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Abstract: Despite significant advances in management and prevention, heart failure
continues to be a leading cause of death and morbidity. Ivabradine, a medication in the class
of hyperpolarization-activated cyclic nucleotide-gated (HCN) channel blockers, is one
example of a "new drug" used to treat heart failure with a low ejection fraction. The history
and use of ivabradine are intriguing because they can help us understand cardiovascular

pathophysiology. In the future, there may be additional indications for ivabradine use.
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INTRODUCTION

Despite  significant advances in
management and prevention, heart failure
continues to be a leading cause of death and
morbidity. Scientists and researchers are
still fighting and working hard to reduce
the numbers. New treatment targets are still
being investigated, and new drugs are being
developed  regularly. Ivabradine, a
medication in the class of
hyperpolarization-activated cyclic
nucleotide-gated (HCN) channel blockers,
is an example of a "new drug" used to treat
heart failure.!> This paper discusses the
history of its discovery, mechanism of
action, indications, and potential side
effects.
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Ivabradine History, Study & Trial

The discovery of ivabradine cannot
be separated from the discovery of If
current in pacemaker cells by F (Funny
channels) in 1979 Unlike the other
channels and currents (T and L type Ca2+
channels and K+ channels), the F or 'funny’
channel is so named because of its unique
character. Most ion channels are activated
by depolarisation, but the If channel's
current is activated by hyperpolarisation.

Suppose the wind is an influx of Na-
K ions that simultaneously initiates the
sinoatrial node (SAN) action potential (See
Figures 1 and 2). Since then, scientists have
been studying and characterising the funny
channel, making it a natural target for drugs
aimed at pharmacologically controlling
heart rate.*
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Figure 1. lon channel in SAN5
(A) Schematic representation of a SAN cell containing
the nucleus, cytosol, and sarcoplasmic reticulum (SR) (B)
Different ion channels localised in the plasma membrane,
including the If channel (HCN channel).
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Figure 2. Pacemaker Potential®

1. Funny channel (If channels) are open (1P Na*)
and closing K* channels

2. Transient (T type) Ca2* channels open, pushing
the membrane potential to the threshold

3. Long-lasting (L type) Caz* channels open, giving
rise to the action potential

4. Opening of K* channels (1P K*) and closing of
L-type Ca?* channels, hyperpolarising the cell

Experts have long recognised that
heart rate influences myocardial metabolic
demand.>” The higher the heart rate, the
greater the oxygen
consumption. This became the hypothesis
for the first ivabradine RCT clinical trial,
which was conducted in 2002.” For two
weeks, 360 patients with chronic stable
angina pectoris were divided into groups
that received 2.5 mg, 5 mg, 10 mg
ivabradine, or placebo. Then, in an open-
label study, all patients were given
ivabradine 10 mg for 2-3 months and no

myocardial
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other antianginal drugs other than short-
acting nitrates. Patients were then randomly
assigned to continue on 10 mg twice daily
ivabradine or withdraw to placebo for one
week, followed by an exercise tolerance
test. The result was a worsening exercise
tolerance test parameters in patients who
received a placebo during the drug
discontinuation process but not in the
Ivabradine group.

Ivabradine exercise

improves

tolerance and reduces the time it takes for
7,8,9

ischemia to develop during exercise.
IVABRADINE STUDY

2014 2010 2008

CAD » EF <509

Figure 3. Ivabradine study and trials

There were also several randomised
controlled trials (RCTs) on Ivabradine's
effect on stable angina pectoris, including
non-inferiority studies and those comparing
it to standard drugs (atenolol or
amlodipine).! Those studies lead us to
conclude that ivabradine improves exercise
parameters, reduces the number of weekly
attacks, and lowers short-term nitrate
consumption in angina patients. Ivabradine
is as effective as recommended medications
like amlodipine (Ca channel blocker) and
atenolol  (B-blocker). The European
Medicines Agency (EMA) approved
ivabradine as a treatment for angina
pectoris based on these findings in
2005810
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It continued; in 2005, a multicentred
RCT was carried out. It is known as
ASSOCIATE research ("evaluation of the
Antianginal efficacy and Safety of the
Association of the Current Inhibitor
ivabradine with a betablocker").® This study
examined the anti-ischemic and anti-
anginal effects of adding ivabradine to
atenolol-treated angina
patients. As a result, the group that received
ivabradine had better exercise results and
clinical parameters than the group that
received only atenolol plus placebo.®!°

These results prompted the EMA in
2015 to expand the indication of ivabradine
as an angina pectoris drug in patients still
symptomatic after B-blocker treatment and
has more than 60-time beat per minute or as
a treatment in patients who cannot tolerate
or have a contraindication to [ blocker.

A research group funded by Sevier,
France, also investigated the benefits of
ivabradine. This study was designed to test
the hypothesis that lowering heart rate
without affecting other cardiac functions
could reduce CV-related mortality and
morbidity in patients with CAD and left
ventricular  dysfunction.!! BEAUTIFUL
study (morbidity-mortality Evaluation of
the If inhibitor ivabradine in patients with
coronary disease and left ventricular
dysfunction) was conducted from 2004 to
2006 to benefit  of
administering ivabradine in 10,917 patients
with coronary heart disease (CAD) and
ejection fraction < 40%, against endpoint
outcomes such as cardiovascular death,
episodes of hospitalisation due to acute
myocardial infarction and new attack or
worsening heart failure.'®!! Although there
was no difference in morbidity or mortality

symptomatic

evaluate the
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outcomes, ivabradine administration
reduced the incidence of fatal and non-fatal
myocardial infarction (hazard ratio of 0.64)
and coronary revascularisation (hazard ratio
of 0.70) in a subgroup with a heart rate of
70 beats per minute.!*!!

An elevated resting heart rate is a risk
factor for cardiovascular outcomes in
chronic heart failure. SHIFT study was held
in 2010 based on this hypothesis. SHIFT
(the Systolic Heart Failure Treatment with
the If Inhibitor Ivabradine Trial) compared
the benefits of giving ivabradine to 6,558
heart failure patients with reduced cardiac
function, ejection fraction 35%, and heart
rate greater than 70 beats per minute to the
outcomes of cardiovascular
cardiovascular death or hospitalisation due
to worsening heart failure. The study
successfully demonstrated a decrease in
cardiovascular events (24% in the
ivabradine group vs 29% in the non-
ivabradine group).'?

SIGNIFY (A study assessing the
morbidity-mortality benefits of ivabradine
in patients with coronary artery disease)
was published in 2014. This study
evaluated 19,102 patients with coronary
artery disease (CAD) without signs of heart
failure and a pulse rate of 70 beats per
minute for the benefit of adding ivabradine.
The findings revealed no significant
difference in the occurrence of cardiac
death or myocardial infarction between the
ivabradine and placebo groups in this
group. Furthermore, the ivabradine group
had more bradycardia (18% ivabradine vs
2.3% placebo).!*13

Even though the results were not as
expected and differed from the satisfactory
results found in the SHIFT study, they

events:
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provided valuable insights. Positive results
with lowering the heart rate in patients with
heart failure but not in those with stable
coronary artery disease may reflect that
elevated heart rates in these conditions had
different pathophysiological mechanisms.
Neurohormonal activation occurs in heart
failure, leading to ventricular remodelling,
further left ventricular dysfunction, and a
downward spiral. No neurohormonal
activation exists in stable coronary artery
disease without left ventricular dysfunction.
There were also some theories that the
unexpected results were due to the
ivabradine dose being higher than in other
studies, so ivabradine may have lowered
the heart rate too much or had unintended
effects that negated other beneficial
effects.”10:13:14

The cardiology community in Europe
has only used Ivabradine since its
inception. Based on the findings of the
SHIFT study, the FDA approved the use of
ivabradine for indications of heart failure
with reduced EF in 2015. The FDA, unlike
the EMA, has not approved the use of
ivabradine in angina.'*!?

Ivabradine's benefits and applications
are still a hot topic. An RCT was recently
conducted in 22  patients  with
hyperadrenergic postural orthostatic
tachycardia syndrome (POTS). The study
found that ivabradine is both safe and
effective in improving heart rate and
quality of life in patients with
hyperadrenergic POTS.!¢

Ivabradine Drug Mechanism
Ivabradine is a benzo cycloalkane
derivative that acts on HCN
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(hyperpolarization-activated
nucleotide-gated) F channels.

cyclic
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Figure 4. Mechanism of Action of lvabradine®

(A) Ivabradine acts on the SAN, which is located primarily
subepicardial at the junction of the superior vena cava
(SVC) and the right atrium (RA). (B) In the open state,
ivabradine blocks the hyperpolarization-activated cyclic
nucleotide-gated  (HCN)  transmembrane  channel
responsible for the transport of sodium (Na+) and
potassium (K+) ions across the cell membrane. This
inhibits the inward funny current (If), activated specifically
at hyperpolarised membrane potentials. (C) Selective
inhibition decreases the slope of the pacemaker action
potential's diastolic depolarisation (shaded region) and
increases diastole duration without affecting other phases
of the action potential. This causes a decrease in heart
rate.

HCN channel isoforms include HCNI,
HCN2, HCN3, and HCN4. Ivabradine
blocks HCN4 channels in an open state and
inhibits HCN1 channels in a closed state in
human embryonic kidney cells (HEK 293),
which already contain the rat HCNI and
human HCN4 genes.!”!8

Ivabradine selectively inhibits If
channels and is dose-dependent. When the
drain is blocked, the inflow of Na+ and K+
to the SA node decreases, causing phase 4
to slope and the heart rate to slow.
Ivabradine's inhibitory effect on the If
channel depends on the excitation state.
Because ivabradine inhibits HCN4 when
activated, patients with higher initial heart




Vol 8 No 1 February 2023

...

FARMATERA

rates will experience a more significant
decrease in heart rate.!”-!8

The slower heart rate allows blood
flow to the heart muscle longer than usual.
They are inhibiting If channels lower
myocardial demand. As a result, it is
beneficial in treating angina and CHEF.
Because blockers and Ca channel blockers
both reduce heart contractility, this
mechanism of action is not found in heart
rate control drugs. Ivabradine is thus
beneficial in CHF with a low ejection
fraction. Or in cases where blocker drugs
are not tolerated. *1%14

The Food and Drug Administration
(FDA) has also approved the use of
ivabradine in paediatric patients aged six
months and older who are in sinus rhythm
with an elevated heart rate for the treatment
of stable symptomatic heart failure (HF)
due to dilated cardiomyopathy (DCM). The
EMA had previously approved 19
Ivabradine for angina pectoris. &%1°

Ivabradine’s indications may expand.
In recent years, several studies using
ivabradine have yielded promising results.
A case series demonstrated that ivabradine
effectively treats paediatric
tachyarrhythmias and CHD.?° Ivabradine is
also frequently used in treating SVT.2!?
However, its official use necessitates

larger-scale clinical trials with more

patients.
In experimental animals, ivabradine
caused bradycardia, hypoxia, organ

malformation, and embryonic death. As a
result, ivabradine is currently prohibited
during pregnancy.”® Nonetheless, off-label
use for supraventricular tachycardia was
daily in childbearing women. A prospective
cohort study of 38 pregnancies with
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ivabradine exposure and completed follow-
up revealed that 32 were live births, three
had spontaneous abortions, and three were
terminated electively. In the case of
accidental ivabradine exposure or the
absence of other treatment options, the
study recommended fetal ultrasound for
structural anomalies and growth
restriction.’!

After oral administration, ivabradine
absorption is nearly complete, with peak
plasma levels reached in about 1 hour.
Because of the first-pass effect in the gut
and liver, it has approximately 40%
bioavailability. The heart and liver
metabolise ivabradine via CYP450 3A4.

The primary active metabolite is the
N-demethylated derivative (S 18982),
which has about 40% of the parent
compound's exposure. In plasma, the main
half-life is 2 hours (70-75% of the AUC),
and the effective half-life is 11 hours. The
total clearance 1is approximately 400
ml/min, and the renal clearance is about 70
ml/min. Metabolites are excreted to a
similar extent through faeces and urine.

About 4% of an oral dose is excreted
unchanged in the urine. Bradycardia, atrial
fibrillation, high blood pressure, and
phosphenes have all been reported as side
effects of ivabradine therapy. The visual
effects (phosphenes) are thought to be
caused by ivabradine's inhibition of the
retina’s I (h) current. Visible symptoms are
usually  transient,
completely reversible.

non-serious,  and
2425

CONCLUSIONS

We already knew about ivabradine's
long journey from discovery to widespread
use for various indications. We also gained
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a new understanding of the role of heart
rate in CV pathophysiology by combining
our knowledge of If channel inhibitors with
the results of population-based clinical
studies. In the future, we may see some
research on the benefits of using ivabradine
in cases where the pathophysiology is still
associated with increased heart rate, such as
arrhythmia.
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