N

N
N

HAL

open science

Cardioprotective effects of mineralocorticoid receptor
antagonists at reperfusion.

Katharina Schmidt, Renaud Tissier, Bijan Ghaleh, Tim Drogies, Stephan B.

Felix, Thomas Krieg

» To cite this version:

Katharina Schmidt, Renaud Tissier, Bijan Ghaleh, Tim Drogies, Stephan B. Felix, et al.. Cardio-
protective effects of mineralocorticoid receptor antagonists at reperfusion.: Cardioprotection with
MR antagonists. European Heart Journal, 2010, 31 (13), pp.1655-62.

inserm-00503073

HAL Id: inserm-00503073
https://inserm.hal.science/inserm-00503073
Submitted on 22 Dec 2010

HAL is a multi-disciplinary open access
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.

L’archive ouverte pluridisciplinaire HAL, est
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.

10.1093/eurheartj/ehp555 .


https://inserm.hal.science/inserm-00503073
https://hal.archives-ouvertes.fr

Cardioprotective Effects of Mineralocorticoid Receptor Antagonists at

Reperfusion

Katharina Schmidt, Renaud Tissiet, Bijan Ghalelf, Tim Drogies’, Stephan B. FeliX,

Thomas Krieg*

! Department of Cardiology, Ernst-Moritz-Arndt Unisity, Greifswald, Germany
2INSERM U955 - Equipe 3, Université Paris 12 andlEd¢ationale Vétérinaire d’Alfort,
Créteil, France

3 Department of Clinical Chemistry, Ernst-Moritz-AltnUniversity, Greifswald, Germany

Short title: Cardioprotection with MR antagonists

Word count: 4356

"Corresponding author:

Thomas Krieg, M.D.

Clinical Pharmacology

University of Cambridge

Hills Road

Cambridge CB2 2QQ, United Kingdom
tk382@medschl.cam.ac.uk

Tel: +44-785-8334593



ABSTRACT

Aim: Pretreatment with mineralocorticoid receptor (MRYagonists is reported to
reduce myocardial infarct size from ischemia/repgdn. Here, we tested whether the MR
antagonists potassium canrenoate and eplerenoteeprotect in the more clinically relevant
schedule of administration at the end of ischerMathods and results: In all models, hearts
were subjected to 30 min regional ischemia followgd .20 min (rabbits 4 h) reperfusion. A
bolus of canrenoate 5 min prior to reperfusionperechest mice decreased infarct size in a
dose-dependent manner. Maximum protection wasaektmg/kg where infarction was 18%
of that in the control (p<0.001). Ecto-5-nucletzise (CD73), as well as adenosing A
receptor knock-out mice could no longer be protcteggesting a role for adenosine and the
A,y receptor in the mechanism. A 1 mg/kg bolus of enoate prior reperfusion also reduced
infarct size in open-chest rabbits. To exploreuhderlying mechanisms we studied isolated
rat hearts. Eplerenone (1) at the end of ischemia was similarly proteciiveéhe rat heart
and the protection was abolished by co-treatmetit ivhibitors of the adenosine receptor,
protein kinase C, PI3-kinase, and ERK. In addigpferenone or canrenoate treatment
increased phosphorylation of the pro-survival kasa8kt and ERK1/2 at reperfusion in the
rat hearts.Conclusion: Taken together, MR antagonists when given at tloeog ischemia
are highly effective and potent cardioprotectivegdr with a signaling similar to that of
ischemic preconditioning and, hence, could be & permising candidate for the treatment of

acute myocardial infarction in man.

KEYWORDS: mineralocorticoid receptor antagonist; potassiunr&aoate; eplerenone;

cardioprotection; reperfusion



INTRODUCTION

Aldosterone causes sodium and water retentiondggnamic action of the hormone
on the kidney. These effects involve the transiocadf the steroid-MR complex to the
nucleus, where it acts as a transcriptional regula®everal hours later the newly expressed
proteins induce their effect. More recently, rgpidn-genomic effects of aldosterone
occurring within minutes have also been descritfethterestingly MR blockade also exerts
rapid effects on calcium metabolism and the sodiydrogen exchangérChai et al.
reported that MR blockade prior to ischemia inigwated rat heart reduced ischemic injtiry,
suggesting that the MR antagonists might somehasecpharmacological preconditioning.
Because preconditioning is of little clinical valtinere has been an extensive search for a safe
drug that reduces infarct size when given at repséh® Here, we test two selective MR
blockers, potassium canrenoate, the i.v. compatil@bolite of spironolactone, and
eplerenone, in several different animal modelewiteither might also be protective at the
end of ischemia. Finally, we test whether the priode from MR blockade might use any of
the signaling pathways that are used by ischengicgrd postconditioningWe tested the

MR antagonists in three different species and agptuvanti-infarct effect was seen in all.



METHODS

The experiments in rats and mice were conductésr@ifswald, Germany, while
rabbits were used in Maisons-Alfort, France. Alpesments were conducted in accordance
with The Guide for the Care and Use of Laboratory Animals (National Academy Press,
Washington, DC, 1996). The experimental protoceksdun this study were either approved
by the local authorities of the state of MecklempMorpommern, Germany (rat and mouse),

or according to French official regulations (rapbit

Open-chest in situ mouse heart

We used the open-chéatsitu mouse heart model described by Eckle &tBiefly,
mice were anesthetized with pentobarbital sodiuvdnnig/kg i.p.) and additional anesthesia
was administered as needed throughout the expetrideimals were ventilated with room
air supplemented with oxygen (peak inspiratory gues of 10 mbar, positive end-expiratory
pressure of 3 mbar). The ventilation frequency g&tsat 110 breaths/min and a tidal volume
of 200-250ul. To administer drugs a butterfly needle was pliaicethe tail vein. After a left
thoracotomy a prominent branch of the left cororatgry was surrounded with a 7-0 nylon
suture to form a snare. The mice were allowedabikte for 15min after surgery before the
protocols were begun. In all cases the coronaagdir was occluded for 30 min and
reperfused for 2 h.
Experimental protocol

Six groups were studied in control wild-type CDIcen{Charles River, Kisslegg,
Germany). Control mice had only the index occlusalowedby reperfusion. In drug-
treated mice with potassium canrenoate was stamtesl min before the onset of reperfusion.
Canrenoate was given in different concentratiors laslus. Control animals received the
corresponding amount of saline. Two additionalttrests (vehicle and 1 mg/kg BW

canrenoate) were performed in CD73 knock-out amtasine A, receptor knock-out mice.



Measurement of risk zone and infarct size

After completion of the protocol the coronary ayteras reoccluded, and Evans blue
was injected retrogradely through the aortic roadémarcate the ischemic zone (region at
risk zone). Hearts were excised, perfused with Gs@%he, weighed, frozen, and then cut into
1-mm-thick transverse slices. The slices were iatedbin 1% triphenyltetrazolium chloride
(TTC) in sodium phosphate buffer (pH 7.4) at@8or 20 min. TTC stains the non-infarcted
myocardium brick-red indicating the presence ofydebgenase enzymes. The slices were
then immersed in 10% formalin to enhance the cehtratween stained (viable) and
unstained (necrotic) tissue. The areas of infardtrésk zone were determined by planimetry
of each slice and volumes were calculated by myitig each area by the slice thickness and
summing the areas for each heart. Infarct sizeaxpsessed as a percentage of the risk zone.
Cardiac enzyme measurement

After removing the heart blood was collected frdra abdominal aorta and
centrifuged for measurement of cardiac troponicifin{) in serum using a CTNI reagent kit
and a Dimension Vista 1500, Integrated Analyticst&m (Siemens Healthcare Diagnostics,

Deerfield IL).

Open chest in situ rabbit heart

Male New Zealand White rabbits (2.7-3.3 kg) weresthetized with zolazepam and
tiletamine (20-30 mg/kg i.v. each). Animals weratated with 100% oxygen. Anesthesia
was thereafter maintained by i.v. pentobarbitaiesd to maintain a surgical plane. Arterial
pressure was measured in a catheter in a marginarery. An electrocardiogram was also
recorded. A left thoracotomy was performed at theth intercostal space and a 3/0 Prolene
suture was passed beneath an anterior branch &ftleeronary artery to form a snare.

Ischemia was confirmed by the occurrence of ST segmeviation in the electrocardiogram.



Reperfusion was induced by releasing the snarechiést was closed during reperfusion to
prevent cardiac cooling.
Experimental protocol

All rabbits were subjected to a 30 min coronargigrocclusion. Five minutes before
reperfusion, they randomly received an i.v. boldimimistration of saline (control) or
potassium canrenoate (1 mg/kg). In a first setxpleriments, rabbits were euthanized after 4
h of reperfusion for infarct size assessment.de@nd set of experiments, the open-chest
surgery was done in sterile conditions and rahbitderwent 72 h reperfusion. During those
72 h, rabbits returned to animal room and recebugatenorphine for analgesia (0.02
mg/kg/12 h sc).
Measurement of risk zone and infarct size

After completion of the 4 or 72 h of reperfusioiskrzone and infarct size were

measured according to the above mouse protocol.

Isolated rat heart

Wistar rats were anesthetized with pentobarbitdilso (60 mg/kg ip) after which the
heart was excised and perfused on a Langendorérapys with Krebs-Henseleit bicarbonate
buffer containing (mM) 118.5 NaCl, 24.8 NaH¢;@.7 KCI, 1.2 MgSQ, 1.2 KHPO,, 2.5
CaClb, and 10 glucose, and bubbled with 95%5% CQ to a pH of 7.35 — 7.45 at 38°C. A
share as above was passed around an epicardiabeparterial branch.
Experimental protocol

Fourteen experimental groups were studied as inlFighe coronary branch was
occluded for 30 min and reperfused for 2 h in edlups. In the control group no other
treatment was given. In the eplerenone-treatedpgrd0uM eplerenone was added to the
perfusate starting 5 min prior to reperfusion.Ha following inhibitor groups one of four

inhibitors was co-infused with eplerenone includihg adenosine receptor blocker 8-p-



sulphophenyltheophylline (SPT, 1Q®1), the PKC inhibitor chelerythrine (CHEL, 2.8/),
the ERK inhibitor U0126 (500 nM), or a PI3-kinaséibitor wortmannin (100 nM). Each
inhibitor was tested alone to exclude independ#atts of the blockers. In two additional
groups, together with eplerenone, aldosterone was gn two different concentrations in
order to compete with receptor binding. Aldoster{®@) nM) was finally given alone to
exclude any direct effect. Finally, canrenoate giaen (50uM) to confirm its protective
properties also in the isolated rat heart modeé d&lineated the risk zone with 38 green
fluorescent microspheres and infarction with TT&lrehg as described above farsitu
mouse hearts.
Biochemical studies

Isolated rat hearts were perfused as describedeaBoansmural biopsies of the left
ventricle were obtained right before ischemia (basgand at 10 min of reperfusion
following a 30 min period of global ischemia asicaded by the arrows in Fig.1. Seven
groups were studied: control hearts without anthierrtreatment, treatment with potassium
canrenoate (5(0M) alone and in the presence of aldosterone, treaitavith eplerenone (10
uM) alone and in the presence of either aldosteaorike PI3-kinase blocker wortmannin,
and aldosterone alone. Finally, the level of phosglated Akt and phosphorylated ERK1/2
in the heart at reperfusion was determined by wedtietting as described previousf.
Level of phosphorylation was measured as fold tafl tAkt and ERK1/2 resp., and

normalized to the baseline sample (n = 6/group).

Materials

Eplerenone was provided by Pfizer (Karlsruhe, GaypaPolyclonal antibodies
against Akt and its phosphorylated form (Ser47RKKEp44/42 MAPK) and its
phosphorylated form (Thr202/Tyr204), HRP-linkediaabbit IgG antibody used on Western

blot analysis, and cell lysis buffer were purchaseth Cell Signaling Technology (Beverly,



MA), CHEL and U0126 were from Calbiochem (San Die@é\), while all other chemicals
were from Sigma-Aldrich Chemical Co. Eplerenonertwannin, and U0126 were dissolved
in dimethyl sulfoxide (DMSO) before being dilutatdKrebs-Henseleit buffer resulting in a
DMSO concentration less than 0.01%. All other intioits were dissolved in the buffer

directly.

Statistics

Data are presented as means = SD. Differencegarcirsize, troponin | levels, Akt
and ERK1/2 phosphorylation amongst groups were emetpby one-way ANOVA with
Fisher LSD post hoc testing using SigmaStat 3.0veo€. For the rabbit experiments, heart
rate and mean blood pressure were compared betyeeps using a two-way ANOVA for

repeated measures. A value of p<0.05 was considegeificant.



RESULTS
Infarct size measurements in open-chest mice

We measured infarct size after 30 min regionalestila and 2 h of reperfusion. Figure
2A reveals that treatment with a bolus of potasstamrenoate (CAN) caused a dose
dependent reduction in infarct size with a peakafat 1 mg/kg body weight (7.3+4.7%
compared to 37.8+7.5% in control, p<0.001).

In order to test our hypothesis that the MR blosk@otect through preconditioning-
like signaling involving extracellular adenosinggracting with the A, adenosine receptor
(AR), we usedtd73” or A,,AR” mice. It has previously been shown that CD73 an ex
nucleotidase is the source of preconditioning’¢emtive adenosing,which then presumably
works through the AAR.? As shown in Fig. 2A, the CD73 and#AR knock-out animals
could no longer be protected with CAN.

The infarct size data were mirrored by the levélsandiac troponin | (cTnl) measured
in the serum at the end of reperfusion. Treatméiht @anrenoate significantly reduced the
amount of cTnl release (single measurements exgtessmeans = SD) again with a peak at

1 mg/kg (Fig. 2B).

Infarct size measurements in open-chest rabbits

We next tested 1 mg/kg canrenoate 5 min prior fap@n in anin vivo rabbit model.
Similarly, canrenoate was able to reduce infaxe g1 these hearts as shown in Fig. 3.
Importantly, this beneficial effect was observedewheperfusion was extended up to either 4

h or 72 h. Canrenoate had no hemodynamic effebeart rate or blood pressure (Table 1).

Infarct size measurements in isolated rat hearts
We next performed mechanistic studies in isolaa¢dhearts subjected to 30 min

regional ischemia. As seen in Fig. 4, eplerenori®atM throughout reperfusion reduced



infarct size from 40.8+5.3% in the control groupl®9 + 7.2% (p<0001), while only iV
eplerenone had no effect (data not shown).

Pharmacological inhibition of the adenosine rece(®®T), PKC (CHEL), PI3-kinase
(WORT), or ERK (U0126) each abolished eplerenopedgection, indicating that protection
depended on the same signaling elements as préionimy. The inhibitors alone had no
effect.

Eplerenone is a competitive inhibitor of aldosterofo rule out any non-MR
mechanism, aldosterone was given simultaneously té eplerenone treatment to
repopulate MR. Co-infusion of 50 nM aldosteronenibdal eplerenone’s protection and 500
nM aldosterone abolished it. Aldosterone alonermdffect on infarct size.

Canrenoate (50M) similarily worked in the isolated rat heart mbdead reduced
infarct size from 40.8+5.3% in the control grouplt2+3.8% (p<0001), while only i1

had no effect (data not shown).

Phosphorylation of Akt and ERK1/2

Akt and ERK1/2 activation by phosphorylation atedpsion are central to protection
by preconditioning. We found a marked increase khand ERK1/2 phosphorylation
following MR blockade at reperfusion (Figs. 5A, 5d 5C). Canrenoate and eplerenone,
both increased Akt and ERK1/2 phosphorylation dnad tvas abolished with co-treatment
with aldosterone. Aldosterone alone had no effaud, the PI3-kinase inhibitor wortmannin

totally blocked eplerenone-induced phosphorylation.



DISCUSSION

The mineralocorticoid receptor antagonists potassianrenoate and eplerenone are
both very cardioprotective against infarction wiagiministered prior to reperfusion. Their
very rapid action suggests a non-genomic effedRfblockade. Further, we could show that
the observed infarct-reducing properties of MR kémte involve key elements of the
signaling pathway used by pre- and postconditianimgally, similar protection was

demonstrated in three species.

Ischemia-induced infarction can be reduced eith#r preconditioning, an
intervention prior to ischemia, or by postconditray an intervention at the onset of
reperfusion. While Chai et al. recently reporteat MR blockade was cardioprotective when
applied as a preconditioning stimuftmse found that MR antagonists are also protective i
the more clinically relevant setting of adminisivatat the end of ischemia. Both
phenomena, ischemic pre- and postconditioning shamnmon signaling pathway that
includes PKC, adenosine receptors, P13-kinase#iid, ERK* This signaling is thought to
protect by suppressing the opening of mitochongaineability transition pores at
reperfusion. In the present study, we showed ttaeption from MR blockade prior to

reperfusion depends on these same signaling elsmmeggesting a common mechanism.

Fujita et al. demonstrated that aldosterone worsguasy from ischemia by a rapid,
non-genomic effect® Here, we could not see any difference betweemitieated control
group and aldosterone-treated isolated rat hdartantrast to our Langendorff-perfused
heart model, Fujita et al. used an in situ dog rhadhéch could explain these differences.

Most postconditioning agents have a very narrowaiheutic window, and delaying
the intervention for only a few minutes after thmset of reperfusion eliminates the

protection**° Canrenoate-induced protection was also absent tieenolus was given



within 1 min or 15 min after onset of reperfusialai@ not shown), confirming a non-genomic

mechanism due to the rapidity of the protectiorhwitR blockers.

In large-scale clinical trials (RALES and EPHESW@Sp.J°' treatment of post-
myocardial infarction patients with MR antagonistduced mortality most likely via the
prevention of remodeling. In these trials, MR apotagts were given long after the onset of
reperfusion, and, therefore, it is not likely thia observed benefits were due to infarct size
reduction. Since mortality after AMI is directlyrrelated with infarct size, the anti-infarct
effect of immediate MR blockade shown in the préséndy could have additional beneficial
effects in patients with AMI.

The protection could either be due to the inhibitid detrimental effects of
aldosterone itself, to a unique receptor respomsatagonist binding, or an MR-independent
nonspecific effect. Since we could overcome thédioarotective effect of the competitive
MR inhibitors eplerenone and canrenoate with a bmicentration of aldosterone, it is most
likely that elimination of aldosterone’s effectthe MR was involved. Nevertheless, any
additional nonspecific drug effects of canrenoatepderenone cannot be fully excluded.
Since ischemia itself leads to a release of aldoseeby the hearf we can speculate that
occupying MR may inhibit the cell's natural protectagainst ischemia. If the inhibition
were suppressed with MR blockade or overcome bygrpostconditioning, the endogenous

protective signaling could then promote cell sualiv

The powerful cardioprotection of pre- and postctinding must be made available to
patients with ST-segment elevation AMI (STEMI).v8el forms of postconditioning, either
repetitive short ischemic episodes at reperfuSionpharmacological preconditioning with
either cyclosporine & or atrial natriuretic peptide,have been tested in STEMI patients and

the results were encouraging. Unfortunately, nafitbese interventions is ideally suited for



routine clinical use. Our demonstration of goodt@ction prior to reperfusion across species
lines encourages us that potassium canrenoatgosdacandidate for a clinical trial in
patients with STEMI. Canrenoate is routinely uskdcally as a diuretic with an initial dose
of 200 mg. Canrenoate caused a profound infaretreiduction in animal models of AMI in

mice and rabbits at a much lower, single bolusedids-1 mg/kg.
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FIGURE LEGENDS

Fig. 1 Experimental protocols of the isolated rat heapegsnents. All hearts were stabilized
for 30 min prior to experiments. Control heartseiged 30 min of regional ischemia followed
by 2 h of reperfusion. Mineralocorticoid receptbtR) antagonists were given throughout
reperfusion starting 5 min before reperfusion. Bloekers were given either alone
accordingly or 5 min before the MR antagonist treait, while aldosterone (ALDO) was
given together with the MR antagonist. The arromgidate the times of the biopsies of the

left ventricle.m = regional ischemia.

Fig. 2 Results of thén situ open chest mouse experimems Potassium canrenoate (CAN)
as a bolus given 5 min prior to reperfusion wasqutive with a concentration as low as 30
ug/kg, whereas 1 mg/kg showed very profound pratactlhe right panels depict
experiments with the use of CAN either given toegtnucleotidase (CD73) knock-out (ko)
or Az, adenosine receptor (AR) ko mice. In both knockamiimals, CAN'’s protection was
blunted, suggesting a role for extracellular adameand the AAR in the protective

signaling. Open symbols represent individual experits while closed symbols are the
means = SD. *p<0.001 vs. contrdd. Plasma levels of cardiac troponin | (cTnl) at émel of
thein situ open-chest mouse experiments. While a bolus @fgsaim canrenoate 1 mg/kg 5
min before reperfusion reduced cTnl release aétiteof the reperfusion period, there was no

significant decrease with lower canrenoate conaéintrs. *p=0.022 vs. control.

Fig. 3 Results of then situ rabbit heart experiments with infarct size assesdrafter 4 h of
reperfusion (left panel) or 72 h (right panel). Gamate was applied as a 1 mg/kg bolus 5
min prior to reperfusion identical to the mouseerkpents and clearly reduced infarct size

presented at a percentage of the risk zone. *p<¥s08ontrol



Fig. 4 Results of the isolated rat hearts experimentsg®were given as depicted in Fig. 1.
Eplerenone (EPL) resulted in a significant reductitioinfarct size, which could be abolished
with the co-treatment of pharmacological inhibitofknown protective signaling elements.
[8p-sulfophenyladenosine (SPT) = adenosine recdgpdoker, wortmannin (WORT) = PI3
kinase inhibitor, chelerythrine (CHEL) = PKC inhitm, and U0126 = ERK blocker]. While a
low aldosterone (ALDO) concentration did not oveneothe eplerenone’s protection, a
higher ALDO concentration did. All blockers and ACDalone had no effect on infarct size.

Canrenoate also showed protection in this model0@01 vs. control

Fig. 5A, 5B, and 5C Akt and ERK1/2 phosphorylation in isolated ratrelslyocardial
samples were obtained from transmural biopsiesathied rat hearts of the left ventricle right
before ischemia (baseline) and at 10 min of repasfufollowing a 30 min period of global
ischemia as indicated by the arrows in Fig.1. Phospation of all tested kinases was clearly
increased at reperfusion compared to untreatedaiomben either canrenoate (CAN) or
eplerenone (EPL) were present. Protection was stiedi with co-infusion of aldosterone
(ALDO) or wortmanin (WORT), while ALDO had no effeon its own. Results represent the

meanxSD of 6 independent experiments, *p<0.01, &p81 vs. control.
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Table 1l : Hemodynamic parameters

Heart rate (beats/min)
Experiments with 30 min ischemia and 4 h reperfusion
Control 248+40 243+22 24722 239+29 235+16
Canrenoate 256+23 250+24 246+26 242+13 222129
Experiments with 30 min ischemia and 72 h reperfusion
Control 242+26 240+22 239+40 233+26 218+29
Canrenoate 248+22 234+29 234124 231+24 222124
Mean blood pressure (mmHQ)
Experiments with 30 min ischemia and 4 h reperfusion
Control 70+11 62+13 62+13 61+13 62+11
Canrenoate 74£15 61+4 60+2 6917 66+7
Experiments with 30 min ischemia and 72 h reperfusion
Control 7613 6949 6519 64+9 61+4
Canrenoate 75+13 69+11 63+11 63+9 66+7




Figure 1

control _ -
| I

MR antagonist
MR antagonist,

ALDO | |

I hlocker I

MR antagonist
MR antagonist + blocker

I I

bhlocker
blocker alone —
| I

-30 0 +20 +25+30 +40 +150

Time (min)



Figure 2A

60 1 . :
| I O o
- | |
g 50 o) 1 O 1 O
N | |
2 0 Q I C8> O
= 40 O ') I O I 9 %
s | © o 1 O O 1 o
£ 30 1 I o 1 o
S
: o 8¢ ' i
‘B 20 - O |« 0O I 1
- O (2) | |
: 8L gl 8 g :
= 10 O?f o R I
= @) il |
0 @ ! !
control 0.003 0.03 0.3 1 10 control CAN control CAN
1 mg/k 1 mg/k
canrenoate (CAN) (mg/kg) o i
wild-type CD73 ko A, AR ko
Figure 2B
4001
-
:
& 3004
v
2
i ]
= 200
=
=
=9
£ 100 T*
3]
5
~
R
S
0..
control 3ngkg 30 ng/kg 300 png'kg 1 mg/kg

canrenoate



Figure 3
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Figure SA
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Figure 5B
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Figure 5C
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