM it is considered as hyperglycemia. Diabetes therapy, on the
other hand, can lead to an overly low level of blood glucose, which is referred to as
hypoglycemia when the level falls below 3 mM.

Either hypoglycemia or hyperglycemia can have deleterious effects on the cells. One
common feature of electrophysiological alterations caused by both hypoglycemia and
hyperglycemia in the heart is prolongation of Q-T interval and the associated ventricular
arrhythmias which are presumably responsible for sudden cardiac death in diabetic patients (1-
10). However, the ionic mechanisms by which hyperglycemia and hypoglycemia prolong Q-T
interval remained unclear, which is at least a part of the reasons why diabetic patients die of
mainly cardiac complications.

The human either-a-go-go related gene (HERG) encodes the rapid component of delayed
rectifier K* current in the heart, being the major repolarizing current in the plateau voltage range
of cardiac action potentials. HERG K" channels are susceptible to genetic defects and
environmental cues, the consequence being depression of HERG function in most situations (9).
Indeed, most of the cases of long Q-T syndrome are ascribed to dysfunction of HERG channels,
particularly that induced by therapeutic drugs (13). It is conceivable that HERG alteration might
also be involved in the Q-T prolongation induced by hyperglycemia and hypoglycemia. This
thought prompted us to carry out a series of experiments to study the effects of glucose on

HERG K" channels and the potential mechanisms.
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5.3 Experimental Procedures

5.3.1 Cell culture

HEK?293 cells stably expressing HERG (a kind gift from Drs. Zhou and January) (14)
were grown in Dulbecco’s Modified Eagle’s Medium supplemented with 10% heat-inactivated
fetal bovine serum, 200 pM G418, 100 U/ml penicillin and 100 pg/ml streptomycin. The cells
subcultured to ~85% confluency were harvested by trypsinization and stored in the Tyrode
solution containing 0.5% bovine serum albumin at 4°C (12). Electrophysiological recordings

were conducted within 10 hrs of storage.

5.3.2 Whole-cell patch-clamp recording

Patch-clamp techniques have been described in detail elsewhere (15-16). Currents were
recorded with whole-cell voltage-clamp with an Axopatch-200B amplifier (Axon Instruments).
Borosilicate glass electrodes had tip resistances of 1-3 MQ when filled with the internal solution
containing (mM): 130 KCI, 1 MgCl,;, 5 Mg-ATP, 10 EGTA, and 10 HEPES (pH 7.3). The
extracellular (Tyrode) solution contained (mM): 136 NaCl, 5.4 KCl, 1 CaCl,, 1 MgCl,, 10
HEPES (pH 7.4), and glucose at concentrations as to be specified. Experiments were conducted
at 36x1°C. Junction potentials were zeroed before formation of the membrane-pipette seal. Series

resistance and capacitance were compensated and leak currents were subtracted.

5.3.3 Pharmacological probes

D-glucose (Glu), 2-deoxy-D-glucose (2dG), sodium cyanide (NaCN), pyruvate, ATP,
GTP, B,y-methyleneadenosine 5 -triphosphate (AMP-PCP, non-hydrolysable analogue of ATP),
xanthine (X), xanthine oxidase (XO), and vitamin E (VitE) were all purchased from Sigma.
Xanthine was prepared in 2N NaOH and diluted in the Tyrode solution by 800 times with pH
adjusted to 7.4 with HCI. Xanthine oxidase was added to the xanthine preparation to form the
X/XO reactive oxygen species (ROS) generating system. VitE was dissolved in ethanol and
diluted by 1000 times to reach the final concentration. Pyruvate in liquid was diluted into the
Tyrode solution and pH was adjusted to 7.4 with NaOH before use. All other compounds were
directly dissolved into the patch-clamp recording solutions as to be specified. Mn(III) tetrakis (4-
benzoic acid) porphyrin chloride (MnTBAP) purchased from Calbiochem was dissolved in 1N
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NaOH and diluted by 5000 times to reach the desired experimental concentrations. All

compounds and reagents were prepared freshly before experiments.

5.3.4 Intracellular reactive oxygen species (ROS) measurement

CM-H,;DCFDA (Molecular Probe) is a ROS sensitive probe that can be used to detect
oxidative activity in living cells. It passively diffuses into cells, where its acetate groups are
cleaved by intracellular esterases, releasing the corresponding dichlorodihydrofluorescein
derivative. Its thiol-reactive chloromethyl group reacts with intracellular glutathione and other
thiols. Subsequent oxidation yields a fluorescent adduct that is trapped inside the cell. When it is
excited at 480 nm its emissions at 505-530 nm can be captured. CM-H,DCFDA is prepared in
dimethyl sulfoxide immediately prior to loading. Glass coverslips were coated with laminin and
placed in the wells of a 12-well culture plate before the cells were seeded into the well in a
density of 5.0 x 10*/well. After overnight incubation, the cells were washed with pre-warmed
(37°C) phosphate buffered saline (PBS) once and then incubated in the Tyrode solution
containing glucose of varying concentrations or exogenous superoxide generating system
(xanthine/xanthine oxidase) or the reagents as to be otherwise specified, together with the
fluorescence dye CM-H,DCFDA (10 uM). After 30 min incubation, the coverslips were washed
with pre-warmed PBS twice before being mounted to the glass slides with anti-fading mounting
medium and were examined immediately under a laser scanning confocal microscope (Zeiss
LSM 510). The percentage of positively stained cells and the fluorescence intensity of staining

were determined by densitometric scanning with LSM software suite (Zeiss).

5.3.5 Data analysis

Group data are expressed as meantSE. Comparisons among groups were made by
ANOVA (F-test) and Bonferroni adjusted t-tests were used for multiple group comparisons and
paired or unpaired t-test was used, as appropriate, for single comparisons. A two-tailed p<0.05
was taken to indicate a statistically-significant difference. Nonlinear least-square curve fitting

was performed with CLAMPFIT in pCLAMP 8.0 or Graphpad Prism.
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5.4 Results

5.4.1 Effects of glucose on lygrc

To study the effects of varying concentrations of glucose (Glu, ranging from 0 to 20 mM)
on IyErg, our experiments were designed for group comparisons. For each experiment, HERG-
expressing HEK293 cells were divided into six groups each superfused with the Tyrode solution
containing a given concentration of Glu for 30 min prior to patch-clamp recordings. In addition,
recordings were performed immediately after formation of whole-cell configuration and
adjustments of capacitance and series resistance compensation, and all recordings were made
complete within 3 min. In this manner, there was minimal dialysis through the recording pipette
thereby minimal current rundown (time-dependent current decay), and the data best reflect the
effects of Glu on Iygrg in cells with intact intracellular contents. In addition, such an
experimental design also allowed us to study the effect of Glu on Iygrg under the condition
devoid of influence from exogenous ATP included in the pipette, which is an important issue as
to be described later. Iyerg was elicited by 2.5-s depolarizing steps from —60 mV to +40 mV to
record the activating current, followed by a repolarizing pulse to —50 mV for another 2.5 s to
observe the deactivating tail current, before being returned to a holding potential of —80 mV. The
results are illustrated in Fig. 1 with both representative raw data and analyzed mean data.
Glucose produced two characteristic alterations of HERG channel functions: changes of Iygrg
amplitude and density and shifts of I-V relationships and activation curves.

Comparison of Iygrg recorded at varying extracellular concentrations of Glu ([Glu],=0, 1,
2.5, 5, 10, or 20 mM) consistently showed that Iyerg density was maximal at a physiological
[Glu], (5 mM) and it was depressed at [Glu], below or above 5 mM (Fig. 1A-1C). In other words,
under normoglycemia ([Glu],=5 mM) the HERG K" channel operates at its maximum function
level, whereas under hypoglycemia ([Glu],=0, 1 or 2.5 mM) or hyperglycemia ([Glu],= 10 or 20
mM), the HERG channel function is impaired and the degree of functional impairment is
proportional to the degrees of hypoglycemia or hyperglycemia (Fig. 1D). For example, with 5
mM [Glu], the Iygrg current density was 88.5 + 7.4 pA/pF (n=25) at a test potential of 0 mV,
while with 0 mM and 20 mM, the values were 35.4 £ 3.0 pA/pF (n=22, p <0.05 vs. 5 mM [Glu],)
and 35.8 £ 4.9 (n=15, p < 0.05 vs. 5 mM [Glu],), respectively, approximately a 2-fold difference.
The HERG tail current density at —10 mV was also significantly depressed by hypoglycemia (0,
1 and 2.5 mM [Glu],) or hyperglycemia (10 and 20 mM [Glu],) (data not shown).
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Also noticeable is the hypolarization shifts of Iygrg I-V relationships (Fig. 1E) and the
activation curves by hypoglycemia (Fig. 1F). For example, the half activation voltage (V},2) was -
25.442.7 mV (n=19) for 5 mM [Glu], and -34.3£3.8 mV (n=22) for 0 mM [Glu], (p<0.05,
unpaired #-test), which accounted for around 10 mV shift of the steady-state voltage-dependent
activation of Iyprg. This negative shift resulted in a crossover of the I-V curves between
normoglycemia and hypoglycemia. Only slight (~4 mV) hyperpolarization shift of activation was
seen with hyperglycemia (20 mM [Glu],).

Several potential mechanisms could explain the observed effects of [Glu], on Ixgrg. First,
there was a possibility that the effects were a consequence of alterations of extracellular
osmolarity with varying [Glu],. Alternatively, Glu might act directly on HERG proteins to
modify the channel function. Finally, Glu metabolism which generates ATP as well as other
metabolic intermediates also has the potential to modulate Iygrg. The following experiments
were set out to clarify these issues.

To test the first possibility, we performed experiments in which cells were first
superfused with a given concentration of Glu (1, 5 or 20 mM) for >30 min, followed by Ixerc
recording within 3 min bathing in the Tyrode solution containing 10 mM Glu. Under such
conditions, Iyerg demonstrated the same pattern of changes as described above: cells pre-
exposed to 1 or 20 mM Glu had markedly smaller Igrg density than those pre-exposed to 5 mM
Glu (Fig. 2A), despite that all recordings were made under isotonic conditions with 10 mM
[Glu],. For instance, at 0 mV, the Iygrg density was 56.1 + 6.9 pA/pF (n=8) with 5 mM [Glu],,
while with 1 mM and 20 mM [Glu],, the values were 32.4 £ 3.2 pA/pF (n=7, p < 0.05 vs. 5 mM
[Glu],) and 35.8 + 2.2 (n=7, p< 0.05 vs. 5 mM [Glu],), respectively. Consistently, the activation
curve of Iygrg was also shifted to more negative potentials by hypoglycemia (Fig. 2B). Similar
difference of Iygrg between 5 and 20 mM [Glu], was also consistently seen when 15 mM
cellobiose was added to the Tyrode solution containing 5 mM Glu (Fig. 2D).

The above data indicate that changes of osmolarity is unlikely the mechanism by which
glucose modulates Iygrg. Apart from that, the fact that differences of Iygrg among the cells
pretreated with three different concentrations of Glu (1, 5 and 20 mM) persisted even though
Iuerg Was recorded 10 min after superfusion with the normal Tyrode solution containing 10 mM
[Glu], suggest that the effects of glucose on Inerg are mediated by some intracellular events and

direct interactions between glucose and HERG channels do not likely play a major role.
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5.4.2 Role of glycolysis and oxidative phosphorylation on glucose-induced lyerc

enhancement

Glucose, once being taken up into the cell, is metabolized via glycolysis to generate 2
molecules of ATP and 2 molecules of pyruvate (a substrate for oxidative phosphorylation) which
is further metabolized via oxidative phosphorylation to produce more ATP molecules. To
investigate whether the effects of Glu on Iygrg are associated with glucose metabolism, we
studied the effects of the glycolysis inhibitor 2-deoxy-D-glucose (2dG). Glucose was replaced by
the non-hydrolysable analogue of glucose 2dG to eliminate the glucose metabolism (both
glycolysis and subsequent oxidative phosphorylation). Cells were superfused with the Glu-free
Tyrode solution containing 5 mM 2dG for 30 min before patch-clamp recordings. Ingrc recorded
under such a condition was compared with Iygrg recorded with the Tyrode solution containing 5
mM Glu. As shown in Fig. 3, 2dG substitution for Glu reproduced the two characteristic changes
of Iyerg as observed under hypoglycemia. First, marked depression of Iygrg Was seen in the
presence of 2dG, with Iygrg density only ~38% of that in the presence of 5 mM [Glu], at 0 mV.
Second, similar to the results with 0 mM [Glu],, the I-V relationship and activation curve were
shifted by 10 mV towards hyperpolarizing potentials by 2dG (-28.2+3.4 mV for 5 mM [Glu],
and -37.6+4.5 mV for 5 mM 2dG, p<0.05, n=8 for both groups ) (Fig. 3B). Since 2dG is a
competitive inhibitor of glycolysis, its effects on Iygrg in the presence of 5 mM Glu were also
investigated. Cells were superfused with the Glu-containing Tyrode solution with or without 5
mM 2dG for 30 min before patch-clamp recordings. The Iygrg density was approximately 45%
smaller in cells treated with 2dG than in untreated cells (Fig. 3C). For example, the Ingrc
density at 0 mV was 40.2+4.1 pA/pF for cells treated with 2dG at 5 mM [Glu], (n=14) and was
75.616.6 pA/pF for cells without 2dG treatment (n=14, p<0.05). These results indicate the
importance of glucose metabolism in maintaining the normal HERG function. Intriguingly, when
2dG was added to the hyperglycemic solution containing 20 mM [Glu],, Ingrg Was increased as
compared with that measured in the hyperglycemic solution without 2dG (Fig. 3E). In other
words, 2dG partly reversed the depressed Iygrg caused by hyperglycemia towards the normal
HERG function seen under normoglycemia.

To further dissect which of the two, glycolysis or oxidative phosphorylation, is truly

responsible for HERG modulation, the following experiments were carried out. In the first set of
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experiments, pyruvate was supplied to the 2dG-containing Glu-free Tyrode solution. Under such
a condition, the glycolysis was inhibited but the oxidative phosphorylation was maintained. As
displayed in Fig. 3A, addition of pyruvate at a concentration of 5 mM restored the depressed
Iuerg induced by glycolysis inhibition. However, the negative shifts of I-V relationship and
activation curve, as seen with hypoglycemia or 2dG substitution for Glu, were still consistently
observed with pyruvate (Fig. 3B). In contrast, elevation of pyruvate to 20 mM weakened the
ability to restore the suppressed Iygrg caused by glycolysis inhibition with 2dG substitution for
Glu. Thus, the Iygrg density with 20 mM pyruvate in the 2dG-containing Glu-free Tyrode
solution was considerably smaller than that with normal [Glu], (5 mM). However, this high
concentration of pyruvate still failed to prevent the negative shifts of Igrg I-V relationship and
activation curve produced by glycolysis inhibition (Fig. 3B).

In the second set of experiments, the oxidative phosphorylation was inhibited by
inclusion of NaCN (2 mM), an uncoupler of oxidative phosphorylation, in the bathing solution
and the glycolysis was kept intact with 5 mM or 20 mM [Glu],. Under normoglycemia (5 mM
[Glu],), inhibition of oxidative phosphorylation by NaCN produced a slight non-significant
decrease in Iygrg (Fig. 4A). Under hyperglycemia (20 mM [Glu],), however, Iygrg was
markedly diminished and NaCN restored the depressed Iygrg towards the Inerg amplitude seen
under normoglycemia (5 mM). For instance, the step and tail Iygrg densities in 20 mM glucose
were 50.4+5.9 pA/pF and 56.4%5.3 pA/pF (n=14) at —10 mV, and were restored by NaCN to
73.9£7.9 pA/pF and 81.6£6.4 pA/pF (n=13, p<0.05 vs. 20 mM [Glu],), respectively. Also
important is that the oxidative phosphorylation inhibition did not produce any significant voltage
shifts of I-V relationships and activation curves, regardless of different [Glu], (5 mM or 20 mM)
(Fig. 4B). It appears from the above data that either glycolysis or oxidative phosphorylation was
sufficient to sustain the normal function of HERG channels and significant negative shifts of
Iherg I-V relationships and activation curves occurred when glycolysis was inhibited, regardless

of whether oxidative phosphorylation was maintained or not.

5.4.3 Role of intracellular ATP in maintaining HERG function
The above experiments indicate that glucose metabolism (glycolysis and oxidative
phosphorylation) is critical for Iygrg modulation by Glu. Yet, it was unclear whether the Ingrg

modulation by glucose metabolism is associated with the generation of high energy phosphates
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(i.e. ATP), and if yes whether the ATP generated from the glucose metabolism is glycolysis-
derived, or oxidative phosphorylation-derived. To clarify this issue, we first assessed the
influence of intracellular ATP depletion on HERG function in the presence of 5 mM Glu, by
omitting ATP from the pipette (internal) solution. Iygrg recorded immediately after membrane
rupture and capacitance/resistance compensation was taken as baseline control data and the same
measurement was repeated every 5 min up to 15 min. Under our experimental conditions, 10 min
is sufficient to allow complete dialysis thereby the equilibrium between pipette solution and
cytoplasm. As illustrated in Fig. 5, the Iygrc recorded with the normal ATP-containing pipette
showed only slight rundown over a 15-min period, whereas the Ingrg recorded with ATP-free
pipette was found significantly reduced with time. There was ~46% decrease in Ierg at 10 min
after dialysis at -10 mV (Fig. 5C), being similar to the reduction of Iyerg under hypoglycemia or
with the inhibition of glucose metabolism by 2dG. Also consistent with the hypoglycemia and
metabolic inhibition was the negative shifts of the I-V relationship (Fig. 5D) and voltage-
dependent activation (Fig. 5E) of Ingrg with ATP depletion; the V', was changed by ~8 mV
from -31.2+3.6 mV before to -38.9+8.1 mV (p<0.05, n=7) after [ATP]; depletion.

To investigate whether the requirement of intracellular ATP for HERG function relies on
hydrolysis of ATP or simply due to nucleotide interaction with the nucleotide binding domain of
HERG channels (17), we carried out the following series of experiments. We first used the
pipette containing the non-hydrolysable B,y-methyleneadenosine 5 -triphosphate (AMP-PCP) to
replace ATP. With 5 mM AMP-PCP in the pipette, the Iygrg demonstrated a rapid rundown as
observed with the ATP-free internal solution (Fig. 6C). For instance, at -10 mV the Iugrg
recorded 10 min after dialysis was 32.242.1% smaller than the basal current recorded right after
membrane rupture. We then went on to test if substitution of GTP for ATP could prevent Iygrg
rundown. With 5 mM GTP in the ATP-free pipette solution, the Ijjzrg developed a similar
degree of rapid rundown to what was seen with the intracellular ATP-depletion alone (Fig. 6F).
For example, at -10 mV, there were 34.4+5.1 % decreases in the Iyerg amplitude 10 min after
dialysis. Moreover, the negative shifts of I-V relationships and activation curves were also seen
with AMP-PCP or GTP (Fig. 6B and 6E). For instance, V', was changed from -33.4+0.8 mV for
baseline to -37.3+1.0 mV for 10 min dialysis with AMP-PCP and similarly, V,, was shifted from
-31.4£1.5 mV to -38.9+£2.2 mV by GTP (p<0.05).
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The same effects of ATP depletion on Iygrg Were consistently reproduced when
glyburide (10 uM) was included in the superfusate to inhibit ATP-sensitive K current (Kate), if

any (data not shown).

5.4.4 Role of ROS on hyperglycemia-induced lngrc depression

Collectively from the above experiments, glucose metabolism is necessary for
maintaining the HERG channel function and the ATP produced by either glycolysis or oxidative
phosphorylation seems to be a key factor for the regulation; on the other hand, the fact that
NaCN restores the depressed Iggrg induced by 20 mM [Glu], or by 20 mM pyruvate suggests
that oxidative phosphorylation also produces negative (suppressive) regulation on HERG
function. This would imply that the Iyerg suppression by high glucose via oxidative
phosphorylation is ATP-independent, or is the balance between the enhancement by ATP and the
suppression by other factors associated with oxidative phosphorylation. It has been well
established that mitochondria produce most of the endogenous reactive oxygen species (ROS)
through oxidative phosphorylation (18-23) and hyperglycemia stimulates massive ROS
production (24-30). It is therefore rational to propose that the endogenously produced ROS via
oxidative phosphorylation stimulated by hyperglycemia could impair HERG channel function to
suppress Iygrg. To test this hypothesis, we performed the following experiments. We first
evaluated the effects of an antioxidant vitamin E (VitE) on 20 mM [Glu], -induced Ingrc
depression. Cells were divided into 3 groups: 5 mM [Glu],, 20 mM [Glu],, and 20 mM [Glu], +
0.1 mM VitE. As illustrated in Fig. 7A and 7B, pretreatment of cell with VitE effectively
prevented the Iygrg suppression by hyperglycemia; the Iygrg density in VitE group was virtually
identical to that in the normaglycemia group. There was no significant shift of the activation
curve along the voltage axis. These data suggest a participation of ROS in the HERG regulation
by hyperglycemia. Next, we studied the effects of another antioxidant, superoxide dismutase
(SOD) mimetic MnTBAP, on the Iygrg depression induced by 20 mM [Glu],. Since the
compound does not readily penetrate the cells, it was intracellularly applied through dialysis of
the pipette solution at a concentration of 5 uM. Cells were superfused with 20 mM Glu for 30
min prior to formation of the whole-cell membrane patch. To correct for the potential current
rundown, the Iygrg recorded at various time points after membrane rupture was normalized to

the Iygrg recorded with the normal Tyrode solution without MnTBAP at the corresponding time
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points. As shown in Fig. 7C, MnTBAP caused a time-dependent increase in the Iygrg amplitude,
indicating a restoration of the depressed HERG function. By comparison, no alterations of Ijgrg,
or virtually a slight decrease (presumably representing rundown of the current), were found with
catalase in the pipette (data not shown). These results indicate that the ROS involved in the Ingrc
suppression by hyperglycemia was of mainly superoxide anion (Oy’).

To obtain further evidence for this notion, we assess the effects of exogenously produced
Oz by the ROS generating system xanthine/xanthine oxidase (X/XO) on Iygrg. Cells were
incubated with or without X/XO (500 pM/S mU/ml) in the Tyrode solution containing 5 mM
[Glu], for 40 min before Iygrg was recorded under 5 mM [Glu],. The Iugrg density was
consistently smaller in X/XO treated cells than in X/XO non-treated cells (Fig. 8A and 8B).

To confirm that ROS production was indeed increased by 20 mM [Glu], and the
hyperglycemia-induced ROS was mainly of O,, we went on to measure the intracellular ROS
levels using CM-H,DCFDA fluorescence dye. The ROS level was measured in cells
preincubated with the Tyrode solution containing 5 or 20 mM glucose for 30 min. The staining
of the cells demonstrated two distinct patterns: one localized to the defined rod-shaped structures
and the other one diffused evenly throughout the cytoplasm. The former presumably represents
the physiological production of ROS as a byproduct of oxidative phosphorylation in
mitochondria and the latter indicates overproduction of ROS as a result of metabolic stress and
damage to mitochondria. The cells with diffused staining and with fluorescence intensity > 5
times the background were defined as positive staining and the number of cells with positive
staining was pooled from 5 fields. The intensity of staining by the fluorescent probe for ROS was
analyzed by densitometric scanning using LSM program suite and cells with either localized or
diffused staining were taken for analysis, and the data were normalized to the control (5 mM
[Glu],) values. Under normoglycemia, a majority of cells which were stained by CM-H,DCFDA
demonstrated the localized pattern and the diffused staining was sparse. Yet in the cells treated
with 20 mM Glu, the number of the cells with positive staining as well as the intensity of
staining was consistently higher, as compared with the cells treated with 5 mM Glu (Fig. 9). This
high level of ROS production was markedly suppressed in the cells pretreated with NaCN (2 mM,
Fig. 9), an uncoupler of oxidative phosphorylation, indicating that the mitochondrion is most
likely where the ROS was massively produced. Since we have demonstrated that pyruvate at

high concentrations decreased Iyerg (Fig. 3A), the ROS level in the cells pretreated with 20 mM
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pyruvate was also measured. As shown in Fig. 9, like 20 mM Glu, 20 mM pyruvate also
significantly increased the ROS production though to a less extent. Moreover, the glycolysis
inhibitor 2dG (5 mM) also reduced the ROS level in high glucose (20 mM), which is indicated
by fewer positively stained cells and lower intensity of staining (Fig. 9). The results explain why
2dG partly restored the depressed Iygrg in 20 mM Glu (Fig. 3E).

We have shown that VitE prevented, and MnTBAP partly reversed, the Iygrg depression
in hyperglycemia (Fig. 7). To see whether this is indeed attributable to their antioxidant actions,
effects of VitE and MnTBAP on hyperglycemia-induced ROS production were also studied. As
shown in Fig. 10A and 10B, the ROS level was significantly lower, as indicated by the smaller
number of cells with positive staining and the weaker intensity of staining in individual cells, in
the cells pretreated with VitE than in non-treated cells, at 20 mM [Glu],. Consistently, MnTBAP
abolished the hyperglycemia-induced ROS generation; the number of stained cells and the
intensity of staining in the presence of MnTBAP were nearly the same as those under
normoglycemia.

It has been well documented that the X/XO ROS generating system stimulates mainly the
generation of O,. To test whether this is also true in our conditions, the ROS which was
exogenously generated by X/XO and penetrated cells was measured and the effect of MnTBAP
was studied at 5 mM [Glu],. As displayed in Fig. 11, the ROS level was significantly higher in
the cells treated with X/XO alone and this increase in ROS level was prevented in the cells
pretreated with MnTBAP.

5.5 Discussion

The work described here documents a heretofore-unreported role of glucose in regulating
the function of HERG K' channels. Our data revealed that glucose produces two characteristic
effects on the HERG channel function: changes of HERG current (Iyerg) amplitude/density and
activation voltage. The maximum HERG function operates under physiological [Glu], (5 mM,
normoglycemia), and depressed HERG function occurs with [Glu],< 5 mM (hypoglycemia) or
with [Glu],>5mM (hyperglycemia); hypoglycemia but not hyperglycemia causes shifts of HERG

activation towards hyperpolarizing voltages. The modulation of HERG by glucose is critically
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mediated by glucose metabolism (glycolysis and oxidative phosphorylation), and ATP and ROS

are crucial in defining the HERG function with changing extracellular glucose levels.

5.5.1 Depression of HERG function in hypoglycemia likely results from
underproduction of ATP

In our study, lower glucose levels and inhibition of glucose metabolism both produced
similar suppression of HERG function as reflected by the substantial diminishment of HERG
current (Iyerg), pointing to a requirement of glucose metabolism for HERG modulation by
glucose. Our data allowed us to reach the following conclusions.

Either Glycolysis- or Oxidative Phosphorylation-Derived ATP Is Sufficient for
Maintaining the Normal HERG Function — The end point of glucose metabolism is
generation of high-energy phosphates for maintaining cellular functions and depletion of ATP
could impair cellular processes dependent on high-energy phosphates. One of the major findings
of this study is that the normal HERG function critically relies on the level of intracellular ATP;
depletion of intracellular ATP impairs HERG function to an extent similar to what severe
hypoglycemia (0 mM [Glu],) does (see Figs. 1, 2 and 5). Complete inhibition of glucose
metabolism by 2-d-deoxyglucose (2dG) substitution for glucose reproduces the effects of
hypoglycemia or ATP depletion on Iygrg. Yet, neither inhibition of glycolysis alone by 2dG
substitution of Glu with a supply of pyruvate to sustain oxidative phosphorylation nor inhibition
of oxidative phosphorylation alone by NaCN in the presence of 5 mM Glu to maintain glycolysis
is able to cause depression of HERG function. The results imply that the ATP generated by
glucose metabolism plays an important role in maintaining HERG function and either the
glycolytic or oxidative ATP is adequate for the regulation.

ATP synthesis and utilization are subcellularly compartmentalized; glycolysis-derived
ATP primarily regulates membrane proteins because glycolytic pathway is associated with the
sarcolemma (31) whereas oxidative phosphorylation-derived ATP preferentially supports
cytosolic processes because oxidative ATP is generated within the mitochondria and
subsequently transported to the cytoplasm (32). Regulation of cardiac ATP-sensitive K* channel
(Katp) (34) and L-type Ca®" channel (Ic,) (33) by intracellular ATP has been well documented
by some previous studies. It was found that both Karp and Ic, were preferentially regulated by
glycolytic ATP (33-34).
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Glycolysis-Derived ATP May Be Responsible for Maintaining the Normal Voltage-
Dependent Activation of Inpre—Although as above-mentioned, either glycolytic or oxidative
ATP is sufficient for maintaining the normal HERG current amplitude/density, only glycolysis-
derived ATP seems to affect the steady-state voltage-dependent activation property of HERG
channels. This notion is supported by several lines of evidence from our experiments: (1)
Hypoglycemia (0 or 1 mM [Glu],), a situation with inadequate ATP production, but not
hyperglycemia (10 or 20 mM [Glu],), causes negative shifts of I-V relationships and voltage-
dependent activation curves; (2) Inhibition of glycolysis (Fig. 3), but not oxidative
phosphorylation (Fig. 4), abolishes the negative shifts of the HERG activation; (3) When
glycolysis is inhibited by 2dG, preservation of oxidative phosphorylation by addition of pyruvate
fails to prevent the negative shift caused by hypoglycemia (see Fig. 3); and (4) Depletion of
intracellular ATP reproduces negative shifts similar to those seen with hypoglycemia. Similar

dependence of glycolytic ATP regulation of Katp and Ic, has been documented (33-34).

Role of ATP in Maintaining HERG Function Is Most Likely due to the
Phosphorylation-Dependent Mechanisms —Two alternative mechanisms could account for
intracellular ATP regulation of ion channels: ATP acts as a substrate for phosphorylation of
channel proteins by protein kinase which requires ATP hydrolysis and ATP interacts with the
nucleotide binding domains of channel proteins to produce allosteric regulation not requiring
ATP hydrolysis. The latter mechanism has been shown to operate for Karp and Ica regulation
(33, 35). In our case, neither the non-hydrolysable analog of ATP AMP-PCP nor GTP prevented
the Ingrg rundown caused by ATP depletion (Fig. 6); instead substitution of AMP-PCP or GTP
for ATP in the internal solution produced nearly identical effects as seen with ATP depletion
alone. The results suggest that the HERG regulation by ATP under our experimental conditions
is phosphorylation-dependent requiring ATP hydrolysis. In other words, ATP serves as a
substrate for phosphorylation of HERG channels by protein kinases. Indeed, we have recently
found that the normal HERG function requires basal activity of protein kinase B (PKB) and
inhibition of PKB markedly suppresses Iyerg and shifts HERG activation along the voltage axis
towards more negative potentials (36). These results are in good agreement with the HERG
regulation by ATP. Studies are currently undertaken to clarify the link between ATP and PKB
modulation of HERG channels.
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5.5.2 Depression of HERG function in hyperglycemia results from
overproduction of ROS

Consequence of the physiological role in oxidative phosphorylation is the generation of
ROS as byproducts of the consumption of molecular oxygen in the electron transport chain (23).
Physiologically, these ROS are mostly trapped within mitochondria and rapidly scavenged by
endogenous antioxidants like superoxide dismutase (SOD), catalase, glutathione, etc. Yet under
metabolic stress, ROS can be overproduced and can cause damages to mitochondria.
Consequently, the ROS may diffuse throughout the cytoplasm and cause further deleterious
effects on other cellular processes. Abnormally high concentrations of glucose can enhance ROS
damage at least in three different manners. It has been known that high glucose (25 mM) evoked
ROS generation, which was blocked by antioxidants, inhibitors of mitochondrial electron
transport chain complex, inhibitors of glycolysis-derived pyruvate transport into mitochondria,
uncouplers of oxidative phosphorylation, SOD mimetics, catalase, etc (30). Superoxide anion
(Oy) is found to be the major ROS produced under hyperglycemia (37-42) and increases in ROS
can be prevented by SOD. Second, glucose itself can auto-oxidize to form ROS including Oy,
OH’, and H,0, (43). Finally, acute elevations in glucose also depress natural antioxidant
defenses. It has been found that incubation of purified bovine CuZn SOD with 10 to 100 mM
glucose reduces the enzyme activity by 60% (44).

Elevated glucose or pyruvate level is expected to enhance oxidative phosphorylation and
produce more ATP molecules to support HERG function or increase Iygrg. However, our
observations are on the contrary to this expectation. Our results showed that hyperglycemia or
excessive pyruvate markedly depressed the HERG function. A reasonable explanation for this is
that the ROS produced under hyperglycemia counteract the effects of ATP and the net outcome
is a balance between enhancing effects of ATP and suppressing effects of ROS. Evidently, under
our experimental conditions, the effects of increased ROS overwrite the effects of increased ATP,
resulting in suppression of Iyerg. This notion is supported by the following evidence. First, the
depression of Iyerg induced by hyperglycemia was prevented or reversed by the antioxidants
vitamin E and MnTBAP (SOD mimetic). Second, inhibition of the glycolysis thereby the
subsequent oxidative phosphorylation by 2-D-deoxyglucose (2dG) partially reversed the
depressed Iugrg under hyperglycemia (Fig. 3). Weakened oxidative phosphorylation due to
inhibition of the glycolysis would reduce both ATP and ROS productions but the net result was
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an increase in Iygrg, indicating again that in our experimental conditions ROS overweighs ATP
in terms of their effects on Iyerg. This is in agreement with the notion that the suppressing
effects of ROS overproduction overwhelm the effects of ATP increase. Moreover, 2dG also can
compete with glucose for access to glucose transporters, thus decreases glucose uptake which in
turn can result in reduction of ROS production in the cells. Finally, our data indeed demonstrated
the ability of high glucose to stimulate an overproduction of ROS (see Fig. 9). The fact that a
high concentration of pyruvate mimicked, while VitE or NaCN abrogated, the ROS
overproduction suggests that the ROS were mainly produced via the oxidative phosphorylation
in mitochondria in our cells.

It has been reported that the ROS, which generate highly reactive hydroxyl group (OH'),
such as H,O; or FeSOy/ascorbic acid (an oxidative stimulus analogous to H,O;), increased Iuerg
at negative potentials by shifting the HERG activation to more negative voltages (45-46). These
results are opposite to our observation. One explanation is that the ROS generated under our
experimental conditions may different from the OH™ generating system (H>O; or FeSO4/ascorbic
acid). As already mentioned, previous studies have confirmed that the ROS induced by
hyperglycemia is mainly of O,". Here, we also showed that the SOD mimetic MnTBAP reduced
the hyperglycemia-induced ROS overproduction (Fig. 10) and the O;-generating system
xanthine/xanthine oxidase (X/XO) produced ROS which were also abolished by MnTBAP, an
evidence for O;” as a major ROS generated in our cells. Consistently, depressive effects of
hyperglycemia or X/XO on Iygrg were significantly weakened by MnTBAP. Indeed, it has been
reported that the O,  generated by high glucose (23 mM) or by X/XO in rat small coronary
arteries impairs voltage-gated K (Kv) current (39, 47); reducing the current density by around
60%, which was partially restored by SOD and catalase. Together all these, we believe that
different ROS might have different effects on Iygrg; OH enhances, while O,” depresses, Ixera.
Moreover, it has been shown that excessive ROS inhibits glycolysis and the subsequent
glycolytic ATP production, and even depletes intracellular ATP levels in isolated perfused hearts
(48-50). This fact together with our data suggests that besides the potential direct modulation of
Inerg by ROS, ATP reduction potentially caused by ROS may also contribute to the Inerg
depression under hyperglycemia. This provides an alternative explanation for the depressive
effects of the ROS overproduction overcoming the enhancing effects of the expected ATP

increase.
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In our study, the effects of pyruvate and X/XO were smaller than those of hyperglycemia.
This may be because the O, generated by hyperglycemia occurs inside the cell but pyruvate does
not readily penetrate cells, the effect of pyruvate observed in the present study may
underestimate the true role of oxidative phosphorylation in Iygrg modulation. Likewise, the O,
generated by X/XO was primarily extracellular with subsequent entry into the cell which could
also underestimate the effects of O,".

It was shown that within minutes of exposure to dihydroxyfumaric acid or xanthine plus
xanthine oxidase, both of which produce the superoxide anion, action potential duration (APD)
was prolonged in canine myocytes, and this effect was followed by the appearance of early after
depolarization (EAD) (51). X/XO caused a 30% increase in APD in superfused papillary muscle
or small strips of right ventricular walls of guinea pig hearts (52). However, whether the APD
prolongation was associated with inhibition of delayed rectifier K" current (Ixr) is unknown. Our

study provides a potential explanation for these observations.

5.5.3 Impairment of HERG function might contribute to Q-T prolongation caused

by hypoglycemia and hyperglycemia

Heart disease is a leading cause of death in diabetic patients. In patients with diabetes a
prolongation of the Q-T interval has been associated with an increased risk of sudden cardiac
death (2) due to occurrence of lethal ventricular arrhythmias, particularly Torsade de pointes
following bradycardia in these patients (1). Several cardiovascular pathological consequences of
diabetes such as hypertension and arteriosclerosis affect the heart to varying degrees.
Hyperglycemia, as a consequence of diabetes and an independent risk factor, also can directly
cause cardiac damages. On the other hand, insulin therapy increases the risk of hypoglycemia in
type 2 diabetic patients; according to the United Kingdom Prospective Diabetes Study (UKPDS),
approximately one-third of the insulin-treated patients reported one or more hypoglycemic
episodes per year during the first 3 years (3). Hypoglycemia is presumed to be the cause of death
in about 3% of insulin-treated diabetic patients (11). Intriguingly, it is well recognized that both
hyperglycemia and hypoglycemia can cause prolongation of Q-T interval. In type 2 diabetes, the
prevalence of Q-T prolongation is as high as 26% and Q-T prolongation during experimentally
induced and spontaneously occurring hypoglycemia or diabetic hyperglycemia has also been

shown to occur in healthy subjects and in diabetic patients with increased risk of malignant
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ventricular arrhythmias (4-11). Yet the potential ionic mechanisms by which hypoglycemia and
hyperglycemia cause Q-T prolongation remained poorly understood. Studies on glucose
modulation of cardiac ion channels are sparse and have been mostly limited to ATP-sensitive K*
current (Katp). On the contrary to Iygrg, Katp is closed with increased intracellular ATP levels
(34). One study reported by Xu et al (53) demonstrated that hyperglycemia (18 mM [Glu],)
decreased the density of transient outward K* current but did not alter the inward rectifier K*
current in rat ventricular myocytes which do not express delayed rectifier K* current (Ik,), the
physiological counterpart of Iygrg. In arterial smooth muscles, high glucose diminished shaker-
type delayed rectifier K™ current (39). In rat myelinated nerve fibers, 30 mM glucose increased
Ca**-activated K* current (54). While none of the data from these studies could fully account for
the Q-T prolongation, particularly the Q-T prolongation induced by hypoglycemia, our study
provides a plausible, or at least an alternative, explanation; HERG K™ channel may be a
mechanistic link for the Q-T prolongation induced by both hyperglycemia and hypoglycemia.
Yet, one should keep it in mind that HERG may be only one of the multiple factors contributing
to the Q-T prolongation in hypoglycemia and hyperglycemia.
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Figure 1. Effects of glucose on HERG K" current (Ingrc) stably expressed in HEK293 cells.

A, Typical examples of Iygrc traces recorded in the Tyrode solution containing 0, 5, 10, or 20

mM D-glucose (Glu) with the voltage protocol

shown in the inset, and presented as current

density (pA/pF) for better group comparisons. The same voltage protocol is applied for the Iygrg

recordings shown in the subsequent figures, except otherwise indicated. B, Current density-

voltage relationships of Iygrg. The steady-state step Iygrg measured at the end of 2.5-s pulses

was normalized to the capacitance of the respective cells and plotted as a function of test

potentials. Shown are data averaged from 22, 9, 11

,25,24 and 15 cells for 0, 1, 2.5, 5, 10, and 20

mM Glu, respectively. *p< 0.05 vs. 5 mM [Glu],. C, Ratio of the step Iygrg recorded with
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Figure 3. Effects of complete inhibition of glucose metabolism or inhibition of glycolysis on
Inerc. A and B, Mean current density (pA/pF)-voltage relationships and activation conductance
(G) curves of Iygrg. Complete inhibition of glucose metabolism was achieved by the addition of
5 mM 2-deoxy-D-glucose (2dG) to the Glu-free solution and inhibition of glycolysis alone was
achieved by the addition of pyruvate to the 2dG-containing Glu-free solution. The numbers in
the legends represent the concentrations of Glu, 2dG or pyruvate in mM. The number of cells
was 8 for “Glu 5 group, 7 for “Glu 0 + 2dG 5 group, 7 for “Glu 0 + 2dG 5 + pyruvate 5 group,
and 8 for “Glu 0 + 2dG 5 + pyruvate 20 group. *p<0.05 vs. 5 mM [Glu],. C and D, Comparison
between the effects of 2dG (5 mM) on Iygrg under 0 mM [Glu], and 5 mM [Glu],. *p<0.05 vs. 5
mM [Glu],. E and F, Effects of 2dG (5 mM) on Iygrg under 20 mM [Glu],. The number of cells
was 10 for “Glu 5 group, 8 for “Glu 20 group, and 11 for “Glu 20 + 2dG 5 group. *p< 0.05 vs.
20 mM [Glu],, unpaired ¢-tests.
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Figure 2. Effects of glucose on Iygrc under conditions with corrected osmolarity. 4 and B,
Mean current density (pA/pF)-voltage relationships and activation conductance (G) curves,
respectively (n=7, 9 and 7 for 1, 5 and 20 mM [Glu],, respectively). The cells of different groups
were superfused with solutions containing a given concentration of glucose (1, 5 or 20 mM) for
>30 min and then switched to the same solution with an identical glucose concentration (10 mM).
The Iyerg recorded within 3 min at 10 mM [Glu], were used for analysis. *p< 0.05 vs. 5 mM
[Glu],, unpaired r-tests. C and D, Depression of Iyerg and negative shift of Inerg activation,
respectively, in high glucose (20 mM [Glu],, n=5), as compared with those in normal glucose (5
mM [Glu],) + 15 mM cellobiose (n=5) to balance the extracellular osmolarity. *p< 0.05 vs. Glu

5+cellobiose 15, unpaired ¢-tests.
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varying [Glu], over the Iygrg with 5 mM [Glu], as a function of test potentials. D, Ratio of the
step Iuerg recorded with varying [Glu], over the Iygrg with 5 mM [Glu], as a function of glucose
concentrations. Shown are the data obtained at test potentials of —40, -10 and +20 mV. E,
Normalized I-V relationships obtained by dividing the current amplitude at various potentials by
the maximum current for each concentration of glucose. For clarity, only the data with 0, 5 and
20 mM [Glu], are shown. Note the negative shifts of the curves with low and high [Glu],,
relative to 5 mM [Glu],, along the voltage axis. F, Steady-state voltage-dependent activation of
Iuerg. The activation curves were constructed by plotting the conductance G as a function of
potentials. G was calculated by normalizing the tail currents at -50 mV by dividing the amplitude
of the tail currents evoked at various antecedent step potentials by that of the tail current at +40
mV. The symbols are mean of experimental data and the lines represent the Boltzmann fit:
G/Guax=1/{1+exp[(V12-V)/k]}, where Gma represents the maximal conductance at +40 mV, V;,;
is a half-maximal activation voltage, and k is a slope factor. The numbers in the legends

represent the extracellular glucose concentrations ([Glu],) in mM.
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Fig. 4. Effects of inhibition of oxidative phosphorylation on Iygrg. Mean current density
(pA/pF)-voltage relationships (4) and activation conductance (G) curves (B). Inhibition of
oxidative phosphorylation with intact glycolysis was achieved by the addition of NaCN (2 mM)
to the Glu (5 or 20 mM)-containing solution. The numbers in the legends represent the
concentrations of Glu, or NaCN in mM. n=23 for “Glu 5 group, 15 for “Glu 5+ NaCN 2 group,
14 for “Glu 20 group, and 13 for “Glu 20 + NaCN 2 group. *p<0.05 vs Glu 5 mM ; "p<0.05 vs
Glu 20 mM, unpaired #-tests.
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Figure 5. Effects of depletion of intracellular ATP on Iygrg. 4, Raw Iygrg recorded with the
ATP-free pipette solution right after membrane rupture as baseline control data (left) and 10 min
after membrane rupture with complete dialysis (right). B, Mean I-V relationships (n=5 cells)
showing the depression of Iygrg caused by depletion of intracellular ATP. C, Time-dependent
changes of Iyerg at —10 mV showing the current rundown with the ATP-free pipette solution,
which is otherwise minimal with the ATP-containing pipette solution. D, Normalized I-V
relationships showing the negative shift of voltage-dependence of Iygrg caused by the depletion
of intracellular ATP. E, Activation conductance (G) curves before and after ATP depletion. *p <
0.05 vs Ctl, paired t-tests; *p<0.05, F-test indicating the statistical significance of the time-

dependence.
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Figure 6. Effects of non-hydrolysable ATP (AMP-PCP) and GTP on Iygrg. A4 and D, I-V
relationships. Iygrg Was recorded right after membrane rupture and 10 min after dialysis with the
ATP-free pipette solution containing AMP-PCP (n=10) (4) or GTP (n=7) (D). B and E,
Activation conductance (G) curves before and after AMP-PCP or GTP in the ATP-free internal

solution. The numbers in the legends represent AMP-PCP or GTP concentrations in mM. C and

F, Time-dependent changes of Iyerg at —10 mV recorded with the pipette containing ATP
(control-Ctl) or AMP-PCP (C) or GTP (F). *p < 0.05 vs Ctl, paired t-tests; *p<0.05, F-test

indicating the significance of time-dependence.
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Figure 7. Effects of antioxidants on Iygrc depression induced by hyperglycemia (20 mM
[Glu],). 4 and B, Mean current density (pA/pF)-voltage relationships and activation conductance
(G) curves, respectively, showing the effects of vitamin E (VitE, 100 uM) on Iygrg under 20 mM
[Glu],. The cells were superfused with VitE for 40 min or with the normal Tyrode solution for
control before patch-clamp recordings. Group comparison was made between the untreated
control cells (Ctl, n=9) and the VitE-treated (n=8) cells. *p < 0.05 vs Ctl, unpaired ¢-tests. C and
D, Mean current density (pA/pF)-voltage relationships and activation conductance (G) curves,
respectively, showing the effects of MnTBAP (5 uM), a superoxide dismutase mimetic, on Iygrg
under 20 mM [Glu],. MnTBAP was applied intracellularly through the pipette. Iygrg recorded
immediately after whole-cell formation and series resistance compensation was taken as baseline
control data (Ctl) and that recorded 10 min after dialysis was used for analysis to reflect the
effects of MnTBAP. To correct for potential rundown of the current, the Iygrg recorded with
MnTBAP was normalized to that recorded with the normal internal solution. *p < 0.05 vs Ctl,

paired r-tests.
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Figure 8. Effects of the oxidant generating system xanthine/xanthine oxidase (X/XO) on

Ingrc under normoglycemia (5 mM [Glu],). A, Analog data of Iygrg with and without

treatment with X/XO. The cells were superfused with X/XO (500 uM/5 mU/ml) for >30 min

before patch-clamp recordings. B and C, Mean current density (pA/pF)-voltage relationships and

activation conductance (G) curves, respectively. Group comparison was made between the

untreated control cells (Ctl) and the X/XO-treated cells. *p<0.05 vs Ctl, unpaired #-tests, n=8 for
Ctl and n=7 for X/XO.
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Figure 9. Oxidative phosphorylation and intracellular levels of reactive oxygen species
(ROS) measured by CM-H;DCFDA fluorescence dye. A, Laser scanning confocal
microscopic images of CM-H.DCFDA staining reflecting the intracellular ROS levels. The
numbers in the labels indicate the concentrations in mM. Note the focused staining on the rod-
shaped structures in the cells under normoglycemia and the diffused staining throughout the
cytoplasm in the cells treated with high glucose or pyruvate. B, Percentage of positively stained
cells (MeantS.E.), obtained from 5 fields of 3 experiments by counting the cells with staining
intensity > 5 times the background. C, Averaged intensity of CM-H,DCFDA fluorescence
measured from the positively stained cells. Shown are the data normalized to 5 mM [Glu],. .

*p<0.05 vs Glu 5 mM and *p<0.05 vs Glu 20 mM, unpaired r-tests.
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Figure 10. Effects of antioxidants vitamin E (VitE, 100 uM) and superoxide dismutase
(SOD) mimetic (MnTBAP, 10 uM) on intracellular ROS levels under hyperglycemia ([Glu],
=20 mM). 4, Confocal microscopic images of CM-H,DCFDA staining showing decreases in the
intracellular ROS levels in the cells treated with VitE or MnTBAP. B, Percentage of the
positively stained cells (Mean+S.E.), obtained from 5 fields of 3 experiments by counting the
cells with staining intensity > 5 times the background. C, Averaged intensity of CM-H.DCFDA
fluorescence measured from the positively stained cells. Shown are the data normalized to the

control (Ctl) cells without antioxidant treatment. *p<0.05 vs Glu 20 mM, unpaired ¢-tests.
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Figure 11. Effects of the superoxide generating system xanthine/xanthine oxidase (X/XO)
on the intracellular ROS levels under normoglycemia ([Glu], =5 mM). A4, Confocal
microscopic images of CM-H>DCFDA staining showing the increases in the intracellular ROS
levels by X/XO (0.5 mM/5 mU/ml) and the abrogation of ROS increase by the SOD mimetic
MnTBAP (10 uM). B, Percentage of the positively stained cells (MeantS.E.), obtained from 5
fields of 3 experiments by counting the cells with intensity of staining > 5 times the background.
C, Averaged intensity of staining measured from the positively stained cells. Shown are the data

normalized to the control (Ctl) cells without X/XO treatment. *p<0.05 vs Glu 5 mM and *p<0.05

vs Glu 5 mM + X/XO, unpaired r-tests.



6 NORMAL FUNCTION OF HERG K' CHANNELS
REQUIRES BASAL PROTEIN KINASE B ACTIVITY

Previous chapters have identified the Ix/HERG impairment as a mechanism for the
diabetic APD and QT prolongation, and deciphered the roles of glucose, insulin, ATP and
reactive oxygen species on Ix/HERG K* channel. Protein kinase B (PKB) is a downstream
molecule in the insulin-signaling cascade which is impaired in DM. Moreover, there are two
putative PKB phosphorylation sites on HERG K channels. In this part, I used pharmacological
tools together with molecular expression techniques to assess the potential function of PKB on
HERG K" channel.

This work has been published in the FEBS Letters 2003; 534: 125-132
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6.1 Abstract

The potential role of protein kinase B (PKB), a serine/threonine protein kinase, in
regulating HERG (human ether-a-go-go related gene) K channel function was investigated.
Wortmannin (a PI3K inhibitor) caused ~30% reduction of HERG current (Iygrg) stably-
expressed in HEK293 cells. Transient transfection with the constitutively active PI3K in HERG-
expressing HEK293 cells slightly increased (~7%) Iugrg while a dominant negative PI3K
significantly reduced Iygrg (~25%) relative to results in vehicle-transfected cells. Iygrg was
~35% greater in cells transfected with the constitutively activated PKB (caPKB), whereas it was
~47% smaller in cells transfected with dominant negative PKB (dnPKB). Basal activation of
PKB was detected by immunocytochemistry. PKB activity was significantly enhanced in
caPKB-transfected cells and nearly abolished in dnPKB-transfected cells. We conclude that
normal HERG function in HEK293 cells requires basal activity of PKB. Our data represent the
first evidence that PKB phosphorylation regulates K* channels.

Key Words: HERG; Protein kinase B; Phosphoinositide 3-kinase; Wortmannin; Patch-clamp,

Immunocytochemistry.

Abbreviations: Bis bisindolylmaleimide; HERG, human ether-ago-go related gene; HERG,
K" channel protein encoded by HERG; IHERG, current expressed by HERG; PKB, protein
kinase B; caPKB, constitutively active PKB; dnPKB, dominant negative PKB; PI3K,
phosphoinositide 3-kinase; caPI3K, constitutively active PI3K; dnPI3K, dominant negative PI3K;
WMN, wortmaninn.
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6.2 Introduction

PKB, a downstream target of phosphatidylinositol 3-kinase (PI3K), is a serine/threonine
(Ser/Thr) protein kinase first identified several years ago [1-2]. The cDNA sequence of PKB
displays high sequence homology to both the protein kinase C and the protein kinase A family of
Ser/Thr kinases. It was therefore termed protein kinase B (PKB) [1-2]. PKB can be activated by
a wide variety of stimuli in a PI3K-dependent or -independent manner [3-4]. The fungal
metabolite wortmannin is a potent inhibitor of kinase activities of class I PI3K, with an ICsp in
the range of 1 10 nM [5]. By inhibiting PI3K, wortmannin can prevent PI3K-dependent
activation of PKB and it has been widely used to study the physiological role of the PI3K/PKB
signaling pathway in various cellular processes.

[t is well established that PKA and PKC can both regulate ion channel function by Ser/
Ther phosphorylation of channel proteins, providing an important mechanism for regulation of
cell function. In contrast, the potential role of PKB in modulating ion channel function has been
largely ignored. Only recently has the PI3K/PKB pathway been found to be involved in the
regulation of some ion channels, for example, the potentiation of L-type Ca®" current and M-
current in neurons [6-7], enhancement of CI” currents in rat hepatoma cell [8], and up-regulation
of several Shaker-type K™ channels in human embryonic kidney cell line [9]. It is believed that
modulation of these ion channels contributes to regulation by PI3K/PKB of cell survival, cell
growth, cell column and other cell functions. Among these studies, however, only the work
reported by Blair et al [6] demonstrated that the modulation of the L-channel was PKB-
dependent.

HERG encodes the rapid component of delayed rectifier K* current in the heart, and
HERG dysfunction is known to account for both inherited and acquired long Q-T syndrome [10],
a potentially-lethal arrhythmia. Recent studies have revealed widespread distribution of HERG in
various tissues and cells outside the heart, including neurons [11-12], pancreatic B-cells [13], and
a variety of tumor cells [14-15], where in addition to its cardiac electrophysiological role, HERG
may also participate in the regulation of cell growth and death [16]. The HERG protein contains
two putative consensus sequence motifs for PKB phosphorylation located at S§90 and S331 [4,
17-18). Although HERG has been found to be a target for PKA phosphorylation [19-21] and
probably also for PKC [22-23], it is unknown whether it is also a substrate for PKB. The present



198

study was therefore undertaken to define the potential regulation of HERG channel function by
PKB.

6.3 Materials and Methods

6.3.1 Cell culture

HEK293 cells stably expressing HERG (a kind gift from Drs. Z Zhou and C January)
[24] were seeded in a 25 cm® cell-culture flask and grown in Dulbecco’s Modified Eagle’s
Medium (DMEM, Life Technologies) supplemented with 10% heat-inactivated FBS, 200-pg/mL
G418 (Sigma), 100-U/ml penicillin and 100-pg/ml streptomycin (Life Technologies). The cells
were subcultured to ~85% confluency, harvested by trypsinization and stored in Tyrode’s

solution containing 0.5% BSA at 4°C.

6.3.2 Gene transfection

The constructs expressing the constitutively active bovine PI3K (caPI3K), pCMVé6-
p110a-mycC, and the dominant-negative mouse PI3K (dnPI3K) in pcDNA3, pcDNA3-Ap110a.-
mycC were kind gifts from Dr. L. Cantley [25]. The constitutively active mouse PKB in pECE
(caPKB), and dominant negative bovine PKB in pCMV6 (dnPKB) were kind gifts from Dr. T.
Franke and Dr. M. Greenberg [25-26]. The cDNA transfection procedures have been described
in detail elsewhere [27]. Cells grown to ~80% confluency in 35 mm culture dishes with DMEM
free of antibiotics were washed once with phosphate-buffered saline (PBS). Aliquots containing
2~3 pg of caPI3K, dnPI3K, caPKB, or dnPKB, plus 0.3 pg pnX-CD8 plasmid DNA were diluted
into 100 ul DMEM and mixed well with 6 pl Plus reagent from the LipofectAMINE Plus reagent
kit (Life Technologies) and incubated at room temperature (RT) for 15 min. The DNA-Plus
regent pre-complex was then added to 4 pl LipofectAMINE reagent in 100 pl of DMEM. The
mixture was incubated at RT for 15 min and added to the cells in a dish containing fresh serum-
free DMEM and swirled to distribute the complex uniformly, and incubated at 37°C under 5%
CO; for 3 h. The cells were allowed to grow for 48 h before being harvested for analysis. Sham
and blank control experiments were conducted in parallel. For electrophysiological experiments,
the cells were harvested and incubated with 2 pl anti-CD8 Dynabead (Dynal ASA, Osio, Norway)
at RT for 15 min to label the transfected cells [27].
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6.3.3 Whole-Cell Patch-Clamp Recording

Patch-clamp techniques have been described in detail elsewhere [27-28]. Currents were
recorded with whole-cell voltage-clamp with an Axopatch-200B amplifier (Axon Instruments).
Borosilicate glass electrodes had tip resistances of 1-3 MQ when filled with (mM): 130 KCI, 1
MgCl,, 5 Mg-ATP, 10 EGTA, 10 HEPES (pH 7.3). The extracellular solution contained (mM):
136 NaCl, 5.4 KCl, 1 CaCl,, 1 MgCl,, 10 glucose and 10 HEPES (pH 7.4). Experiments were
conducted at 36+1°C. Junction potentials were zeroed before formation of the membrane-pipette
seal. Series resistance and capacitance were compensated and leak currents were subtracted.

Wortmannin (WMN; PI3K inhibitor; Sigma Chemicals) and bisindolylmaleimide (Bis;
PKC inhibitor; Sigma Chemicals), and N-[2-(p-bromocinnamylamino) ethyl]-5-isoquinoline-
sulfonamide-2HCI] (H89; PKA inhibitor; Biomol Research Labs, Plymouth Meeting, PA), were
dissolved in dimethyl sulfoxide (DMSO) as 1000 x stock solutions and stored at -20°C, and the

stock solutions were diluted to the desired concentrations right before the experiments.

6.3.4 Immunocytochemistry

The immunocytochemical procedures used have been previously described in detail [16,
29]. In short, cells grown on coverslips were fixed with freshly prepared 1% paraformaldehyde,
followed by permeablization in 0.1% Triton X-100 and blocked in 1% BSA. Cells were then
incubated overnight at 4°C with primary antibodies diluted in 1% BSA, followed by incubation
with FITC- or TRITC-conjugated secondary antibodies at room temperature for 2 hrs. Rabbit
polyclonal antibody against phospho-PKB (S473) was purchased from New England BioLabs
(Beverly, MA) and goat polyclonal anti-CD8 antibody was purchased from Santa Cruz (Santa
Cruz, CA). The specificity of the anti-phospho-PKB antibody has been tested in our previous
studies [30]. Donkey anti-rabbit, FITC-conjugated and donkey anti-goat, TRITC-conjugated
antibodies, purchased from Jackson Immuno-Research (Baltimore, USA), were used as
secondary antibodies. Nonspecific staining by the secondary antibodies was excluded by the
absence of staining in cells treated with the secondary antibodies alone. Coverslips were
mounted onto glass slides with anti-fading mounting medium and were immediately examined
under confocal laser scanning microscope equipment (model LSM 510; Zeiss). Excitation/
emission wavelengths for FITC and TRITC were 488/512 and 543/576 nm, respectively and
FITC (green) and TRITC (red) were excited separately to avoid bleed-through effects. The
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settings for laser scanning and image such as laser power, pinhole, amplification factor and gain,
were set optimal to avoid false positive or false negative staining and for a given experiment, the
settings were identical for all slides under examination. Each image represents an average from
four-consecutive slow-speed scannings. Density of staining by anti-phospho-PKB antibody was
measured by LSM 510 software suite and only positively stained cells were analyzed except for

the cells in control group.

6.3.5 Data analysis
Group data are expressed as meantSEM. Paired or non-paired Student #-tests were used
for before-and-after or group comparisons as appropriate. A two-tailed p<0.05 was taken to

indicate a statistically-significant difference. Nonlinear least-square curve-fitting was performed

with CLAMPFIT in pCLAMP 8.0 or Graphpad Prism.

6.4 Results

6.4.1 Effects of wortmannin on HERG currents (lyerc)

Currents were recorded in HEK293 cells stably expressing HERG with a two-step
voltage protocol. The cell membrane was held at —80 mV, and stepped from —60 mV to +40 mV
in 10 mV increments for 2.5 s to measure the step current and then returned to a constant
potential at —50mV for 2.5 s to measure the tail currents (Fig 1A). The effects of the inhibitor of
PI3K wortmannin (WMN) were assessed following intracellular application. WMN (50 nM) was
included in the pipette solution and dialyzed into the cytosol. Under our experimental conditions,
10 min was sufficient for complete dialysis. Iygrc Was recorded right after membrane rupture and
the same measurements were repeated every 5 min for a total of 20 min. The recordings made 15
min after membrane rupture were used to reflect the effects of WMN. As a control, cells were
dialyzed and currents recorded in an identical fashion, but with WMN absent from the pipette
solution. As illustrated in Fig. 1, WMN appeared to have 2 effects- a decrease in maximum
conductance, along with a voltage shift tending to increase current at negative voltages. To
ensure the suppression of Iygrg by WMN was not due to rundown of the current, we compared
Inerg recorded at various time points after membrane rupture. The data in Fig. 1C show that in

absence of WMN rundown of Iygrg was minimum (~5%) whilst in presence of WMN Iygrg



201

demonstrated a profound attenuation over a period of 15 min which coincided with the time
course of dialysis of internal solution through a pipette under our experimental conditions. WMN
did not alter the kinetics (time-dependent activation, inactivation and reactivation) of the current
(data not shown).

Additional experiments were performed to ensure that the effects of WMN on Iygrg are
not due to PKA and/or PKC activation. Cells were first bathed with H89 (1 pM) to inhibit PKA
or bisindolylmaleimide (Bis, 100 nM) to inhibit PKC. Inhibitors were added to Tyrode's solution
20 min before patch-clamp recording with WMN (50 nM)-containing pipettes. Under these
conditions, WMN produced qualitatively similar effects to those seen in experiments without
H89 or Bis treatment. For example, Iygrg current density in the presence of H89 was 2.4+0.6
pA/pF before and 3.4+0.9 pA/pF (p<0.05, n=6) after WMN at -40 mV, and 51.74£7.9 pA/pF
before and 40.8+7.3 pA/pF (p<0.05) after WMN at 0 mV. In the presence of Bis, Iyerg densities
were 2.7+0.6 pA/pF before and 5.4+1.3 pA/pF (p<0.05, n=7) after WMN at -40 mV, and 63.9+
10.1 pA/pF before and 55.319.8 pA/pF (p<0.05) after WMN at 0 mV. To validate the
concentrations of H89 and Bis used in our experiments, we conducted additional experiments
with Shaw-like voltage-gated K* channel Kv4.3 expressed in HEK293 cells and we found that 1
uM H89 and 100 nM Bis completely reversed the effects produced by PKA and PKC stimulation

caused by isoproterenol and phenylephrine, respectively (data not shown).

6.4.2 Effects of constitutively active or dominant negative PI3K on Iyerc

The results of the above experiments suggest that basal PI3K/PKB activation contributes
to maintaining Iygra/Ix, function in the absence of external stimuli for PI3K/PKB activation. The
data do not indicate whether the effects are due to PI3K activation, PKB activation or both. We
began to address this issue by transiently transfecting constitutively active PI3K (caPI3K) into
HEK?293 cells stably expressing HERG. Iuygrg recorded in CD8 bead-labeled cells (indicating
caPI3K transfection) was compared with Iygrg in untransfected cells or sham-treated
counterparts. The data are presented in Fig. 2, where greater Iygrg density was seen at potentials
negative to 0 mV in caPI3K-transfected cells relative to sham cells. For example, Iugrg density at
-40 mV was 3.3+0.4 pA/pF (n=30) for sham control and 9.6+3.6 pA/pF (p<0.05, n=25) for
caPI3K (increased by ~2 folds), and at 0 mV was 91.9+9.5 pA/pF for control and 102.4t11.4
pA/pF for caPI3K (increased by ~10%, p>0.05, unpaired #-test). At potential positive to -10 mV,
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no appreciable differences between groups were observed. By contrast, the cells transfected with
dnPI3K showed increased Ingrg only at potential negative to -20 mV and moderate reduction of
InerG Was seen at potentials more positive than -20 mV. For example, Iygrc densities in dnPI3K-
transfected cells was 7.14£2.6 pA/pF (~2-fold larger than in the sham group, p>0.05) at -40 mV,
and was 79.1211.7 pA/pF (~25% smaller than in the sham group, p>0.05) at 0 mV. The effects
of dnPI3K are qualitatively comparable to those of WMN.

6.4.3 Effects of constitutively active or dominant negative PKB on lyerc

To test the potential direct role of PKB, we performed experiments with transient
transfection of constitutively active PKB (caPKB) or dominant negative PKB (dnPKB) in
HERG-expressing HEK293 cells. Consistent with an important role for PKB, caPKB increased
and dnPKB decreased Iygrg. Fig. 3 compares Iygrg in cells transected with plasmids containing
caPKB plus plasmids to cells with cDNAs expressing CD8 alone, as well as untreated control
cells. In all cases, there were no significant differences in Iygrg between control and CDS-
transfected cells. Iygrg density measured from caPKB cells was clearly greater than that of
control or CD8-transfected cells at all voltages ranging from -40 to +40 mV, and there was a
tendency with greater differences at more positive potentials. For example, Iygrg density was
36%, 37% and 67% greater at -40 mV, 0 mV and +40 mV, respectively, in caPKB than in
control cells (Fig. 3C). On the other hand, Iygrg Was substantially smaller in dnPKB-transfected
than in non-transfected or CD8-transfected cells at potentials positive to -20 mV, but was greater
at potentials negative to this voltage (Fig. 3D-3F). For instance, at 0 mV Iygrg density values
were 90.4+13.4 pA/pF (n=20 cells) and 48.7+3.9 pA/pF (p<0.05, n=19) in control and in
dnPKB-transfected cells, respectively, whereas at -40 mV, the Iygrc density was 11.8+1.6 pA/pF
for control and 19.3+£5.0 pA/pF (p<0.05) for dnPKB cells. These data indicated a 46% decrease
at 0 mV and a 53% increase at -40 mV in the presence of dnPKB (Fig. 3F).

6.4.4 Imuunocytochemical analysis of active PKB

To confirm that the effects of WMN in our experiments are associated with changes in
PKB activity and that the cells transfected with caPKB or dnPKB indeed have increased or
reduced PKB activity respectively, we performed immunostaining analyses of PKB activity

using anti-phospho-PKB (S473) antibody. For WMN experiments, cells were preincubated with
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WMN (100 nM) in the culture medium for 30 min before being collected for immunostaining.
As shown in Fig. 4A, the immunoreactivity was obviously weaker in WMN-treated than in
control cells.

For caPKB/dnPKB experiments, double staining with anti-PKB antibody and anti-CD8
antibody was performed to distinguish the transfected from the non-transfected cells. The
staining for phospho-PKB (green) was evenly distributed throughout the cytoplasm and CD8, a
membrane protein co-transfected with caPKB as a marker for successful transfection, was
stained red only to the plasma membrane. PKB staining was markedly more intense in cells also
stained with CD8 than in cells with negative CDS8 staining (non-transfected cells) in the same
batch (Fig. 4B). The same was true when compared with the control cells that did not undergo
the transfection procedures. In sharp contrast, the staining for phospho-PKB was nearly absent
although the staining for CD8 was obvious in dnPKB-transfected cells.

The cells transfected with caPI3K showed a slightly higher intensity, while the cells
transfected with dnPI3K showed a slightly lower intensity, of phospho-PKB staining than in their
respective non-transfected cells or the control cells (Fig. 4B). The quantitative data are presented
in Fig. 4C where the ratios of staining intensity in positively stained cells over non-stained

control cells are shown.

6.5 Discussion

We demonstrated here that prevention of PI3K/PKB activation by pharmacological
inhibition (WMN) or molecular inactivation (dominant negative PI3K and dominant negative
PKB) significantly suppressed HERG function, whereas direct activation of PKB by introducing
the constitutively active PKB into the cell markedly enhanced HERG function. Inhibition of
PKB activation by WMN or dnPI3K or dnPKB and increased activation of PKB with caPKB
transfection were confirmed by immunocytochemistry with the use of the anti-phospho PKB
antibody. Our data clearly indicate that HERG K" channel function in HEK293 cells is enhanced
by PKB activation and also provide the evidence for the first time that PKB phosphorylation
participates in K* channel modulation.

WMN, used to inhibit PI3K activation thereby the downstream PI3K-dependent PKB

activation, produced remarkable depression (~30% reduction) of Iuprg stably expressed in
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HEK?293 cells. The effects were observed under normal conditions in absence of stimuli for
PI3K/PKB activation. Coincidentally, dnPI3K caused virtually the same changes of Iygrg as
WMN did: ~25% decrease in current density and ~5 mV shift of activation towards hyper-
polarizing potentials. By comparison, direct inactivation of PKB by dnPKB produced a nearly
doubled magnitude of effects on Iygrg as produced by WMN; dnPKB diminished Iygrg density
by ~53% and shifted the Vi, by ~6 mV. In addition, while caPI3K produced only slight
enhancement (~18%) of Iygrg function, caPKB strikingly increased Iygrg density (~52%).
Correspondingly, caPI3K caused an only slight increase in the active form of PKB whereas
caPKB boosted activation of PKB. Taken together these data allow us to reach the following
conclusions: (1) PI3K/PKB signaling pathway has regulatory effects on HERG K* channel
function because inhibition of the pathway diminishes but activation of the pathway enhances
Inerg; (2) PI3K/PKB modulation of HERG is likely mediated by a direct effect of PKB but not
PI3K phosphorylation because inhibition/activation of PKB produced far more pronounced
effects on Iygrg compared with inhibition/activation of PI3K did; (3) HERG is under tonic
regulation of basal active PKB, or in the other words, basal PKB activation is required for
maintaining the normal physiological function of HERG K" channel in HEK293 cells, because
the effects of PKB inhibition on Iygrg, either by pharmacological blockade (WMN) or molecular
inactivation (dnPI3K and dnPKB), were seen in the absence of stimuli for PKB activation; and (4)
The basal active PKB in HEK293 cells comes from both PI3K-dependent and PI3K-independent
mechanisms. The PI3K-dependent activation PKB is WMN sensitive, which can be prevented by
treating the cells with WMN, while the PI3K-indenpendent activation of PKB is WMN
insensitive. Introduction of dnPKB is expected to wipe out both PI3K-dependent and PI3K-
independent activation of PKB. Indeed, our present study consistently showed that molecular
inactivation of PKB by dnPKB produced some doubled magnitudes of Iygrg depression in
comparison with the effects produced by WMN or dnPI3K. If the effects of WMN or dnPI3K on
Iuerc arise from the PI3K-dependent activation of PKB, then the excess of effects produced by
dnPKB over WMN or dnPI3K should represent PKB activation from PI3K-independent
mechanisms.

The major finding of this study is that PKB has a tonic modulatory effect on Iygrc.
Given the fact that dnPKB renders Iyerg density half of its size under normal conditions, it is

expected that in the absence of basal PKB activation, Iygrg amplitude/density would be only



205

50% of its normal amplitude/density. It is therefore reasonable to conclude that the basal active
PKB is required for maintaining the physiological function of Igrg in HEK293 cells. Moreover,
our data from caPKB experiments indicate that any further increase in PKB activation may
further increase Iyerg beyond the basal conditions. Increased PKB activity has actually been
noticed in a variety of physiological (such as growth stimulation, increased adrenergic tone, etc)
and diseased conditions (such as metabolic stress, oxidative challenge, ischemia, etc) [3-4].

This finding may have some important pathophysiological implications. For example, it
has long been known that the cardiac action potential duration (APD) is initially shortened in the
early stage of acute myocardial ischemia and is subsequently prolonged in the late phase of
ischemia, which is associated with occurrence of different types of arrhythmias [31].
Coincidentally, PKB activities follow the same pattern of changes: a marked increase in the early
phase followed by an also marked drop in the late phase of ischemia [32]. Considering that the
HERG-encoded K* current (the rapid component of delayed rectifier K™ current or Ig,) plays a
critical role in determining cardiac APD [10, 33], we can speculate that in the early phase of
ischemia the increase in PKB activation enhances Ix, which in turn accelerates the rate of cardiac
repolarization or shortens APD, whereas in the late phase of ischemia when PKB activities are
reduced I, is correspondingly diminished which then leads to lengthening of APD. Also, cardiac
APD was reported to be prolonged in the myocytes isolated from animals with type I diabetes
and slightly shortened in the myocytes from type II diabetic animal model [34-36]. It is unclear
whether these are associated with a decrease in PKB activation in type I diabetic subjects and an
increased in type II diabetes.

The PI3K signaling pathway is involved in diverse cellular processes and some of these
may be mediated by regulating ion channels. A recent work reported by Gamper et al [9]
demonstrated that insulin-like growth factor-1 (IGF-1) up-regulates several voltage-gate K
channels belonging to the Shaker subfamily including Kv1.1, Kv1.2 and Kv1.3 in HEK293 cells,
and the effects were mediated by PI3K and its downstream targets 3-phosphoinositide-dependent
protein kinase-1 and serum- and glucocorticoid-dependent kinase 1. Their data excluded the
contribution of PKB to modulating Shaker K channels. Enhancement of CI channel by PI3K
that contributes to volume regulation in rat hepatoma cell was reported by Feranchak et al [8].
Using transient expression of wild-type, dominant-negative, and constitutively active forms of

PKB in cerebellar granule neurons, Blair et al elegantly showed that IGF-1 partially mediates
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granule neuron survival via L-type Ca®* channel activity and that PKB-dependent L channel
modulation is a necessary component because PKB mediates the IGF- 1-induced potentiation of
L channel currents [6]. There have no other previous studies on ion channel modulation by PKB.
Our data represent the first evidence for the direct role of PKB in K™ channel modulation.

PKA, PKC and PKB are all Ser/Thr protein kinases, which can phosphorylate their
downstream effectors and alter the functional status of these downstream components. PKA and
PKC both have been shown to modulate K™ channels including HERG [19-23]. The minimum
sequence motif required for optimal phosphorylation of peptide substrates by PKB is
RXRXXS/T*, where X is any amino acid, and * is a bulky hydrophobic residue (phenylalanine
(F) or leucine (L)) [3-4, 17-18]. The sequence requirement for PKB phosphorylation is quite
similar to that for PKC and distinct from that for PKA [18]. There are three putative PKA
phosphorylation sites and one PKB-favorite phosphorylation site (S890) in the C-terminal region,
as well as one site (S331) in the N-terminal region, of the HERG sequence. Whether these sites
are responsible for HERG modulation by PKB merits further studies with site-directed

mutagenesis.
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6.8 Figures and Figure Legends
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Figure 1. Effects of wortmannin on Iygrg stably expressed in HEK293 cells. A: Iygrg
recordings made immediately after membrane rupture with minimal dialysis, taken as baseline
control data (Ctl), and 15 min after membrane rupture with complete dialysis through the pipette
containing wortmannin (WMN, 50 nM). Iygrg was elicited with the voltage protocol shown in the
inset. The same voltage protocol is applied to the subsequent figures. B: Iygrg step current-voltage
(I-V) relations (n=25). C: Changes of Iygrg amplitude at ~10 mV with time after formation of
whole cell configuration. Shown are data collected from recordings with pipettes without (Ctl,

n=10) or with WMN (n=10). *p<0.05 WMN vs. control
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Figure 2. Iygrc in cells transfected with constitutively active PI3K (caPI3K) or dominant
negative PI3K (dnPI3K). A: Typical examples of Iyprg traces presented as current density
(pA/pF) for better group comparisons. For the sham group, the cells underwent the same
transfection procedures as for dnPI3K and caPI3K groups, except that the plasmids were not
included. B and C: I-V relationships averaged from 30 cell for sham, 25 cells for dnPI3K, and 28
cells for caPI3K group. *p<0.05 vs. sham.
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Figure 3. Iygrg in HEK293 cells transfected with constitutively active PKB (caPKB) or
dominant negative PKB (dnPKB). A and D: Capacitance-normalized Iygrg traces (pA/pF) for
better group comparisons. The HEK293 cells with stable expression of HERG were transiently
transfected with plasmids containing cDNAs expressing CD8 alone (CD8 group) or with additional
cDNA plasmids encoding caPKB or dnPKB. B and E: Mean I-V relationships. For caPKB
experiments, n=19 cell for Ctl, =16 for CD8 alone, and =23 for caPKB; for dnPKB experiments,
n=20 cell for Ctl, n=19 for CD8 alone, and n=19 for dnPKB. C and F: Percent (%) difference of
Ierg density between caPKB or dnPKB and Ctl groups. *p<0.05 vs. control (Ctl).
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Figure 4. Inmunocytochemical analysis of active PKB in HEK293 cells with anti-phospho
(S473)-PKB antibody. A: Examples of confocal microscope images showing the cytoplasmic
staining of the phosphorylated PKB (green) in HEK293 cells without (Control-Ctl, left) or with
wortmannin (WMN, 50 nM, right) treatment. B: Examples of double stainings showing the
membrane staining of CD8 (red) as a marker for successful transfection of varying constructs and
the cytoplasmic staining of autophosphorylated (activated) PKB (green) and combination of the
two (CD8+PKB, yellow), in HERG-expressing HEK293 cells transfected with caPI3K, dnPI3K,
caPKB, or dnPKB. The phase-contract images (Phase C) are superimposed for better views of the
cell contour. C: Average density of green staining for phospho-PKB (n=5 independent
experiments for caPI3K/dnPI3K and n=4 for caPKB/dnPKB) expressed as ratios over control.
*p<0.05 vs. control (Ctl).



7 IMPAIRMENT OF HERG K" CHANNEL FUNCTION BY
TUMOR NECROSIS FACTOR-a: ROLES OF
REACTIVE OXYGEN SPECIES

Being a consistently elevated product in congestive heart failure (CHF), and contributing
to the APD prolongation, TNF-a is also a responsible factor for the development and progress of
both type 1 and type 2 diabetes mellitus.

In addition, emerging evidence has demonstrated cellular lipids such as ceramide,
diacylglycerol (DAG), phosphatidyl inositol 4,5 bisphosphate (PIP2), lysophosphatidylcholine
(LPC), etc, are important second messengers mediating a variety of cellular events including
those closely related to the cardiac functions, e.g. ion channel functions. Ceramide is found
accumulated in myocardia and partially mediates the effects of TNF-a.

In these situations, TNF-a, and ceramide are involved in triggering cardiomyocyte
apoptosis and maybe cardiac arrhythmias, too. In particular, prolongation of APD and QT has
been associated with TNF-a and ceramide accumulation.

The studies in Chapters 8 and Chapter 9 aim at identifying the potential effects of TNF-a
and ceramide on the HERG K channel, which is critical to set the AP and has been found
reduced in diabetic rabbit heart (in our studies), in CHF, and in ischemic myocardium. It will
explain, at least partially the molecular mechanisms underlying the Ix/HERG impairment in

diabetic cardiocomplications.

The work in this Chapter has been published in J. Biol. Chem. 2004; 279: 13289- 13292 .
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7.1 Abstract

Congestive heart failure (CHF)' is associated with susceptibility to lethal arrhythmias and
typically increased levels of tumor necrosis factor-a (TNF-a) and its receptor, TNFR1. CHF
down-regulates rapid delayed-rectifier K* current (Jk;) and delays cardiac repolarization. We
studied the effects of TNF-a on cloned HERG K" channel (human ether-a-go-go-related gene) in
HEK293 cells and native /g, in canine cardiomyocytes with whole-cell patch clamp techniques.
TNF-a consistently and reversibly decreased HERG current (/ygrg). Effects of TNF-o were
concentration-dependent, increased with longer incubation period, and occurred at clinically
relevant concentrations. TNF-a had similar inhibitory effects on Ik, and markedly prolonged
action potential duration (APD) in canine cardiomyocytes. Immunoblotting analysis
demonstrated that HERG protein level was slightly higher in canine hearts with tachypacing-
induced CHF than in healthy hearts, and TNF-a slightly increased HERG protein level in CHF
but not in healthy hearts. In cells pretreated with the inhibitory anti-TNFR1 antibody, TNF-a lost
its ability to suppress Iygrg, indicating a requirement of TNFR1 activation for HERG
suppression. Vitamin E or MnTBAP (Mn(III) tetrakis(4-benzoic acid) porphyrin chloride), a
superoxide dismutase mimic) prevented, whereas the superoxide anion generating system
xanthine/xanthine oxidase mimicked, TNF-a-induced Iygrg depression. TNF-a caused robust
increases in intracellular reactive oxygen species, and vitamin E and MnTBAP abolished the
increases, in both HEK293 cells and canine ventricular myocytes. We conclude that the TNF-a/
TNFR1 system impairs HERG/Ik, function mainly by stimulating reactive oxygen species,
particularly superoxide anion, but not by altering HERG expression; the effect may contribute to
APD prolongation by TNF-o and may be a novel mechanism for electrophysiological

abnormalities and sudden death in CHF.

'The abbreviations used are: TNF-a, tumor necrosis factor-o; CHF, congestive heart failure;
APD, action potential duration; EAD, early afterdepolarization; ROS, reactive oxygen species;
CM-H2DFDA, 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate; VitE, vitamin
E; MnTBAP, Mn(IIl) tetrakis(4-benzoic acid) porphyrin chloride; X/XO, xanthine/xanthine

oxidase.
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7.2 Introduction

TNF-a is a potent inducible cytokine with pleiotropic biological effects (1). Up-
regulation of TNF-a is a consistent finding in clinical (2) and experimental CHF (3). Circulating
concentrations of TNF-a and soluble TNF-a receptors are independent predictors of mortality in
CHF (4).

Patients with CHF are at increased risk of sudden death dueto cardiac arrhythmias. CHF
increases action potential duration (APD) (5), leading to early afterdepolarizations (EADs) and
lethal ventricular tachyarrhythmias (6). Polymorphic ventricular tachycardias, likely related to
arrhythmogenic afterdepolarizations, are common in CHF (6, 7). The molecular mechanisms
underlying APD prolongation in CHF remain incompletely understood.

The rapid delayed rectifier K" current (I:) is crucial in cardiac repolarization. The human
ether-a-go-go-related gene (HERG) encodes the pore-forming a-subunit of Ik, and congenital or
drug-induced abnormalities in HERG protein function are a common cause of the long QT
syndrome. Simulations of cellular electrophysiology predict Ik, inhibition to cause EADs in
failing, but not nonfailing, myocytes (8). A recent study demonstrated that transgenic mice
overexpressing TNF-o with heart failure had significantly prolonged APD (9). It is unknown
whether TNF-a affects cardiac K™ channels. We therefore examined the hypothesis that TNF-o.
might affect HERG/I,, thereby potentially contributing to CHF-related repolarization

abnormalities.

7.3 Experimental Procedures

7.3.1 Cell disposition

HEK?293 cells stably expressing HERG were a kind gift from Drs. Zhou and January. Cell
culture and handling procedures have been described previously (10). Cardiomyocytes were
isolated from healthy adult mongrel dogs as described in detail previously (11, 12). The

procedures for animal use were in accordance with institutional guidelines.
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7.3.2 Whole-cell patch-clamp recording

Patch clamp techniques have been described in detail elsewhere (13 16). Experiments
were conducted at 36 + 1°C. For current recordings in canine myocyte studies, the following
were included in the bath to block contaminating currents: CdCl, (200-pmol/liter, L-type Ca**
current), 4-aminopyridine (1 mmol/liter, transient outward K* currents), glyburide (10 pmol/liter,
ATP-sensitive K™ current), and 293B (10 pmol/liter, slow delayed-rectifier K™ current). Action
potentials were recorded in the current clamp mode with Tyrode solution free of ion channel
blockers. TNF-a. was either added to the extracellular solution 10 min after formation of whole-
cell configuration (acute studies), or cells were incubated with TNF-o. in the medium for 10 h

before patch clamp recording (long term exposure).

7.3.3 Western Blot

The procedures were similar to those described previously (15). Polyclonal anti-HERG
raised in rabbit against highly purified peptide (CY) EEL PAGAPELPQD GPT, corresponding to
residues 1118 1133 of human HERG was purchased from Alomone Laboratories (Jerusalem,

Israel).

7.3.4 Intracellular Reactive Oxygen Species (ROS) Measurement
5-(and-6)-Chloromethyl-2',7'-dichlorodihydrofluorescein diacetate (CM-H,DFDA) from

Molecular Probes was used to detect oxidative activity in living cells as detailed previously (16).

7.3.5 Data analysis
Group data are mean + S.E. Paired ¢ tests were used for single comparisons. Kinetics was

analyzed with CLAMPFIT (pCLAMP 8.0) or Graphpad Prism.
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7.4 Results
7.4.1 Impairment of HERG function by TNF-«

Iuerg was elicited by 2-s depolarizations followed by 2-s repolarizing steps (Figure 1,
inset). Currents were recorded immediately after formation of whole-cell configuration and series
resistance compensation. Comparisons were made between control cells (without TNF-a) and
cells incubated for 10 h with various TNF-a concentrations from 0.01 to 10 ng/ml, which are
within the pathophysiological range of TNF-a levels (~0.1 ng/ml) (17 19).

Iuerg density was reduced by TNF-a, with effects that were concentration- and voltage-
dependent, being larger at more negative potentials (Figure 14). /uerc kinetics was unaltered by
TNF-o.. Exposure to TNF-o for 15 min concentration-dependently decreased /nerg. JHERG
amplitude was decreased by 9, 16, and 35% by TNF-a at 1, 10, and 100 ng/ml, respectively.
Results at 100 ng/ml are shown in Figure 1B. Depression of I, by TNF-a was reproduced in both
dog atrial and ventricular myocytes (Figure 1C). APDsp and APDyg, duration at 50 and 90%
repolarization, respectively, were both significantly longer in single ventricular cells
preincubated with TNF-o at 10 ng/ml in Tyrode solution for 10 h relative to control cells..

(Figure 1D).

7.4.2 Mechanisms for HERG depression by TNF-a

Western blot analysis of HERG protein levels in the membrane preparations extracted
from HERG-expressing HEK293 cells and from the ventricular myocytes of healthy dogs or dogs
with tachypacing induced CHF was performed. A band of around 135 kDa was identified by anti-
HERG antibody, and the band was abolished after the antibody had been neutralized by its
antigenic peptide. TNF-a treatment neither significantly alter HERG protein level in HEK293
cells nor in healthy dogs. HERG protein level was slightly higher in CHF than in healthy dogs
and was slightly increased by TNF-o in CHF dogs (Figure 24).

To clarify whether TNF-at acts on /ygrg Vvia activation of TNF receptor I (TNFR1), we
incubated HEK293 cells with H389 (an inhibitory anti-TNFR1 antibody) for 1 h before patch
clamp recording upon acute exposure to 100 ng/ml TNF-a or beginning 1 h before prolonged (10

h) exposure to 1 ng/ml TNF-o.. H389 prevented suppression of Iyerg by subsequent acute or
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prolonged application of TNF-a.. Data from prolonged exposure experiments are shown in Figure
2B.

Activation of TNFR1 can stimulate overproduction of intracellular ROS (20). To
investigate whether ROS mediates TNF-a-induced HERG depression, we assessed the effects of
TNF-a on Jugrg in cells pretreated with the antioxidant vitamin E (VitE). Pretreatment with VitE
for 2 h prevented Jyprg reduction by TNF-a (Figure 2C). Another antioxidant MnTBAP (Mn (I1I)
tetrakis (4-benzoic acid) porphyrin chloride), a superoxide dismutase mimetic, produced similar
preventive effects on TNF-a-induced HERG impairment (Figure 2D). By contrast, preincubation
of cells with superoxide anion generating system xanthine/xanthine oxidase (X/XO) mimicked
the inhibitory effect of TNF-a on Iygrg (Figure 2E).

To confirm that intracellular ROS production was indeed stimulated by TNF-a, we
detected ROS level using CM-H,DFDA fluorescence dye to stain the cells. The cells stained with
fluorescence intensity >5 times the background were defined as positive staining, and the number
of cells with positive staining was pooled from five fields. The intensity of staining was analyzed
by densitometric scanning using the LSM program, and the data were normalized to the control
values without TNF-a (0.01 and 1 ng/ml) treatment (16). Under control conditions, cells stained
by CM-H,DCFDA were sparse, and the staining was weak. Yet with TNF-o treatment, the
number of the cells with positive staining was considerably higher and the cells were stained
evenly throughout the cytoplasm. Pretreatment with VitE or MnTBAP drastically diminished the
number and the intensity of staining (Figure 2F). Similar results were obtained with isolated
canine ventricular myocytes; TNF-a (0.1 ng/ml) markedly increased ROS level and co-

application with VitE (100 uM) or MnTBAP (5 uM) prevented the effects of TNF-a (Figure 2G).
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7.5 Discussion

Heart failure is associated with APD and QT interval prolongation, believed to contribute
to the occurrence of sudden cardiac death (6, 7). We show here that TNF-a suppresses Jigrg in
HEK293 cells and Ik, in dog cardiomyocytes and prolonged APD. Depression of Iygrc/Ix:, as
produced by TNF-a in this study, may contribute to delayed repolarization and associated
malignant ventricular tachyarrhythmias with increased TNF-a level in patients with CHF.

Ionic remodeling in CHF has been studied (21). L-type Ca** current density appears to be
unaltered (20). The inward-rectifier K* current is consistently reduced (5). The transient outward
K" current (I,,) is also reduced, potentially causing APD prolongation (5, 22). However,
inhibition of I, reduces APD in human atrial cells (23), canine atrial cells (12), and dog Purkinje
fibers (24). The effect of i, on the AP depends largely on the magnitude of Ik (25). Tsuji ef al.
(26) showed Ix,, measured as E-4031-sensitive tail current, to be ~36% smaller in rabbits with
ventricular tachypacing-induced CHF than in healthy rabbits. Lodge and Normandin (27)
demonstrated earlier that J,, measured as dofetilide-sensitive tail current, reduced by ~45% in
the BIO TO-2 strain of cardiomyopathic hamster of 10 months old, derived from the BIO 53.58
animals and providing a model of dilated low output heart failure, compared with the 10-month-
old control (BIO F1B) hamsters. A recent study by London et al. (9) showed significant APD
prolongation in transgenic mice which overexpressed TNF-a and developed heart failure. Our
study suggests that TNF-o. may be an important mediator of CHF-induced Jk, reduction and is
the first to demonstrate that TNF-o can modulate cardiac K* channels.

We further demonstrated that pretreatment with VitE or MnTBAP prevented, whereas
X/XO mimicked, TNF-a-induced Iyerg depression. The effects of VitE and MnTBAP are likely
due to their antioxidant actions because TNF-o increased the intracellular ROS level in a
concentration-dependent manner in both HEK293 cells and canine ventricular myocytes, more
specifically O'; level because VitE or MnTBAP effectively prevented the increase. In line with
our finding, a recent study published during the course of this study clearly demonstrated the
ability of TNF-a to stimulate mitochondrial production of ROS in cardiomyocytes (20). It has
also been shown that ROS is one of the key deleterious factors in failing heart (28, 29). Our data

therefore indicate that TNF-a-induced HERG depression occurs at the functional level, but not at
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the expression levels (TNF-a did not alter HERG protein content), and the functional impairment
of HERG channels by TNF-a is mediated by ROS, particularly O>.

Circulating TNF-o levels predict mortality in CHF, and therapies directed against TNF-a
may limit the pathophysiologic consequences (1). In healthy human subjects, the TNF-a level is
below 0.01 ng/ml, but in patients with heart failure, it can increase to over 0.1 ng/ml (17 19).
TNF-a significantly inhibited Iygrg over this concentration range (e.g. by ~35% at plateau
voltages from —10 to +10 mV in cells exposed to 0.1 ng/ml TNF-a for 10 h). Our study might
have underestimated the effects of TNF-a. on APD because the myocytes were incubated with
TNF-a at4 °C to maintain good quality of the cells. Our observations provide new insights into
the potential molecular mechanisms underlying electrophysiological abnormalities and sudden

arrhythmic death in patients with CHF.
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Figure 1. Impairment of HERG function by TNF-a.. A, effects of 10-h exposure to various
concentrations of TNF-a (in ng/ml) on Iygrg stably expressed in HEK293 cells. Original
recordings are shown in the upper panels, mean current-voltage relations in the lower left panel
and mean ratios of Iygrg in TNF-a-treated to untreated cells in the lower right panel. n = 15 for
control; n =13, 17, and 15 for TNF-a. 0.01, 0.1, and 1 ng/ml, respectively. For 0.01 ng/ml TNF-
a, p < 0.05 for voltages from —40 to 0 mV; for 0.1 ng/ml TNF-a, p < 0.01 at —40 and —30 mV
and p < 0.05 from —20 to +20 mV; for 1 ng/ml TNF-a, p <0.01 at —40 and —10 mV and p <0.05
from 0 to +40 mV. B, effects of acute exposure to TNF-o (100 ng/ml) on Iygrg in HEK293 cells.
Shown are mean data (» = 5) from the tail Jygrc recorded at —50 mV with original recordings
(test pulse: 0 mV) in the inset. C, effects of bath application of TNF-a (100 ng/ml) on Ik, in dog
atrial myocytes, elicited with voltage protocol shown in the inset. Shown are mean (n = 4) I, tail
currents elicited at a repolarizing voltage of —30 mV with original recordings (test pulse: 0 mV)
in the inset. D, effects of TNF-o (10 ng/ml, 6-h incubation at 4 °C) on action potential duration
in canine ventricular cells (n = 15 for each group). The horizontal lines within the action

potential recordings indicate the zero voltage level. *, p < 0.05 and **, p < 0.01 versus control

(Ct).
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Figure 2. Mechanisms for HERG depression by TNF-a. A, Western blot analysis of HERG
protein levels. Membrane protein samples were extracted from left ventricular myocytes isolated
from healthy dogs and dogs with ventricular tachypacing-induced CHF and from HEK293 cells.
HEK?293 cells were treated with TNF-a. (10 ng/ml) for 10 h in culture medium, and isolated
myocytes were treated with TNF-a in Tyrode solution for 10 h. Mean data were calculated from
a total of four independent samples for each group. MK, protein marker. *, p < 0.05 versus
control (Ctl). B, inhibitory anti-TNFR1 antibody H389 prevents HERG depression by TNF-a.
Cells were incubated with H389 (10 pg/ml) for 1 h before prolonged (10 h) exposure to TNF-a
(10 ng/ml, n = 7). C and D, antioxidants VitE (100 pM, n = 14) or superoxide dismutase mimic
MnTBAP (5 uM, n = 12) prevents HERG depression by TNF-a. *, p < 0.05 versus TNF-a alone.
E, superoxide anion generating system X/XO (400 uM/5 units/ml, n = 16) mimicked the effects
of TNF-a on Iygre. F, alterations of the intracellular level of ROS by TNF-a (0.1 or 10 ng/ml)
and antioxidants VitE (100 uM) and MnTBAP (5 uM), respectively, determined by CM-
H,DFDA fluorescence dye staining (green) in HERG-expressing HEK293 cells. The upper
panels show examples of confocal microscopic images, and the lower panels show the
percentage of cells with positive staining (% Cell) and the intensity of positive staining (n = 4
batches of cells for each group). *, p < 0.05 versus Ctl; ¥, p < 0.05 versus TNF-a alone. G,
increase in ROS by TNF-a (0.1 ng/ml) and reversal by VitE (100 pM) or MnTBAP (5 pM) in
canine ventricular myocytes. The upper panels show examples of confocal microscopic images,
and the lower panels show the intensity of positive staining (n = 3). *, p < 0.05 versus Ctl; ,p<

0.05 versus TNF-a alone.
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8.1 Summary

Ceramide, a sphingolipid metabolite, has emerged as a key second messenger molecule
that mediates multiple cellular functions. Its de nova synthesis and accumulation in ischemic
myocardium, and congestive heart failure and diabetic cardiomyopathy have been associated
with the pathological processes including the abnormal QT prolongation (QT-T) and increased
risk of arrhythmias. To investigate how ceramide can be involved in modulating cardiac
repolarization, we performed whole-cell patch-clamp studies on HERG current (/ierg), a critical
determinant of cardiac repolarization, expressed in HEK293 cells. Acute application (bath
superfusion for 25 min) of membrane permeable ceramide (C2, 50 uM) did not alter Iugrg.
Prolonged incubation with C2 for 10 hrs caused pronounced /yerg inhibition in a concentration-
dependent and voltage-independent fashion and positive shift of voltage-dependent HERG
activation. The ICso for Iygrg suppression was 19.5 uM. C2 did not affect the inactivation
property and time-dependent kinetics of Jygrg. Similar effects were observed with production of
endogenous ceramide catalyzed by sphingomyelinase. Tyrosine kinase inhibitors failed to
reverse C2-induced suppression of HERG function, and PKA and PKC inhibitors only slightly
reversed the Iyerg depression. Western blotting and immunocytochemical analyses indicate that
C2 does not alter HERG protein expression on the cytoplasmic membrane. The inhibitory effect
of C2 on Iygrg Was reversed by antioxidants vitamin E or MnTBAP. C2 caused considerable
production of intracellular reactive oxygen species (ROS), which was prevented by vitamin E or
MnTBAP. We conclude that ceramide depresses /ygrg mainly via ROS overproduction and
ceramide-induced Iygrg impairment may contribute to QT-T in prolonged myocardial ischemia,

heart failure and diabetic cardiomyopathy.

Keywords: ceramide, HERG, reactive oxygen species, vitamin E, MnTBAP, QT prolongation

'The abbreviations used are: Bis, bisindolylmaleimide; C2, a membrane permeable ceramide, N-
acetyl-D-erythro-sphingosine; CM-H2DCFDA, 5-(and-6)-chloromethyl-2 ,7 -dichlorodihydro-
fluorescein diacetate; Dihydro-C2, dihydro-, N-acetyl-D-erythro-sphingosine; Gen, genestein;
HA, herbimycin A; MnTBAP, Mn (III) tetrakis (4-benzoic acid) porphyrin chloride; O,

superoxide anion; OA, okadiac acid; SMase, sphingomyelinase; VitE, vitamin E.
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8.2 Introduction

Ceramide, a long-chain sphingolipid generated intracellularly on hydrolysis of
sphingomyelin catalyzed by sphingomyelinase (SMase), has emerged as a key second messenger
molecule that is capable of mediating multiple physiological effects including regulation of
cellular differentiation, proliferation, and apoptosis by activating a variety of signaling cascades,
including those triggered by cytokines, growth factors, and stress (1-3). Ceramide generation can
be triggered by diverse stimuli and de nova ceramide synthesis and accumulation takes place in
the myocardium under various pathological conditions such as myocardial ischemia (MI) or
hypoxia, congestive heart failure (CHF), and diabetic cardiomyopathy (DCM) (4-11). In these
situations, ceramide is involved in triggering cardiomyocyte apoptosis, cardiac pump failure and
cardiac arrhythmias. In particular, prolongation of action potential duration (APD) and QT
interval is a common feature with regard to cardiac electrical disturbances in chronic MI (12-13),
CHF (14-15) and DCM (16-17).

Upon receiving an incoming impulse, cardiac cells show a rapid membrane
depolarization followed by a relatively slow repolarization process. Repolarization disorders,
either excessive slowing or accelerating of the rate of repolarization, can cause cardiac electrical
perturbations or arrhythmias. The rate of repolarization is determined by several ion currents, of
which the rapid delayed rectifier K" current (/) has a crucial role, particularly to the plateau
phase of action potentials (18-19). The major molecular component of native Ik, has been
identified as the human ether-a-go-go-related gene (HERG), which generates Ix.-like current
when expressed in heterologous systems (20). Impairment of Ix/HERG can cause excessive
prolongation of APD and QT interval, which is commonly believed to be a mechanism for both
genetic and drug-induced long QT syndromes. It is important to know whether the sphingolipid
metabolite ceramide that is excessively generated in MI, CHF or DCM can interact with HERG
K" channels, so as to have better understanding of the metabolic and ionic mechanisms for the
APD/QT prolongation in these diseased settings. To this end, we performed studies to investigate
the effects of ceramide on HERG K' channel function and to elucidate the potential signaling
mechanisms. Our data identified HERG as a target for ceramide action and intracellular reactive

oxygen species (ROS) as a mediator for ceramide-induced impairment of HERG function.
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8.3 Experimental Procedures

8.3.1 Cell culture

HEK293 cells stably expressing HERG (a kind gift from Drs. Zhou and January) (21)
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum, 200 uM G418, 100 units/ml penicillin, and 100 pg/ml

streptomycin, as previously described in detail (22-23).

8.3.2 Whole-cell patch-clamp recording

Patch clamp recording of HERG K' current (Jyerg) has been described in detail
elsewhere (22-23). The currents were recorded in the whole-cell voltage-clamp mode with an
Axopatch-200B amplifier (Axon Instruments). Borosilicate glass electrodes had tip resistances of
1 3 megohms when filled with the internal solution containing (mM) 130 KCl, 1 MgCl,, 5 Mg-
ATP, 10 EGTA, and 10 HEPES (pH 7.2). The extracellular (Tyrode) solution contained (mM)
136 NaCl, 5.4 KCI, 1 CaCl,, 1 MgCl,, 10 glucose, and 10 HEPES (pH 7.4). Experiments were
conducted at 36 £1°C. Junction potentials were zeroed before formation of the membrane-pipette

seal. Series resistance and capacitance were compensated, and leak currents were subtracted.

8.3.3 Drugs and treatments

N-acetyl-D-sphingosine, synthetic membrane permeable ceramide (C2), sphingo-
myelinase (SMase, the neutral form with long-lasting activity), forskolin (FSK; PKA activator),
H89 (PKA inhibitor), Phorbol 12, 13-DI-Decanoate (PDD, PKC activator), bisindolyl-
maleimide (Bis; PKC inhibitor), okadiac acid (OA), and vitamin E (VitE) were purchased from
Sigma (Oakville, ON). Dihydro-, N-acetyl-D-erythro-sphingosine (dihydro-C2, an inactive
analogue of C2), herbimycin A (HA, PTK inhibitor) and genistein (Gen, PTK inhibitor) were
purchased from Calbiochem (La Jolla, CA). PDD, Bis, C2, dihydro-C2, HA, Gen, and FSK were
dissolved in DMSO. OA was dissolved in phosphate-buffered saline (PBS). SMase was prepared
in a working solution of 50% glycerol containing 50 mM Tris-HCI. All agents were prepared as
1000 x stock solutions and stored at —20 °C.

For acute exposure, drugs were added to the bathing solution 10 min after baseline

recording and the current amplitudes before and after drugs were compared. For prolonged
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exposure, cells were incubated in normal culture medium containing agents at the desired final
concentrations for 10 hrs prior to patch-clamp recordings and group comparison between treated
and untreated cells (treated with the same vehicles as for drug treatment groups) was made. Step
Iuerg Was defined as the current amplitude at the end of the 2.5-sec depolarizing voltage steps
and tail Jygrg was measured as the peak value of the decaying tail currents upon repolarization to
—50 mV. To have more rational comparisons between groups, Iugrg density was calculated by
dividing the current amplitude by the capacitance of the same cell. For experiments involving

protein kinase inhibitors, cells were pre-incubated with the drugs for 2 hrs before exposure to C2.

8.3.4 Western blot

The procedures for measuring HERG protein levels were essentially the same as
described previously (24). The primary antibody, polyclonal anti-HERG raised in rabbit against
highly purified peptide (CY) EEL PAGAPELPQDGPT, corresponding to residues 1118-1133 of
human HERG was purchased from Alomone Labs (Jerusalem, Israel). Bound antibodies were
detected using the chemiluminescent substrate (Western Blot Chemiluminescence Reagent Plus,
NEN Life Science Products, Boston, USA) and quantified using a Phosphorimager (Bio-Rad).
The presence of HERG channel proteins was verified by the presence of a prominent band with
expected molecular mass in the range of previous reports and by elimination of the band in
preparations preincubated with the antigenic peptide. Coomassie staining was performed to

verify equal protein loading for each sample.

8.3.5 Immunocytochemistry
The procedure was the same as previously described in detail (24). The anti-HERG
antibody was the same as used for Western blot analysis. The cells were examined under a Laser

scanning confocal microscope (Zeiss LSM 510).

8.3.6 Intracellular reactive oxygen species (ROS) measurement

The procedures have been described in detail previously (25). CM-H,DFDA from
Molecular Probes was used to detect oxidative activity in living cells. Cells were divided into 5
groups: control group, C2 10 hrs group, C2 20-min group, C2+VitE, and C2+MnTBAP group.
For experiments involving VitE or MnTBAP, the cells were pretreated with VitE (100 pM) or
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MnTBAP (5 pM) for 2 hrs and then incubated in the culture medium containing C2 in the
continual presence of VitE or MnTBAP. The percentage of positively stained cells and the
fluorescence intensity of staining were determined by densitometric scanning with LSM software

(Zeiss).

8.3.7 Data analysis

Group data are expressed as mean * s.e.m. Comparisons among groups were made by
analysis of variance (F-test) and Bonferroni-adjusted t-tests were used for multiple group
comparisons and paired or unpaired t-test was used, as appropriate, for single comparisons. A
two-tailed p < 0.05 was taken to indicate a statistically significant difference. Nonlinear least

square curve fitting was performed with CLAMPFIT in pCLAMP 8.0 or GraphPad Prism.
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8.4 Results

8.4.1 Effects of membrane permeable ceramide on lyerc expressed in HEK293
Cells

Depolarizing voltage steps from —60 mV to +40 mV elicited delayed rectifier type of
outward currents with characteristic inward rectification that manifests at stronger depolarization.
Upon repolarization back to —50 mV, slowly decaying tail currents are recorded. Application of
the membrane permeable ceramide (C2) to the superfusate at a concentration of 25 pM for up to
20 min did not significantly alter the HERG currents (Figure 1A), suggesting that ceramide does
not directly act on the HERG channels.

In contrast to the acute exposure, preincubation of cells with C2 (1-50 uM) in the culture
medium for 10 hrs caused consistent changes of lygrg in two different ways. First, Iygrg density
was decreased by C2 at a concentration-dependent (Figure 1B and Figure 2) and voltage-
independent (Figure 2D) manner. The ICsq of C2 for /uerg suppression was calculated by the
Hill equation to be 19.5 pM. Second, the steady-state voltage-dependent activation of HERG
channels was appreciably shifted by C2 towards depolarizing voltages (Figure 2B). For example,
the voltage for half maximum activation (¥;,;) was changed from —27.0 £ 0.5 mV (n=27) to 4.2
+ 1.0 mV (n=13, p<0.05 vs. control) and —22.0 £ 1.1 mV (n=17, p<0.05) by 1 and 5 pM C2,
respectively, with no changes in the slope factor (k). Intriguingly, the ICs, for the ¥V}, shift was
around 1.1 uM, some 20-fold lower than the effect on the current density. Higher concentrations
of C2 (10, 25 and 50 pM) did not produce further shift of Iygrg activation. Dihydro-C2 (25 pM),
the inactive analog of C2, failed to cause any appreciable alterations of /yerg (Figure 2A). No

effects of C2 on HERG kinetics and inactivation properties were observed (data not shown).

8.4.2 Effects of endogenous ceramide generated by sphingomyelinase on lyerc
To verify the modulation of Iygrg by ceramide and the potential pathophysiological
implication, we studied the effects of sphingomyelinase (SMase) that catalyzes production of
endogenous ceramide, on Iyerg. Qualitatively the same effects were observed with SMase as
with exogenously applied C2. SMase significantly decreased Juerc in a concentration-dependent
but voltage-independent manner (Figure 3). SMase also produced positive shifts of Iugrc

activation voltage; V', was changed from -30.6 + 0.6 mV (n=25) for control to -27.3 + 0.8 mV
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(n=20, p< 0.05) and -24.4 + 0.6 mV (n=13, p<0.05) in the presence of 0.2 U/ml and 0.6 U/ml
SMase, respectively. SMase did not affect the activation and deactivation kinetics and

inactivation properties of HERG channels (data not shown).

8.4.3 Effects of inhibitors to PTK, PKA or PKC on luerg modulation by Ceramide

It has been shown that ceramide inhibits T lymphocyte voltage-gated potassium channel
via tyrosine phosphorylation of the channel proteins (26). On the contrary, the /yerg-like current
has been found to be enhanced by protein tyrosine kinase (PTK) activation in MLS-9 rat
microglia cell line (27). To investigate whether this mechanism also applies to HERG
modulation by ceramide, we evaluated the effects of two PTK inhibitors herbimycin A (HA) and
genistein (Gen). As illustrated in Figure 4A, preincubation of cells with HA (5 uM) alone for 2
hrs remarkably suppressed Iugrg (~66% at 0 mV) to a similar extent as the Iygrg inhibition
caused by 25 uM C2 (~58% at 0 mV). Co-incubation of cells with HA and C2 caused a slightly
further decrease in Iygrg (by ~77%). Similarly, Gen alone also reduced Iyegrg albeit to a less
extend compared with C2. Pretreatment with Gen (80 pM) did not alter the effects of C2 on
Iierc density (Figure 4B).

Ceramide is characterized by its ability to simulate activation of the atypical protein
kinase C (PKC;) (28). PKC; can be inhibited by a phospholipase C inhibitor okadiac acid (OA).
Our experiments demonstrated that OA (1 pM) alone significantly diminished Iygrg and
pretreatment of cells with OA failed to prevent ugrg reduction induced by C2; instead, further
decreases in Iygrg Were found in the presence of both OA and C2 (Figure 4C).

PKA phosphorylation of HERG channels was shown to cause reduction of current
amplitude due to positive shift of HERG activation voltages (29-30). To investigate the potential
involvement of PKA pathway in mediating ceramide-induced Jygrg depression, we assessed the
effects of a PKA inhibitor H89. As illustrated in Figure 5A, incubation of cells with H89 (1 uM)
alone for 10 hrs produced a marked shift of the HERG I-V relationship and activation curve
towards more negative potentials. The maximum step Iugrg Was unaltered despite that because of
the negative shift; Jyerg Was increased at potentials negative to —10 mV and decreased thereafter.
The maximum tail /ygrg, however, was reduced by approximately 11%. Pretreatment with H89

only slightly reduced the degree of C2-induced /ygrg diminishment (Figure 5A).
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PKC is another target of ceramide action. To investigate the possible involvement of PKC
in mediating Iygrg modulation by ceramide, we evaluated the effects of a PKC inhibitor
bisindolylmaleimide (Bis, 0.1 pM) on C2-induced Iygrg depression. Cells treated with Bis alone
for 10 hrs had significantly smaller Iyerg density (30.5 + 2.2 pA/pF, n=22, p<0.05) compared
with control untreated cells (39.8 + 2.8 pA/pF, n=22) (Figure 5B). The Iygrc activation property
was not different between Bis and control groups. Bis pretreatment partially reduced C2-induced
Iuerc depression (Figure 6A). Similarly, pretreatment with another PKC inhibitor cherylethrine
(1 uM) partly restored C2-induced Iygrg reduction and cherylethrine alone also significantly

decreased Iygrg (data not shown).

8.4.4 Lack of effects of ceramide on HERG protein expression level

There is a possibility that the decrease of Iygrg in presence of ceramide was due to down-
regulation of HERG channel protein expression. To test this notion, we carried out Western blot
analysis with membrane protein samples extracted from HERG-expressing HEK293 cells to
compare the HERG protein levels between control cells and C2-treated cells. As shown in Figure
6A, anti-HERG antibody recognized a band of ~135 kDa, consistent with the molecular mass of
HERG protein (21, 24), and the band disappeared if the antibody had been pretreated with its
antigenic peptide. HERG protein levels were comparable between the C2-treated cells and
control untreated cells.

This result was further reinforced by our immunocytochemical analysis demonstrating
similar pattern and intensity of HERG staining on the surface membrane between C2-treated

cells and control untreated cells (Figure 6B).

8.4.5 Role of reactive oxygen species (ROS) in Iuere modulation by ceramide

It has been well established by numerous studies that ceramide can act on mitochondria
and stimulate production of ROS, particularly superoxide anion (0;") (2, 31-32). We have
previously demonstrated that O™ causes impairment of HERG K" channel function (25). It is
quite plausible that C2-induced depression of Jugrg is related to increased ROS generation. We
tested this notion by preincubating the cells with vitamin E (VitE, 100 uM) alone for 2 hrs and
then incubating the cells with C2 (25 pM) in the continual presence of VitE for another 10 hrs.
As shown in Figure 7A, VitE substantially weakened the depressing effects of C2, but VitE
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alone did not produce any appreciable effects, on Jygrg. For example, Iygrg density was ~50%
smaller in the cells treated with C2 alone than in control, but it was only ~24% smaller in the
cells treated with both VitE and C2. In other words, Iygrg density in the VitE+C2 group was
approximately 52% greater than in the group with C2 alone (48.2 + 3.2 pA/pF, n=19, vs. 31.7 *+
2.0 pA/pF, n=16, p<0.05), at 0 mV (Figure 7A). Furthermore, Mn (III) tetrakis (4-benzoic acid)
porphyrin chloride (MnTBAP), a superoxide dismutase (SOD) mimic, resembled the effects of
VitE; it reversed C2-induced Iygrg reduction (Figure 7B).

To confirm that ROS production was indeed increased by C2, and the induced ROS was
mainly of O,", we proceeded to measure the intracellular ROS levels using CM-H,DCFDA
fluorescence dye. The ROS level was measured in cells incubated with the culture medium
containing 25 pM C2 for 10 hrs. The cells showing fluorescence intensity =5 times the
background were defined as positive staining, and the number of cells with positive staining was
pooled from 5 fields for each batch of cells (a total of 4 independent batches of cells for each
group were studied). The intensity of staining by the fluorescent probe for ROS was analyzed by
densitometric scanning using the LSM program, and cells with positive staining were taken for
analysis, and the data were normalized to the control values. Under control conditions, cells with
positive staining were sparse. Yet in the cells treated with C2, the number of the cells with
positive staining, as well as the intensity of staining, was consistently higher. If pretreated with
VitE or MnTBAP prior to exposure to C2, the cells had significantly lower ROS levels, as
indicated by the smaller number of positively stained cells and the weaker intensity of staining
(Figure 8A and 8B). Since 20 min superfusion of cells with C2 failed to affect Iygrg, we also
conducted CM-H,DCFDA experiments with cells treated with C2 for only 20 min. In sharp

contrast with 10 hrs exposure, 20 min treatment did not alter the level of intracellular ROS.
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8.5 Discussion

The present study identifies HERG K" channel as a new target for ceramide action. The
major findings of the study are: (1) prolonged exposure (chronic incubation), but not brief
exposure (acute superfusion), of cells to C2 significantly impairs HERG K" channel function and
(2) stimulation of intracellular reactive oxygen species (ROS) by C2 mediates the depressing
effects of C2 on HERG K channel function. In view of the critical role of HERG K channel in
regulating cardiac repolarization and the fact that ceramide is overproduced in MI, CHF or DCM,
it is possible that HERG impairment by ceramide contributes to the electrical disturbances in

these pathological conditions.

It has been reported that the HERG-equivalent K* current in rat microglia MLS-9 cell (27)
is significantly reduced by inhibitors of PTK, indicating the role of PTK in maintaining HERG
function. Consistent with these findings, our data demonstrated that PTK inhibitors herbimycin
A and genestein alone both markedly depressed Iygrg amplitude, indicating a role of basal PTK
activity in maintaining HERG function. Co-application of these inhibitors with ceramide did not
alter ceramide-induced Iygrg depression, or if anything, caused further reduction of Ierg. The
latter suggests that ceramide has the ability to enhance HERG function and partially offsetting its
inhibitory effect by stimulating PTK activities, but failed to do so in the presence of PTK
inhibitors. Thus, PTKs do not account for ceramide-induced Iyerg depression. Involvement of
PKA or PKC in ceramide-induced Iygrg depression appears to be minimal, if any. This
conclusion was drawn on the basis that neither PKA inhibitor H89 nor PKC inhibitor Bis
significantly reversed the effects of C2, despite that these compounds themselves when applied
in the absence of C2 produced direct effects on Jygrg. Obviously, these direct effects of H89 and
Bis are unlikely related to ceramide action on Iyggrg, but the positive shift of HERG activation

may be caused by PKA because H89 completely abolished ceramide-induced shift.

A growing body of evidence is emerging indicating that oxidative stress and ceramide
generation are intimately connected in cell death signaling. The major source for ROS in most
cell types is probably the electron leakage from the mitochondrial electron transport chain, which
results in the formation of superoxide anion (O,7). Experimental evidence indicates that cell-
permeable ceramide analogs elicit a direct effect on mitochondria, ranging from the inhibition of

the respiratory chain and ROS overproduction to the induction of mitochondrial permeability
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transition in intact cells and cytoplasts (33-34). Several studies have identified the mitochondrial
ubiquinone pool of complex III (a protein complex that links proton translocation to electron
transfer from ubiquinone to cytochrome c) as a ceramide target to produce ROS. Indeed, it has
been reported that MnTBAP, an SOD mimic, inhibits ceramide-induced apoptosis in neuronal
cells (35). The present study confirmed that C2 stimulates intracellular production of ROS as
indicated by the increased ROS level and the increase was attenuated by VitE. Furthermore, our
data suggest that C2-induced generation of ROS was mainly of O, because MnTBAP nearly
abolished the ROS increases. These data are consistent with the electrophysiological results that
VitE or MnTBAP reversed the C2-induced reduction of Jygrg amplitude. The fact that 20 min
superfusion of the cells with C2 failed to affect Jygrg in our experiments (Figure 1A) may well
be due to failure of C2 to increase ROS within such a short time frame and this notion is indeed
supported by the data shown in Figure 8A. In other words, the reason why prolonged exposure
(>2.5 hrs) was required for C2 to produce effects on Iyerg is that sufficient level of ROS needs to
be raised with time in the presence of C2 to affect ygrg. The ability of ceramide to induce ROS
production in cultured neonatal rat ventricular myocytes has indeed been recently confirmed by
Suematsu et al (36). Noticeably, neither VitE nor MnTBAP altered C2-induced positive shift of
HERG activation, indicating that ROS is not responsible for ceramide-induced shift.

The present study has several important pathophysiological implications. First, it is
known that ischemic myocardium demonstrates characteristic bi-phasic changes of
electrophysiology with APD shortening during early phase of acute ischemia and subsequent
APD lengthening after prolonged ischemic period, which are associated with different types of
arrhythmias (12-13). However, the ionic mechanisms underlying these sequential alterations of
APD remained unresolved. This study together with our previous work seems to provide an
explanation. It is well recognized that altered lipid metabolism is an important deleterious factor
in ischemic myocardial injury; some lipid metabolites such as lysophosphatidylcholines (LPCs)
are overproduced rapidly within the first 10 min of acute myocardial ischemia, while others like
ceramide accumulate progressively in the late phase (30 min after) of ischemia (1-3, 7). We have
recently reported that LPCs produce pronounced enhancement of HERG function (22-23). This
finding may explain in part the APD shortening and the associated arrhythmias occurring in the
early phase of ischemia. On the other hand, in vitro ischemia leads to a progressive accumulation

of ceramide in cardiomyocytes. The content of ceramide in ischemic area was found to be
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elevated to 155% baseline levels after 30 min, and to 330% after 210 min, of ischemia; Ischemia
(30 min) followed by reperfusion (180 min) increased the ceramide level to 250% in the
ischemic area (4). In another study, the total basal ceramide concentration in the myocardium
was 135 nmol/g tissue, and it was increased by 14.1% and 48.4% in 30 min global ischemia and
30 min ischemia/30 min reperfusion groups, respectively (5). Cordis et al (6) showed a 50%
decrease of sphingomylein both during ischemia and subsequent reperfusion with a
corresponding increase in ceramide. Another study suggests that a longer time period (>30 min)
may be needed to alter ceramide mass in tissues in response to ischemic insult (7). Intriguingly,
the cardiac AP is abnormally lengthened after prolonged ischemia (12-13). In lieu of the critical
role of HERG K" channel in cardiac repolarization and the ability of ceramide to inhibit Jyggg, it
is tempting to speculate that Iygrg depression produced by ceramide that accumulates during the
late phase of myocardial ischemia might contribute to the observed prolongation of APD and the
associated arrhythmias.

The second implication of our study is related to arrhythmias in CHF. One characteristic
electrophysiological alteration in CHF is abnormally prolonged APD at the cellular level and QT
interval as reflected in electrocardiogram (15, 37). This prolongation provides an electro-
physiological substrate for early afterdepolarizations (EADs) to occur, which can result in
ventricular tachycardias that often predispose to ventricular fibrillation leading to sudden cardiac
death (14). Polymorphic ventricular tachycardias, likely related to arrhythmogenic EADs, are
common in CHF (14). The ionic mechanisms underlying APD prolongation in CHF have not
been precisely defined. Intriguingly, de novo ceramide synthesis has been found to be increased
in heart failure (8). Increased ceramide level in cardiomyopathy can cause impairment of HERG
function and result in excessive APD prolongation. More importantly, our data demonstrate that
ROS mediates the inhibitory effect of ceramide on /ygrg and antioxidants can prevent the Ingrc
depression. This explains at least partly the benefits of antioxidants in preventing and
suppressing arrhythmias in ischemic myocardium and failing hearts (38-39). Indeed, Tsuji ef al.
(40) showed Ix,, measured as E-4031-sensitive tail current, to be ~36% smaller in rabbits with
ventricular tachypacing-induced CHF than in healthy rabbits. Lodge and Normandin (41)
demonstrated earlier that Ik,, measured as dofetilide-sensitive tail current, reduced by ~45% in
the BIO TO-2 strain of cardiomyopathic hamster of 10 months old, derived from the BIO 53.58

animals and providing a model of dilated low output heart failure, compared with the 10-month-



244

old control (BIO F1B) hamsters. Moreover, simulations of cellular electrophysiology predict Ik,
inhibition to cause EADs in failing, but not nonfailing, myocytes (42).

Finally, the results of this study also have implications in diabetic cardiomyopathy
(DCM). DCM is characterized by electrical remodeling with aberrant electrophysiology,
metabolic remodeling with malignant biochemical processes and anatomical remodeling with
progressive loss of cardiomyocytes, which result in impaired cardiac contractile and increased
risk of lethal arrhythmias. QT prolongation and QT dispersion have been suggested as the
predictor of mortality in both type I and type II diabetes (16-17, 43). It has been documented that
de nova synthesis and accumulation of ceramide in diabetic myocardium contributes to the
development of DCM (8, 10-11). In addition, oxidative stress is also known to be a critical
deleterious factor for DCM (44-45). Moreover, we have recently found that Ix/HERG function is
impaired in the rabbit model of DCM (46). Taken together, it seems plausible that ceramide-

induced HERG depression may be one of the multiple determinants for diabetic QT prolongation.
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8.8 Figures and Figure Legends

Acute Exposure

Control C2 (50 puM, 20 min)
+40 mV
VAR

-50 mV
e Lz 80 mV —

/

1 sec

Prolonged Exposure
B Control C2 (5 uM, 10 hrs) C2(25 uM, 10 hrs)

Qé&

1

7

"L/

—1 sec

Figure 1. Analog data showing the effects of membrane permeable ceramide (C2) on HERG
current (Iygrc) expressed in HEK293 cells. For acute exposure (A), C2 was applied to the
Tyrode solution for patch-clamp recordings and currents recorded up to 20 min superfusion with
C2 were taken to measure the drug effect as compared with the before-drug values. For prolonged
exposure (B), HEK293 cells were preincubated with C2 in the normal culture medium for 10 hrs
before patch-clamp studies and the current amplitude was normalized to cell capacitance to
minimize the inter-cell variations of cell size for group comparison with untreated cells. Jygrg Was
elicited by 2.5-s depolarizing pulses to voltages ranging from —60 to +40 mV to record the step
current, followed by 2.5-s repolarization step to —50 mV to record the tail current, as shown with

the voltage protocol shown in the inset.
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Figure 2. Characterization of Iygrc with prolonged exposure to ceramide (C2). (A) current
density-voltage relationships. Shown are mean values from n=13 cells for control (Ctl), n=12 for
I uM C2, n=14 for 5 uM, 10 pM, 50 uM C2, and 25 pM for dihydro-C2 (the inactive analogue
of C2), respectively. (B) Steady-state voltage-dependent activation curves. The activation curves
were constructed by plotting the conductance G as a function of depolarizing potentials. G was
calculated by normalizing the tail currents at -50 mV by dividing the amplitude of the tail
currents measured at various antecedent depolarizing potentials by that of the tail current at 40
mV. Symbols are mean of experimental data and lines represent the Boltzmann fit: G/Gpu=1/
{1+exp[(Vi2-V)/k]}, where Gnax represents the maximal conductance at +40 mV, V), is a half-
maximal activation voltage, and % is a slope factor. Note that C2 produces positive shift of
HERG activation. (C) Concentration-dependent block of /ygrg by C2. Symbols are experimental
data and the curve represents the fit to the Hill equation: Y=B+(T-B)/ (1+10™((LogICso-
[C2]o)*n)), where Y is the percentage of Iygrg inhibition, B is the minimum inhibition and 7 the
maximum inhibition observed, ICsy represents the concentration of C2 [C2], for half-maximal
inhibition of Jerg, and n represents the Hill coefficient. (D) Percent decrease in Jigrg produced

by various concentrations of C2. *p<0.05 vs. Ctl.
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Figure 3. Characterization of Iygrc depression caused by sphingomyelinase (SMase). (A)

Current density-voltage relationships. Shown are mean values from n=19 cells for control (Ctl),

n=9 cells for 0.1 U/ml SMase, n=17 cells for 0.2 U/ml SMase, n=8 cells for 0.4 U/ml SMase and

n=13 cells for 0.6 U/ml SMase. (B) Steady-state voltage-dependent activation curves. Note that

similar to C2, SMase also produces positive shifts of HERG activation. (C) Concentration-

dependent block of Iygrg by SMase. Symbols are experimental data and the curve represents the

fit to the Hill equation. (D) Percent decrease in Iyerg produced by various concentrations of

SMase. *p<0.05 vs. Ctl.
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Figure 4. Effects of inhibitors of tyrosine protein kinases (TPKs) and atypical protein Kinase
C (PKCy) on Iygrc modulation by ceramide (C2). Left panels: current density-voltage
relationships; right panels: steady-state voltage-dependent activation curves. PTK inhibitors
herbimycin A (HA, 5 pM) and genestein (Gen, 80 pM); PKC; inhibitor okadiac acid (OA, 1 uM).
Comparisons were made among 4 groups: Ctl-control untreated cells (Ctl), C2-cells treated with
C2 alone, cells treated with an inhibitor alone, and cells co-incubated with an inhibitor and C2 for

10 hrs after 2-hrs preincubation with the inhibitor alone. *p<0.05 vs. Ctl.
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Figure S. Effects of inhibitors of protein kinase A (PKA) or protein kinase C (PKC) on
Igrc modulation by ceramide (C2). (A) Effects of PKA inhibitor H89 (1 uM) on C2-induced
Iuerg depression. Left panels: current density-voltage relationships; right panels: steady-state
voltage-dependent activation curves. For experiments involving co-application of H89 and C2, the
cells were preincubated with H89 for 2 hrs and then incubated with C2 (5 uM) in the presence of
H89 for 10 hrs before patch-clamp recordings. *p<0.05 vs. Ctl. (B) Effects of PKC inhibitor
bisindolylmaleimide (Bis) on C2-induced Iygrg depression. Left panels: current density-voltage
relationships; right panels: steady-state voltage-dependent activation curves. For experiments
involving co-application of Bis and C2, the cells were preincubated with Bis for 2 hrs and then

incubated with C2 (5 pM) in the presence of Bis for 10 hrs before patch-clamp recordings.
*p<0.05 vs. Ctl.
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Figure 6. Expression level of HERG protein determined by immunoblotting with
membrane protein preparations extracted from HERG-expressing HEK293 cells. (A)
Upper panel: examples of immunoblotting bands of ~135 kDa, corresponding to the molecular
mass of HERG protein, from C2 treated (C2) and untreated cells (Ctl). Cells were incubated with
C2 (25 uM) for 10 hrs in the culture medium prior to the procedures for membrane protein
extraction. Lower panel: mean band density from 3 independent protein samples. AP- and AP+,
without or with antigenic peptide pretreatment for anti-HERG antibody, respectively. (B) Upper
panel: examples of immunocytochemical staining of HERG proteins on the cytoplasmic
membrane. Lower panel: averaged data from four independent experiments, showing % cells

with positive staining with anti-HERG antibody and intensity of staining.
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Figure 7. Role of reactive oxygen species (ROS) on Ijjgrc modulation by ceramide (C2).

(A) Effects of vitamin E (VitE) on C2-induced Iugrg depression. (B) Effects of MnTBAP, a
superoxide dismutase mimic, on C2-induced Iyerg depression. Left panels: current density-voltage
relationships; right panels: steady-state voltage-dependent activation curves. The cells were
preincubated with VitE (100 uM) or MnTBAP (5 pM) for 2 hrs and then incubated with C2 (25
uM, n=16 cells) in the presence of VitE (n=16 cells) or MnTBAP (n=16 cells) for 10 hrs before
patch-clamp recordings. *p<0.05 vs. Ctl (n=14 cells).
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Figure 8. Effects of vitamin E (VitE) or MnTBAP (an SOD mimic) on intracellular levels
of ROS measured by CM-H2DCFDA fluorescence dye. (A) and (B) Upper panels: laser
scanning confocal microscopic images of CM-H,DCFDA staining reflecting the intracellular
ROS levels. Lower panels: percentage of positively stained cells (mean + S.E.), obtained from 5
fields of 4 experiments by counting the cells with staining intensity > 5 times the background and
averaged intensity of CM-H,DCFDA fluorescence measured from the positively stained cells.
Data were obtained from control untreated cells (Ctl), cells treated with C2 (25 pM for 20 min or
10 hrs), and cells pretreated with VitE (100 uM) or MnTBAP (5 uM). *p<0.05 vs. Ctl; +p<0.05
vs. C2.
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9 GENERAL DISCUSSION AND CONCLUSIONS

This chapter summarizes the major findings in the thesis project, their significance and
implications, the potential limitations of the work, and the prospects for future research related to

this project. Conclusive remarks are made in the final section to complete the thesis.

9.1 Summary of Novel Findings and Their Significances

The diabetic cardiocomplictions are characterized by electrical remodeling with aberrant
cardiac electrical and contractile functions and arrhythmias,' metabolic remodeling with
dysregulated biochemical processes,” and anatomical remodeling with progressive loss of
cardiomyocytes.” QT prolongation as well as dispersion is a predictor for the prognosis of
diabetics in clinic, while the underlying mechanisms were not well understood despite that the
works on diabetic mice and rats have pointed to several candidates, such as reduced i, and I,
are responsible for the APD and QT prolongation.

In this thesis, we have established a type 1 diabetic model in rabbits, which have been
shown to have typical cardiomyopathy as that in diabetic patients by previous works of other
groups, and possess many similarities of electrophysiology as in humans. We have systemically
studied the alterations of both inward and outward currents and identified the significantly
reduced Ik, as a principal contributor to the APD and QT prolongation and the arrhythmia in
diabetic hearts. Moreover, insulin corrects the QT prolongation in diabetic rabbits, via several
mechanisms, e.g. by reducing oxidative stress and enhancing PKB activity which is essential for
proper function of Ix,/HERG channel as demonstrated in our work. Since elevated oxidative
stress, i.e. reactive oxygen species (ROS), has impairing effects on Ix,/HERG channel, evidenced
in hyperglycemic cells and in diabetic rabbits in our studies, vitamin E alone showed great
potential to overcome the oxidative stress in myocardium, in isolated cardiomyocytes, and in
HERG-expressing HEK293 cells, thus correct the deficiency of Ix/HERG function and prevent
QT prolongation in diabetic rabbits.

Besides glucose and insulin-PKB signaling transduction pathway, we have also put effort

in delineating mechanisms underlying the depressing effects on Ix/HERG channels by another



258

two metabolic stress factor, TNF-a and ceramide which accumulate remarkably in diabetes and
stimulate the production of intracellular ROS that diminishes the function of Ix/HERG K*

channel.

9.1.1 Ik, as a major contributor to the APD/QT prolongation in diabetic hearts

Consistent with studies of ionic remodeling in diabetic models of rats and mice, 17 we
found significant reduction (60% smaller) of I, in diabetic rabbits. However, it has no
significance in the APD lengthening in diabetic cardiomyocytes, as demonstrated by the
simulation using a program LabHEART which reproduces faithfully the electrophysiological and
Ca’" transport characteristics of rabbit ventricular myocytes.'®

Rather than I,, we identified Ik, encoded by HERG in men, as the major player among
the inward and outward currents we have studied, although another repolarization current Ik in
myocytes from diabetic rabbits is also much smaller than in the healthy ones. Prediction using
LabHEART program shows that ~70% reduction of Ik, as found in diabetic rabbit hearts
prolongs APDsy in 27% and APDgg in 30%, which is close to the actual APD prolongation in
myocytes from diabetic rabbits (24% longer). Since rabbit resembles human in most of the ion
channel functions, it is suggested that Ik, impairment is a critical factor contributing to the APD
and QT prolongation in humans, thus being a potential target to prevent and treat the QT

prolongation and arrhythmias, and the sudden cardiac death in diabetics.

9.1.2 Metabolic perturbations cause Ix/HERG channelopathy thereby the

APD/QT prolongation in diabetic hearts.

Diabetes mellitus is characterized by metabolic remodeling with malignant biochemical
processes, which are results of significantly changed metabolic basis, e.g. elevated plasma sugar
level, insufficient insulin source, and so on. Chronic and even acuate disturbance of these
cellular milieu lead to significant augmentation in ROS, defects in insulin-PI3K-PKB signaling
that is required for glucose transport, and marked generation and accumulation of deleterious
cellular metabolites such as TNF-a and ceramide.

The ionic channelopathy is responsible for the diabetic APD and QT prolongation, which
was previously evidenced by the studies on the diminishment of I, in rat and mouse models. Our

works in diabetic rabbit model demonstrated that diabetic metabolic perturbations cause Ik,
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impairment (Figure 1). Impairment of Ix,/HERG function in DM animals and in hyperglycemic
cells was primarily ascribed to the enhanced oxidative damages to the myocardium as indicated
by the increased intracellular level of ROS and simultaneously decreased endogenous
antioxidant reserve and by the increased myocardial lipid and protein oxidations. Moreover, DM
or hyperglycemia resulted in downregulation of HERG protein level and loss of HERG protein
stability. The Ix,/HERG impairment can be corrected by insulin treatment, even though when the
blood glucose level is still higher than normal, for which we consider that a certain level of
glucose is necessary to let the deleterious pathways occupy the major outcomes. Insulin
treatment dramatically reduces ROS in diabetic hearts, restores the impaired function of
Ix/HERG K' channels and shortens the prolonged APD in diabetic cardiomyocytes and in
HEK?293 cells in mimicked hyperglycemia. Consistently, diabetic rabbits administrated with
insulin did not show arrhythmic signs. Despite of the uncontrolled hyperglycemia, vitamin E
partially restores the depressed Ix/HERG and prevents APD and QTc prolongation and the
associated arrhythmias, with similar mechanism as by insulin, with antioxidant ability as a
primary function. Our study represents the first documentation of oxidative stress caused by
hyperglycemia or insulin insufficiency as the major metabolic mechanism for diabetic Ix/HERG
channelopathy. Correcting either insulin insufficiency or reducing oxidative stress (e.g. by
antioxidants) would rescue Ix,/HERG functions thus being a promising therapy for the diabetic
QT prolongation and arrhythmias.
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Figure 1. Schematic diagram of pathophysiology of diabetic arrhythmias. Physiologically,
increased glucose results in insulin release from pancreatic-8 cells. Under this condition, the
negative (-) effects of hyperglycemia on Ix/HERG will be counteracted by the positive (+)
effects of insulin, therefore there is not significant changed in Ix,/HERG. In IDDM, due to the
deficiency of insulin secretion and remarkable elevated ROS level, Ix/HERG will be reduced

and APD and QT prolonged, leading to arrhythmias.

9.1.3 Hypoglycemia and hyperglycemia impair HERG K' channel function with

different mechanisms

As both hyperglycemia and hypoglycemia can cause prolongation of Q-T interval and
ventricular arrhythmias, we designed a study to elucidate the detail mechanisms by which they
modulate Ix/HERG function which has been shown in IDDM rabbit model to be drastically
impaired. Iygrg current in HEK293 cells in mimicked hypoglycemia (extracellular glucose
concentration [Glu],=5 mM) or hyperglycemia ([Glu],=10, 20 mM) was significantly smaller
than that in normoglycemia ([Glu],=5 mM). The effects of hypoglycemia was mimicked by
inhibiting glucose metabolism (by 2-deoxy-D-glucose, blocker of both the glycolysis and the
oxidative phosphorylation), and by depleting intracellular ATP content, or replacing ATP by
GTP or non-hydrolysable ATP.

The effects of hyperglycemia on HERG were abolished by inhibition of oxidative
phosphorylation or by application of antioxidants vitamin E or superoxide dismutase mimetic

(MnTBAP); and incubation with xanthine/xanthine oxidase (X/XO) mimicked the effects of
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hyperglycemia. Hyperglycemia or X/XO markedly increased intracellular level of ROS, as
measured by a ROS sensitive fluorescence dye, and this increase was prevented by oxidative
phosphrylation inhibitor NaCN, or antioxidants vitamin E and MnTBAP.

Thus our work demonstrated the first time ATP as critical regulator for proper HERG
function and deciphered a common phenotype of HERG impairment by hypoglycemia and
hyperglycemia, via different mechanisms: depression of Iyprg in hypoglycemia results from

underproduction of ATP and in hyperglycemia from overproduction of ROS.

9.1.4 Basal activity of protein kinase B is essential for proper Ix/HERG functions

Using pharmacological and molecular tools, we demonstrated that basal activity of PKB
is essential for proper Ix/HERG function. The PI3K inhibitor wortmannin caused ~30%
(p<0.05) reduction of Iygrg stably-expressed in HEK293 cells; similar effect was found by
transient expression (by transfection) of dominant negative PI3K (dnPI3K) which reduced Ingrg
in 25%, and a stronger effect by transfection of dominant negative PKB (dnPKB, 47%).
Overexpression of the constitutively active PI3K (caPI3K) slightly increased (~7%) Ingrg While
a constitutively activated PKB (caPKB) boosted Iygrg for ~35%. The smaller effect of PI3K is
likely due to the possible PI3K-independent modulation of PKB,'® while directly enhancing or
reducing PKB activity results in pronounced modulation of Iygrg. We confirmed the basal
activation of PKB using immuno-cytochemical detection that PKB activity was significantly
enhanced in caPKB-transfected cells and nearly completely abolished in dnPKB-transfected
cells, but less changed when transfected with dnPI3K or caPI3K. These results suggest that the
effects of PI3K inhibitor wortmannin on Iygrg are mediated by PI3K’s downstream target PKB,
to which HERG has two putative consensus phosphorylation sites (S331 and S890). Our data
represent the first evidence that PKB phosphorylation regulates K* channels.

Since the activation of PI3K-PKB signaling pathway requires insulin and other stimuli,
while in IDDM both the decreased insulin level and the increased metabolic stress (e.g.
glycotoxic, ROS, TNF-a, ceramide) can reduce PKB activity, it is an outcome of the balance
between beneficial and deleterious factors of Ix/HERG K* channels. By either correcting the
insulin insufficiency or metabolic disturbance, or directly restore PKB activity may provide a
novel and rational therapy for the Ix,/HERG channelopathy thereby the APD/QT prolongation
and very likely arrhythmias, too.
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9.1.5 TNF-a and ceramide depress Ix/HERG function by generating ROS

TNF-a is known to have deleterious effects on a diversity of cellular functions, for
example, inducing apoptosis,2® inhibiting K current in ligodendrocytes®' and Icy and Ca®*
transients in cardiomyocytes,? but it is inadequately understood what effects it has and how it
will work to alter other ionic channels. In addition, the potential roles of ceramide, although
emerging as a new second messenger of different cellular processes, was not well defined in the
area of heart diseases, either.

We found that when treated acutely or chronically (10 hr) with TNF-a, Ik, in isolated
cardiomyocytes or Iygrg in HEK293 cells is significantly reduced in a concentration-dependent
manner. Consistently, this treatment prolongs the APDs in ventricular myocytes. In stead of
changing the expression of HERG K" channel protein, TNF-0. generates enormous amount of
ROS in both HEK293 cells and cardiomyocytes, which is resembled to the effects of superoxide
anion produced by an artificial system (xanthine/xanthine oxidase), and can be eliminated by
either vitamin E or by MnTBAP which is a SOD mimetic. These antioxidants also prevent the
diminishing effects of TNF-a on Ix/Ingrg. Moreover, pretreating the cells with inhibitory anti-
TNFRI1 antibody (to block the TNF receptor) removes TNF-a action on Ix/I1era.

Ceramide has not significantly influence on Iygrg When exposed to HEK293 cells with a
short period, while markedly depresses Iyerg by chronic exposure with concentration-
dependence, or by treatment of the cells with sphingomyelinase (SMase) that catalyzes the
production of endogenous ceramide. Our data showed that neither tyrosine kinase, nor PKA, nor
PKC contributed significantly to the ceramide effects on Iyerg. Prolonged exposure does not
affect the expression of HERG, either, but causes considerable production of ROS, with similar
mechanisms as induced by TNF-qa..

Thus, our data demonstrate a common mechanism — overproduction of ROS, by which
TNF-a and ceramide, two different classes of metabolic products, modulate the Ix,/HERG K*
channel function. Figure 2 summarizes current knowledge and our novel findings in diabetic

signaling factors contributing to APD/QT prolongation and arrhythmias.
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Figure 2. Signaling factors in diabetic QT prolongation and arrhythmias. Besides the
down-regulation of HERG channel protein, signaling factors also participate to modulate ion
channels functions thus the QT interval as well as arrhythmias. Insulin binds to insulin receptor
(IR) and leads to the autophosphorylation of IR substrate (IRS). Active IRS phosphorylates the
SH2 group of phosphoinositide 3-kinase (PI3K) that activates the downstream protein kinase B
(PKB). PKB promotes the translocation of glucose transporterase (GLUT4) to the cell membrane
so that the glucose level is regulated. The generated ATP product and PKB activity are
necessarily for proper function of calcium channel (Ica.) and Ix/HERG K* channel. Under
hyperglycemia, the elevated level of reactive oxygen species (ROS) impairs the functions of
PKB and ion channels: Ix,/HERG and transient outward K™ channel (I,). When bound to the
tumor necrosis factor receptor (TNFR), TNF-a induces the production of ROS thus diminishes
the Ix,/HERG function. Ceramide also mediates the ROS production. Impairment of Ix,/HERG
function leads to the APD/QT prolongation and the resultant arrhythmias. I;, dysfunction is a
contributory factor for the QT prolongation in diabetic rodents but not in species possessing k..
For arrows pointing to ion channel, the red ones indicate negative effects and the blue ones

indicate positive effects.
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9.2 Potential Limitations

9.2.1 Animal model used in this study

In this thesis, we employed rabbit to establish the IDDM model, which showed
significant cardiomyopathy after around 4 weeks of disease, demonstrated in previous studies.”*
25 Rabbit was preferred because it possesses similar ionic channels as in man, especially in the
aspects of channel functions, thus pertain to our goals to study the ionic mechanisms underlying
the APD and QT prolongations in diabetics.

We chose male animals in our experiment, as in Canada, the diabetes prevalence is 3.5%
among males while 2.9% in females (p<0.001).® However, the diabetic females are more
prevalence to diabetic heart diseases. Young diabetic patients which is a population in whom
comorbidity such as ischemic heart disease or hypertension can be considered as absent or
minimal, have significant changes in left ventricular dimensions and myocardial relaxation in
their early disease stage, with girls clearly being more affected.””*® In the EURODIAB IDDM
Complications Study (3250 insulin-dependent diabetic patients attending 31 centers in 16
European countries), QTc in diabetic female patients is longer than in male patients, even in the
absence of diabetic complications known to increase the risk of corrected QT prolongation.?’

Thus our study may underestimate the contribution of Ix/HERG to the APD/QT
prolongation, and the QT prolongation itself in female diabetics, due to the gender difference
which is commonly believed to be a result of the hormone tone and the ion channels profiles: the

3031 1, and I (albeit it is likely absent in humans)***

36,37

smaller currents of Iy;,
34,35

ultrarapid delayed

rectifier K* current, and stronger Ic, current,

26;30;31;34;35;38-40

therefore the resultant longer QT-induced
arrhythmic risk in females.

Studies by Shimoni et al*? did demonstrate the sex-differential remodelings of I, and I
in diabetic rats: they are significantly attenuated in diabetic male rats but at a less extent in
females; and inhibitors angiotensin-converting enzyme (ACE) and endothelin-converting
enzyme (ECE) for angiotensin II (ATII) and endothelin-1 (ET-1) respectively, significantly
enhanced K currents in myocytes from male diabetic rats, but had no effect on cells from female
diabetic rats. Their study indicates that autocrine modulation of K* currents by renin-angiotensin
and endothelin systems is attenuated or absent in female diabetic rats and oestradiol plays a key

role in reducing this modulation. Moreover, ATII is increased in male diabetic rats but not
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altered in diabetic females, thus results in enhancing PKC activity but reducing PKA activity in
male, and downregulates K* currents.*

Due to the time limit of a PhD project, our studies do not address the gender difference in
Ik, alteration in diabetes. More study is needed to advance our understanding in the potential
difference and the implications in gender-based intervention on diabetic cardiocomplications, e.g.

QT prolongation as well as arrhythmias.

9.2.2 lon current and AP recordings in diabetic cardiomyocytes

Because the experiments to study the ionic currents and APs were done with patch-clamp
in isolated cardiomyocytes, the washable effects such as those from the undefined diabetic
signaling molecules, maybe are not observed; most of those washable diabetic signaling factors
(e.g. ROS, TNF-a, ceramide) have depressing effects on Ix, (Chapter 6~9) and other ion channels,
21:41-44 thus we may underestimate the potential impairment of Ix/HERG K* channels and the
resultant APD prolongation in the in vivo diabetic conditions.

Moreover, the significantly altered biochemical processes in diabetes result in various
metabolic stresses besides the conditions we have tested in the thesis project. For instance,
ketoacidosis, a serious condition in DM where the body has dangerously high levels of ketones,
or acids that build up in the blood, can lead to diabetic coma (passing out for a long time) or even

death. This acidification can reduce Iy, and I, K' currents,‘”;46

and alter gap junctional
conductance between cardiac ventricular myocyte.*” While potassium loss due to the shift of
potassium from the intracellular to the extracellular space in an exchange with hydrogen ions that
accumulate extracellularly in acidosis, can also impair cardiac functions. Hypernatremia or

elevated blood sodium in uncontrolled DM can block Ix/HERG channel,”

increase Ina
conduction, and may lead to serious arrhythmias such as tachycardia. Moreover, reduced
adrenergic level as in diabetic neuropathy can affect numerous cellular functions, e.g. those of
ion channels.**"*! In our studies, we have not addressed these aspects, which may underestimate

the potential roles of these factors in diabetic QT prolongation and arrhythmias.

9.2.3 Links between insulin, TNF-a / ceramide and intracellular ROS
Our studies have demonstrated that ROS is a critical mediator for the Ix/HERG
dysfunction induced by TNF-a and ceramide in HEK293 cells and cardiomyocytes. It should be



267

noted that our studies have not addressed the mechanistic link between TNF-o and ceramide and
the intracellular ROS production: how do insulin insufficiency, hyperglycemia, TNF-a and
ceramide change the redox system and bring about the overproduction of ROS in diabetic animal
and cell models; is the source of ROS from mitochondrial or cytosolic and how do TNF-a and
ceramide increase intracellular ROS; how do the ROS from either TNF-o/ ceramide or xanthine/
xanthine oxidase system affect Ix,/HERG channel, directly or via other bridges? In addition, our
experiments demonstrated the capability of insulin to reduce ROS, while the mechanism is not
defined yet, although it is possible being the same as its functions in regulating I, in diabetic rats

and mice.
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9.3 Future Directions

Given the crucial role of Ix/HERG in regulating the cardiac repolarization thus the
lengths of action potential duration and QT interval, and the tonic regulation of Ix/HERG by
insulin-PI3K-PKB signaling but down-regulation by elevated ROS, future studies will be
preferred to test the possible therapeutic effects of Ik, enhancer which has recently been
discovered,” or the outcome of rescuing Ik directly by gene expression of ERG or indirectly by
PKB that is downregulated in diabetes. Such goal can be achieved by using in vivo transferring
the genes carried by lentivirus or adenovirus vector.”*** Moreover, our studies have
demonstrated that ROS serves as a major deleterious factor to the Ix/HERG channelopathy,
testing other antioxidants would provide clearer prospect about the clinical application of
antioxidants in preventing or treating diabetic arrhythmias. In addition, the PKB modulation on
HERG can be confirmed by further study, e.g. mutating the putative of PKB phosphorylation
sites on HERG gene (S331, S890) and comparing their currents modulated by PKB
phosphorylation.

Dysfunctions of both diminished repolarization (e.g. reduced Ik, and I, in diabetic hearts)
and/or increased depolarization result in APD/QT prolongation, providing substrates for
arrhythmias. Change in cardiac conduction may also be crucial for the generation of arrhythmias.
We found around10% widening of QRS complex in some diabetic rabbit ECGs and a little
slower heart rate which is agreed with clinical evidence.” Since the important Iy, is not affected
in IDDM rabbits in our studies, it is possible other factors such as gap junction channels are
changed. Studies have shown connexin-43 (Cx-43), a gap junction channel expressed in both
atrium and ventricles,*® is a keeper for the integrity of cardiac rhythm. In deed, our preliminary
data in immunohistochemical and immunocytochemical study show significantly reduction of
Cx-43 in ventricle tissue and isolated cardiomyocytes from diabetic rabbit hearts, particularly, on
intercalated disk and along longitude membrane of the myocytes (Figure 3). Thus it may
contribute to the arrhythmias and the QRS widening in some of the diabetic animals in an
undefined mechanism and requires more detail studies. Other factors such as diabetic neuropathy
may also participate in remodeling the cardiac functions.

In addition, as discussed in the section 9.2 Potential Limitations, comparing the gender

difference in the ionic remodeling of diabetic hearts may be important to understand the clinical
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difference in both the morbidity and the mortality in diabetic men and women. Specific studies
may include the hormone modulation on ion channels in diabetics, and the susceptibility of drug

induced arrhythmias, etc.
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Figure 3. Expression of connexin-43 in rabbit hearts.
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Figure 3. Expression of connexin-43 in rabbit hearts. Inmunol histo- and cyto-chemical (4, B)
staining against connexin-43 (Cx-43) in ventricular section (14 pm) or isolated myocytes from
diabetic heart (IDDM) is less than in healthy heart (Ctl). Insulin (IDDM+INS) recovered the
expression and distribution of Cx-43 in cardiomyocytes while vitamin E (IDDM+VitE) treatment
has not significant effect (B). C. Mean data of Cx-43 staining intensity from
immunocytochemical studies. *p<0.05 vs Ctl, +p<0.05 vs IDDM. (8~10 cells from each of 3

rabbits in each group).
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9.4 Conclusions

According to our data in the present studies and above discussions, we can draw the
following conclusions:

1) Instead of I, the critical contributor to the APD/QT prolongation in diabetic
rodents, Ik, is a major factor in diabetic rabbits who has similar ionic components as in humans.
Besides being a target of inherited and drug induced long QT syndrome (LQTS), Ix/HERG is
also a brittle target in “pathological LQTS”, prompt to be defected in many diseases such as
diabetic cardiomyopathy. Ix/HERG dysfunction is an important or even the major ionic
mechanism underlying diabetic APD/QT prolongation, which forms the electrophysiologic
substrate for increased disposition of arrhythmias and sudden cardiac death in diabetic hearts.

2) Ix//HERG channelopathy includes down-regulation of the ion channel protein,
and functional impairment by metabolic alterations. Cellular metabolic perturbations are the
direct mechanism underlying the dysfunction of Ix,/HERG channels. Correcting the metabolic
disturbance by either increasing insulin/PKB activity, or lowering glucose, or reducing ROS, can
restored Ix/HERG from dysfunction, thus prevent APD/QT prolongation and arrhythmias in
diabetics.

3) The metabolic perturbations in diabetic hearts are triggered mainly by
hyperglycemia and the resultant deficiency of energy metabolism and over-production of ROS.
ROS appears the common pathway linking metabolic perturbations to Ix,/HERG dysfunction.

4) Finally, the modulation of Ix,/HERG is a net outcome between enhancing factors
(e.g. insulin, PKB) and suppressing factors (e.g. hyperglycemia, elevated ROS, TNF-a and
ceramide). Thus, Ix/HERG serves as a target for therapies of diabetic QT prolongation and
arrhythmias; enhancing Ix,/Iygrc by manipulating HERG expression and functional modulation
using cellular signaling molecules can retard and even reverse, at least partially, the electrical

disorders in IDDM hearts.
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