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ABSTRACT

Heart failure is a complex clinical syndrome with a high incidence all over the world. Although various types of pharmacological
and device therapies are available, the control of increased heart rate (HR) is critical. The bradycardic agent, ivabradine (IVA),
has been displayed to reduce HR by inhibiting the funny current (If). The underlying mechanism states that ivabradine can enter
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the hyperpolarization-activated cyclic nucleotide-gated (HCN) channels and bind to the intracellular side, subsequently inhibiting Italy

the If. This phenomenon can prolong the slow spontaneous phase in the diastolic depolarization, and thus, reduce HR. Many
epidemiological studies reported a strong independent association between elevated heart rate and major cardiovascular risk
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factors including atherosclerosis, ventricular arrhythmias, and left ventricular dysfunction. The heart rate reduction with IVA
is beneficial in patients with coronary artery disease CAD, chronic stable angina pectoris, and chronic heart failure (CHF), with

acceptable tolerance and safety profile. The pharmacodynamic and pharmacokinetic properties of this drug make it an important
agent in the management of patients with CAD and HF. The aim of this short review is to explore recent results with IVA a new
medication that lowers heart rate by selectively inhibiting the f current, and to describe others future potential applications.
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INTRODUCTION

Thereisacloserelationshiplinking elevated resting HR to cardiovascular
morbidity and mortality' in normal individuals and in patients with
coronary events and CHEF? since a consistent HR reduction decreases
myocardial oxygen demand and improves endocardial blood supply.
In particular, in CHF the heart cannot pump blood efficiently and
it is unable to meet the body's demands of oxygen, and there is an
increased end-diastolic pressure, with a higher risk of readmission
for hospital and mortality when HR is above 70 bpm® An increase in
HR as a consequence of increased sympathetic activity may trigger
ischemic events* because HR is a major determinant of myocardial
oxygen consumption and energy utilization; furthermore, an increase
in HR reduces the diastolic coronary perfusion time’. Therefore, its
decrease would certainly be beneficial in patients with cardiovascular
diseases: a lower resting HR would be of particular benefit in patients
with ischemic heart disease and/or heart failure. During the past half-
century, age-adjusted cardiovascular disease-related mortality has
declined by about two-thirds in industrialized countries. CHF is a
notable exception: despite important advances in therapy during the
past two decades, hospitalization and mortality rates remain relatively
high in these patients: in the USA, hospitalizations have risen steadily
since 1980 up to one million discharges per year®. In Europe, 1-2% of the
population suffer from CHF, with the prevalence rising to > 10% among
the population aged > 70 years and a death rate about 30/100,000".

From a pathophysiological point of view, heart failure is divisible into
two sub-classes, the first comprising patients with left ventricular
systolic dysfunction, representing a sub-class of heart failure with
reduced ejection fraction (HFrEF), and the second including patients
with a "preserved" systolic function, which represent a sub-class of heart
failure with preserved ejection fraction (HFpEF). Since betablockers
became part of standard therapy for HFrEF, it was evident that cardiac
rate slowing is an underlying basis of clinical effectiveness of HFrEF
therapy. With the discovery of the "f current" that modulates the slope
of spontaneous diastolic depolarization of the sino-atrial node, a non-
betablockade approach to HR slowing became available. IVA, the
first FDA-approved f-current blocker for HFrEF, markedly reduces
hospitalizations for worsening heart failure, while also progressively
reducing mortality as pre-therapy HR increases, and also promotes
beneficial left ventricular remodeling, improves health-related quality
of life and is effective despite a wide range of comorbidities®. The drug
is well tolerated, and adverse effects are relatively few. IVA represents
an important addition to the armamentarium for mitigation of HFrEF
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Current treatments for CHFrEF include not only B-adrenoceptor
antagonists, but also angiotensin-converting enzyme (ACE) inhibitors,
angiotensin receptor type 1 (AT1) antagonists, aldosterone receptor
antagonists, diuretics, digoxin and a combination drug with AT1-
receptor antagonist and neprilysin inhibitor. Although B-blockers
and non-dihydropyridine calcium channel-blockers are effective at
lowering HR, they bring other pharmacologic effects that may not be
desirable in some patients, such as negative inotropy. IVA is a drug
specifically designed to lower HR without any other demonstrable
pharmacologic effects: it is a pure heart rate-lowering drug. It functions
by blocking the hyperpolarization-activated cyclic nucleotide gated
channels (f-channels) specific for the sinoatrial node and disrupting
I(f) ion current flow. This effectively prolongs diastolic depolarization
and slows firing in the sinoatrial node, which lowers HR. Its effects are
mainly pronounced at higher HR, which is important in minimizing
the development of symptomatic bradycardia. Consequently, IVA is a
novel unique drug, which may be of benefit with higher baseline HR,
but detrimental with low baseline HR’. B-blockers are widely used also
in chronic stable angina (CSA) and after myocardial infarction (MI).
At least part of their activity involves HR lowering. However, these
agents can have undesirable negative inotropic activity and can cause
a paradoxical vasoconstriction of large epicardial coronary arteries
at rest and during exercise". Additionally, not B, selective -blockers
may cause bronchoconstriction in patients with chronic obstructive
airway disease'' and may have negative metabolic effects, including
a reduction in insulin sensitivity. A selective HR-lowering agent that
does not produce these undesirable effects could thus be of therapeutic
value'?. Previous researches suggest that IVA exhibits an acceptable
and favorable benefit-risk profile, and this drug should be considered
as a viable option in patients with CSA and CHF".

EFFECTS OF IVABRADINE

Chemistry and discovery of ivabradine

IVA is a water-soluble medication with a fast-intestinal absorption and
high first-pass metabolism, which give it a bioavailability of about 40%.
IVA has a half-life of approximately 11 hours*.

After oral administration, it is metabolized by CYP3A4 in the intestines
and the liver and peak plasmatic concentration are reached in about
one hour. Less than 5% of its ingested dose is excreted in urine
and a minimum part in feces, with IVA' s main metabolite being
N-desmethylated™.
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Table 1. Overview of clinical trial.

Trial Result

BEAUTIFUL Reduction in hospitalization for CAD outcomes (in the

study** subgroup with HR> 70 bpm)

SHIFT study*** Reduction in death and hospitalization for worsening HF
INITIATIVE Augmented exercise capacity and prolongation of exercise
study® test duration

ASSOCIATE Augmented total exercise duration and improved secondary
study?® exercise test criteria

REDUCTION  Further HR reduction in patients remaining symptomatic
study* despite treatment with p-blockers

The use of this drug has been approved by the European Medical
Agency in 2005 for the treatment of stable angina, and by the Food and
Drug Administration in 2015 to reduce hospitalization from worsening
heart failure, but the first drug discovery programs date back to 1980s,
when the specific bradycardic agents have been discovered and
divided in three different groups (imidazolines, aminopyrimidines and
phenylalkylamines) according to their chemical structure.

IVA specifically acts on HCN channels: it binds to the subfamily of
hyperpolarization-activated HCN4-channels, which creates the I(f)
current. Itdiffusesacross the cellular membraneand bindsintracellularly
to the HCN4 channel when it is in its open state. The number of open
channels directly correlates with the amount of depolarizations: this
implicates the rate-dependent nature of ivabradine, where a higher
HR makes the drug more effective. The depolarization of the SA node
cells is prolonged by blocking the channel and thereby stopping the I(f)
current, thus resulting in lowering of the HR*".

Mechanism of action of ivabradine

IVA's primary mechanism of action on cardiac tissue is on the
sinoatrial node, which occupies a predominantly subepicardial
position at the junction of the superior vena cava and the right atrium.
It blocks the intracellular aspect of the hyperpolarization-activated
cyclic nucleotide-gated transmembrane channel, which is responsible
for the transport of sodium and potassium across the cell membrane,
in the open state: this results in inhibition of the inward funny current
I(f), which is specifically activated at hyperpolarized membrane
potentials. By selectively inhibiting I(f), there is a reduction in the slope
of diastolic depolarization of the pacemaker action potential and an
increase in the duration of diastole, without altering other phases of the
action potential'. This results in HR reduction. For this reason, IVA is
a specific HR-lowering agent, which has selective action on pacemaker
activity in the sinoatrial node of the heart, resulting in important
differences compared with non-selective HR reducing agents, such as
B-blockers'. It decreases HR and myocardial oxygen consumption at
rest and during exercise'”". IVA is licensed for the treatment of CSA
in patients with normal sinus rhythm, who have a contraindication or
intolerance for B-blocker drugs, or in combination with betablockers in
patients inadequately controlled with an optimal betablocker dose and
whose HR is > 60 bpm®. IVA is the first of a new class of HR-reducing
agents without other direct cardiovascular effects (negative inotropic
effect, blood pressure reduction)?"? It has an excellent tolerability and
safety profile and can be safely combined with other currently used
cardiovascular drugs, including B-blockers”. The HR-reducing effect
of IVA is proportional to resting HR; extreme sinus bradycardia is
uncommon.

Pharmacology and clinical trials of ivabradine

In the BEAUTIfUL (morBidity-mortality EvAlUaTion of the If
inhibitor ivabradine in patients with coronary disease and left
ventricULar dysfunction) study, symptomatic bradycardia was the
most common adverse effect leading to discontinuation of treatment,

even if it remained a rare event®. The QT interval is prolonged with the
decreased HR, for this reason this specific HR-reducing drug should
not be administered with agents with QT-prolonging effects. However,
with appropriate correction for HR or, in studies of direct comparison
of the QT interval, when the influence of the HR was controlled by
atrial pacing, no significant effect of IVA was found on ventricular
repolarization duration®, QT duration, QT dispersion, or maximum
and minimum QT duration?*?. IVA reduces HR by selective inhibition
of the If current in the sinoatrial node with no declared direct effect
on the autonomic nervous system (ANS). However, IVA’s protective
effects might also reside in the modulation of the ANS by affecting the
intrinsic cardiac nervous system, so that it could be effective in the
treatment of autonomic dysfunction-related diseases setting a new
autonomic balance®.

IVA (5.0, 7.5, and 10.0 mg bid) resulted to be as effective as atenolol
(50 or 100 mg/day) in terms of antianginal and anti-ischemic efficacy
in 939 patients with CSA in INITIATIVE (INternatlonal TrIAl on
the Treatment of angina with IVabradinE versus atenolol)®, where
the augmented exercise capacity was associated with a prolongation
of exercise test duration. Another study, ASSOCIATE (evaluation
of the Antianginal efficacy and Safety of the aSsociation Of the I,
Current Inhibitor ivAbradine with a beTa-blockEr) explored the effect
of IVA on top of atenolol 50 mg/day in 889 patients with CSA (28).
In combination with atenolol, IVA induced a significant increase in
total exercise duration (primary efficacy criterion) and improvement
in other exercise test criteria (time to limiting angina, time to angina
onset, and time to 1-mm ST-segment depression) compared with
a placebo group receiving background therapy with atenolol. This
study demonstrated that IVA can be added on top of B-blockers in
CSA patients with insufficient HR reduction, in patients who remain
symptomatic despite treatment with B-blockers®, and in patients with
refractory angina®. The results of IVA in the treatment of CSA in
patients with CAD have been confirmed in everyday routine practice
(REDUCTION Study)®, independently of the severity of angina and
the presence of comorbidities’**. Further analysis in the 1507 patients
in BEAUTIfUL who had angina at baseline demonstrated that IVA
improved the primary outcome (the composite of cardiovascular
death, MI and hospitalization for heart failure) by 24% and MI alone
by 42%, relative to placebo™.

The SHIfT (Systolic Heart Failure Treatment with the I(f) Inhibitor
Ivabradine Trial) study was a randomized, double-blind study
designed to compare IVA with placebo on outcomes in 6500 patients
with symptomatic CHF (New York Heart Association [NYHA]
class II-IV), left ventricular ejection fraction (LVEF) <35%, and a
prior hospitalization for worsening heart failure within the previous
12 months. Randomized treatment (12-48 months) was given on
top of guidelines-based therapy for CHF, including a B-blocker at
optimized dose. Resting HR at baseline had to be >70 bpm™¥. The
results of this study showed that IVA substantially and significantly
improves outcomes in patients with CHF receiving the best possible
evidence-based background treatment® and significantly reduced the
cardiovascular death or hospitalization for worsening heart failure by
18% (P<0.0001).

Further applications: Ivabradine beyond heart
failure

Treatment with IVA represents a new therapeutic alternative for
patients with inappropriate sinus tachycardia®*, a syndrome
characterized by a sinus heart rate higher than 100 bpm at rest with a
mean daily HR higher than 90 bpm, which is associated with distressing
symptoms of palpitations. Its mechanism is not precisely understood
and is postulated to be multifactorial and complex. An enhanced sinus
node activity and/or impaired sympathovagal balance seems to be the
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long-term follow-up (82.1 + 11.8 bpm after 4 years). Neither allograft
rejection nor changes in left ventricular ejection fraction were observed
over the follow-up period, without impairment of blood pressure,
myocardial contractility and cardiac conduction.

Furthermore, experimental studies have identified the effects of HR
on endothelial function: the endothelium plays a pivotal role in many
biological processes, as modulation of vessel tone, of inflammatory
and immunologic system and of platelets function**. However, the
normal function of the endothelium is strictly connected to his health,
anatomical and functional integrity. In this respect, an increased HR
(or its reduced variability) have shown to be associated with coronary
plaque's rupture and subclinical inflammation®. Blood vessels can adapt
to increased mechanic wall stress and change their structure, getting
benefits from HR reduction caused by IVA, with a final improvement
of arterial elastance. Endothelial dysfunction is considered the ideal
index to discover the first negative effects of the cardiovascular risk
factors on the arterial system. In the traditional pharmacological
therapy used in CHF, the only drug that demonstrated a positive
action on the endothelium is nebivolol, but more recent data suggest
that administration of IVA on top of optimized medical therapy may
improve endothelial function®*.

The utilization of IVA in cardiogenic shock remains off label and has
been considered a contraindication, because of the theoretical risk
of attenuating compensatory tachycardia. Tachycardia, especially
in the context of inotropic therapy, may be deleterious, resulting in
increased myocardial oxygen consumption and reduction in diastolic
filling. Considering that IVA has not negative inotropic action, it
may present a potential mean to handle tachycardia in cardiogenic
shock. In a recent study, patients with cardiogenic shock, who were
unable to tolerate beta-blockers, started on IVA®. Each patient had a
cardiac magnetic resonance imaging, echocardiogram, and coronary
angiogram for determination of aetiology. Invasive haemodynamics
via pulmonary artery catheterization were measured with continuous
telemetry monitoring for any dysrhythmia or bradyarrhythmias. All
patients tolerated IVA initiation, and a decrease in HR (91.6 + 6.4
b.p.m. versus 106 * 6.8), pulmonary arterial occlusion pressure (24 +
5.1 mmHg versus 30.4 + 4.8), and right atrial pressure (9 + 4.3 mmHg
versus 16.8 + 6.2) were observed. An improvement was registered also
in mixed venous oxygen saturation (64.8 + 5.3 % versus 51 * 8.8 %),
stroke volume and right and left ventricular stroke work index.

IVA also appeared to be an effective alternative to Amiodarone®*
in children with post-operative junctional ectopic tachycardia (JET).
JET is the commonest tachyarrhythmia in the early post-operative
period in children undergoing open-heart surgery. It frequently leads
to hemodynamic instability and needs to be managed aggressively.
Amiodarone is the first-line agent along with non-pharmacological
interventions but in a very recent study, all patients responded to
Ivabradine. The initial response was rate control permitting overdrive
pacing with only one patient having recurrence of JET 10 h after IVA
administration.

CONCLUSIONS

IVA avoids the negative inotrope effects, and in patients with HFrEF,
it improves the outcome and might be a first choice of therapy when
HR is above 70 bpm. In addition, the fact that it is possible to treat
patients who do not respond to the usual therapy clearly accentuates
the importance of this new treatment option. Although some doubt
still exists about the effects of IVA on mortality and morbidity outcome
in HF patients, it is well recognized that IVA positively improves
quality-of-life measurements and symptoms, as proven in the SHIFT
and BEAUTIFUL studies among others. In addition, a reversion of left
ventricular remodelling was found.

IVA has anti-ischemic and antianginal efficacy equivalent to that of
B-blockers and CCBs in CSA, with effects on myocardial ischemia
even greater than those predicted by HR reduction with B-blockers,
suggesting favorable benefits of HR reduction with IVA versus other
HR-reducing therapies. These include preservation of myocardial
contractility, ventricular relaxation, prolongation of diastolic perfusion
time and therefore myocardial perfusion, preservation of physiological
mechanisms allowing hemodynamic adaptation to exercise, and
coronary vasodilatation. In addition, IVA appears to be an effective
alternative to Amiodarone in children with post-operative JET based
on an early clinical experience.

IVA therapy has a lower risk of bradycardia, which is one of the main

problems with other HR-lowering drugs. Bradycardia is mentioned as
a side effect, although not as prevalent as reported for other drugs. This
is, however, a cause of concern and should be investigated in future
studies. Furthermore, ivabradine has shown promising results in the
treatment of various other conditions related to cardiac impairment
and electrical conduction abnormalities®.

Cardiovascular disease remains the leading cause of death globally®',
because of an increasing prevalence of cardiovascular risk factors
such as physical inactivity, obesity and diabetes mellitus. In order to
reduce cardiovascular morbidity and mortality, the most appropriate
pharmacological approach together with life-style change and
nutritional cardiovascular prevention could be the new frontier:
dietary introduction of antioxidant molecules and polyunsatured
fatty acids, may substantially reduce markers of oxidative stress, thus
contributing to partly prevent cardiovascular diseases by inhibiting the
inflammatory responses, improving platelet function, blood pressure
and fluidity with a range of protective cardiovascular effects®**%. The
availability of these supports to the physician will increase the options
in the medical management of patients with CVD.
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