N

N

Chronic heart rate reduction with ivabradine improves
systolic function of the reperfused heart through a dual
mechanism involving a direct mechanical effect and a
long-term increase in FKBP12/12.6 expression.
Nicolas Couvreur, Renaud Tissier, Sandrine Pons, Valérie Chetboul, Vassiliky
Gouni, Patrick Bruneval, Chantal Mandet, Jean-Louis Pouchelon, Alain
Berdeaux, Bijan Ghaleh

» To cite this version:

Nicolas Couvreur, Renaud Tissier, Sandrine Pons, Valérie Chetboul, Vassiliky Gouni, et al.. Chronic
heart rate reduction with ivabradine improves systolic function of the reperfused heart through a dual
mechanism involving a direct mechanical effect and a long-term increase in FKBP12/12.6 expression..
European Heart Journal, 2010, 31 (12), pp.1529-37. 10.1093/eurheartj/ehp554 . inserm-00500900

HAL Id: inserm-00500900
https://inserm.hal.science/inserm-00500900
Submitted on 22 Dec 2010

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inserm.hal.science/inserm-00500900
https://hal.archives-ouvertes.fr

Chronic heart ratereduction with ivabradine improves systolic function of
thereperfused heart through a dual mechanism involving a direct

mechanical effect and along-term increasein FKBP12/12.6 expression.

by

Nicolas Couvreur, PhD: %2 Renaud Tissier, DVM PhD3;? 2 Sandrine Pons, PhD %
Valérie Chetboul, DVM PhD" * Vassiliky Gouni, DVM,*;
Patrick Bruneval, MD PhD’; Chantal Mandet, BsC; Jean-Louis Pouchelon, DVNt 2

Alain Berdeaux, MD PhD, > *4 Bijan Ghaleh, PhD\ %>

1- INSERM U955 Equipe 03, Créteil, F-94010, France
2- Université Paris 12, Faculté de Médecine, Ctdte94010, France
3- Ecole Nationale Vétérinaire d’'Alfort, Maisons{adt, F-94700, France

4- Fédération de Cardiologie, Groupe hospitalidvse® Chenevier — Henri Mondor, Créteil,

F-94010, France

5-INSERM U 970, Paris, F-75005, France

Running title: lvabradine and post-infarction dysfunction

Author for correspondence

Pr A. BERDEAUX

INSERM U955 Equipe 03
Faculté de Médecine de Créteill
8, rue du Général Sarrail
94010 CRETEIL Cedex

France
Tel: 33149813651
Fax: 3314898 36 61
e-mail: alain.berdeaux@inserm.fr



ABSTRACT

Aims: To investigate the adaptations of left ventricuianction and calcium handling to
chronic heart rate reduction with ivabradine in tperfused heart.

Methods and Results: Rabbits underwent 20-min coronary artery occlusiollowed by 3
weeks of reperfusion. Throughout reperfusion, rnsbldceived ivabradine (10 mg/kg/day) or
vehicle (Control). Ivabradine reduced heart rateabgut 20% and improved both ejection
fraction (+35%) and systolic displacement (+26% g8 weeks of treatment. Interestingly,
this was associated with a 2-fold increase exprassif FKBP12/12.6. There was no
difference in the expressions of phospholamban, GER, calsequestrin, ryanodine,
phospho-ryanodine and Ri&C&" exchanger in the two groups. Infarct scar and wasc
density were similar in both groups. Administratiafi a single intravenous bolus of
ivabradine (1 mg/kg) in control rabbits at 3 weekseperfusion also significantly improved
acutely ejection fraction and systolic displacement

Conclusion: Chronic heart rate reduction protects the myaoandagainst ventricular
dysfunction induced by myocardial ischaemia followsy 3 weeks of reperfusion. Beyond
pure heart rate reduction, ivabradine improves a@l@nd regional systolic function of the
reperfused heart through a dual mechanism involaimtrect mechanical effect and a long-

term adaptation in calcium handling, as supportethb increase in FKBP12/12.6 expression.

KEYWORDS: Left ventricular dysfunction; infarction; calciunahdling; chronic heart rate

reduction; + channel; ivabradine.



INTRODUCTION

Inhibition of the cardiac pacemaker durrent by ivabradine induces pure heart rate
reduction, exerts anti-ischaemic properties andepts against myocardial stunning and
infarction’™. Several experimental studies have also demoesdtthat chronic treatment with
ivabradine improves global left ventricular (LV)niction and reduces cardiac collagen
accumulation in rats with congestive heart failimduced by permanent coronary artery
ligation ® 7+ ® ? One possible mechanism is a direct Frank-Starfimechanical effect
secondary to an increase in end-diastolic volumé Wweart rate reduction, as suggested by
previous results observed during myocardial stupfin® An improvement in both calcium
transient amplitude and SERCA function could alsglan the beneficial effects of
ivabradine on left ventricular dysfunction afterrmpanent coronary artery ligatiof'.
However, the mechanism for this improvement in ledhtricular function remains to be
determined. Indeed, there is a paucity of resutserning the effects of chronic pure heart
rate reduction on calcium handling and especial§BF12/12.6 expression. This is of
importance as FKBP12/12.6 modulates cardiac examitaontraction coupling through its
binding to the ryanodine receptor Ry®2'® and mediates coupled gating observed in RyR2
channel clusters®. This prevents calcium leak from the sarcoplasmeticulum, thereby
ultimately increasing contractility”” 3 Finally, it is important to emphasize that théseg-
term beneficial effects of ivabradine on post-iofem LV dysfunction have been investigated
only in models of permanent coronary ligatiare.,, in the absence of coronary artery
reperfusior® X Such models do not properly reflect the clinsifiation as to date, most of
patients with acute myocardial infarction undergorooary revascularization with
angioplasty, thrombolysis surgery or spontaneooanaizationj.e., they are exposed to LV
dysfunction and remodelling resulting from both asd of contractile tissue and altered

salvaged territory.



The aim of the present study was thus to investigatthe first time the effects of chronic
heart rate reduction in rabbits undergoing cororaatgry occlusion followed by 3 weeks of
reperfusion,i.e., a clinically relevant experimental model of podarction. We evaluated
global and regional LV systolic functions and remltidg in the post-infarction period in the
presence or absence of continuous administratioivaifradine. Changes in the proteins
involved in calcium handling, including the ryanodichannel (RyR2), SERCA2a, Waa&"*
exchanger (NCX1), calsequestrin as well as moduylgtooteins, such as FKBP12/12.6 and
phospholamban, were also investigated. Among th&¥&BP12/12.6 is of particular
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importance as its deficiency participates in heaiture > whereas its overexpression

increases calcium transient amplitude and cellteharg™® *©



METHODS

The animal instrumentation and the ensuing exparisnerere conducted in accordance
with French official regulations. All experimentsere performed in male New Zealand

rabbits (3.0-3.5 kg).

Protocol

As illustrated in figure 1, rabbits were randomlivided into Control and Ivabradine

groups receiving saline and ivabradine (10 mg/kgftiaing 21 days), respectively.

Rabbits were anesthetized using zolazepam andriiee (20-30 mg/kg each, 1IV) and
then intubated and mechanically ventilated. Anesthevas maintained by pentobarbital (20-
30 mg/kg iv). An external electrocardiogram wasorded. A left thoracotomy was performed
under sterile conditions and the pericardium wasned. A 3/0 polypropylene suture was
passed beneath a major branch of the left coroadagry. The ends of the ligature were
passed through a short segment of propylene tutginiprm a snare and coronary artery
occlusion (CAO) was induced by pulling the snaredigh the tubing for 20 min. Reperfusion
was subsequently induced by releasing the snaretten@hest was then closed in layers.
Osmotic pumps (Alzet 2ML4, Durect, Cupertino, CASA) were then subcutaneously
implanted in order to deliver either saline or ikedine. Antibiotic (spiramycin, 30 mg/kg/day
IM) and analgesics (flunixin meglumine, 1 mg/kg/1&h; buprenorphine, 0.02 mg/kg/12h
SC) were given for 5 and 2 consecutive days folhgwnsurgery, respectively. Rabbits were
submitted to regular echocardiographic evaluatiangaseline (1 week before surgery) as

well as at days 3, 7, 14 and 21 of reperfusion.

In order to distinguish between the effects of adwdart rate reduction as opposed to those

observed during chronic ivabradine administratialhrabbits in the control group received



ivabradine at day 21 as a single bolus (1 mg/kg BEfhocardiographic recordings were

performed before and 30 min after this acute adstration of ivabradine.

Echocardiography

During each echocardiographic evaluation, rabbésevsedated with diazepam (2-4 mg/kg
IP) and a standard transthoracic echocardiograpasy performed using an ultrasonographic
unit instrumented with a 6-12 MHz phased-array sdacer Vivid 7 (General Electric
Medical System, Waukesha, WI, USA). Ventricular sw@aments were obtained in the right
parasternal location (short-axis view) using a 2dgd M-mode. Systolic and diastolic LV
areas were evaluated and LV volume was estimatety ube Simpson approximation.
Ejection fraction was calculated and expressed @reentage. End-systole and end-diastole

were determined using ECG as the end of the T \wadehe onset of the QRS, respectively.

Using the same ultrasonographic unit, 2D colowugsDoppler imaging was performed in
radial motion with right parasternal ventriculaloghaxis views. Receiving gain of the grey
scale was set to optimize clarity of the endocérdrad epicardial boundaries of the left
ventricular free wall during each examination. Rw#ake colour Doppler images were
superimposed on the grey scale at frame ¥a®00 frames/s. Doppler receiving gain was
adjusted to maintain optimal colour of the myocandi The systolic displacement of the LV
free wall was calculated using tissue tracking imggi.e., by integration of the velocity
signal according to the time. It should be acknolgksl that our preliminary experiments
demonstrated that the signal-to-noise ratio ofrst@ad strain rate imaging was poor and it did

not allow accurate assessment of the regional iimcompared with tissue tracking.



Measurement of risk area and infarct size

The hearts were collected after 3 weeks of reperiusThe ascending aorta was
cannulated and perfused retrogradely with Alcyarel{l1%) after ligation of the previously
occluded artery. The left ventricle was cut intotds 8 slices which were weighed and
incubated with 1% triphenyltetrazolium chloride @TSigma, Poole, U.K.) in a pH 7.4
buffer at 37°C. Slices were fixed in 10% formaldedyand then photographed with a digital
camera mounted on a stereomicroscope. The areskatamd the infarcted zones were
guantified using a computerized planimetric progrlmage J-1.37, National Institute of
Health, Bethesda, ML, USA). The area at risk wanidied as the non-blue region and was
expressed as a percentage of the LV weight. Irddratea was identified as the TTC-negative

tissue and was expressed as a percentage of thatarsk.
Histology and immunohistochemistry

Slices from the middle part of the heart were fixedormalin and embedded in paraffin
for histology and immunohistochemistry. Histolodielnormalities were investigated using
hematoxylin-eosin-saffron (HES) as previously diésat’” '8 The size of infarct scar was
also assessed on scanned HES sections using &s¢anbvn, Chatillon, France) and Image
J program. Anti-CD31 monoclonal antibody (Dako, ppes, France) was used as an
endothelial cell marker in order to identify micmatlatory network. Capillary density was
evaluated in the border zone surrounding infarat s well as in the myocardium that did
not undergo the initial coronary artery occlusibmeach territory, 10 fields were analyzed at
X20 magnification: the number of CD-31 labeled dapy sections was counted in each field.
Sirius red staining was also performed and usegusmtify the interstitial fibrosis that was

guantified in the border zone surrounding infardrsand expressed as a percentage of the



field area (10 fields analyzed at X20 magnificajiotme interstitial fibrosis was measured

with image analysis using NIS Elements program @NikChampigny, France).
Western Blots

A second set of rabbitsge.,, 5 control and 4 ivabradine rabbits underwent 20-coronary
artery occlusion followed by 21 days of reperfusiororder to investigate calcium handling.
Finally, a third set of animals was investigated,, 4 SHAM-operated and 4 other control
rabbits. Myocardial samples were homogenized ircad buffer containing 50mM Tris-HCI
(pH 7.4 at 4°C), 150mM NaCl, 1mM EDTA, 5uL/mL prate inhibitor cocktail, 1 mM
sodium orthovanadate, 5 mdéddium fluoride and 1 mM sodium pfiaglycerol phosphate (all
from Sigma, L’'Isle d’Abeau Chesnes, France) andridaged (40,000g for 30 min at 4°C).
The protein concentration was determined using & B@tein Assay Kit (Pierce, Rockford,
IL, USA). Proteins were separated on SDS-polyaomda gels and transferred to PVDF
membrane (Millipore, Bedford, MA, USA). After bloitig with 5% nonfat dry milk in Tris-
buffered saline containing 0.1% Tween-20 (TBS-Tgmmbranes were incubated for 1h at
room temperature with primary antibodies againstliea ryanodine receptor (RyR2), FKBP
12/12.6 calsequestrin, SERCA 2a, phospholamban (all froriin#y Bioreagents, Golden,
CO, USA), phosphorylated cardiac ryanodine receffoRyR2) (Badrilla, Leeds, UK) or
Na?*/Ca* exchanger (NCX1) (1/1000, Abcam, Cambridge, UK)e Tnhembranes were then
washed three times with TBS-T for M0in and subsequently incubated for 1h with the
appropriate secondary antibody conjugated to hadssn peroxidase (Santa Cruz
Biotechnology, CA, USA). Bands were visualized withemiluminescence (ECL Western
Blotting Substrate, Pierce, IL, USA), scanned andngified in ablinded manner using gel
analysis software (Image J-1.37, National Institate Health, Bethesda, MD, USA).

Calsequestrin was used as standard for contradlgugl loading.



Satistical Analysis

All data were expressed as mean = SEM. Statisticalysis was performed using animals
that successfully underwent the whole protocol.rHeste and echocardiographic parameters
were compared at baseline using an unpaired Stadesit Data collected during reperfusion
(day 3 to day 21) were analysed using two-way ANOMA repeated measures (repeated
times nested in treatments) with treatment effiqcte effect and time*treatment interaction.
Individual comparisons were performed using an uedaStudent test. Values at day 21 in
the control group were also compared before aret #lfte 1V bolus of ivabradine using a
paired Studentt test. Western blot results were analysed using anrMNVhitney test.
Differences were considered significant #£0.05 and the tests were two-sided. Statistical

analyses were performed using Statview 5.0 (Ab&murgepts, Berkeley, CA, USA).
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RESULTS

Out of the 26 rabbits that underwent to the inisargery, 22 survived coronary artery
occlusion and the first hours of reperfusion. Amotb rabbits (4 Control and 1 Ivabradine)
died at days 2, 7, 14, 15 and 20 following surg@&here were therefore 9 and 8 rabbits in the

control and ivabradine groups, respectively.

Heart rate

Heart rate was similar between Control and Ivabmadit baseline but was significantly
decreased throughout reperfusion in Ivabradineoaspared to Control (-20%, -12%, -18%

and -20%, at days 3, 7, 14 and 21, respectivelghl@l).

In Control, bolus administration of ivabradine aly®1 also induced a significant decrease

in heart rate (-24+2%).

Left ventricular function

As shown in Table 1, the reperfusion period was@ated with a LV dilatation as shown
by the progressive increases in LV diastolic volane Control. Heart rate reduction with
ivabradine induced significant increases in LV tbhas volumes and also improved LV
systolic volumes. As a result (Figure 2), ejectfoaction was preserved in Ivabradine with
significantly greater values as compared to Corfegl, a 35% increase at day 21). Similarly,
regional function assessed by systolic displacemastincreased in ivabradine as compared

to Control €.g., by 26% at Day 21) (Figure 2).

As shown in Figure 3, single bolus administratidnvabradine in Control at day 21 also
induced a significant increase in ejection fracti®@6+7%) along with an improved systolic

displacement.
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Western Blots

There was no significant difference in calsequestNCX1, RyR2, P-RyR2, SERCA2a
and phospholamban between Ivabradine (n=4) andr@dnt=5) (Figure 4). Interestingly as
illustrated in Figure 5, FKBP12/12.6 was increabgd96% in lvabradine as compared to

Control.

In the third set of investigated animals, the consoa between SHAM (n=4) and Control
(n=4) revealed significant decreases in RyR2 (1L1+@ 0.4+0.1, respectively) and
SERCA2a (0.8+0.%s 0.5£0.1) and increase in NCX1 (1.4+0/4 1.6+£0.1). Calsequestrin,
phospholamban and FKBP12/12.6 remained similar éetwthe 2 groups (157601555

17058+1321 Arbitrary Units, 1.2+0\% 1.0+0.1 and 1.0+0.%¥s 0.9+0.1, respectively).

Macroscopic pathology and histology

Analyses were performed in all animals that congaléhe whole protocol (9 Control and
8 ivabradine). LV weights, area at risks and infasizes were similar in Control and
lvabradine (6.6+0.4vs 6.7+£0.4g, 29+2vs 29+3% and 25+3vs 2815%, respectively).

Histology also revealed similar infarct scar sige€ontrol and Ivabradine.

Concerning fibrosis (Figure 6), Sirius red stainofdistological left ventricular slices did
not reveal interstitial fibrosis in the remote nenhaemic zone in either group. However, a
huge interstitial fibrosis was observed in the {pefiarction border zone with a similar extent
in both groups (12.9+2.3 and 9.5%£2.6% of the micopsc fields' area in lvabradine and

Control).

Microvascular labelling using CD31 immunohistochsimy revealed a dramatic decrease
in the microvessel density in the peri-infarctiamnevs remote non ischaemic myocardium in

both groups. Microvessel densities were similahantwo groups. They averaged 366+33 and
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302430 vessels/phin the peri-infarction territorys 1021+36 and 944+41 vessels/fimthe

remote non ischaemic territory in Control and haaline, respectively.
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DISCUSSION

The present study provides new informations orbreeficial effects of chronic pure heart
rate reduction in the post-infarcted and reperfusggbcardium. Our results show that
ivabradine-induced heart rate reduction protectsnat) LV dysfunction following myocardial
infarction and reperfusion through two potentialchinisms: 1) a pure mechanical effect as
demonstrated by the functional consequences ofaadministration of ivabradine in the
control group and 2) a chronic adaptation of cafcihandling in the myocardium as
supported by an increase in FKBP12/12.6 expressitnch is known to be deficient in

failing hearts'.

The functional results obtained in this study cdrye superimposed on those of previous
investigations of ivabradine in a post-infarctigtuation °® % Indeed, these reports involve
experimental models of permanent coronary artegatibn which induces profound
ventricular remodelling associated with the develept of congestive heart failure. In the
context of LV dysfunction that occurs after myogardnfarction, we believe that our
experimental setting is more clinically relevantéese the ischaemic area was reperfused. In
our rabbit model of ischaemia-reperfusion, systdiisfunction and ventricular dilation were
related to an infarct scar size averaging 7% ofefeventricle,i.e., dramatically smaller than
that observed in models of permanent coronaryatigation (~40% of the left ventricle in
rats) ® . We did not observe any histological evidence gbeardial remodelling in the
remote territory not submitted to ischaemia, whitieans that our model can not be
considered as a classical global deleterious relimmgleand that our results cannot be
superimposed on previous results obtained usingragine in congestive heart failure

following permanent coronary artery ligatir'. Finally our model leads to a mixed region
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containing both infarcted and salvaged tissuesohtaptly, it also allows investigation of the

regional function of the reperfused area.

The observed LV dysfunction could result from myoéa stunning of the salvaged areas
with reperfusion, the loss of contractile tissusuleng from infarction and ventricular
remodeling. We did not specifically investigatesthssue but several aspects could be
discussed. Firstly, infarction affected only a drpakt of the left ventricle (7%) and therefore
the direct loss of contractile tissue secondaryeorosis did not inducper se a dramatic
decrease in ejection fraction. Secondly, the cbation of LV remodeling could be suggested
from the progressive deterioration in ejection ti@c of control rabbits that was prevented by
chronic administration of ivabradine. Finally, thealysis of systolic displacement within the
area at risk clearly revealed myocardial stunnie@ g@rogressive return to baseline occurred
in control animals. In agreement with our previoesults®, it is reasonable to conclude that

ivabradine reduced myocardial stunning in the prestidy.

In the present study, chronic administration obnealine significantly decreased heart rate
by an average of 18 %, similar to that reported in previous studies perfed in rats,
dogs® ' and pigs®. This effect was constant over the 3 weeks of rfap®n. In these
conditions, heart rate reduction preserved ejectrantion as opposed to its progressive
alteration observed in Control. These beneficidécts were not related to differences in
infarct sizes as a similar amount of myocardial dgenwas observed in the two groups. This
is in apparent contradiction with a previous inigation * demonstrating a significant
reduction in infarct size with ivabradine. Howevemust be emphasized that those authors
administered ivabradine before ischaemia whereaadministration was started only after
reperfusion in the present study, thus avoiding ittiarct-limiting effect of ivabradiné.
Furthermore, no significant difference in the sat¢he area at risk was observed between the

two groups of rabbits. It should also be stressatl the improvement in LV function cannot
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be the consequence of a reduction in fibrosis orirmmease in capillary density with
ivabradine, as opposed to previous results destibmodels of heart failure with permanent
coronary artery ligatior °. This apparent discrepancy is most likely the egongence of
differences in experimental model®,, a reperfuseds a ligated territory. A longer period of
follow-up over several months as opposed to the8ks of reperfusion in our study might be

necessary to reveal such differences.

The beneficial effects of ivabradine on post-infint systolic function can be explained
by two mechanisms. The single bolus administragierformed at day 21 of reperfusion in
control animals induced a significant increaseyistaic displacement and ejection fraction.
This suggests that heart rate reduction also ingzraylobal and regional systolic function
through a direct and acute mechanical effect. ®h&ervation is in accordance with previous
reports demonstrating that acute heart rate remluetith ivabradine improves systolic wall
thickening and reduces post-systolic motion in shenned myocardiurtt *°. Improved left
ventricular filling, a Frank-Starling mechanism @gated with a greater diastolic coronary

perfusion, is certainly involved in this direct edt.

The second and novel mechanism is related to anichchange in calcium handling. In our
experimental conditions, expressions of SERCA2a RyR2 were significantly reduced in
control as compared to SHAM rabbits and that of NG¥as increased, without any change
in FKBP12/12.6, calsequestrin or phospholamban. iAdstnation of ivabradine did not
change the expression of NCX1l, RyR2 and its phastdted form, SERCAZ2a,
phospholamban or calsequestrin as compared to @@itB weeks of reperfusion. However,
the important observation is that the expressiorrlkBP12/12.6 was doubled by chronic
administration of ivabradine. Such increase wasonbt a return to baseline values but rather
a significant increase in expression which wentobelynormal levels. Although it was not

directly demonstrated, it is reasonable to speeulhat the increase in FKBP12/12.6
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expression observed in the present study partesp&b the improvement in global and
regional cardiac function induced by chronic adstiation of ivabradine. Indeed in the heart,
FKBP12/12.6 modulates cardiac excitation-contractoupling through its binding to RyR2
12.13 |t mediates coupled gating of RyR2 channel chssteand prevents calcium leak from
the sarcoplasmic reticulum, thereby ultimately @asing contractility*® *2 Interestingly,
FKBP12/12.6 deficiency has been shown to partieiptheart failuré® and arrhythmia$®.
Conversely, overexpression of FKBP12 in rabbit manyocytes using adenoviral-mediated
gene transfer increases systolic calcium transentlitude secondary to a higher degree of
excitation-contraction coupling synchroffy A similar increase in FKBP12/12.6 expression
has also been previously demonstrated with lateopiditioning against myocardial stunning
2L Interestingly and in particular relevance to msults, its overexpression increases calcium
transient amplitude and cell shortenifiy ® and can improve cardiac function in post-
myocardial infarction in rat&. To our knowledge, the present study is the faslescribe an
increase in FKBP12/12.6 with chronic heart rateuotidn. This observation is particularly
interesting in the context of the development oérpiacological agents that stabilize the

RyR2-FKBP12/12.6 interaction and that are knowmtprove myocardial function, to inhibit

calcium leak from the sarcoplasmic reticulum angrevent arrhythmia® %

Regarding the effects of ivabradine in the prestundy, one can conclude that part of its
protective effects are directly related to heate reeductionper se, as suggested by the
improvement in LV function observed after the sengblus administration of ivabradine in
the control group at 21 days of reperfusion. Simdaute changes have been previously
reported in the stunned myocardidmHowever, as we did not perform experimental stsidi
in which heart rate was corrected with pacing, @amnot rule out the possibility of
pleiotropic properties of ivabradine beyond purarheate reductiorf”. Indeed, a previous

report has demonstrated in an established pig mofielegional myocardial ischemia-
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reperfusion that the protective effects of ivabmadion myocardial infarction were only
partially reversed by atrial paciny Interestingly during heart failuref kexpression is
increased in the ventricular myocytes during hisliire . Such channel can also contribute
to calcium current€® and possibly to calcium overload. Therefore pdrthe observed

beneficial effects of ivabradine could be exertedaly on the left ventricular myocardium.

These results may have general implications reggrdieart rate reduction after
myocardial infarction. It is reasonable to speaultitat the effects observed in the present
study could be generalized to other bradycardia@gee., mostly B-blockers. However, it
should be noted that the potential pleiotropic @fevould be restricted td ¢hannel blockers
such as ivabradine or UL-FS 49 However additional negative inotropic propertas3-
blockers might alter the consequences of heart retaction. As previously demonstrated
during acute stunning, the negative inotropicpelblockers effect might have deleterious
effects on LV functior?. In addition,B-blockers slow the rate of isovolumic relaxatiordan
therefore, impede coronary blood flow whereas ¢fiisct is not observed with ivabradifie
2% Importantly, B-blockade unmasksa-adrenergic mediated coronary vasocontrictianin
contrast, ivabradine has no direct effect on capnasomotion: it does not unmask
adrenergic coronary vasoconstriction and also preseendothelium-mediated vasodilation

that is typically observed in large coronary agsiin response to increased shear stress

In conclusion, chronic heart rate reduction wittakxadine protects the myocardium
against ventricular dysfunction in a clinically eeant model of myocardial infarction
followed by reperfusion. Beyond pure heart rateuoédn, chronic administration of
ivabradine improves global and regional systolioction of the reperfused heart through a
dual mechanism involving a direct mechanical effead a long-term adaptation in calcium

handling, as supported by an increase in FKBP1@/kXpression. As FKBP12/12.6
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deficiency has been reported as one possible trigigeV dysfunction and heart failure, the
present study opens new insights regarding the-termg benefits of chronic heart rate

reduction with ivabradine.



19

ACKNOWLEDGMENTS

The present study was supported by Servier. Thieositare greatly indebted to Fanny
Lidouren and Alain Bizé for their excellent techaliassistance. They also wish to thank Drs

J. Roussel, P. Gluais, M. Bouly for fruitful dissimns.

CONFLICT OF INTEREST

Alain Berdeaux has received honoraria for lectamas has served as consultant to Servier.

The other authors have no conflict of interestdolare.



20

REFERENCES

1. Simon L, Ghaleh B, Puybasset L, Giudicelli JFerdeaux A. Coronary and
hemodynamic effects of S 16257, a new bradycardienfa in resting and exercising

conscious dogsl Pharmacol Exp Ther 1995275:659-66.

2. Colin P, Ghaleh B, Monnet X, Su J, Hittinger Gjudicelli JF, Berdeaux A.
Contributions of heart rate and contractility to aogrdial oxygen balance during exercise.

AmJ Physiol 2003284:H676-82.

3. Monnet X, Colin P, Ghaleh B, Hittinger L, Giudit JF, Berdeaux A. Heart rate
reduction during exercise-induced myocardial isaiae and stunning.Eur Heart J

200425:579-86.

4, Heusch G, Skyschally A, Gres P, van Caster RiJé&ea D, Schulz R. Improvement of
regional myocardial blood flow and function and uetion of infarct size with ivabradine:

protection beyond heart rate reductigor Heart J 200829:2265-75.

5. Thollon C, Cambarrat C, Vian J, Prost JF, Peglib, Vilaine JP. Electrophysiological
effects of S 16257, a novel sino-atrial node maujaon rabbit and guinea-pig cardiac

preparations: comparison with UL-FS 49.J Pharmacol 1994112:37-42.

6. Dedkov El, Zheng W, Christensen LP, Weiss RMhMarg-Gaudin F, Tomanek RJ.
Preservation of coronary reserve by ivabradinededureduction in heart rate in infarcted
rats is associated with decrease in perivasculdagem. Am J Physiol Heart Circ Physiol

2007293:H590-8.

7. Mulder P, Barbier S, Chagraoui A, Richard V, HedP, Lallemand F, Renet S,

Lerebours G, Mahlberg-Gaudin F, Thuillez C. Longwténeart rate reduction induced by the



21

selective I(f) current inhibitor ivabradine impravéeft ventricular function and intrinsic

myocardial structure in congestive heart fail@sculation 2004,109:1674-9.

8. Christensen LP, Zhang RL, Zheng W, Campanelli Bddkov El, Weiss RM,
Tomanek RJ. Postmyocardial infarction remodelingd atoronary reserve: effects of

ivabradine and beta blockade theradwy J Physiol Heart Circ Physiol 2009297:H322-30.

9. Milliez P, Messaoudi S, Nehme J, Rodriguez Gn&& JL, Delcayre C. Beneficial
effects of delayed ivabradine treatment on cardrztomical and electrical remodeling in rat

severe chronic heart failurAm J Physiol Heart Circ Physiol 2009296:H435-41.

10. Lucats L, Ghaleh B, Monnet X, Colin P, Bize Berdeaux A. Conversion of post-
systolic wall thickening into ejectional thickenirgy selective heart rate reduction during

myocardial stunningzur Heart J 2007 28:872-9.

11. Maczewski M, Mackiewicz U. Effect of metoprokohd ivabradine on left ventricular
remodelling and Ca2+ handling in the post-infarctiat heartCardiovasc Res 2008i79:42-

51.

12. Loughrey CM, Seidler T, Miller SL, Prestle J,adEachern KE, Reynolds DF,
Hasenfuss G, Smith GL. Over-expression of FK50@Hpigp protein FKBP12.6 alters

excitation-contraction coupling in adult rabbit d@myocytesJ Physiol 2004556:919-34.

13. Prestle J, Janssen PM, Janssen AP, Zeitz OhalttelSE, Bruce L, Smith GL,
Hasenfuss G. Overexpression of FK506-binding pmotEKBP12.6 in cardiomyocytes
reduces ryanodine receptor-mediated Ca(2+) leak fthe sarcoplasmic reticulum and

increases contractilityCirc Res 2001 88:188-94.



22

14. Marx SO, Gaburjakova J, Gaburjakova M, Henmk$d Ondrias K, Marks AR.
Coupled gating between cardiac calcium release nglanryanodine receptorsiirc Res

200188:1151-8.

15. Marx SO, Reiken S, Hisamatsu Y, Jayaraman Tkigiff D, Rosemblit N, Marks AR.
PKA phosphorylation dissociates FKBP12.6 from tladciom release channel (ryanodine

receptor): defective regulation in failing hea@sll 2000101:365-76.

16. Gomez AM, Schwaller B, Porzig H, Vassort G, dlige, Egger M. Increased
exchange current but normal Ca2+ transport via Na2+ exchange during cardiac

hypertrophy after myocardial infarctio@irc Res 200291:323-30.

17.  Tissier R, Souktani R, Bruneval P, GiudiceHi Berdeaux A, Ghaleh B. Adenosine
A(1)-receptor induced late preconditioning and nardal infarction: reperfusion duration is

critical. Am J Physiol Heart Circ Physiol 2002283:H38-43.

18. Tissier R, Waintraub X, Couvreur N, Gervais Btuneval P, Mandet C, Zini R,
Enriquez B, Berdeaux A, Ghaleh B. Pharmacologicatgonditioning with the phytoestrogen

genisteinJ Mol Cell Cardiol 200742:79-87.

19. Lucats L, Ghaleh B, Colin P, Monnet X, BizeBerdeaux A. Heart rate reduction by
inhibition of If or by beta-blockade has differegftects on postsystolic wall thickeninBt J

Pharmacol 2007150:335-41.

20. Lehnart SE, Wehrens XH, Laitinen PJ, Reiken B&)g SX, Cheng Z, Landry DW,
Kontula K, Swan H, Marks AR. Sudden death in faahiiolymorphic ventricular tachycardia
associated with calcium release channel (ryanodimeeeptor) leak. Circulation

2004109:3208-14.



23

21. Lucats L, Vinet L, Bize A, Monnet X, Morin DuSIB, Rouet-Benzineb P, Cazorla O,
Mercadier JJ, Hittinger L, Berdeaux A, Ghaleh B.eTimotropic adaptation during late
preconditioning against myocardial stunning is agged with an increase in FKBP12.6.

Cardiovasc Res 200773:560-7.

22. Huang F, Shan J, Reiken S, Wehrens XH, Marks ARalysis of calstabin2
(FKBP12.6)-ryanodine receptor interactions: resotideart failure by calstabin2 in mice.

Proc Natl Acad Sci U SA 2006103:3456-61.

23. Ito K, Shigematsu S, Sato T, Abe T, Li Y, Arth JTV-519, a novel cardioprotective
agent, improves the contractile recovery after aschia-reperfusion in coronary perfused

guinea-pig ventricular muscleBr J Pharmacol 2000;130:767-76.

24. Heusch G. Pleiotropic action(s) of the bradgwaagent ivabradine: cardiovascular

protection beyond heart rate reductiBn.J Pharmacol 2008155:970-1.

25. Cerbai E, Sartiani L, DePaoli P, Pino R, Macichév, Bizzarri F, DiCiolla F, Davoli
G, Sani G, Mugelli A. The properties of the pacearakurrent I(F)in human ventricular

myocytes are modulated by cardiac dised$dol Cell Cardiol 200133:441-8.

26. Michels G, Brandt MC, Zagidullin N, Khan IF, lbégg R, van Aaken S, Wippermann
J, Hoppe UC. Direct evidence for calcium conduataothyperpolarization-activated cyclic
nucleotide-gated channels and human native If atsiplogical calcium concentrations.

Cardiovasc Res 200878:466-75.

27. Guth BD, Heusch G, Seitelberger R, Ross JElimination of exercise-induced
regional myocardial dysfunction by a bradycardigerd in dogs with chronic coronary

stenosisCirculation 198775:661-9.



24

28. Colin P, Ghaleh B, Hittinger L, Monnet X, Slarvg Giudicelli JF, Berdeaux A.
Differential effects of heart rate reduction givtblockade on left ventricular relaxation during

exerciseAm J Physiol 2002282:H672-9.

29. Heusch G. Heart rate in the pathophysiologgarbnary blood flow and myocardial

ischaemia: benefit from selective bradycardic agdrtJ Pharmacol 2008;153:1589-601.



25

LEGENDS OF FIGURE
Figurel
Experimental protocol (CAO, coronary artery ocabumsi
Figure2

Evolution of ejection fraction and systolic disptatent measured at baseline and during the 3
weeks of reperfusion in Control and Ivabradine (CAGronary artery occlusion). B<0.05

vs Control.
Figure3

Ejection fraction and systolic displacement measirefore and after a single administration
of ivabradine (1 mg/kg, IV bolus) in Control at day. Open circles represent individual data

and closed circles are mean + SEMP%0.05vs "Before".
Figure4

Western blots of calsequestrin, N&a&* exchanger (NCX1), ryanodine (RyR2),
phosphorylated ryanodine (P-RyR2), SERCAZ2a, andpihalamban obtained after 3 weeks

of reperfusion in Control and Ivabradine.
Figure5

Western blot of FKBP12/12.6 obtained after 3 wee@lsreperfusion in Control and

Ivabradine. * P<0.05vs Control.
Figure 6

Sirius red staining (Panel A, bar=100um) and imnmistochemical labelling of the
endothelial marker CD31 (Panel B, bar=200um) ofléfieventricle in the remote and peri-

infarction territories in Control and Ivabradine.



Tablel: Hemodynamic parameters

Reperfusion

P value (Reperfusion period)

Baseline  pay3a Day7  Dayl4  Day2l ifrf‘:i? ;ifrgcet Gtricr’:gx
Heart rate
+ + + + +
abraie ose  24s0  200u13  2losw  zuse  PO000L P00T42 Pe050R0
Left ventricular diastolic volume (ml/kg )
+ + + + +
abracine 0824006 116006 1174006 1206007 1azs0a0 P-O0%62 Pe0.00LO P=07138
Left ventricular systolic volume (ml/kg )
+ + + + +
abradine 027:007 0464005 045:004 052:003 05os00s P-O026 P00022 P=02768

Values are mean + SEM.
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Ultrasound follow-up

Baseline
l Day 3 Day 7 Day 14  Day 21
Control l l l l
Two ultrasound exams:
before and after a
. bolus administration of
CAO 20 min ivabradine (1 mg/kg IV)
Ultrasound follow-up
Baseline
l Day 3 Day 7 Day 14 Day 21
Ivabradine

Ivabradine infusion (10 mg/kg/day)
CAO 20 min

Toibig

L
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Figure 2
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Ejection fraction (%)
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Figure4
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Figure5
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Figure 6
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