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Cardiac remodeling can cause ventricular dysfunction and progress to heart failure, a cardiovascular disease that
claims many lives globally. Ivabradine, a funny channel (Iy) inhibitor, is used in patients with chronic heart failure as

an adjunct to other heart failure medications.

heart failure left ventricular dysfunction myocardial fibrosis cardiac function

| 1. Introduction

Heart failure is the leading cause of death worldwide. It is the costliest disease and has become a socioeconomic
burden globally (2. Its prevalence is estimated to be approximately 1-2% in developed countries [, claiming nearly
nine million lives in 2019 . It causes repeated hospitalization [I; it commonly arises from complications of other

ailments, such as ischemic heart disease and uncontrolled hypertension &,

A high resting heart rate increases the risk of adverse outcomes (morbidity and mortality) in patients with heart
failure 8. Thus, besides the reduction in excessive neurohumoral activation in patients with heart failure, slowing
down the heart rate seems to be another therapeutic option &l This target is commonly achieved using B-
blockers. However, clinically, uptitration of the drugs to the optimal dosage is complicated due to side effects [£.
Ivabradine (Figure 1), marketed as Procoralan®, Ivabid®, or lvazine®, is a pure heart rate reducer . The drug was
originally approved for the treatment of angina pectoris; however, since 2005, it has been used as an adjunct
therapy in patients with stable symptomatic heart failure with reduced ejection fraction (HFrEF) with concomitant

high resting heart rate (>70 beats per min), which is an independent predictor for cardiovascular disease [,

O
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Figure 1. Molecular structure of ivabradine.
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Cardiac remodeling is a process that involves structural changes affecting the size and shape of the myocardium,
characterized by cardiac hypertrophy. Cellular and molecular changes can lead to cardiac dysfunction 19. Animal
studies demonstrated that ivabradine therapy reduced these changes, evidenced by a reduction in growth factors,
collagen, and matrix metalloproteinase (MMP) expression, the increase in which leads to myocardial fibrosis in
animal models of heart failure 212l |t also ameliorated myocardial inflammation, apoptosis, and oxidative stress
as well as improved myocardial biogenesis in the remodeled hearts L2845 5| factors potentially contributing

to the antiremodeling effects.

| 2. Clinical Outcomes of Ivabradine Therapy

Increased mortality due to cardiovascular events and frequent hospitalization are common in patients with heart
failure. In addition, the progression of heart failure reduces the quality of life of these patients. Many clinical trials,
such as the Systolic Heart Failure Treatment with the I¢ Inhibitor lvabradine Trial (SHIFT), Long-term Treatment with
Ivabradine in Ambulatory Patients with Chronic Heart Failure (RELIf-CHF), Study Assessing the Morbidity-Mortality
Benefits of the I Inhibitor Ivabradine in Patients with Coronary Artery Disease (SIGNIFY), and Morbidity-mortality
Evaluation of the I¢ Inhibitor lvabradine in Patients with Coronary Disease and Left Ventricular Dysfunction
(BEAUTIFUL), have been conducted to assess the outcomes. Heart failure patients taking ivabradine have a
reduced risk, frequency, and length of hospitalization due to worsening heart failure, other cardiovascular disease,

or other co-morbidities, compared with those who do not take ivabradine (Table 1) [8IL7I[18][19][20]

Table 1. Effects of ivabradine therapy on clinical outcomes in patients with heart failure.

Subjects Dose of Ivabradine  Type of Study Findings Reference
| risk of
hospitalization
Patients with HF (LVEF < . . L number of
40%, HR > 70 bpm) (n = 2.5-7.5 mg, b.i.d. Retrospective hospitalizations [16]
for >12 months cohort study
37) < length of

Moderate-to-severe HF
patients with HR > 70 bpm
(n =3241) (SHIFT study)

Started at 5 mg
b.i.d. and titrated to
7.5mgb.i.d. or 2.5

mg b.i.d.

Randomized,
double-blind,
placebo-controlled,
parallel-group,
multicenter clinical

hospitalization
< death rate

| event rates in

patients with 0 or 3+ [17]
comorbidities

| HF hospitalization

trial
| length of
Started at 5 mg hospitalization
Hemodynamically stable daily, followed by 10 Retrospective | rehospitalization [18]
acute HF patients (n = 63) mg daily for >90 cohort | high dose of -
days blockers
I NYHA class
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Subjects Dose of Ivabradine

Started at 5 mg
b.i.d. and titrated to
7.5mgb.i.d.or2.5
mg b.i.d. for 31-35

months

Moderate-to-severe HF
patients with HR > 77 bpm
(n =208) (SHIFT study)

5 mg b.i.d. and
titrated to 7.5 mg or
2.5 mg b.i.d. for 12

months

Patients with chronic HF
(n =767) (RELIf-CHF
study)

5 mg b.i.d. titrated
to 7.5 mg b.i.d. for a
median follow-up of

22.5 months

Moderate-to-severe HF
patients with HR < 75 (n =
1188) and >75 bpm (n =
2052) (SHIFT study)

Started at 5 mg
b.i.d. and titrated to
7.5mg b.i.d. or 2.5

Hospitalized HF patients
in the SHIFT study (n =

514) mg b.i.d. for 3
months
Acute HF patients with 2.5 mg/d b.i.d.

titrated to 5 mg/d
b.i.d. for 2 weeks

inflammatory rheumatic
disease (n =12)

Started at 5 mg
b.i.d. and titrated to
7.5mgb.i.d. or 2.5

Moderate-to-severe HF
patients with HR > 70 bpm
plus angina pectoris (n =

Type of Study

Randomized,
double-blind,
placebo-controlled,
parallel-group,
multicenter clinical
trial

Observational
follow-up study

Randomized,
double-blind,
placebo-controlled,
parallel-group,
multicenter clinical
trial

Randomized,
double-blind,
placebo-controlled,
parallel-group,
multicenter clinical
trial

Retrospective
observational study

Randomized,
double-blind,
placebo-controlled,

Findings

I NYHA class
1 Global self-
assessment
improvement
1 Global assessment
improvement
(physician
perspective)
1 Health-related
quality of life
| all-cause
cardiovascular death
| all-cause
hospitalization
| all-cause mortality

I NYHA class
| decompensation
\ HF hospitalizations
1 general health
1 QoL

In HR > 75 bpm
group:

| cardiovascular
death

| death from HF

| hospitalization

In HR < 75 bpm
group:

- cardiovascular
death

< death from HF

< hospitalization

| all-cause

hospitalization at 1, 2,

and 3 months

< hospitalization due

to cardiovascular
causes at all time-
points
- death rate

1 NYHA class

SHIFT study:

< Composite primary

end point

Reference
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Subjects

1085) (SHIFT and

SIGNIFY studies)

Moderate-to-severe HF
patients (HR > 70 bpm)

with prior

mineralocorticoid receptor
antagonist (MRA) (n =

1981) (SHIFT study)

Moderate-to-severe HF
patients (HR > 70 bpm)

with diabetes (n = 973)
(SHIFT study)

Patients with HFpEF (n =
84) (EDIFY study)

Acute decompensated
HFrEF patients (n = 292)

Patients with systolic
chronic HF (n = 98)

b.i.d. and titrated to

Dose of Ilvabradine
mg b.i.d. for 31-35

parallel-group,
months

trial

Randomized,

Started at 5 mg double-blind

b.i.d. and titrated to
7.5mg b.i.d. or 2.5

mg b.i.d. for 31-35 parallel-group,

multicenter clinical

months .
trial
Started at 5 mg Sgﬂggﬂﬁﬁg'
b.i.d. and titrated to !

placebo-controlled,
parallel-group,
multicenter clinical
trial

7.5mgb.i.d.or2.5
mg b.i.d. for 31-35
months

Started at 5 mg
b.i.d. and titrated to
7.5mg b.i.d. or 2.5

mg b.i.d. for 8

months

Randomized,
double-blind,
placebo-controlled,
multicenter clinical
trial

Not given. Follow-
up for 1 year after

Retrospective study
discharge

Started at 5 mg Open-label, blinded,

parallel-group,

Type of Study

multicenter clinical

placebo-controlled,

Findings
« Cardiovascular
death
~ First
hospitalization due to
worsening HF
SIGNIFY study:
~ Composite primary
end point
< Cardiovascular
death
< non-fatal Ml

Reference

Compared to the
MRA group at
baseline:

- Composite primary
end point
~ Cardiovascular
death
< HF death

[25]

< Outcomes of
different treatments
(ivabradine vs.
placebo; insulin vs.
non-insulin)
In diabetic and non-
diabetic patients:
| hospitalization for [26]
worsening HF
| cardiovascular
hospitalization
In non-diabetic
patients:
| all-cause
hospitalization

- BMWT [27]

| cardiovascular

death
| all-cause mortality (28]
| rehospitalization
I NYHA class
I NYHA class [29]
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Subjects Dose of Ivabradine Type of Study Findings Reference
7.5mgb.i.d.or2.5 interventional,
mg b.i.d. for 6 prospective-cohort
months study
Moderate-to-severe HF Started at 5 mg Randomlz_ed, < primary end point
. . . double-blind, .
patients (HR > 70 bpm) b.i.d. and titrated to lacebo-controlled - cardiovascular
with left bundle branch 7.5mgb.i.d. or 2.5 P arallel-arou ' death (301
block (n = 467) (SHIFT mg b.i.d. for 31-35 parafiel-group, ~ HF hospitalization
multicenter clinical
study) months tial < all-cause death
I HR
1 physical functioning
Patients with chronic HF 5mg b.i.d. for a Multicentric ! ]E:Jhnycstligilir:me [31]
(n =110) (APULIA study) month observational study . 9
1 emotional role
functioning
t mental health scale
I NYHA class
. . 5 mg b.i.d. for 3 1 general health
car dioiatfnatfhvwz: - 33) months and 7.5 mg  Observational study 1 social activity 32
yopathy (h = b.i.d. for 3 months 1 physical health
1 emotional health
Hospitalized patients with Started 6.“ > mg Observational,
acute decompensated b-i.d. and fitrated to open-label
) p. 7.5mgb.i.d. or2.5 p . ' I NYHA class 1331
systolic heart failure (n = . . longitudinal, and
10) mg b.i.d. unt retrospective stud
discharged P y
5 mg b.i.d. and .
Patients with HF (n = 10) titrated to 7.5 mg Randormzed, + NYHA class [34)
. double-blind study 1 QoL
b.i.d. for 6 months . .
including
5 mg b.i.d. and he rate of
Patients with chronic HF titrated to 7.5 mgor ~ Observational and t NYHA class [183[22][24][25][30][37]
(n=1873) 2.5 mg b.i.d. for 4 longitudinal study | decompensation '
months art failure
[19][21][28] 'r minute;
0.02 mg/kg b.i.d. .
(6—12 months old) Randomized, [21] 2d resting
. e 18 S
Children with dilated or 0.05 mg/kg b.i.d. double-blind, . PedQ[L_] - juction in
cardiomyopathy (n = 74) (1-18 years old) or placebo-controlled, o NYHA class )
yopathy (n = 2.5 mg b.i.d. (>40 phase II/1lI clinical  disease,
kg bw) and titrated trid18][19][20][23][28][29][32][33][34][36] his would

for 12 months.

In terms of quality of life, ivabradine therapy improved global assessment, either by patient self-assessment or
assessment by their physician (Table 1) 22l This translated to increased health-related quality of life evidenced by

a reduction in heart-failure-associated symptoms and improvements in physical, social, and emotional functioning,
b.i.d., twice daily; bw, body welght; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HFrI]ZQ_1
well-bem_?, vitality, and general health. Furthermore, these improvements led to increased mental health scores 22
E?EH [af_?ll ure with reduced ejection fraction; HR, heart rate; LVEF, left ventricular ejection fraction; MRA,
. A clinical trial was conducted on children (aged 6 months to 18 years old) with dilated cardiomyopathy. It
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wirse relooaetit ditht reedpsatinantagooistd MéHRaltevof YidekinHiete Adsitarien 028! . e dim nsedjaivabradaliey thefrdiiy
impotloey; @alt-tgilalier addideiadt/ Eyntooimsyabsndfitestn a bettelftpralityenfiljfeethroeatjentischedseath limited success
in reducing mortality in these patients.

| 3. Effects on Cardiac Function

As previously mentioned, one of the primary targets in patients with chronic heart failure is a reduction in excessive
neurohumoral activation, particularly in terms of the attenuation of the sympathetic system and renin—angiotensin—
aldosterone system activation. The use of 3-blockers not only decreases the heart rate but also decreases cardiac
contractility and blood pressure in these patients. In addition, high doses of (-blockers result in reduced patient
tolerance for the drug’s side effects, which include fatigue and hypotension . lvabradine is used as a second-line
treatment in addition to B-blockers and other drugs used for heart failure treatment 239, The heart-rate-lowering
property of ivabradine at doses of 5-7.5 mg twice daily has been observed in many clinical studies in both acute
and chronic heart failure patients (Table 2) [18128]140141]  However, the effect was not apparent in heart failure
patients with a resting heart rate lower than 75 beats per minute 2, suggesting that it has the potential to not
cause bradycardia.

Table 2. Effects of ivabradine on cardiac function in human studies.

Subjects Dose of Ivabradine Type of Study Findings Reference
Infusion at 0.1 mg/kg Single-center open- At 4 h:
Hospitalized patients with for 90 min, followed by Iabe? hase Il cIiFr)ﬂcaI L HR, 1 SV [40]
severe CHF (n = 10) 0.05-0.075 mg/kg for P trial 1 LV systolic
90 min work
. Started at 5 mg daily,
Hemodynamically stable : : I HR, 1 LVEF 18]
acute HF patients (n = 63) followed by 10 mg daily Retrospective cohort ~ SBP,  DBP
for > 90 days
Patients with chronic HF 5 Mg b.i.d. and titrated Observational and [35]
(n=1873) to7.5mg or 2.5 mg longitudinal stud 1 LVER
B b.i.d. for 4 months 9 y
Acute decompensated Not given. Follow-up for L HR
: - i o o 28]
HFrEF patients (n = 292) 1 year after discharge RIS SBP,
LVEF
A Randomized, double- InHR = 75. bpm
Moderate-to-severe HF 5 mg b.i.d. titrated to blind. placebo- group:
patients with HR < 75 (n = 7.5 mg b.i.d. for a controllle?j arallel- I HR [21]
1188) and >75 bpm (n = median follow-up of rou ml’JIficenter In HR < 75 bpm
2052) (SHIFT study) 22.5 months groub. ! . group:
clinical trial
- HR
Moderate-to-severe HF Started at 5 mg b.i.d. Randomized, double- | office HR [42]
patients with HR > 70 bpm and titrated to 7.5 mg blind, placebo- | 24-HR
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Subjects
(n =298) (SHIFT study)

Patients with chronic HF
(n=30)

Acute HF patients with
inflammatory rheumatic
disease (n =12)

Moderate-to-severe HF
patients with HR > 77 bpm
(n = 208) (SHIFT study)

Patients with HFpEF (n =
84) (EDIFY study)

Male patients with chronic
HF (n = 22)

Patients with systolic
chronic HF (n = 98)

Patients with systolic HF
(n=43)

Dose of Ivabradine
b.i.d. or 2.5 mg b.i.d. for
8 months

5 mg b.i.d. for 4 months

2.5 mg/d b.i.d. titrated
to 5 mg/d b.i.d. for 2
weeks

Started at 5 mg b.i.d.
and titrated to 7.5 mg
b.i.d. or 2.5 mg b.i.d. for
31-35 months

Started at 5 mg b.i.d.
and titrated to 7.5 mg
b.i.d. or 2.5 mg b.i.d. for
8 months

5 mg b.i.d. and titrated
to 7.5 mg for 6 months

Started at 5 mg b.i.d.
and titrated to 7.5 mg
b.i.d. or 2.5 mg b.i.d. for
6 months

Started at 5 mg b.i.d.
and titrated to 7.5 mg
b.i.d. or 2.5 mg b.i.d. for
3 months

Type of Study
controlled, parallel-
group, multicenter

clinical trial

Cross-sectional

Retrospective
observational study

Randomized, double-
blind, placebo-
controlled, parallel-
group, multicenter
clinical trial

Randomized, double-
blind, placebo-
controlled, multicenter
clinical trial

Longitudinal study

Open-label, blinded,
parallel-group,
interventional,

prospective-cohort
study

Longitudinal study

Findings Reference
| HR awake

| HR asleep

| LVEDV, |
LVESV
t LVEF, 1 SV, 1 [41]
Ees
| VAC

I HR [23]
1 LVEF

| LVESVI, |
LVESV,

| LVEDVI, | [19]
LVEDV,
t LVEF

I HR
- Ele', « E, «
Ea, - Ees, <
Ea/Ees
~ Total mitral
flow duration
- Mitral flow
integral time 27]
velocity
- Lateral €', <
Septal €'

- Mean of
lateral and
septal e’

- LVEDV, ~
SV, < LAVI

L HR
- SBP, [43]

DBP, < LVEF

| HR [44]

- SBP, DBP
< LVEDV,
LVESV, LVEF,
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Subjects Dose of Ivabradine

Type of Study Reference

Findings
- E/A, | EIE
| LAVmax, |

LA Vp

- LAVmin
< LA passive

emptying
volume and

fraction

| LA active

emptying
volume and

fraction

| PA lateral,
septum, and

tricuspid

| PA lateral-PA
tricuspid
- PA lateral—

PA septum
1 PA septum—
PA tricuspid
| interatrial
conduction

delay

- left intra-

atrial
conduction
delay
| right intra-
atrial
conduction
delay

I HR, <
LVESP, t SV
- Pulse
pressure, <

Moderate-to-severe HF
patients (HR > 70 bpm) (n
= 143) (SHIFT study)

Patients with
cardiomyopathy (n = 33)

Started at 5 mg b.i.d.
and titrated to 7.5 mg
b.i.d. or 2.5 mg b.i.d. for
8 months

5 mg b.i.d. for 3 months
and 7.5 mg b.i.d. for 3
months

Randomized, double-
blind, placebo-
controlled, parallel-
group, multicenter
clinical trial

Observational study

MAP
1 Total arterial
compliance
| Ea, < TPR,
-~ CO, < Ees
t LVEF, <
LVESV
- LVEDV, ~
Ea/Ees

I HR, t LVEF
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Subjects

Hospitalized patients with
acute decompensated
systolic heart failure (n =
10)

Moderate-to-severe HF

patients (HR > 70 bpm)

with left bundle branch

block (n =208) (SHIFT
study)

Patients with HF (n = 10)

Patients with chronic HF
(n=1873)

Patients with chronic HF
(n =767) (RELIf-CHF
study)

Patients with stable
symptomatic chronic HF
(n=52)

Children with dilated
cardiomyopathy (n = 74)

Dose of Ivabradine

Started at 5 mg b.i.d.

and titrated to 7.5 mg

b.i.d. or 2.5 mg b.i.d.
until discharged

Started at 5 mg b.i.d.
and titrated to 7.5 mg
b.i.d. or 2.5 mg b.i.d. for
8 months

5 mg b.i.d. and titrated
to 7.5 mg b.i.d. for 6
months

5 mg b.i.d. and titrated
to 7.5 mg or 2.5 mg
b.i.d. for 4 months

5 mg b.i.d. and titrated
to 7.5 mg or 2.5 mg
b.i.d. for 12 months

5 mg b.i.d. and titrated
to 7.5 mg 2.5 mg b.i.d.
for 12 months

0.02 mg/kg b.i.d. (6-12
months old) or 0.05
mg/kg b.i.d. (1-18

Type of Study Findings Reference
Observatloqal, Qpen- L HR, | SBP
label, longitudinal, DBP [33]
and retrospective !
MBP
study
Randomized, double- L LVESVI, |
blind, placebo- LVEDVI
controlled, parallel- I LVESV, | [46]
group, multicenter LVEDV
clinical trial t LVEF
Randomized, double-
blind, t VO3 34
double-dummy study
Obsgrva'tlonal and + LVEE [35]
longitudinal study
Observational follow- L HR, 1 LVEF [20]
up study
| LVEDV, |
LVESV,
t LVEF, | DT
- TAPSE, <
PASP,
- RV FAC, ~
E peak,
- Apeak,
< myocardial
performance
index
Observational follow- 1 systolic [47]
up study velocity
1 Early diastolic
velocity
| Late diastolic
locity
BETELTREI2 P stlity 1 in
RV IVA rads to a
t RV GLS, 1t RV .
(19][46] LS w velocity
[44] 1t RVLSRS, 1 tion, such
RV LSRE /t fl
1 RV LSRA 0 early
[27]144] owing the
i ; (36]
Rand_omlzed, double | HR, t LVEF fested by
blind, placebo-
lecreased

end-systolic volume (LVESYV) [18I19]23][35][40][41][46] However, several studies demonstrated unaltered Ees 27145

and LEVF [281143144] fo|lowing ivabradine therapy.
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Subjects Dose of Ivabradine Type of Study Findings  Reference: |5cking.
[47] years old) or 2.5 mg controlled, phase Il/IlI

b.i.d. (>40 kg bw) and clinical trial rovement

titrated for 12 months. involving

only two centers. The improvement in the right ventricular function could arise from the improvement of the left
bardrictidacp edfuiiynanoe, vaiy hvde glga e sl hecaglaestineidigartafi@iioad. CO, cardiac output; DBP, diastolic blood
pressure; DT, deceleration time; E, early diastolic mitral inflow velocity; E’, early diastolic mitral annular velocity; Ea,
halrandigsiancstanctiearis-tosed delatefctormilongrihvaliédd Gandersiondimeoiidalbaile tinstemrsi Aatkar i
otfakis) frilationeimpatienauniiifess failbrediaGrienesstids inesieaierhe efiectyabivakragiancen pxel
freamnicabieactipandae delsy idptarasirjimachsaohytigina-Mral rendumintevasrRignibisantiyteeduord mybatiants
witeRisioba kRAMERILEENIRS ceantsion; ek aging Ty Gestrmesr dbe dimiMBENGdraitialRiaekaechanical
ftnoenLinvhese: RatiaNtRolindicatribly  declergeedlnl ajfial Adtige AMiBlydna vakinerandrdtectipsing faerenres
dgrEoMAGRISRIaPStRETaYavEdadhe deginmindg of drdaty sigrtabmyraranal tigaperigd.and |afe@inmitiel aymbys
Rt vistvanrtri@aardricisndd vomies @é‘kﬁhﬁ#@ PhseRvaHeNs ctusie Ftdbabivabiacire eayverrrchricladssieste
presaypeandjat iriabResériimanas. entibs jReoROteslighdd reguse therrigkrficlexelentnsatdndhisianie RadeRtsVAb
heath faiterril Prveves; MeeantaieRcRRREiSstat nsludednisrednicaintigésonéatred pthehvedardigssaphrite gam
b eslioasess hegprideancgingatriakibnaimhirpalitiissyiviRy preliRIfrURNS RERCTEA tICRICYBIING, BRSc
BR{yAtIMFegéiied fi W,aﬁﬂf(bl%gl vblanrthetass moiecGipiaabatidias shasldkpadeneieiadicn;copfrm ihase dngirgal
feRiceiely MR ingigrRIFRRGNR daltsLaarsySaidaiaeingrmayasiaimefbNentiat e ket dRRNE h 2
lefiatijahivieetiandndadingoipars: VO., peak oxygen consumption; Vp, volume before P wave; -, no difference; ¢,

reduced; 1, increased.
The cardioprotective effects of ivabradine were also demonstrated in animal studies. Ivabradine administered at 10

mg/kg/day in drinking water for 2—12 weeks produced improvements in cardiac function in various animal models

of cardiac remodeling (Table 3).

Table 3. Effects of ivabradine on cardiac function in animal studies.

Dose and Duration of

Models lvabradine Findings Reference
I HR
Surface ECG recordings and 1 QRS duration
transesophageal . . < QR duration [50]
electrophysiological study in female Single dose of 10 mg/kg (i.p.) 1 QT1 intervals
C57BL/10 mice 1 QT2-P intervals
1 S2Q2 intervals
Chronic-hypertension-induced 1 mg/kg/d infusion for 28 days I HR, 1 SV, 1t LVEDP 511
cardiac hypertrophy in pigs 1 LV twist, < LV twisting

rate
1 LV untwisting rate
1 LV untwisting velocity at
MVO
< LV apical rotation
1 LV basal rotation
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Models

Experimental chronic-
hypertension-induced cardiac
remodeling in pigs

Experimental hypertension-
induced cardiac remodeling in SHR

Isoproterenol-induced heart failure
in rats

Isoproterenol-induced heart failure
in rats

Diastolic-dysfunction-induced heart
failure in diabetic mice

Diabetic cardiomyopathy in mice

Myocardial I/R-induced cardiac
remodeling in rats

Experimental HFpEF in mice

Experimental HFrEF in mice

Post-MI-induced heart failure in rats

Dose and Duration of Findinas Reference
Ivabradine 9
1 untwist during

isovolumic relaxation time

I HR, - CO
< dp/dtmax, < LV

pressure
1 LV end-diastole internal

diameter [52]
1 LV end-systole internal

diameter

1 LV relaxation filling
1 LV early filling

1 LV peak early filling rate

1 mg/kg (i.v. bolus, single)

10 mg/kg/d in drinking water | HR, < SBP, 1 LVEF (53]
for 6 weeks t LVFS, | E/A, | E/Em

10 mg/kg/d (p.o.) for 6 weeks L HR =

10 mg/kg/d (p.o.) for 14 days I HR (58]

20 mg/kg/d in drinking water I HR, 1 E/A, | EDT [56]
for 4 weeks 1 —dp/dtmin, ! Tau, | IVRT

20 mg/kg/d (p.o.) for 12 L HR, 1 LVEF [13]

weeks
I HR, 1 LVFS [57]

10 mg/kg/d (p.o.) for 28 days + LVEF. 1 delta LVEF

High dose:
I HR, | LVEDP, - LVEF
10 mg/kg/d (low) and 20 L LV —dp/dtmax,
mg/kg/d (high) (p.o.) for 4 < LV +dp/dtmax, 58]
weeks | EDT, < LVFS, | IVRT
Low dose:
I HR

High dose:
I HR, | LVEDP, | IVRT

Omgkgand 20 MGGy i, =
| EDT, t LVEF, 1t LVFS
Low dose:
L HR
10 mg/kg/min (via osmotic I HR, 1 CO, t SV, < =
pump) for 2 weeks LVEF
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Models

Myocardial I/R-induced cardiac
remodeling in pigs

Hypertension-induced heart failure
in rats

MlI-induced cardiac remodeling in
rats

Experimental hypertension-
induced cardiac remodeling in rats

Severe post-MI chronic HF in rats

Abdominal-aorta-
constriction-induced chronic heart
failure in rats

Open chest with LV post-
ischemia dysfunction in pigs

Chronic ischemic heart failure in
diabetic rats

LAD coronary-artery-
ligated-induced cardiac remodeling
in rats

LAD coronary-artery-
ligated-induced cardiac remodeling
in rats

Dose and Duration of
Ivabradine

0.3 mg/kg (i.v.)

10 mg/kg/d in drinking water
for 10 weeks

10 mg/kg/d in drinking water
for 8 weeks

10 mg/kg/d in drinking water
for 4 weeks

10 mg/kg/d in drinking water
for 3 months

10 mg/kg/d (p.o.) for 12
weeks

Bolus infusion of 0.5 mg/kg

10 mg/kg/d (i.p.) for 7 weeks

10 mg/kg/d in drinking water
for 90 days

6-8 mg/kg/d (i.p.) for 4 weeks

Findings

~ LV +dp/dt
- LV —dp/dt
- LVEDP

L HR, 1 SV, 1 CO, t CVP
- MAP
~ systemic arterial
pressure
< pulmonary arterial
pressure

I HR, o SBP, | E/A, |
E/E'
1 LVFS, t LVEF

| HR, 1 LVEF, ! LVEDP
+ LVDP, 1 LV +dp/dt
1 LV —dp/dt
| LV diastolic wall stress

I HR, | SBP, 1 LVEF
1 LVFS

I HR, t LVEF,  LVEDP
\ LVEDV, | LVESV
1SV, - CO

| LVEDP, 1 LV +dp/dt
| LV -dp/dt

I HR, 1 SV, « CO
1 diastolic filling time
- MAP, cardiac efficiency

L HR, t LVES, | LVEDP

I HR, t LVEF, < LVEDV
< LVESV

I HR, 1 SV, < LVEDV
- LVESV, | LVEDV/LV
mass
t LVEF, | LVEDP
1 LV coronary reserve
< coronary conductance

Reference

[14]
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Models
LAD coronary-artery-

ligated-induced cardiac
remodeling in rats

Doxorubicin-induced LV
dysfunction in rats

Pulmonary-arterial-

hypertension-induced heart failure

in rats

Hypertension-induced cardiac

remodeling in SHR

Transverse-aortic-

constriction-induced cardiac

hypertrophy in mice

Myocardial I/R-induced cardiac

remodeling in pigs

Pulmonary-hypertension-
induced cardiac remodeling in rats

RV pressure-loaded-induced
cardiac remodeling in rats

Dose and Duration of
Ivabradine

10 mg/kg/d (i.g.) for 7 days

10 mg/kg (i.p.), alternate days
for 2 weeks

10 mg/kg/d (p.o.) for 3 weeks

1 mg/kg/d (i.p.) for 14 days

10, 20, 40, and 80 mg/kg/d
(i.g.) for 4 weeks

0.3 mg/kg for 7 days

10 mg/kg/d (p.o.) for 3 weeks

10 mg/kg/d (p.o.) for 3 weeks

Findings

t LVSP, | LVEDP

l HR, = MAP, T +dp/dtmax

t Tau, t SDNN, | LF
< HF, | LF/HF, 1 RMSSD
1 Total power

- HR,1RVS, 1 LVFE
| RV fractional area
I RVIVCT, | LV IVCT
| Time to mitral valve
opening
| Time to RV peak radial
motion
| Time to maximum LVSB
| Time to maximum
TAPSE
| Time to tricuspid valve
opening
L RV Tau (1)

{HR, | SBP, | DBP, |
MAP

All doses:
I HR, | LV Vols, t LVEF
1 LVFS
10 and 20 mg/kg/d:
I LV Vold

1 LVEF

I HR, | RV longitudinal
TRV S, | RV S:D ratio
I RV TDI-MPI, ¢ TDI IVRT
I RDIIVRT/R-R, 1t SV, 1
CO
1 RV +dp/dt, | RV —dp/dt
I RV Tau

I HR, 1 FAC, 1 TAPSE
I RV MPI, | RV S:D ratio
I RV longitudinal
{ RV TDI-MPI, ¢ TDI IVRT
I RDIIVRT/R-R, 1t SV, 1
CO
L RV EDP, t RV +dprait

left ventricular pressure, and LVESV In these animal models L112][131[511[53][57][59][601[62][67]

Reference

[67]

3 (LVFS),
)/dtax) Of
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Models Dosel?’r;g rgg:zgon of Findings Reference-/2" filling

[75] [52)[64] rasing left
I RV —dp/dt, | RV Ees [

(61] I RV Tau Infarction-

rolumetric

I HR, 1 FAC, 1 TAPSE
| RV MPI, | RV TDI-MBHIELI52]56](58][61][63][65](66]

L TDIIVCT, | TDI IVRT

[67] .
SU5f116+HypOX|.a |n_duced 10 mg/kg/d (p.o.) for 3 weeks I RDIIVRT/R-R, 1 SV, 1 2]
cardiac remodeling in rats co
I RVEDP, | RV Ees, | Jlmonary-
RV EDPVR, | RV Tau .
improved
. : . I HR, L EDT, t Eq, | E/E4 (tTAPSE)
Hyperthyroid cardiomyopathy in 10 mg/kg/d (p.o.) for 28 days ! Scires ¢ SRcirc, | Siong (23] .
rats id cardiac
e 1 SRiong, T Srad, T SRrad o
(691[72] A max 2 rats 72,
Cardlogen|c-sho<_:k-|rjdu<_:ed cardiac 0.3 mg/kg (i.v. bolus) L HR, 1 SV, 1 LVEF [z4) rentricular
remodeling in pigs
(2] . o inhibitor)

plus hypoxia-induced cardiac remodeling and right-ventricular-pressure-overload-induced cardiac remodeling 2!,
A AR BLS01 S e VaBens 0, "EREAC SR EUM) [2hien BRBI TR B A5 1906
DL &MU I8 ecrr SOHBERSS FESSate IRWEANG FAIBCE WLD 5P 1gH S Ra R P S80S M tt ey, maximal

rate of fall of left ventricular pressure; E, early diastolic mitral inflow velocity; E', early. diastolic mitral annular
Altered calcium uptake nto the sarcoplasmic reticulum hinders  contractile erformance

velocity; Ea, peak early diastolic mitral annular_velocity; E/A, early-to-late diastolic mitral inflow velocity; ECG,
Sarcoplasmic/endoplasmic reticulum calcium ATPase 2a (SERCAZ2&) and phosphorylated phospholamban”are two

electrocardiogram; EDP, end-diastolic pressure; EDPVR, end-diasto%[p_g]essure—volume relation; EDT, E peak
proteins that Tegulate calcium uptake into the sarcoplasmic reticulum . Improved systolic work by ivabradine
deceleration time; Ees, left ventricular end-systolic elastance; Em, the maximal velocity of early diastolic wall
may partially be attributed to its influence on myocardial calcium regulation. The drug decreased the expression of
movement wave at the level of mitral annulus; FAC, fractional area change; HF, power in, high-frequency range;
SERCA2a and phosphorylated phospholamban in rats that were exposed to monocrotaline-induced pulmonary
HFpEF, heart failure with preserved ejection fr[%tlon; HFrEF, heart failure with reduced ejection fraction; HR, heart
hypertension to induce cardiac remodeling 4. The transporting function of SERCA was increased following
rate; |c§3 intraperitoneum; I/R, ischemia/reperfusion; i.v., intravenous; IVCT, isovolumic contraction time; IVRT,
ivabradine treatment without affecting the function of sodium—calcium exchanger (NCX) and sarcoplasmic

isovolumetric relaxation time; LF, power in low-frequency range; LV, left ventricle; LAD, left anterior deﬁndin :
reticulum calcium storage. The net effect was an increase in” calcium transient amplitude in the heart &, NC

LVEDP, left ventricular end—digstoliccprgssure; LVEDV, left ventricuLa,r end-diastolic volume; LVEF, qut \_(entricular
mediates the exchange of Na* and Ca®* when the extracellular Na™ is high due to the activity of Na*/K*-ATPase,

ejection fraction; LVESV, left ventricular end-systolic volume; LVFS, left %tricular fractional shortening; LVSB
which transports Na* out of cells in favor of ‘transporting K* into cells . Calcium is also required” for ATP
early diastolic left ventricular septal bowing; LVSP, left ventricular systolic pressure; MAP, mean arterial pressure;
generation in the mitochondria. Increased’ mitochondrial calcium uptake enhances ATP production, leading to

ocardial performance index; MVO, mitral valve opening; p.o., per oral; [ MS]%_E)V

MI, myocardial infarction; MPI, my ! / )

improvements in energy metabolism and supply to contractife proteins during systolic and diastolic actions
square root of the mean squared differences of successive normal-to-normal intervals; RV, right ventricle; R-R,
However, studies investigating the role of ivabradine in mitochondrial calcium uptake and release are lacking.
electrocardiogram R wave to R wave interval; S', systolic tissue wave velocity; Scirc, circumferential strain; SBP,

Bylolic dHoask PresarSa TRaimgS G BLF SBE AL FHANE that orePRGRAT 08 RTE Iy 5 Bansn ' YYHMANRES YRR (ARt
Vet FaihcaBiem DeIRLPLRIRILRISVRER AN HRCAIRIESSHhReR R JRUCT RS UL QY paiaRials
JHFHIRAISRO NS RRERIS SPYIAIAaRe A n RERRLERIRP OA LI HE MBI o¥Ris SROMHBP ST Y RS SHYEI 2%
VRS atBdMIRSINE HAGSRCLSPHRY dRYy SHR LM Pyt SPSUSRIS) AR RIFE YIS fRE it dRY,
URAYQEIRIRES o A e d L. 5iAUER PORRISH I HRRR il dm VR d LRSI o o in YR AN YRR Kirval8
HW&@?@&M@S’P&W&H’iénﬁ'r\%%a'in Ca?* signal transduction B1l, |ts effects on mitochondrial voltage-dependent
anion channel 1, calcium uniporter, and calcium uptake proteins—mitochondrial calcium regulatory proteins [EJ—

should also be studied.
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