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Abstract

Treatment of acute myocardial infarct patients (AMI) includes rapid restoration of coronary blood flow and pharmacological
therapy aimed to prevent pain and maintain vessel patency. Many interventions have been investigated to offer additional
protection. One such intervention is remote ischaemic conditioning (RIC) involving short-episodes of ischaemia of the arm
with a blood pressure cuff, followed by reperfusion to protect the heart organs from subsequent severe ischaemia. However,
the recent CONDI2-ERIC-PPCI multicentre study of RIC in STEMI showed no benefit in clinical outcome in low risk
patients. It could also be argued that these patients were already in a partially protected state, highlighting the disconnect
between animal- and clinical-based outcome studies. To improve potential translatability, we developed an animal model
using pharmacological agents similar to those given to patients presenting with an AMI, prior to PPCI. Rats underwent MI
on a combined background of an opioid agonist, heparin and a platelet-inhibitor thereby allowing us to assess whether addi-
tional cardioprotective strategies had any effect over and above this “cocktail”. We demonstrated that the “background drugs”
were protective in their own right, reducing MI from 57.5 £3.7% to 37.3+2.9% (n=11, p <0.001). On this background of
drugs, RIC did not add any further protection (38.0 +3.4%). However, using a caspase inhibitor, which acts via a different
mechanistic pathway to RIC, we were able to demonstrate additional protection (20.6 +3.3%). This concept provides initial
evidence to develop models which can be used to evaluate future animal-to-clinical translation in cardioprotective studies.
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Introduction

Coronary heart disease is the leading cause of death world-
wide. The main treatment is restoration of coronary blood
flow using either thrombolysis or primary percutaneous
coronary intervention (PPCI). However, returning coronary
flow can, paradoxically, cause additional injury, known as
ischaemia—reperfusion injury [19, 22]. Importantly, over
the past few decades, we have witnessed a huge improve-
ment in patient care, leading to a significant reduction in
ischaemia—reperfusion injury and in the overall mortality of
patients presenting with an acute myocardial infarction (MI)
[41]. This improvement has been largely due to rapid inter-
vention and ongoing therapy [41]. With regard to the latter,
on hospital presentation, the majority of patients receive
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morphine, heparin and a P2Y}, inhibitor, each of which have
been shown individually in preclinical studies to activate
cardioprotective/pro-survival pathways [2, 7, 14, 17, 42].
One intervention that has been shown to be beneficial
in preclinical studies as well as “proof of concept” studies
in the clinical setting, is the use of remote ischaemic con-
ditioning (RIC) [6, 19, 23]. RIC involves short, sub-lethal
episodes of ischaemia in an organ or limb, followed by rep-
erfusion, which can protect remote organs from the conse-
quences of subsequent severe ischaemia [4, 19]. However,
in the recent CONDI2-ERIC-PPCI multicentre outcome
study [18], which investigated the phenomenon of RIC in
the setting of STEMI, no benefit was observed in clinical
outcome one year following RIC, which further highlights
the disconnect between animal- and clinical-based studies
[37]. Importantly, in the CONDI2-ERIC-PPCI study, car-
diac death in patients in the control group was only 2.7%,
indicating that patients entering the study were very low risk
and that RIC was not able to offer any additional protection
[25] Notwithstanding this, it is important to mention that
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in contrast to the ERIC-PPCI study, Gaspar et al. [13], in a
single-centred study with limited sample size (258 patients
per group), showed no reduction in myocardial infarct size
(based on 48 h troponin I AUC). They did, however, find
improved clinical outcomes with RIC in terms of fewer car-
diac deaths or hospitalizations for heart failure. Likewise,
Stiermaier et al. [40], demonstrated cardioprotection by
combined intra-hospital RIC and postconditioning, in addi-
tion to primary PCI, significantly reduced the rate of major
adverse cardiac events and new congestive heart failure after
STEMI. However, this study was potentially limited by its
post hoc nature and relatively small sample size study of 696
STEMI patients divided into three groups, which, as stated
by the authors, had limited statistical power.

What is appreciated, however, is that the target for lim-
iting the size of an evolving myocardial infarction has
decreased significantly over the past few decades [37, 41].
Consequently, we believe that to pursue this diminishing,
yet still important target, we need to either (i) optimise and/
or enhance our existing pro-survival pathways and/or (ii)
identify new independent mechanistic approaches [16].
Therefore, successful translation of cardioprotection against
ischaemia—reperfusion injury may require the development
of a multi-targeted approach [10, 30, 37]. In this regard,
interesting data from Downey’s group clearly demonstrate
in animal models that clinical-grade drugs, given at rep-
erfusion, can provide additional and sustained infarct size
reduction when added to anti-platelet therapy provided by
P2Y,, inhibitors [1].

Based on the above, we felt it important to develop
appropriate animal models that can help narrow the divide
between animal-based and patient-based studies [9, 33].
Thus, to improve the translatability of animal-to-clinical
studies, we developed a small-animal model which attempts
to narrow this divide. This consisted of an open-chest rat
model, in which rats underwent myocardial ischaemia-rep-
erfusion on a background of the three agents routinely used
when patients present with an acute MI i.e., an opioid ago-
nist, heparin and an anti-platelet (P2Y,) inhibitor. We also
investigated the effects of the addition of RIC and a caspase
inhibitor, on this background cocktail, to investigate whether
further protection could be observed.

Materials and methods

Animals and chemicals

Male Sprague—Dawley rats weighing 250-300 bred in the
UCL biological central unit were used throughout. Animals
received humane care in accordance with the United King-

dom Home Office Guide on the Operation of Animal (Sci-
entific Procedures) Act 1986, Project Licence PPL70/8556.
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Both ticagrelor (antagonist of the P2Y, receptor) and
emricasan (caspase inhibitor) were purchased from MedKoo
Biosciences (USA). Enkephalin and other chemicals were
obtained from Sigma Aldrich (UK). Ticagrelor, emricasan
and wortmannin were dissolved in 100% DMSO and other
drugs were in saline.

Surgery for LAD coronary artery occlusion

After anesthetization with sodium pentobarbital at a dose of
100 mg/kg via intraperitoneal (i.p.) injection, the rats were
intubated by tracheotomy and ventilated with room air using
a small-animal ventilator (Harvard Apparatus, Inc., model
55-0000). The rats were subject to LAD coronary artery
occlusion (see details below) according to standard methods
[5]. The animals were placed on a heating pad and the rectal
temperature was monitored and maintained at ~ 37 °C using
a CMA 450 temperature controller. During the experiments,
the ECG and heart rate were continuously recorded using
PowerLab (Adinstrument, USA). The left side of the chest
was opened in the intercostal space between the 3rd and
4th ribs to expose the heart and a suture was placed around
the left anterior descending (LAD) coronary artery. A snare
was then made to allow the occlusion and opening of the
LAD for ischaemia and reperfusion, as needed. With regard
to the RIC protocol, rats received three cycles of RIC by
inflating a silicon vascular occluder on the left lower limb
for 5 min, then deflating for 5 min (see protocol below).
Rats not undergoing RIC were kept on the heating pad for
an equivalent time of ~40 min prior to open-chest surgery.

Experimental protocols

By tightening the suture to occlude the LAD, the rats were
subject to 30 min regional ischaemia, which was confirmed
by both ST segment elevation on the ECG and the change in
heart colour. At the end of ischaemia, the suture snare was
loosened and 120 min of reperfusion followed. In the first
experiment, the rats were randomly divided into the follow-
ing 6 groups (n=11 per group) (Fig. 1):

(1) Vehicle control: saline and DMSO vehicles (0.3 ml/kg)
were injected intraperitonealy at the equivalent time
points as the drugs in all other groups.

(2) Drug treated: rats in this group were treated with
enkephalin (0.3 mg/kg) and ticagrelor (30 mg/kg)
10 min prior to reperfusion. In addition, heparin was
administered with the sodium pentobarbital at the
beginning of the experiment and prior to ischaemia.

(3) Emricasan group: 5 min before reperfusion, emricasan
was injected i.p at a dose of 10 mg/kg. To enable com-
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Fig. 1 Experimental proto-
cols for each group of rats in
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parison with the other groups, these rats also received
the same vehicles as group 1.

(4) Emricasan +drugs group: these rats were treated with
emricasan combined with heparin, enkephalin and tica-
grelor before reperfusion;

(5) RIC alone group: prior to surgery for LAD occlusion,
three cycles of RIC (5 min ischaemia and 5 min rep-
erfusion) were performed by inflating and deflating a
silicon vascular occluder (OC16, from IVM, USA) on
the rats’ left lower limb. In addition, all rats received
the same vehicles as group 1.

(6) RIC+drugs: in addition to RIC (administered as in
group 5), heparin, enkephalin and ticagrelor were
administered exactly as described for group 2.

For the second group of experiments (n=6-7), the
groups were configured as described above with the

DMSO

addition of either vehicle (DMSO) or 15 pg/kg wortman-
nin administered 10 min prior to reperfusion (Fig. 2).

Determination of infarct size

At the end of 120 min reperfusion, the rat hearts were
excised. The aorta was cannulated and the hearts mounted
on a 25 ml syringe filled with Kreb’s buffer. After washing
out the blood, the LAD was re-occluded with the suture that
had been left on the heart after ischaemia, and the hearts
were perfused with 1% Evans blue dye to stain the non-
ischaemic area of the heart. The Evans blue-stained hearts
were then frozen at — 80 °C for~ 10 min and then cut into
5-6 slices in~ 1 mm of thickness. The heart slices were
incubated in triphenyltetrazolium chloride (TTC, 10 mg/ml)
solution at 37 °C, pH 7.4 for 30 min. After TTC incubation,
the dead tissue was stained a white colour and the live tissue
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Fig.2 Experimental proto-
cols for each group of rats in
experiment 2 investigating the
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was stained a red colour. Slices were then transferred to 10%
formalin solution and were fixed overnight. The heart slices
without right ventricular wall were scanned using a Cannon
digital scanner (Fig. 3). The entire area of the sliced, the
non-ischaemic area (Evans blue-stained area) and the infarct
area (white area) of the digital images were measured using
Image-J software. The risk area was calculated by subtrac-
tion of the non-ischaemic area (blue area) from the whole
slice area. The infarct size was expressed as a percentage of
the total risk area of the left ventricle.

Statistical analysis

Each experimental animal is indicated by a single point.
The mean and standard error of the mean are indicated by
the bars and handles. Statistical analysis was by one-way
ANOVA followed by Tukey post test. Significance is indi-
cated as *p <0.05, **p <0.01, ***p <0.001 compared to
vehicle or as indicated.

Results

In the present study, we were able to demonstrate that
agents routinely applied in the clinical setting to patients
presenting with a STEMI, were able to protect the heart in
their own right (Fig. 4). In this respect we used an opioid
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Wortmannin

agonist (enkephalin 0.3 mg/kg i.p.) 10 min before reper-
fusion. Enkephalin was used as a substitute for morphine,
which, being a protected drug, was not possible to obtain
for use in our animal preparation. We also administered
heparin (200 U/kg i.p.) prior to start of each experiment,
in addition to an anti-platelet agent, ticagrelor (30 mg/kg
i.p.) given 10 min before reperfusion. This combination of
agents significantly protected the heart from ischaemia/rep-
erfusion injury in their own righti.e., (I/R 37.3+2.9% in the
treated group vs 57.5 +£3.7% in the control group; p <0.001).
We also investigated RIC in this model, which consisted of
3 x5 min periods of hind-limb cuff inflation at a pressure of
150-200 mmHg interspersed with 5 min periods of defla-
tion to zero pressure. This protocol has regularly been used
in small-animal models of acute myocardial infarction [5,
6]. We were able to demonstrate that RIC alone induced
significant protection compared to the control (37.7 +£3.0%
vs 57.5+3.7% p <0.001). Importantly, however, when we
applied RIC on a pharmacological background of the three
clinically relevant drugs, we were unable to demonstrate any
additional protective effect (38.0 +3.4%). Mechanistically,
this may be because both RIC and the three drugs in our
cocktail have been shown to protect the heart via well-known
pro-survival signalling pathways such as RISK and SAFE
[38]. In view of this, we decided to investigate an alterna-
tive pharmacological approach that acts independently of the
aforementioned pro-survival pathways.
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Fig.3 Representative serial
slices of rat heart from each
experimental group after stain-
ing with Evans blue and TTC.
The Evans blue-stained tissue
appears dark blue, representing
the non-ischaemic zone. Within
the ischaemic zone (“area at
risk”), the red area demarcates
live tissue, while the white area
is dead tissue (infarct)
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We therefore proceeded to use an agent, emricasan,
which predominately targets caspase-1 (in addition to other
caspases) [32], and as such should therefore be expected
to work independently of pro-survival signalling pathways.
Indeed, emricasan was first shown by Downey’s group to
protect isolated perfused mouse hearts from ischaemia
and reperfusion injury [8]. We found that when emricasan
(10 mg/kg) alone was administered 10 min prior to reper-
fusion, significant protection was observed (37.0 +3.4%).

Background
Drugs

RIC +
Background
Drugs

*% *k%k

Infarct size (% of AAR)

20+

Importantly, when emricasan was administered on the back-
ground of the cocktail of the three clinically used drugs, an
additional benefit, over and above the cocktail alone, was
observed (20.6 +3.3% vs 37.7+3.0; p<0.01). In all the

Vehicle Vehicle Vehicle

Background Background Background

above studies n=11 for each group (Fig. 4).

+ + drugs drugs drugs . . .
RIC  Emricasan (Enkephaln, (Enkephali, (Enkophal In an attempt to ascertain the potential mechanism of pro-
Ticagrelor)  Ticagrelor)  Ticagrelor) tection, we undertook an additional series of experiments
RIC Ermrieasan using the PI3-Kinase inhibitor, wortmannin. We were able

Fig.4 Infarct sizes expressed as a percentage of ischaemia area at
risk (AAR). Individual hearts are indicated as grey circles, with the
mean and standard error of the mean indicated in black. Statisti-
cal analysis was by one-way ANOVA followed by Tukey post-test.
*p<0.05, **p<0.01, ***p <0.001 compared to vehicle or as indi-

cated

to demonstrate (Fig. 5) that the protection observed with the
“background clinical” drugs, was inhibited using wortman-
nin (37.0£3.5% vs 56.7+3.4% n=6, p<0.01) suggesting
that their effect was via pro-survival kinases of the RISK
pathway. However, the protection observed using the caspase
inhibitor, emricasan, was not attenuated with wortmannin,

@ Springer



69 Page6of9

Basic Research in Cardiology (2020) 115:69

*%

80 r 1
E *kk *% *%
< 607 —_I=
2 =
o
X
a0 o -
2 I
e
£
= 201

Vehicle Background Background Emricasan Emricasan
drugs drugs +
(Enkephalin, (Enkephalin, Wortmannin
Heparin Heparin
Ticagrelor) Ticagrelor)
+
Wortmannin

Fig.5 The PI3 kinase inhibitor wortmannin blocks protection by
“background” drugs but not by emricasan. Infarct sizes expressed
as percentage of area at risk (AAR). Individual hearts are indicated
as grey circles, with the mean and standard error of the mean indi-
cated in black. Statistical analysis was by one-way ANOVA followed
by Tukey post test. **p <0.01, ***p <0.01 compared to vehicle or as
indicated

(40.5+£3.5% vs 39.4+4.5%, n=17, ns) suggesting that pro-
tection by this drug occurred via a mechanisms that is inde-
pendent of the RISK pathway.

Discussion

To improve potential translatability and identify a promis-
ing multi-target approach, we developed a small-animal, rat
model using pharmacological agents similar to that given
to patients presenting with an acute myocardial infarction
(STEMI) and undergoing primary PCI. In this open-chest
rat model, rats underwent myocardial infarction on a back-
ground of three agents routinely used when patients present
with an acute Ml i.e., an opioid agonist, enkephalin, heparin
and an anti-platelet (P2Y,) inhibitor ticagrelor. After induc-
tion of anaesthesia with sodium pentobarbital (100 mg/kg
i.p.), and on this background trio of pharmacological agents,
we then proceeded to undertake coronary artery occlusion
for 30 min, by ligation of the left coronary artery, followed
by reperfusion for 2 h. The heparin was given at the begin-
ning of the experiment prior to ischaemia. The ticagrelor
and the enkephalin were given 10 min prior to reperfusion.
Rats were terminated upon surgical removal of the heart and
myocardial infarct size measured. Using this strategy, we are
able to assess the effects of known or novel cardioprotective
strategies and/or drugs to ascertain whether these had any
effect over and above this cocktail.

Given that the three background drugs we used have each
been previously described as acting via pro-survival kinases
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of the RISK pathway [2, 7, 14, 17, 42], it might have been
anticipated that their combination would be cardioprotec-
tive in both rats and humans. Indeed, it has previously been
suggested that cardioprotective strategies should be inves-
tigated in the presence of routine background drugs [3, 20].
However, apart from the study by Audia [1] investigating
the effect of P2y12 inhibitors, this is the first time that a
clinically relevant model with relevant background drugs
has been investigated. As we observed, RIC is no longer
effective in this experimental model. This data provides one
potential explanation for the failure of the RIC to demon-
strate benefit in the CONDI2/ERIC-PPCI clinical trial. In
a clinical setting, Kleinbongard et al. have suggested that
the P2Y,, inhibitors show the strongest evidence that they
can confound studies of cardioprotection [26]. An exam-
ple of this being the combination of a statin with ischaemic
postconditioning, which has been shown to overcome the
resistance of diabetic mice to cardioprotection by augment-
ing the activation of the AKT-eNOS prosurvival signalling
pathway [12]. Furthermore, this does not negate the pos-
sibility that other agents we did not test in our rat model
might additionally affect the resistance of the heart to ischae-
mia-reperfusion injury, such as propofol, used to anaesthe-
tize some patients [24]. It is important to note that confound-
ing factors such as co-morbidities and co-medications can
minimize RIC’s protection by two different, or even oppos-
ing, mechanisms and it is nearly impossible to differentiate
between these two aspects. Protection by can be attenuated
or abrogated by patients’ medication and, in parallel, there
is potential recruitment of protection by the medications.
It may be possible that a stronger RIC stimulus would be
sufficient to induce cardioprotection even in the presence of
the background drugs. For example, Lieder et al. found that
when RIC was applied to two limbs of a rat rather than just
one, cardioprotection was greater [31].

Overall, this study demonstrates the need to produce
small-animal models that more accurately reflect the clini-
cal scenario. As discussed above, it could be argued that
confounders and co-morbidities, such as age, sex and dia-
betes, or indeed a cohort of animals pre-treated with statins,
could be further added to reflect the clinical setting more
accurately. This would not have altered the main message
of the study: that the cardioprotective pathways activated by
background drugs must be considered in infarction experi-
ments. A retrospective analysis of patients undergoing elec-
tive coronary bypass grafting with or without RIC prior to
ischaemic cardioplegic arrest found no impact of f-blockers,
statins, ACE inhibitors, ARBs or intraoperative nitroglyc-
erin [27]. This example, and the fact the every patient has a
unique profile of co-morbidities and co-medications, illus-
trates the impossibility of developing a “perfect” animal
model that is relevant to all patients. However, all patients
who present with an AMI receive a combination of drugs,
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as described above, which, in our model, clearly demon-
strate their ability to protect the heart in their own right; this
protection occurring via well-known known conditioning
survival pathways. Therefore, developing pharmacological
therapy or procedures, such as RIC, which act via a similar
mechanism, would seem inappropriate. Instead, the focus
should probably be on developing drugs that work via a
mechanism independent of these survival pathways (i.e.,
RISK & non-RISK survival pathways). Another survival
pathway, not investigated in this study, was the survivor
activating factor enhancement pathway or SAFE pathway
[29]. This is believed to be triggered by the immune system
with prosurvival signalling via the transcription factor signal
transducer and activator of transcription 3 (STAT3), which
targets the inhibition of the mitochondrial permeability tran-
sition pore [15]. In addition, there is debate about the rela-
tive importance of survival pathways such as the RISK and
SAFE pathways in different species (i.e., pig and human vs
rat and mouse) [21, 23, 28]. However, we have shown that
in human muscle studies, the survival kinases of the RISK
pathway are involved in protecting human heart muscle from
hypoxia-reoxygenation [39].

In this regard, our experiments indicate that the caspase
inhibitor, emricasan, can protect the heart via a mechanism
that does not require pro-survival kinases of the RISK path-
way, and that it can therefore act additively with the three
background drugs. We chose to use emricasan as it is one of
the few caspase-targeted drugs that can be used in humans,
having been used in clinical trials to treat non-alcoholic stea-
tohepatitis [34]. Although it is a broad spectrum caspase
inhibitor, we believe its infarct limiting effects are likely to
be mediated mostly via inhibition of caspase 1, which we
and others have shown provides significant benefit via inhi-
bition of IL-18 and IL-1B [1, 11, 35, 36]. Activated caspase
1 can activate a pyroptotic cell death pathway, contribut-
ing to infarct formation [1, 11, 36]. The canonical pathway
for caspase 1 activation involves the synthesis of protein
subunits of the NLRP3 inflammasome, which then stimulate
auto-catalysis of caspase 1 [36, 44]. However, new protein
synthesis requires hours and is not relevant to acute infarct
formation. On the other hand, evidence suggests that caspase
1 can be rapidly activated in naive hearts during the first
10 min of reperfusion [8]. A putative mechanism for this is
via Ca®*-induced activation of calpain, a calcium-dependent
protease, which releases a pool of caspase-1 from the actin
cytoskeleton [43]. However, the precise mechanism of cas-
pase 1 activation during ischemia and reperfusion has not
yet been determined.

To reduce the disconnect between preclinical and clini-
cal studies (i.e.,: the influence of co-medications and/or co-
morbidities), it may be necessary to start to develop animal
models that more closely resemble the pharmacological and
pathophysiological background of patients presenting with

an acute MI. Treating patients presenting with a STEMI
and tackling ischaemia—reperfusion injury in today’s envi-
ronment is challenging and must require a rethink of our
approach to take account of current clinical practise and
patient care.

Funding Supported by the British Heart Foundation
(PG/18/44/33790), National Institute for Health Research Biomedical
Research Centre (BRC233/CM/SD/101320) and the Hatter Foundation.

Compliance with ethical standards
Conflict of interest None.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. AudiaJP, Yang XM, Crockett ES, Housley N, Haq EU, O’Donnell
K, Cohen MV, Downey JM, Alvarez DF (2018) Caspase-1 inhibi-
tion by VX-765 administered at reperfusion in P2Y 12 receptor
antagonist-treated rats provides long-term reduction in myocardial
infarct size and preservation of ventricular function. Basic Res
Cardiol 113:32. https://doi.org/10.1007/s00395-018-0692-z

2. Bell RM, Sivaraman V, Kunuthur SP, Cohen MV, Downey JM,
Yellon DM (2015) Cardioprotective properties of the plate-
let P2Y 12 receptor inhibitor, cangrelor: protective in diabetics
and reliant upon the presence of blood. Cardiovasc Drugs Ther
29:415-418. https://doi.org/10.1007/s10557-015-6609-2

3. Bell RM, Botker HE, Carr RD, Davidson SM, Downey JM, Dutka
DP, Heusch G, Ibanez B, Macallister R, Stoppe C, Ovize M,
Redington A, Walker JM, Yellon DM (2016) 9th Hatter biannual
meeting: position document on ischaemia/reperfusion injury, con-
ditioning and the ten commandments of cardioprotection. Basic
Res Cardiol 111:41. https://doi.org/10.1007/s00395-016-0558-1

4. Birnbaum Y, Hale SL, Kloner RA (1997) Ischemic precondition-
ing at a distance: reduction of myocardial infarct size by partial
reduction of blood supply combined with rapid stimulation of the
gastrocnemius muscle in the rabbit. Circulation 96:1641-1646.
https://doi.org/10.1161/01.¢ir.96.5.1641

5. Botker HE, Hausenloy D, Andreadou I, Antonucci S, Boengler K,
Davidson SM, Deshwal S, Devaux Y, Di Lisa F, Di Sante M, Efen-
takis P, Femmino S, Garcia-Dorado D, Giricz Z, Ibanez B, Ili-
odromitis E, Kaludercic N, Kleinbongard P, Neuhauser M, Ovize
M, Pagliaro P, Rahbek-Schmidt M, Ruiz-Meana M, Schluter KD,
Schulz R, Skyschally A, Wilder C, Yellon DM, Ferdinandy P,
Heusch G (2018) Practical guidelines for rigor and reproducibility
in preclinical and clinical studies on cardioprotection. Basic Res
Cardiol 113:39. https://doi.org/10.1007/s00395-018-0696-8

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00395-018-0692-z
https://doi.org/10.1007/s10557-015-6609-2
https://doi.org/10.1007/s00395-016-0558-1
https://doi.org/10.1161/01.cir.96.5.1641
https://doi.org/10.1007/s00395-018-0696-8

69

Page 8 of 9

Basic Research in Cardiology (2020) 115:69

B

10.

11.

12.

13.

15.

16.

17.

18.

Bromage DI, Pickard JM, Rossello X, Ziftf OJ, Burke N, Yel-
lon DM, Davidson SM (2017) Remote ischaemic conditioning
reduces infarct size in animal in vivo models of ischaemia-reper-
fusion injury: a systematic review and meta-analysis. Cardiovasc
Res 113:288-297. https://doi.org/10.1093/cvr/cvw219

Cohen MV, Downey JM (2017) The impact of irreproducibility
and competing protection from P2Y 12 antagonists on the discov-
ery of cardioprotective interventions. Basic Res Cardiol 112:64.
https://doi.org/10.1007/s00395-017-0653-y

Cohen MV, Yang XM, Downey JM (2019) All caspase-1-depend-
ent myocardial infarction occurs in the first 10 minutes of reperfu-
sion. Circulation 140:A12336. https://doi.org/10.1161/circ.140.
suppl_1.12336

Davidson SM, Arjun S, Basalay MV, Bell RM, Bromage DI, Bot-
ker HE, Carr RD, Cunningham J, Ghosh AK, Heusch G, Ibanez
B, Kleinbongard P, Lecour S, Maddock H, Ovize M, Walker M,
Wiart M, Yellon DM (2018) The 10th Biennial Hatter Cardio-
vascular Institute workshop: cellular protection-evaluating new
directions in the setting of myocardial infarction, ischaemic
stroke, and cardio-oncology. Basic Res Cardiol 113:43. https://
doi.org/10.1007/s00395-018-0704-z

Davidson SM, Ferdinandy P, Andreadou I, Botker HE, Heusch G,
Ibanez B, Ovize M, Schulz R, Yellon DM, Hausenloy DJ, Gar-
cia-Dorado D, Action CC (2019) Multitarget strategies to reduce
myocardial ischemia/reperfusion injury: JACC review topic of
the week. J Am Coll Cardiol 73:89-99. https://doi.org/10.1016/j.
jacc.2018.09.086

Do Carmo H, Arjun S, Petrucci O, Yellon DM, Davidson SM
(2018) The caspase 1 inhibitor VX-765 protects the isolated rat
heart via the RISK pathway. Cardiovasc Drugs Ther 32:165-168.
https://doi.org/10.1007/s10557-018-6781-2

Fan Y, Yang S, Zhang X, Cao Y, Huang Y (2012) Comparison
of cardioprotective efficacy resulting from a combination of ator-
vastatin and ischaemic post-conditioning in diabetic and non-
diabetic rats. Clin Exp Pharmacol Physiol 39:938-943. https://
doi.org/10.1111/1440-1681.12014

Gaspar A, Lourenco AP, Pereira MA, Azevedo P, Roncon-Albu-
querque R Jr, Marques J, Leite-Moreira AF (2018) Randomized
controlled trial of remote ischaemic conditioning in ST-elevation
myocardial infarction as adjuvant to primary angioplasty (RIC-
STEMI). Basic Res Cardiol 113:14. https://doi.org/10.1007/s0039
5-018-0672-3

. Gross ER, Hsu AK, Gross GJ (2006) The JAK/STAT pathway is

essential for opioid-induced cardioprotection: JAK2 as a mediator
of STAT3, Akt, and GSK-3 beta. Am J Physiol Heart Circ Physiol
291:H827-834. https://doi.org/10.1152/ajpheart.00003.2006
Hadebe N, Cour M, Lecour S (2018) The SAFE pathway for car-
dioprotection: is this a promising target? Basic Res Cardiol 113:9.
https://doi.org/10.1007/s00395-018-0670-5

Hausenloy DJ, Garcia-Dorado D, Botker HE, Davidson SM,
Downey J, Engel FB, Jennings R, Lecour S, Leor J, Madonna
R, Ovize M, Perrino C, Prunier F, Schulz R, Sluijter JPG, Van
Laake LW, Vinten-Johansen J, Yellon DM, Ytrehus K, Heusch
G, Ferdinandy P (2017) Novel targets and future strategies for
acute cardioprotection: position paper of the European Society
of Cardiology Working Group on Cellular Biology of the Heart.
Cardiovasc Res 113:564-585. https://doi.org/10.1093/cvr/cvx04
9

Hausenloy DJ, Iliodromitis EK, Andreadou I, Papalois A, Grit-
sopoulos G, Anastasiou-Nana M, Kremastinos DT, Yellon DM
(2012) Investigating the signal transduction pathways underlying
remote ischemic conditioning in the porcine heart. Cardiovasc
Drugs Ther 26:87-93. https://doi.org/10.1007/s10557-011-6364-y
Hausenloy DJ, Kharbanda RK, Moller UK, Ramlall M, Aaroe J,
Butler R, Bulluck H, Clayton T, Dana A, Dodd M, Engstrom T,

@ Springer

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Evans R, Lassen JF, Christensen EF, Garcia-Ruiz JM, Gorog DA,
Hjort J, Houghton RF, Ibanez B, Knight R, Lippert FK, Lonborg
JT, Maeng M, Milasinovic D, More R, Nicholas JM, Jensen LO,
Perkins A, Radovanovic N, Rakhit RD, Ravkilde J, Ryding AD,
Schmidt MR, Riddervold IS, Sorensen HT, Stankovic G, Varma
M, Webb I, Terkelsen CJ, Greenwood JP, Yellon DM, Botker
HE, Investigators C-E-P (2019) Effect of remote ischaemic con-
ditioning on clinical outcomes in patients with acute myocardial
infarction (CONDI-2/ERIC-PPCI): a single-blind randomised
controlled trial. Lancet 394:1415-1424. https://doi.org/10.1016/
S0140-6736(19)32039-2

Hausenloy DJ, Yellon DM (2016) Ischaemic conditioning and
reperfusion injury. Nat Rev Cardiol 13:193-209. https://doi.
org/10.1038/nrcardio.2016.5

Heusch G (2017) Critical issues for the translation of cardiopro-
tection. Circ Res 120:1477-1486. https://doi.org/10.1161/CIRCR
ESAHA.117.310820

Heusch G (2015) Molecular basis of cardioprotection: signal
transduction in ischemic pre-, post-, and remote conditioning.
Circ Res 116:674-699. https://doi.org/10.1161/CIRCRESAHA
.116.305348

Heusch G (2020) Myocardial ischaemia-reperfusion injury and
cardioprotection in perspective. Nat Rev Cardiol. https://doi.
org/10.1038/s41569-020-0403-y

Heusch G, Botker HE, Przyklenk K, Redington A, Yellon D
(2015) Remote ischemic conditioning. J] Am Coll Cardiol 65:177—
195. https://doi.org/10.1016/j.jacc.2014.10.031

Heusch G, Gersh BJ (2016) ERICCA and RIPHeart: two nails in
the coffin for cardioprotection by remote ischemic conditioning?
Probably not! Eur. Heart J 37:200-202. https://doi.org/10.1093/
eurheartj/ehv606

Heusch G, Gersh BJ (2020) Is cardioprotection salvageable?
Circulation 141:415-417. https://doi.org/10.1161/circulatio
naha.119.044176

Kleinbongard P, Botker HE, Ovize M, Hausenloy DJ, Heusch
G (2019) Co-morbidities and co-medications as confounders of
cardioprotection—does it matter in the clinical setting? Br J Phar-
macol. https://doi.org/10.1111/bph.14839

Kleinbongard P, Neuhauser M, Thielmann M, Kottenberg E,
Peters J, Jakob H, Heusch G (2016) Confounders of cardiopro-
tection by remote ischemic preconditioning in patients undergoing
coronary artery bypass grafting. Cardiology 133:128-133. https
://doi.org/10.1159/000441216

Kleinbongard P, Skyschally A, Heusch G (2017) Cardioprotec-
tion by remote ischemic conditioning and its signal transduc-
tion. Pflugers Arch 469:159-181. https://doi.org/10.1007/s0042
4-016-1922-6

Lacerda L, Somers S, Opie LH, Lecour S (2009) Ischaemic post-
conditioning protects against reperfusion injury via the SAFE
pathway. Cardiovasc Res 84:201-208. https://doi.org/10.1093/
cvr/cvp274

Lecour S, Bgtker HE, Condorelli G, Davidson SM, Garcia-Dorado
D, Engel FB, Ferdinandy P, Heusch G, Madonna R, Ovize M,
Ruiz-Meana M, Schulz R, Sluijter JP, Van Laake LW, Yellon DM,
Hausenloy DJ (2014) ESC working group cellular biology of the
heart: position paper: improving the preclinical assessment of
novel cardioprotective therapies. Cardiovasc Res 104:399-411.
https://doi.org/10.1093/cvr/cvu225

Lieder HR, Irmert A, Kamler M, Heusch G, Kleinbongard P
(2019) Sex is no determinant of cardioprotection by ischemic
preconditioning in rats, but ischemic/reperfused tissue mass is
for remote ischemic preconditioning. Physiol Rep 7:¢14146. https
://doi.org/10.14814/phy2.14146

Linton SD, Aja T, Armstrong RA, Bai X, Chen LS, Chen N,
Ching B, Contreras P, Diaz JL, Fisher CD, Fritz LC, Gladstone P,


https://doi.org/10.1093/cvr/cvw219
https://doi.org/10.1007/s00395-017-0653-y
https://doi.org/10.1161/circ.140.suppl_1.12336
https://doi.org/10.1161/circ.140.suppl_1.12336
https://doi.org/10.1007/s00395-018-0704-z
https://doi.org/10.1007/s00395-018-0704-z
https://doi.org/10.1016/j.jacc.2018.09.086
https://doi.org/10.1016/j.jacc.2018.09.086
https://doi.org/10.1007/s10557-018-6781-2
https://doi.org/10.1111/1440-1681.12014
https://doi.org/10.1111/1440-1681.12014
https://doi.org/10.1007/s00395-018-0672-3
https://doi.org/10.1007/s00395-018-0672-3
https://doi.org/10.1152/ajpheart.00003.2006
https://doi.org/10.1007/s00395-018-0670-5
https://doi.org/10.1093/cvr/cvx049
https://doi.org/10.1093/cvr/cvx049
https://doi.org/10.1007/s10557-011-6364-y
https://doi.org/10.1016/S0140-6736(19)32039-2
https://doi.org/10.1016/S0140-6736(19)32039-2
https://doi.org/10.1038/nrcardio.2016.5
https://doi.org/10.1038/nrcardio.2016.5
https://doi.org/10.1161/CIRCRESAHA.117.310820
https://doi.org/10.1161/CIRCRESAHA.117.310820
https://doi.org/10.1161/CIRCRESAHA.116.305348
https://doi.org/10.1161/CIRCRESAHA.116.305348
https://doi.org/10.1038/s41569-020-0403-y
https://doi.org/10.1038/s41569-020-0403-y
https://doi.org/10.1016/j.jacc.2014.10.031
https://doi.org/10.1093/eurheartj/ehv606
https://doi.org/10.1093/eurheartj/ehv606
https://doi.org/10.1161/circulationaha.119.044176
https://doi.org/10.1161/circulationaha.119.044176
https://doi.org/10.1111/bph.14839
https://doi.org/10.1159/000441216
https://doi.org/10.1159/000441216
https://doi.org/10.1007/s00424-016-1922-6
https://doi.org/10.1007/s00424-016-1922-6
https://doi.org/10.1093/cvr/cvp274
https://doi.org/10.1093/cvr/cvp274
https://doi.org/10.1093/cvr/cvu225
https://doi.org/10.14814/phy2.14146
https://doi.org/10.14814/phy2.14146

Basic Research in Cardiology (2020) 115:69

Page90of9 69

33.

34.

35.

36.

37.

Groessl T, Gu X, Herrmann J, Hirakawa BP, Hoglen NC, Jahan-
giri KG, Kalish VJ, Karanewsky DS, Kodandapani L, Krebs J,
McQuiston J, Meduna SP, Nalley K, Robinson ED, Sayers RO,
Sebring K, Spada AP, Ternansky RJ, Tomaselli KJ, Ullman BR,
Valentino KL, Weeks S, Winn D, Wu JC, Yeo P, Zhang CZ (2005)
First-in-class pan caspase inhibitor developed for the treatment of
liver disease. ] Med Chem 48:6779-6782. https://doi.org/10.1021/
jm050307e

Pickard JM, Botker HE, Crimi G, Davidson B, Davidson SM,
Dutka D, Ferdinandy P, Ganske R, Garcia-Dorado D, Giricz Z,
Gourine AV, Heusch G, Kharbanda R, Kleinbongard P, MacAl-
lister R, Mclntyre C, Meybohm P, Prunier F, Redington A, Rob-
ertson NJ, Suleiman MS, Vanezis A, Walsh S, Yellon DM, Hause-
nloy DJ (2015) Remote ischemic conditioning: from experimental
observation to clinical application: report from the 8th Biennial
Hatter Cardiovascular Institute Workshop. Basic Res Cardiol
110:453. https://doi.org/10.1007/s00395-014-0453-6

Pockros PJ, Schiff ER, Shiffman ML, McHutchison JG, Gish
RG, Afdhal NH, Makhviladze M, Huyghe M, Hecht D, Olters-
dorf T, Shapiro DA (2007) Oral IDN-6556, an antiapoptotic cas-
pase inhibitor, may lower aminotransferase activity in patients
with chronic hepatitis C. Hepatology 46:324-329. https://doi.
org/10.1002/hep.21664

Pomerantz BJ, Reznikov LL, Harken AH, Dinarello CA (2001)
Inhibition of caspase 1 reduces human myocardial ischemic dys-
function via inhibition of IL-18 and IL-1beta. Proc Natl Acad Sci
USA 98:2871-2876. https://doi.org/10.1073/pnas.041611398
Rauf A, Shah M, Yellon DM, Davidson SM (2019) Role of cas-
pase 1 in ischemia/reperfusion injury of the myocardium. J Cardi-
ovasc Pharmacol 74:194-200. https://doi.org/10.1097/FIC.00000
00000000694

Rossello X, Yellon DM (2016) Cardioprotection: the disconnect
between bench and bedside. Circulation 134:574-575. https://doi.
org/10.1161/CIRCULATIONAHA.116.022829

38.

39.

40.

41.

42.

43.

44.

Rossello X, Yellon DM (2017) The RISK pathway and beyond.
Basic Res Cardiol 113:2. https://doi.org/10.1007/s0039
5-017-0662-x

Sivaraman V, Mudalagiri NR, Di Salvo C, Kolvekar S, Hayward
M, Yap J, Keogh B, Hausenloy DJ, Yellon DM (2007) Postcon-
ditioning protects human atrial muscle through the activation of
the RISK pathway. Basic Res Cardiol 102:453-459. https://doi.
org/10.1007/s00395-007-0664-1

Stiermaier T, Jensen JO, Rommel KP, de Waha-Thiele S, Fuer-
nau G, Desch S, Thiele H, Eitel I (2019) Combined intrahospital
remote ischemic perconditioning and postconditioning improves
clinical outcome in ST-elevation myocardial infarction. Circ Res
124:1482-1491. https://doi.org/10.1161/circresaha.118.314500
Szummer K, Wallentin L, Lindhagen L, Alfredsson J, Erlinge D,
Held C, James S, Kellerth T, Lindahl B, Ravn-Fischer A, Rydberg
E, Yndigegn T, Jernberg T (2017) Improved outcomes in patients
with ST-elevation myocardial infarction during the last 20 years
are related to implementation of evidence-based treatments: expe-
riences from the SWEDEHEART registry 1995-2014. Eur Heart
J 38:3056-3065. https://doi.org/10.1093/eurheartj/ehx515

Wu QL, Shen T, Ma H, Wang JK (2012) Sufentanil postcondi-
tioning protects the myocardium from ischemia-reperfusion via
PI3K/Akt-GSK-3beta pathway. J Surg Res 178:563-570. https://
doi.org/10.1016/j.jss.2012.05.081

Zhang Y, Rong H, Zhang FX, Wu K, Mu L, Meng J, Xiao B,
Zamponi GW, Shi Y (2018) A membrane potential- and calpain-
dependent reversal of caspase-1 inhibition regulates canonical
NLRP3 inflammasome. Cell Rep 24(2356-2369):e2355. https://
doi.org/10.1016/j.celrep.2018.07.098

Zuurbier CJ, Abbate A, Cabrera-Fuentes HA, Cohen MV, Col-
lino M, De Kleijn DPV, Downey JM, Pagliaro P, Preissner KT,
Takahashi M, Davidson SM (2019) Innate immunity as a target
for acute cardioprotection. Cardiovasc Res 115:1131-1142. https
://doi.org/10.1093/cvr/cvy304

@ Springer


https://doi.org/10.1021/jm050307e
https://doi.org/10.1021/jm050307e
https://doi.org/10.1007/s00395-014-0453-6
https://doi.org/10.1002/hep.21664
https://doi.org/10.1002/hep.21664
https://doi.org/10.1073/pnas.041611398
https://doi.org/10.1097/FJC.0000000000000694
https://doi.org/10.1097/FJC.0000000000000694
https://doi.org/10.1161/CIRCULATIONAHA.116.022829
https://doi.org/10.1161/CIRCULATIONAHA.116.022829
https://doi.org/10.1007/s00395-017-0662-x
https://doi.org/10.1007/s00395-017-0662-x
https://doi.org/10.1007/s00395-007-0664-1
https://doi.org/10.1007/s00395-007-0664-1
https://doi.org/10.1161/circresaha.118.314500
https://doi.org/10.1093/eurheartj/ehx515
https://doi.org/10.1016/j.jss.2012.05.081
https://doi.org/10.1016/j.jss.2012.05.081
https://doi.org/10.1016/j.celrep.2018.07.098
https://doi.org/10.1016/j.celrep.2018.07.098
https://doi.org/10.1093/cvr/cvy304
https://doi.org/10.1093/cvr/cvy304

	The importance of clinically relevant background therapy in cardioprotective studies
	Abstract
	Introduction
	Materials and methods
	Animals and chemicals
	Surgery for LAD coronary artery occlusion
	Experimental protocols
	Determination of infarct size
	Statistical analysis

	Results
	Discussion
	References




