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ABSTRACT

Introduction and objectives: Ivabradine reduces heart rate by blocking the I(f) current and preserves blood
pressure and stroke volume through unknown mechanisms. Caveolin-3 protects the heart by forming
protein complexes with several proteins, including extracellular matrix (ECM)-metalloproteinase-
inducer (EMMPRIN) and hyperpolarization-activated cyclic nucleotide-gated channel 4 (HN4), a target
of ivabradine. We hypothesized that ivabradine might also exert cardioprotective effects through
inhibition of ECM degradation.
Methods: In a porcine model of cardiogenic shock, we studied the effects of ivabradine on heart integrity,
the levels of MMP-9 and EMMPRIN, and the stability of caveolin-3/HCN4 protein complexes with
EMMPRIN.
Results: Administration of 0.3 mg/kg ivabradine significantly reduced cardiogenic shock-induced
ventricular necrosis and expression of MMP-9 without affecting EMMPRIN mRNA, protein, or protein
glycosylation (required for MMP activation). However, ivabradine increased the levels of the caveolin-3/
LG-EMMPRIN (low-glycosylated EMMPRIN) and caveolin-3/HCN4 protein complexes and decreased that
of a new complex between HCN4 and high-glycosylated EMMPRIN formed in response to cardiogenic
shock. We next tested whether caveolin-3 can bind to HCN4 and EMMPRIN and found that the HCN4/
EMMPRIN complex was preserved when we silenced caveolin-3 expression, indicating a direct interaction
between these 2 proteins. Similarly, EMMPRIN-silenced cells showed a significant reduction in the
binding of caveolin-3/HCN4, which regulates the I(f) current, suggesting that, rather than a direct
interaction, both proteins bind to EMMPRIN.
Conclusions: In addition to inhibition of the I(f) current, ivabradine may induce cardiac protection by
inhibiting ECM degradation through preservation of the caveolin-3/LG-EMMPRIN complex and control
heart rate by stabilizing the caveolin-3/HCN4 complex.

© 2020 Sociedad Espafiola de Cardiologia. Published by Elsevier Espaiia, S.L.U. All rights reserved.

La ivabradina induce cardioproteccion previniendo la degradacion de la matriz
extracelular inducida por shock cardiogenico

RESUMEN

Introduccion y objetivos: La ivabradina reduce el ritmo cardiaco bloqueando la corriente I(f) y conserva la
presion sanguinea y el volumen sist6lico por mecanismos atin desconocidos. La caveolina-3 induce
cardioprotecciéon formando complejos con varias proteinas, como el inductor de metaloproteinasas
EMMPRIN y HCN4, la diana de la ivabradina. Consideramos que la cardioproteccion de la ivabradina se
basa en la inhibicion la degradacién de la matriz extracelular.

Metodos: En un modelo porcino de shock cardiogénico, se estudi6 la integridad del corazon,
las concentraciones de MMP-9 y EMMPRIN vy la estabilidad de los complejos proteicos caveolina-3/
HCN4 con EMMPRIN en respuesta a la ivabradina.

Resultados: La administracion de ivabradina 0,3 mg/kg redujo significativamente la necrosis y la
expresion de MMP-9 tras el shock cardiogénico, mientras que el ARNm de EMMPRIN, su proteina y la
glucosilacion (requerida para la activaciéon de las MMP) no se vieron afectados. Sin embargo, los
complejos caveolina-3/LG-EMMPRIN (EMMPRIN poco glucosilado) y caveolina-3/HCN4 aumentaron,
mientras que la ivabradina inhibié también el nuevo complejo encontrado entre HCN4 y el EMMPRIN
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muy glucosilado. Para comprobar si la caveolina-3 puede ser puente entre HCN4 y EMMPRIN, el
complejo HCN4/EMMPRIN se mantuvo incluso tras el silenciamiento génico de la caveolina-3, lo que
indica una interaccion directa de ambas proteinas. De manera similar, el silenciamiento de EMMPRIN
redujo significativamente el complejo caveolina-3/HCN4, que regula la I(f).

Conclusiones: Ademas de la inhibicion de la I(f), la ivabradina puede inducir cardioproteccién al inhibir la
degradacion de la matriz extracelular por conservar el complejo caveolina-3/LG-EMMPRIN y controlar el
ritmo cardiaco estabilizando el complejo caveolina-3/HCN4.

© 2020 Sociedad Espaiiola de Cardiologia. Publicado por Elsevier Espaiia, S.L.U. Todos los derechos reservados.

Abbreviations

CS: cardiogenic shock

EMMPRIN: extracellular matrix metalloproteinase inducer

HCN4: hyperpolarization-activated cyclic nucleotide gated
channel 4

MMP-9: matrix metalloproteinase-9

INTRODUCTION

Beta-blockers and calcium channel inhibitors have been
prescribed in the last 20 years to reduce heart rate in patients
with chronic heart failure." However, the development of new
drugs was required for several reasons, including patient intoler-
ance of beta-blocker administration and the negative inotropic
effects of the drugs.

Ivabradine is a selective inhibitor of the pacemaker I(f) current
in sinoatrial cells. By inhibiting hyperpolarization-activated cyclic
nucleotide-gated channels 1 and 4 (HCN1 and -4), ivabradine
reduces heart rate while preserving blood pressure and left
ventricular ejection fraction (LVEF),” without adverse effects. The
open state of HCN channels, controlled by the intracellular
concentration of cyclic adenosine monophosphate (cAMP), reg-
ulates diastolic depolarization. While beta-blocker administration
significantly reduces cAMP-dependent heart rate, ivabradine
maintains cardiac contractility regardless of heart rate,®> which
makes this drug one of the most recommended in the treatment of
chronic heart failure and left ventricular ejection fraction < 35%.
Nonetheless, its effectiveness for acute heart failure remains
unclear.

Cardiogenic shock (CS) is the leading recurrent cause of death
after acute myocardial infarction. Administration of vasoactive
drugs in this context is necessary for adequate organ perfusion but
may contribute to myocardial damage through extensive tachy-
cardia, decreased ventricular efficiency, increased oxidative stress,
and excessive myocardial demand for oxygen. We and others* have
found that ivabradine ameliorates catecholamine-induced sinus
tachycardia in CS, improving hemodynamic parameters via unclear
mechanisms.

A role for ivabradine in the preservation of the extracellular
matrix (ECM) has recently been suggested in the context of
osteoarthritis, diabetes,” and atherosclerosis.® Furthermore, ivab-
radine can reduce apoptosis in cardiac myocytes in chronic viral
myocarditis,” in the aortic constriction mouse model of cardiac
hypertrophy,® in acute and chronic heart failure,”!° and in diabetic
cardiomyopathy.!! However, how ivabradine helps to inhibit the
degradation of the ECM and reduce cell death remains unknown.

Although HCN4 is the main target of ivabradine, it is unclear
how HCN4 could alter ECM degradation. HCN4 forms macromo-
lecular complexes with caveolin-3, a protein mainly expressed in
the caveolae of cardiac myocytes, and this interaction is proposed
to regulate HCN4 cardiac pacemaker activity.? Likewise, caveolin-3

can interact with other proteins to modulate their function, as we
have previously described in the setting of cardiac ischemia/
reperfusion, in which caveolin-3 plays a cardioprotective role by
binding to extracellular matrix metalloprotease inducer (EMM-
PRIN). This interaction inhibits not only the degradation of the
ECM, but also cardiac apoptosis.®

To evaluate whether ivabradine can preserve myocardial
contractility beyond the I(f) current, we studied the integrity of
the heart in a porcine model of CS and analyzed the contribution
of ivabradine to the preservation of the ECM by examining the
enzymes involved in ECM degradation and the underlying
molecular mechanisms.

METHODS

All procedures were performed in the experimental surgery
facilities of our institute. The investigation conformed to the Guide
for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised
1985) and the Animal Welfare Ethics Committee, complied with
the EU Directive on experimental animals (63/2010 EU) and
related Spanish legislation (RD 53/2013), and received the relevant
local approval (PROEX 365-15). Detailed procedures are presented
in figure 1 of the supplementary data.

Reagents

A detailed list of reagents is presented in the supplementary
data.

Animals and cardiogenic shock procedure

CS was induced in 20 Yorkshire female pigs (37.8 + 5.2 kg); the
survival rate was 90%. At the end of the experimental procedure,
10 animals received 0.3 mg/kg ivabradine and 10 received placebo
(saline). Two animals (1 from each group) did not survive beyond
24 hours after the CS.

Pigs were premedicated with intramuscular ketamine (10 mg/
kg) and midazolam (0.5 mg/kg). Anesthesia was induced by
isoflurane inhalation and maintained with continuous infusion
of propofol (2 mL/kg/h), fentanyl (50 mg/kg/h), and diazepam
(10 mg/kg/h). Animals were intubated and ventilated with 100%
oxygen saturation. The animals received 5000 IU of heparin and
amiodarone (2 mg/kg/h) to avoid blood clotting in catheters
and malignant cardiac arrhythmias, respectively.

Ischemia/reperfusion was induced by left anterior descending
artery occlusion for 45 minutes using a JL 3 6-Fr catheter and
balloon inflation at 5 atmospheres. Volume overload was induced
by administration of 500 mL hydroxyethyl starch and 1500 mL of
0.9% saline serum. Hemodynamic measurements were recorded at
15, 30, and 45 minutes of ischemia. When ventricular fibrillation/
ventricular tachycardia occurred, we administered a biphasic DC



L. Tesoro et al./Rev Esp Cardiol. 2021;74(12):1062-1071

1064

A
2%
ECHO .
on( \,‘% | b 7;'7 RNA, PROTEIN, TISSUE ECHO: CARDIAC ULTRASOUND
l ¥ vabradine I S evans Bue/Te S CArDIOGN SHOOK
rrr 0x(_ 3 | ; g NA NORADRENALINE
Eﬁ:_‘s Placebo o
= Time (min) 1 Time(days)
B C
-O0-Placebo -0O-Placebo
. -l-lvabradine -B-lvabradine
E 140 * ® 70
2 120 £ £
= 3 60 *
2 1 2 50
= [
t 80 S 40
£ 60 o 30
G 6 13 0 60 120
Time (min) Time (min)
Blvabradine
D E __ |OPlacebo
= 35 £ 60
§ 23 g
L I ;
e 1 “
5 0.5 2
5 0 .8,_" 20
w
o (&) <Zt 8 <Zt 3 0 7
L Time (days)
F
Ivabradine Placebo
_ﬁ 23 *
= T
® 21
©
2 17
o 15
B : 3
»
—_— [}]
- °
o & 8
§ g =&
= 2

Figure 1. Ivabradine improves cardiac function in a porcine model of CS. A: schematic representation of the assay. Effects of 0.3 mg/kg ivabradine or placebo on
heart rate (B) and stroke volume (C) after CS. D: cardiac troponin before and 24 hours after CS (N = 9/group, mean =+ standard deviation; * P < .05 for ivabradine vs
placebo). Left ventricular ejection fraction (N = 9/group) (E) and necrotic area (N = 5/group) (F) as a percentage of necrotic tissue (pale) vs the area at risk (red) 7 days after
CS (mean + standard deviation; * P < .05 for ivabradine vs placebo). CS, cardiogenic shock.

shock (10-20 J) combined with direct manual chest compressions.
Noradrenaline (20-80 wg/kg/h), dobutamine (240-660 pg/kg/h),
and physiological saline (1000-2000 mL) were administered until
the heart rate exceeded 90 bpm. After 45 minutes of left anterior
descending artery occlusion, the animals were then randomized to
a control or ivabradine group.

Ivabradine powder was weighed on a high-precision laboratory
scale and diluted to at least 12 mg/mL in distilled water. The
solution was then transferred to a 10-mL syringe for slow-bolus
intravenous administration to the animal at a dose of 0.3 mL/kg.
The control group received an equivalent volume of physiological
saline.

Evans blue/TTC staining

Myocardial infarction extension was evaluated by 5% Evans
blue perfusion (in serum) and TTC staining as described
previously'? (for details, see the supplementary data).

Determination of troponin I plasma levels
Plasma troponin I was determined with the commercial Human

Cardiac Troponin 1 SimpleStep ELISA kit (Abcam, Spain) following
the manufacturer’s instructions.
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Cardiac ultrasound

Pig hearts were visualized by echocardiography using a Vivid Q
ultrasound system from GE Healthcare (United States) equipped
with a 1.9- to 4.0-MHz scan head, as described previously.'®
Further information is provided in the supplementary data.

Cells

H9c2 and HL1B cells were grown as described previously'# and
in the supplementary data. Cells were cultured under hypoxic
conditions in hypoxia incubator chambers in a humidified
atmosphere containing 1% oxygen, 5% carbon dioxide, and 94%
nitrogen. Reoxygenation was performed with fresh medium.

Histology and immunohistochemistry

Histological, immunohistochemical, and immunohistofluores-
cence procedures were performed as previously described.!> 14

Immunoprecipitation and immunoblot analysis

Isolation of protein lysates and immunoprecipitations and
immunoblots were performed as described.'®

RNA isolation and quantitative real-time polymerase chain
reaction

Real-time polymerase chain reaction (RT-PCR) was performed
as previously described.® Additional information is provided in the
supplementary data. The following primers were used: EMMPRIN-
Forward: 5’-GGC ACC ATC GTA ACC TCT GT-3’; EMMPRIN-Reverse:
5’-CAC TGG CGT GTT CCG ATT TC-3’; B-actin-Forward: 5’-CTT AGT
TGC GTT ACA CCC TTT CT-3’; B-actin-Reverse: 5°-CTG TCA CCT TCA
CCG TTC CAG TT-3".

Statistical analysis

All data were analyzed using SPSS 22.0 statistical software
package (SPSS Inc, United States). All values are given as
mean + standard deviation. Significance is reported at the 5% level.
Whenever comparisons were made with a common control, the
significance of differences was tested by analysis of variance followed
by Dunnett’s modification of the ¢ test.

RESULTS

Ivabradine reduces left ventricular necrosis after cardiogenic
shock

In pigs subjected to CS (figure 1A), intravenous administration
of 0.3 mg/kg ivabradine or saline was associated with a significant
reduction in heart rate (figure 1B) but preserved stroke volume
(figure 1C). The levels of cardiac troponin, indicative of ischemic
injury, were reduced 24 hours after CS (figure 1D). The effects of
ivabradine on cardiac function were determined by cardiac
ultrasound, which revealed a significant improvement in left
ventricular ejection fraction by day 7 after CS in animals treated
with ivabradine (figure 1E). This improvement was closely
correlated with a decline in the left ventricular necrotic area, as
detected by Evans blue/TTC staining (figure 1F).

Ivabradine reduces the cardiac expression of extracellular
matrix-degrading enzymes

Coronary ischemia/reperfusion induces the expression of
several cardiac ECM-degrading enzymes, including MMPs. Admin-
istration of 0.3 mg/kg ivabradine reduced the left ventricular levels
of MMP-9 in the necrotic area by day 7 after CS, as detected by
immunohistochemistry and immunoblotting with anti-MMP-9
antibody (figure 2A,B, respectively).

The role of the MMP inducer EMMPRIN in the expression and
activity of MMP-9 has previously been described.? In our pig model,
CS-induced expression of EMMPRIN mRNA was not inhibited by
administration of 0.3 mg/kg ivabradine (figure 3A). However,
ivabradine played a significant posttranslational role, reducing
the levels of EMMPRIN and EMMPRIN glycosylation in response to
CS. Likewise, ivabradine did not affect the proteolysis of EMMPRIN,
as seen by incubation of myocyte H9c2 cell lysates with the
proteasome inhibitor MG-132 (figure 3B). Furthermore, incubation
of resting H9c2 cells with ivabradine did not inhibit EMMPRIN
glycosylation (a key step in EMMPRIN-mediated MMP expression
and activity), as seen with treatment of cells with 5 p.g/mL of the N-
linked glycosylation pharmacological inhibitor tunicamycin for
24 hours (figure 3C). Similar results were obtained in myocyte HL1B
cell cultures (figure 1 of the supplementary data). Conversely, in
vivo, and in response to CS, ivabradine significantly reduced the
high-glycosylated forms of EMMPRIN (HG-EMMPRIN), resulting in
the accumulation of the low-glycosylated forms of EMMPRIN (LG-
EMMPRIN), when compared with pigs subjected to CS and treated
with placebo, through unknown mechanisms (figure 3D).

Ivabradine prevents cardiogenic shock-induced disruption
of the caveolin-3/JEMMPRIN complex

Caveolae are sphingolipid- and cholesterol-enriched vesicles that
harbor many signaling pathways playing key roles in cell survival,
death, proliferation, and/or migration. In the heart, the principal
component in caveolae is caveolin-3, which exerts cardioprotective
functions by binding to several proteins. We previously demonstrated
that nitric oxide induces cardiac protection by stabilizing the caveolin-
3/LG-EMMPRIN complex and thereby preventing HG-EMMPRIN-
dependent matrix metalloproteinase-induced cardiac necrosis.'*
Here, we detected strong colocalization of caveolin-3 and EMMPRIN
in response to 0.3 mg/kg ivabradine (figure 4A, ivabradine merged
panel, yellow). Protein coimmunoprecipitation assays from the same
hearts used in the above experiments revealed an increase in LG-
EMMPRIN bound to caveolin-3 (figure 4B) in response to ivabradine,
suggesting that ivabradine may reduce CS-induced ECM degradation
by preserving the caveolin-3/LG-EMMPRIN complex.

HCN4 is part of the caveolin-3/EMMPRIN complex in cardiac cells

In addition to EMMPRIN, caveolin-3 also binds to HCN4,'> the
main target of ivabradine. Confocal microscopic visualization of
caveolin-3 in ventricular sections of healthy hearts enabled the
detection of a protein complex comprising caveolin-3, EMMPRIN, and
HCN4 (figure 5A), although an even more intriguing discovery was the
finding that, after CS, the association between caveolin-3/EMMPRIN
and caveolin-3/HCN4 was increased in the presence of ivabradine vs
placebo (figure 5B). This result suggests that caveolin-3 may be a
target of ivabradine in cardioprotection by, on the one hand,
preventing degradation of the ECM via increased binding to EMMPRIN
and, on the other, stabilizing the complex with HCN4 and reducing the
heart rate, as previously seen (figure 1). An interesting discovery is
the formation of a HCN4 and EMMPRIN complex and the ability of
ivabradine to uncouple the binding of the 2 proteins.
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Figure 2. Ivabradine reduces the levels of extracellular matrix-degrading enzymes in the heart. A: detection of MMP-9 in the necrotic areas of hearts subjected to CS
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pro-MMP-9 from healthy (H), at risk (R), and necrotic (N) sections of hearts subjected to CS (N = 5/group, mean =+ standard deviation; * P < .05 for necrotic ivabradine vs
necrotic placebo). CS, cardiogenic shock; MMP-9, matrix metalloproteinase-9.
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To test whether caveolin-3 can serve as a docking point between
HCN4 and EMMPRIN, we silenced the expression of caveolin-3 with
caveolin-3-specific siRNAs in H9¢2 cardiac cells. With 10 nM siRNA,
caveolin-3 expression was reduced by more than 75% vs
nontransfected cells or cells transfected with scrambled siRNA
(figure 6A). HCN4 bound to EMMPRIN in both caveolin-3-
expressing and -silenced cells, suggesting the existence of a direct
interaction (figure 6B). On the other hand, incubation with
ivabradine yielded a significant uncoupling of HG-EMMPRIN bound
to HCN4, independent of caveolin-3 expression (figure 6B).
Likewise, the increased expression of MMP-9 in caveolin-3-silenced
cells was downregulated by ivabradine (figure 6C), indicating that
ivabradine may target caveolin-3 to prevent ECM degradation.

In the same way, we also used EMMPRIN-specific siRNAs to
investigate the role of EMMPRIN in the complex between caveolin-
3 and HCN4 (figure 7A). Inhibition of EMMPRIN reduced the levels
of the HCN4/caveolin-3 complex, as determined by immunoblot
detection of HCN4 in caveolin-3-immunoprecipitated cell lysates
of H9c2 cells (figure 7B, line 3). This result indicates that EMMPRIN
is required to maintain the HCN4/caveolin-3 complex and that
their interaction is partly restored by incubation with ivabradine
(figure 7B, lane 4), suggesting that EMMPRIN-independent binding
of caveolin-3 and HCN4 occurs in response to ivabradine.

DISCUSSION

In the current work, we found that ivabradine induces cardiac
protection beyond the I(f) current. Under CS conditions, ivabradine
administration may help to prevent cardiac necrosis by reducing

the levels of the ECM-degrading enzyme MMP-9, as well as
EMMPRIN levels and EMMPRIN glycosylation (required for MMP-
induced degradation of ECM), through stabilization of the
caveolin-3/LG-EMMPRIN complex and the binding of HCN4,
the main target of ivabradine, to LG-EMMPRIN. Ivabradine also
stabilized the HCN4/caveolin-3 complex, suggesting a bradycardic
effect beyond the I(f) current. Taken together, we propose a new
molecular mechanism in which administration of ivabradine
promotes cardioprotection after CS.

Ischemia/reperfusion injury induces ECM degradation and
cardiac necrosis through the expression of MMPs in cardiac
cells,'®718 at least partly via activation of EMMPRIN.!® Targeting of
EMMPRIN not only reduces the ventricular expression of MMP-9,
but also successfully prevents necrosis progression, thereby
improving the left ventricular ejection fraction after reperfusion.'®
High-glycosylated forms of EMMPRIN (HG-EMMPRIN) induce
MMP-9 expression,'> whereas LG-EMMPRIN remains bound to
caveolin-3 in cardiac myocytes, preventing downstream MMP
expression, as we previously reported.!* Here, we found that,
under CS conditions, administration of ivabradine stabilized the
EMMPRIN/caveolin-3 complex, suggesting that, in addition to the
I(f) current, and given that beta-adrenergic stimulation triggers the
expression of EMMPRIN in cardiac myocytes,2>?! inhibition of
EMMPRIN may also exert cardioprotective effects by inhibiting
beta-adrenergic heart rate stimulation in our CS model.

The effect of ivabradine on MMP expression was previously
reported in diabetic mice.?? In that model, ivabradine reduced the
levels of MMP-2 and improved cardiac function by still unknown
mechanisms. In agreement with those findings, our study has
discovered a cardioprotective mechanism elicited by ivabradine
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EMMPRIN/CAV3 placebo vs ivabradine). CS, cardiogenic shock; FITC, fluorescein isothiocyanate; TRITC, tetramethylrhodamine-isothiocyanate.

beyond the I(f) current that involves an in vivo reduction in the
total amount and glycosylation of EMMPRIN, required to induce
EMMPRIN-mediated MMP activity.

Our data show that EMMPRIN is induced under hypoxic
conditions in cardiac cells, as others found in human embryonic
kidney cells,”®> microglia,>* and different types of cancer cell
cultures.?>?5 Hypoxia is a powerful stimulus of necrosis and
apoptosis in several tissues. Cardiac cells respond to hypoxia by
triggering several signaling pathways, including the stabilization
of specific proteins via inhibition of ubiquitination-mediated
degradation, as recently reported for caveolin-3, which clarifies the
role of caveolin-3 in cardioprotection against ischemic injury.?’
We show that, in response to CS, ivabradine stabilizes caveolin-3
and thereby preserves the caveolin-3/LG-EMMPRIN complex,
preventing MMP-dependent ECM degradation. Therefore, we
propose that ivabradine helps to stabilize caveolin-3 under
ischemic conditions.

The use of ivabradine is based on its ability to inhibit the HCN4-
dependent I(f) current in cardiomyocytes by thus far unknown
mechanisms. Caveolin-3 binds to HCN4 in cardiac caveolae, which
enables it to regulate pacemaker activity.!> Dysregulation of the
caveolin-3/HCN4 complex has been linked to several types of
arrhythmogenic behavior, as recently reported through the
expression of the caveolin-3 variant T78 M?® or in certain
phenotypes of long QT syndrome, through acceleration of HCN4
activation kinetics.? In agreement with the literature, our data
indicate that ivabradine induces cardiac protection by preserving

I(f) conductance through stabilization of the caveolin-3/HCN4
complex.

Thus far, no studies have addressed the involvement of
EMMPRIN in the caveolin-3/HCN4 complex. Interestingly, our
data suggest a direct interaction between HCN4 and EMMPRIN,
with ivabradine destabilizing the complex. The interplay between
HCN4 and EMMPRIN remains unknown, and further investigation
is warranted to determine whether the binding is merely
circumstantial or whether it represents a new target in necrosis.
Alternatively, we cannot exclude the possibility that HCN4 and
EMMPRIN bind to common partners and not via a direct
interaction. Such is the case for beta-adrenergic receptors, which
bind to HCN43° and EMMPRIN.?! In this pathway, beta-adrenergic
stimulation activates HCN4 and is related to the inflammatory
actions of EMMPRIN.

Limitations

One of the study limitations is the use of female pigs because
females and males have different cardioprotective physiologies,*?
which may compromise the level of the heart injury and heart
failure related to the ischemic event. The use of rat H9c2 cell
cultures is also a limitation. Isolation of pig cardiac myocytes
would be the best experimental approach for testing the specific
parameters addressed in this work. However, the extremely
difficult isolation of living porcine cardiac myocytes led us to use
H9c2 and HL1B cells to assess hypoxia and reoxygenation.
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Figure 6. Lack of caveolin-3 impairs formation of the EMMPRIN/HCN4 complex. A: immunoblotting of caveolin-3 from H9c2 cells transfected with Lipofectamine
(no siRNA) or 1, 10, and 25 nM caveolin-3 siRNA1. Beta-tubulin was used as a negative control. B, upper panel: immunoblotting of HCN4 from extracts
immunoprecipitated with HCN4 from H9c2 cells silenced with 10 nM caveolin-3 siRNA1; lower panel: immunoblotting of EMMPRIN from the same extracts (N = 3).
C: immunoblotting of MMP-9 in H9c2-silenced cells incubated with 0.3 mg/kg ivabradine (N =3, mean =+ standard deviation; P <.001 for siRNA vs siRNA +
ivabradine). MMP-9, matrix metalloproteinase-9; siRNA, small interfering RNA.
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Figure 7. Lack of EMMPRIN impairs formation of the caveolin-3/HCN4 complex. A: gene silencing of EMMPRIN with EMMPRIN-specific siRNA. Beta-tubulin was
used as a loading control. B: immunoblotting of HCN4 from extracts immunoprecipitated with anti-caveolin-3 from H9c2 cells silenced with 10 nM EMMPRIN
siRNA1 (N = 3, mean + standard deviation; P < .004 for HCN4 siRNA vs siRNA + ivabradine). siRNA, small interfering RNA.
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CONCLUSIONS

Ivabradine induces cardiac protection beyond direct inhibition
of the I(f) current. During CS, ivabradine stabilizes the HCN4/
caveolin-3 complex and prevents cardiac necrosis by preserving LG-
EMMPRIN. Ivabradine also stabilizes the caveolin-3/HCN4 complex,
already reported as a mechanism to regulate the I(f) current. Further
studies will explore the molecular role of ivabradine in EMMPRIN
and HCN4 dimerization as a new therapeutic tool.
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WHAT IS KNOWN ABOUT THE TOPIC?

- Ivabradine, a selective inhibitor of the pacemaker I(f)
current in sinoatrial cells, inhibits HCN1 and HCN4
channels, reduces heart rate, and preserves blood
pressure and left ventricular function and is thus
recommended in the treatment of chronic heart failure
and left ventricular ejection fraction < 35%; however, its
effectiveness in acute heart failure is unclear.

- Cardiogenic shock is a frequent cause of death after
acute myocardial infarction.

- Vasoactive drugs may contribute to myocardial damage
through extensive tachycardia and increased oxidative
stress and oxygen demand.

- We previously found that ivabradine improves cate-
cholamine-induced sinus tachycardia under cardiogenic
shock conditions, improving hemodynamic parameters
by unknown mechanisms.

WHAT DOES THIS STUDY ADD?

- Ivabradine inhibits the HCN-dependent I(f) current by
mechanisms yet to be addressed; caveolin-3 binds to
HCN4 in cardiomyocytes to regulate pacemaker activity.

- Our data suggest that ivabradine exerts cardioprotective
effects by preserving I(f) conductance through stabiliza-
tion of the caveolin-3/HCN4 complex.

- Caveolin-3 induces cardiac protection by forming a
complex with LG-EMMPRIN, providing a new molecular
mechanism for cardiac protection involving prevention
of ECM degradation in the heart.

- Further research is required to investigate findings
related to the HCN4/EMMPRIN complex during CS.

APPENDIX. SUPPLEMENTARY DATA

Supplementary data associated with this article can be found in the
online version available at https://doi.org/10.1016/j.rec.2020.09.012

REFERENCES

—_

3.

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Ponikowski P, Voors AA, Anker SD, et al. 2016 ESC Guidelines for the diagnosis and

treatment of acute and chronic heart failure: The Task Force for the diagnosis
and treatment of acute and chronic heart failure of the European Society of
Cardiology (ESC). Developed with the special contribution of the Heart Failure
Association (HFA) of the ESC. Eur J Heart Fail. 2016;18:891-975.

. Heusch G, Skyschally A, Gres P, van Caster P, Schilawa D, Schulz R. Improvement of

regional myocardial blood flow and function and reduction of infarct size with
ivabradine: protection beyond heart rate reduction. Eur Heart J. 2008;29:2265-
2275.

Chaudhary R, Garg ], Krishnamoorthy P, et al. Ivabradine: heart Failure and beyond.
J Cardiovasc Pharmacol Ther. 2016;21:335-343.

Pascual Izco M, Castejon B, Piedras MJ, Zamorano JL, Sanmartin M, Zaragoza C.
Effects of ivabradine on heart rate and hemodynamic parameters in a swine model
of cardiogenic shock. Rev Esp Cardiol. 2017;70:1139-1141.

. Xiang X, Zhou Y, Sun H, et al. Ivabradine abrogates TNF-a-induced degradation of

articular cartilage matrix. Int Immunopharmacol. 2019;66:347-353.

. Bolduc V, Drouin A, Gillis MA, et al. Heart rate-associated mechanical stress impairs

carotid but not cerebral artery compliance in dyslipidemic atherosclerotic mice.
Am ] Physiol Heart Circ Physiol. 2011;301:H2081-H2092.

. Li-Sha G, LiL, De-Pu Z, et al. Ivabradine treatment reduces cardiomyocyte apoptosis

in a murine model of chronic viral myocarditis. Front Pharmacol. 2018;9:182.

. YuY,HuZ, Li B, Wang Z, Chen S. Ivabradine improved left ventricular function and

pressure overload-induced cardiomyocyte apoptosis in a transverse aortic con-
striction mouse model. Mol Cell Biochem. 2019;450:25-34.

. Sabbah HN, Gupta RC, Kohli S, Wang M, Zhang K, Rastogi S. Heart rate reduction

with ivabradine improves left ventricular function and reverses multiple patho-
logical maladaptations in dogs with chronic heart failure. ESC Heart Fail.
2014;1:94-102.

Becher PM, Lindner D, Miteva K, et al. Role of heart rate reduction in the prevention
of experimental heart failure: comparison between If-channel blockade and {3-
receptor blockade. Hypertension. 2012;59:949-957.

Zuo G, Ren X, Qian X, et al. Inhibition of JNK and p38 MAPK-mediated inflammation
and apoptosis by ivabradine improves cardiac function in streptozotocin-induced
diabetic cardiomyopathy. J Cell Physiol. 2019;234:1925-1936.

Rossello X, Rodriguez-Sinovas A, Vilahur G, et al. CIBER-CLAP (CIBERCV Cardio-
protection Large Animal Platform): a multicenter preclinical network for testing
reproducibility in cardiovascular interventions. Sci Rep. 2019;9:20290.

Cuadrado [, Castejon B, Martin AM, et al. Nitric oxide induces cardiac protection by
preventing extracellular matrix degradation through the complex caveolin-3/
EMMPRIN in cardiac myocytes. PLoS One. 2016;11:e0162912.

Tarin C, Lavin B, Gomez M, Saura S, Diez-Juan A, Zaragoza C. The extracellular
matrix metalloproteinase inducer EMMPRIN is a target of nitric oxide in myocar-
dial ischemia/reperfusion. Free Radic Biol Med. 2011;51:387-395.

Ye B, Balijepalli RC, Foell JD, et al. Caveolin-3 associates with and affects the
function of hyperpolarization-activated cyclic nucleotide-gated channel 4. Bio-
chemistry. 2008;47:12312-12318.

Schmidt R, Biiltmann A, Ungerer M, et al. Extracellular matrix metalloproteinase
inducer regulates matrix metalloproteinase activity in cardiovascular cells: impli-
cations in acute myocardial infarction. Circulation. 2006;113:834-841.

Nie R, Xie S, Du B, Liu X, Deng B, Wang ]. Extracellular matrix metalloproteinase
inducer (EMMPRIN) is increased in human left ventricle after acute myocardial
infarction. Arch Med Res. 2009;40:605-611.

Spinale FG. Myocardial matrix remodeling and the matrix metalloproteinases:
influence on cardiac form and function. Physiol Rev. 2007;87:1285-1342.
Cuadrado I, Piedras MJGM, Herruzo I, et al. EMMPRIN-targeted magnetic nano-
particles for in vivo visualization and regression of acute myocardial infarction.
Theranostics. 2016;6:545-557.

Reddy VS, Prabhu SD, Mummidi S, et al. Interleukin-18 induces EMMPRIN expres-
sion in primary cardiomyocytes via JNK/Sp1 signaling and MMP-9 in part via
EMMPRIN and through AP-1 and NF-kappaB activation. Am ] Physiol Heart Circ
Physiol. 2010;299:H1242-H1254.

Murray DR, Mummidi S, Valente AJ, et al. 32 adrenergic activation induces the
expression of IL-18 binding protein, a potent inhibitor of isoproterenol induced
cardiomyocyte hypertrophy in vitro and myocardial hypertrophy in vivo. ] Mol Cell
Cardiol. 2012;52:206-218.

Chen SL, Hu ZY, Zuo GF, Li MH, Li B. I(f) current channel inhibitor (ivabradine)
deserves cardioprotective effect via down-regulating the expression of matrix
metalloproteinase (MMP)-2 and attenuating apoptosis in diabetic mice. BMC
Cardiovasc Disord. 2014;14:150.

Xie ], Li X, Zhou Y, et al. Resveratrol abrogates hypoxia-induced up-regulation of
exosomal amyloid-f partially by inhibiting CD147. Neurochem Res. 2019;44:
1113-1126.

YinJ, Xu WQ, Ye MX, et al. Up-regulated basigin-2 in microglia induced by hypoxia
promotes retinal angiogenesis. J Cell Mol Med. 2017;21:3467-3480.

Zeng W, Su ], WuL, etal. CD147 promotes melanoma progression through hypoxia-
induced MMP2 activation. Curr Mol Med. 2014;14:163-173.

Le Floch R, Chiche J, Marchiq I, et al. CD147 subunit of lactate/H+ symporters MCT1
and hypoxia-inducible MCT4 is critical for energetics and growth of glycolytic
tumors. Proc Natl Acad Sci U S A. 2011;108:16663-16668.

Zhou Q, Peng X, Liu X, et al. FAT10 attenuates hypoxia-induced cardiomyocyte
apoptosis by stabilizing caveolin-3. ] Mol Cell Cardiol. 2018;116:115-124.

28. Campostrini G, Bonzanni M, Lissoni A, et al. The expression of the rare caveolin-3

variant T78 M alters cardiac ion channels function and membrane excitability.
Cardiovasc Res. 2017;113:1256-1265.


http://dx.doi.org/10.1016/j.rec.2020.09.012
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0165
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0165
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0165
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0165
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0165
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0170
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0170
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0170
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0170
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0175
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0175
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0180
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0180
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0180
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0185
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0185
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0185
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0185
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0190
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0190
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0190
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0195
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0195
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0200
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0200
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0200
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0205
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0205
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0205
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0205
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0210
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0210
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0210
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0210
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0210
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0215
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0215
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0215
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0220
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0220
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0220
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0225
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0225
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0225
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0230
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0230
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0230
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0235
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0235
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0235
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0240
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0240
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0240
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0245
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0245
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0245
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0250
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0250
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0255
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0255
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0255
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0260
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0260
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0260
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0260
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0265
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0265
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0265
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0265
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0265
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0265
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0270
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0270
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0270
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0270
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0275
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0275
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0275
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0275
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0275
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0280
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0280
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0285
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0285
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0290
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0290
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0290
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0295
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0295
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0300
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0300
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0300
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0300

1071 L. Tesoro et al./Rev Esp Cardiol. 2021;74(12):1062-1071

29. Motloch LJ, Larbig R, Darabi T, et al. Long-QT syndrome-associated caveolin-3 31. Maissa N, Covarelli V, Janel S, et al. Strength of Neisseria meningitidis binding to
mutations differentially regulate the hyperpolarization-activated cyclic nucleotide endothelial cells requires highly-ordered CD147/B2-adrenoceptor clusters assem-
gated channel 4. Physiol Int. 2017;104:130-138. bled by alpha-actinin-4. Nat Commun. 2017;8:15764.

30. Greene D, Kang S, Kosenko A, Hoshi N. Adrenergic regulation of HCN4 channel 32. Clayton JA, Collins FS. Policy: NIH to balance sex in cell and animal studies. Nature.
requires protein association with [32-adrenergic receptor. ] Biol Chem. 2014;509:282-283.

2012;287:23690-23697.


http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0305
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0305
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0305
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0310
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0310
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0310
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0310
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0310
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0315
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0315
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0315
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0315
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0315
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0320
http://refhub.elsevier.com/S1885-5857(20)30415-1/sbref0320

	Ivabradine induces cardiac protection by preventing cardiogenic shock-induced extracellular matrix degradation
	INTRODUCTION
	METHODS
	Reagents
	Animals and cardiogenic shock procedure
	Evans blue/TTC staining
	Determination of troponin I plasma levels
	Cardiac ultrasound
	Cells
	Histology and immunohistochemistry
	Immunoprecipitation and immunoblot analysis
	RNA isolation and quantitative real-time polymerase chain reaction
	Statistical analysis

	RESULTS
	Ivabradine reduces left ventricular necrosis after cardiogenic shock
	Ivabradine reduces the cardiac expression of extracellular matrix-degrading enzymes
	Ivabradine prevents cardiogenic shock-induced disruption of the caveolin-3/EMMPRIN complex
	HCN4 is part of the caveolin-3/EMMPRIN complex in cardiac cells

	DISCUSSION
	Limitations

	CONCLUSIONS
	FUNDING
	CONFLICTS OF INTEREST
	WHAT IS KNOWN ABOUT THE TOPIC?
	WHAT DOES THIS STUDY ADD?

	APPENDIX. SUPPLEMENTARY DATA
	References


