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A rrhythmias are a common and often fatal complication of
heart failure accounting for 50% to 70% of cardiac

deaths due to tachyarrhythmic mechanisms.1 In the failing
heart, disturbances in cardiac rhythm are the likely result of
cardiac remodeling consisting of structural and/or electro-
physiological abnormalities. The structural heterogeneities
provide a substrate for triggered activity from which ventric-
ular arrhythmias can be initiated. Pathological alterations in
ion channel properties and gap junction intercellular commu-
nication lead to changes in the action potential profile and
cellular excitability, serving as a trigger for arrhythmias.
Although extensive pharmacological therapies have been
developed for the treatment of arrhythmias, efficacy of the
drugs remains limited due to the complex remodeling
processes underlying heart failure.

Among the ionic mechanisms that contribute to ventricular
arrhythmias, the role of the pacemaker or funny current (If)
and the hyperpolarization-activated cyclic nucleotide gated
(HCN) channels is emerging. The subject has been addressed
by Kuwabara et al2 in this issue of Journal of the American
Heart Association.

If is a mixed Na+-K+ inward current slowly activated by
membrane hyperpolarization, associated with generating
automaticity in the sinoatrial node.3 In addition to voltage,
activation of If is also modulated by catecholamines and
intracellular cyclic nucleotides such as cyclic AMP (cAMP). For
instance, increasing cAMP levels via b-adrenergic stimulation

causes a rightward shift in If activation meaning that the
current is activated at more positive voltages without
affecting the maximum current amplitude. This mechanism
participates in the relationship between b-adrenergic stimu-
lation and regulation of heart rate.3

Over the last 20 years, much attention has focused on If in
nonpacemaker cells and its potential role in triggering
ventricular arrhythmias in both patients and various experi-
mental animal models.

During fetal and neonatal development If is abundantly
present in ventricular myocytes and progressively declines
during maturation.4 Thus, in the adult heart, If can be detected
only in a minority of ventricular myocytes, and the current is
significantly reduced compared with neonatal myocytes.
Under certain pathological conditions If is able to recover its
“fetal” phenotype with an increase in the numbers of
ventricular myocytes in which the current can be recorded
and also with greater current amplitude. This has been
demonstrated extensively during cardiac hypertrophy in both
humans and several animal models of heart failure, such as
pressure overload and postmyocardial infarction.5,6 Interest-
ingly, there is a strong degree of correlation between the
severity of hypertrophy and If density in ventricular myocytes;
the expression of the HCN channels responsible for If is most
pronounced in regions with the greatest overload,7 raising the
possibility that this mechanism is mechano-sensitive. The
nature of the initial injury also seems a determining factor in
this phenomenon. Ischemic cardiomyopathy for example
leads to a greater If current density in ventricular myocytes
compared with dilated cadiomyopathy.8 Moreover, the link
between b-adrenergic stimulation and If may have a role in
these differences and could provide a potential arrhythmo-
genic mechanism in a setting of enhanced sympathetic drive
such as heart failure, with an increased contribution of the
current during diastole in ventricular myocytes.

The molecular determinants of If in both healthy and
diseased hearts are the HCN channels responsible for
generating the current. There are 4 known isoforms identified
in mammals (HCN1 to 4) of which HCN1, HCN2, and HCN4 are
differentially expressed throughout the myocardium but with
the highest levels in the sinoatrial node. The adult ventricle
has low levels of HCN2 and HCN4 which subsequently

The opinions expressed in this article are not necessarily those of the editors
or of the American Heart Association.

From Imperial College London, National Heart and Lung Institute, Imperial
Centre for Translational and Experimental Medicine, Hammersmith Hospital,
London, UK.

Correspondence to: Cesare M. Terracciano, MD, PhD, Imperial College
London, National Heart and Lung Institute, Hammersmith Hospital, Laboratory
of Myocardial Electrophysiology, 4th floor, Imperial Centre for Translational
and Experimental Medicine, Du Cane Road, London W12 0NN, UK. E-mail:
c.terracciano@imperial.ac.uk

J Am Heart Assoc. 2013;2:e000287 doi: 10.1161/JAHA.113.000287.

ª 2013 The Authors. Published on behalf of the American Heart Association,
Inc., by Wiley-Blackwell. This is an Open Access article under the terms of the
Creative Commons Attribution Noncommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.

DOI: 10.1161/JAHA.113.000287 Journal of the American Heart Association 1

EDITORIAL



increase at both the mRNA and protein levels as a result of
heart failure.6,7 The specific overexpression of HCN1 has also
been reported recently in heart failure.9 It is possible that
increases in the different HCN isoforms that are normally
present at low levels could potentially interact and give rise to
heterotetramers with unique biophysical and regulatory
properties compared with homomers. Posttranscriptional
mechanisms may also contribute to HCN expression through
microRNA.10 Collectively this increase in HCN subunit
expression is likely to be the underlying cause for the gain
of function in If recorded from diseased ventricle.

The majority of studies have focused on the modifications
in functional and molecular properties of If and HCN channel
expression during cardiac remodeling, yet the precise involve-
ment of If in arrhythmias remains to be fully determined. The
paper by Kuwabara et al2 provides insight into the role of If in
the initiation of triggered activity in a bradycardic model of
heart failure. By using genetically modified mice that express
a dominant negative form of the transcriptional repressor
neuron-restrictive silencing factor (dnNRSF-Tg), the authors
generated a model of heart failure11: NRSF, a regulator of the
fetal cardiac gene program, activates the reexpression of
HCN2 and HCN4 to induce dilated cardiomyopathy. Kuwabara
et al tested the hypothesis that expression of HCN channels
predisposes ventricular myocytes to enhanced automaticity.
The major findings of the study are the increase in If density
and the high incidence of ventricular tachycardia, premature
ventricular contractions, and sudden cardiac death in the
dnNRSF-Tg mice. b-adrenergic stimulation increased the
susceptibility of myocytes to early after-depolarizations and
spontaneous action potentials through increased cAMP
production. These findings were confirmed in myocytes from
mice with cardiac specific overexpression of HCN2, demon-
strating a link between HCN and arrhythmias. These results
are also in agreement with another study9 showing that HCN
activity increases the proarrythmogenic potential in the failing
myocytes through prolongation of the repolarization phase in
ventricular action potentials.

To confirm the contribution of HCN overexpression in the
development of arrhythmias, Kuwabara et al2 used ivabradine,
a selective heart-rate–reducing agent, to inhibit channel
activity. Ivabradine blocks HCN activity by entering the pore
of the channels when they are in open state thereby reducing
the slope of diastolic depolarization.12 A major clinical trial to
demonstrate the beneficial effects of ivabradine is the
BEATUTIFUL (morBidity–mortality EvAlUaTion of the If inhib-
itor ivabradine in patients with coronary disease and left
ventricULar dysfunction) study treating 10 917 patients with
stable coronary artery disease and left ejection fraction <40%.
Although ivabradine treatment did not affect the primary
composite outcome, it reduced the need for hospitalization
due to myocardial infarction and coronary revascularization in

patients with baseline heart rates >70 bpm.13 This work was
followed by the SHIfT (Systolic Heart failure treatment with
the If inhibitor ivabradine Trial) trial (6558 patients), which
confirmed that treatment with ivabradine significantly reduced
hospital admission for worsening heart failure by 18% and
cardiovascular deaths due to heart failure.14 In both trials the
favorable effects of ivabradine were greatest in those patients
with a higher heart rate. The most striking finding of the SHIfT
trial, obtained from the echocardiographic substudy, was the
reversal of cardiac remodeling in the left ventricle with
pronounced increase in left ventricular ejection fraction and
reduced left ventricular systolic volume.15 Effects of ivabra-
dine in preventing arrhythmias were also investigated in a
small group of patients (21) with inappropriate sinus tachy-
cardia. Ivabradine reduced 70% of symptoms reported at
baseline and in 50% of patients all symptoms were eliminated
highlighting its potential use in the treatment of arrhyth-
mias.16 Beneficial effects of chronic treatment with ivabradine
have also been shown in rodent models of heart failure with
improvements in whole heart systolic and diastolic function,
reduction in interstitial and perivascular fibrosis, increase in
angiogenesis and myocardial perfusion, improved calcium
handling, decreased mortality and ventricular excitability, and
reversal of myocardial structural remodeling.17–19

The mechanisms of ivabradine, however, remain contro-
versial. Most clinical and experimental evidence points to a
primary role of heart rate reduction. Ivabradine-driven cardiac
remodeling has been extensively studied at doses that lower
heart rate and the reduction in heart rate is thought to be the
likely cause of remodeling by optimizing energy consumption
while simultaneously reducing cardiac work load.20 However,
there are studies showing that some of the effects may be
mediated by different mechanisms. We have recently shown
that the reduction in myocardial fibrosis induced by ivabradine
is not due to heart rate reduction, as the b-adrenergic blocker
metoprolol did not reduce fibrosis in a rodent model of heart
failure, despite a similar reduction in heart rate.19 Kuwabara
et al2 also studied the remodeling effects on arrhythmias
independent of heart rate reduction by using a nonbradycardic
dose of ivabradine. With this strategy they clearly demon-
strated the reduction in If amplitude and occurrence of
spontaneous action potentials in the presence of isoprotere-
nol and improved survival rate in the dnNRSF-Tg model. Other
effects of ivabradine independent of heart rate include the
attenuation of the renin–angiotensin aldosterone system
(RAAS) through a reduction in angiotensin-converting enzyme
and angiotenisn II type I receptor (AT-1) transcript expres-
sion.17 All these studies support the notion that ivabradine
can have direct effects on ventricular structure and electro-
physiology independent of the sinoatrial node.

The paper by Kuwabara et al2 contributes to the significant
progress that has been made in establishing the role of If and
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HCN channels as markers of pathological remodeling and
identifying the cardioprotective effects of ivabradine in the
failing heart. However, there are key questions that remain
unanswered: (1) Is the overexpression of HCN channels and
augmented If in the ventricle an adaptive response with
specific functional consequences or is it simply part of a
global remodeling process? (2) What is the role of the
different HCN isoforms and how do the isoforms contribute to
the clinical and pathological scenario? (3) What are the effects
of ivabradine on the fibrotic pathways, in particular the RAAS
system and the local regulation of ECM? (4) Are the effects of
ivabradine on arrhythmias secondary to the reversal of
remodeling rather than a direct effect on the HCN channels?
(5) What are the reasons for the variability in the effects of
ivabradine in different HF models and at different stages of
disease?

Pharmacological inhibition of the HCN channels remains a
potentially useful strategy in heart failure as there are already
significant encouraging results from large clinical trials and
accumulating positive laboratory studies. However, more
specific clinical trials should address the efficacy on treating
arrhythmias in heart failure and it is also essential that the
specific mechanisms involved are investigated in the labora-
tory in order to understand the pathways involved and refine
this novel and promising approach.
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