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Abstract

Although many cardioprotective interventions have been shown to limit infarct size (IS), in preclinical animal studies of
acute myocardial ischemia/reperfusion injury (IRI), their clinical translation to patient benefit has been largely disappoint-
ing. A major factor is the lack of rigor and reproducibility in the preclinical studies. To address this, we have established
the IMproving Preclinical Assessment of Cardioprotective Therapies IMPACT) small animal multisite acute myocardial
infarction (AMI) network, with centralized randomization and blinded core laboratory IS analysis, and have validated the
network using ischemic preconditioning (IPC). Eight sites from the COST Innovators Grant (IG16225) network partici-
pated in the IMPACT AMI study. Mice and rats were randomly allocated into Sham, Control, or IPC groups. The IRI group
underwent 45 min (mice) or 30 min (rats) of left coronary artery occlusion followed by 24 h reperfusion. IPC comprised
three cycles of 5 min occlusion/reperfusion before IRI. IS was determined by a blinded core lab. The majority of site showed
significant cardioprotection with IPC. In pooled mouse data, IPC (N=42) reduced IS/AAR by 35% compared to control
(N=48) (30+16% versus 46 + 13%; p <0.005), and in rat data, IPC (N=36) reduced IS/AAR by 29% when compared to
control (N=39) (324 19% versus 45+ 14%; p <0.01). The IMPACT multisite mouse and rat AMI networks, with centralized
randomization and blinded core IS analysis, were established to improve the reproducibility of cardioprotective interventions
in preclinical studies and to facilitate the translation of these therapies for patient benefit.

Keywords Ischemic preconditioning - Ischemia/reperfusion injury - Randomized controlled trial - Acute myocardial
infarction - Multisite network - Small animal models

Introduction

Acute myocardial infarction (AMI) and the subsequent heart
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bility in Europe and worldwide. As such, new treatments are
needed to reduce myocardial infarct size (IS) (termed ‘car-
dioprotection’), preserve cardiac function, and prevent the
onset of HF. Although many therapies have been reported
to reduce myocardial IS in preclinical acute myocardial
ischemia/reperfusion injury (IRI) studies, their translation
into the clinical setting for patient benefit has been disap-
pointing [10, 14, 16, 18].
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A primary obstacle to translating cardioprotective thera-
pies into clinical practice has been the lack of systematic
and robust preclinical evaluation of their efficacy before
embarking on clinical testing. This includes publication bias
against neutral studies and the failure to undertake prospec-
tive sample size estimations to reliably detect a true cardio-
protective effect if one exists [25, 33]. Indeed, recent meta-
analyses of preclinical studies showed large heterogeneity
in study design and reporting quality [6, 31]. Moreover, one
of these meta-analyses showed a discrepancy between the
meta-analysis and a three-center in vivo study [31]. These
results underscore the need for randomized-controlled mul-
ticenter preclinical studies in cardioprotection. The need for
a multisite network to improve the rigor and reproducibil-
ity of preclinical cardioprotection studies was first tested
in the National Heart, Lung, and Blood Institute (NHLBI)-
funded Animal Models for Protecting Ischemic Myocardium
(AMPIM) program [29]. Thirty years later, the Consortium
for preclinicAl assESsment of cARdioprotective interven-
tions (CAESAR) research network with only two sites per-
formed AMI studies in mice, rabbits, and pigs [26]. Unfor-
tunately, this initiative is no longer active, leaving a gap in
the field for tools to bridge preclinical findings with clinical
translation. More recently, the CIBERCV Cardioprotection
Large Animal Platform (CIBER-CLAP) emerged in Spain to
address experimental reproducibility before moving toward
clinical application. However, this network has yet to publish
any results [30]. The EU-CARDIOPROTECTION COST
Action (CA16225), a large network of cardioprotection
researchers, has published guidelines aimed at improving
the reliability and rigor of preclinical cardioprotection stud-
ies [4] and have also introduced the IMproving Preclinical
Assessment of Cardioprotective Therapies IMPACT) cri-
teria, a detailed step-by-step framework aimed at improving
the reproducibility of preclinical cardioprotection studies
[25]. Our recent multicenter study, conducted in pigs, suc-
cessfully validated the effects of ischemic preconditioning
(IPC) while underscoring the challenges associated with
variability and translational gaps in preclinical research [23].
The IMPACT small animal network was designed as a com-
plementary platform to bridge the gap between small and
large animal models of AMI. By incorporating centralized
randomization, blinded infarct size analysis, and rigorous
multicenter collaboration, the small animal network provides
a robust and validated framework for assessing cardiopro-
tective therapies. This study highlights the outcomes of this
novel small animal network, emphasizing its potential to
enhance rigor, reproducibility, and translatability in preclini-
cal research.
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Methods
The IMPACT small animal network

The IMPACT small animal network was centrally coor-
dinated by an IMPACT working group comprising: (1)
the principal investigators and team members from each
of the participating sites who performed the IRI studies;
(2) the IMPACT Image Analysis Core Lab (IACL), which
performed the centralized core laboratory IS analysis (Lat-
vian Institute of Organic Synthesis, Riga, Latvia); (3) the
IMPACT statistical core (Duke-NUS/NHCS, Singapore)
who provided the central randomization lists to the sites
and undertook all the statistical analyses; and (4) external
advisors, who were not participants in the network but
provided advice to the network.

Prior to commencing studies for the IMPACT network,
each site underwent rigorous quality control assessment of
their infarct images by the IMPACT IACL, with individual
feedback provided to each site for optimization of the infarct
images (Table S1). Eight different sites in the IG16225 net-
work that agreed to participate in the IMPACT small animal
multisite AMI network passed the quality control process
and participated in the AMI network studies as follows:

Mice-Sites (M-S): M-Site 1—University of Szeged
and Pharmahungary Group (Szeged, Hungary); M-Site
2—University of Cambridge (Cambridge, UK); M-Site
3—Vall’Hebron Institut de Recerca (VHIR) (Barcelona,
Spain); M-Site 4—Duke-National University Singapore
(Duke-NUS) Medical School and National Heart Centre
Singapore (NHCS) (Singapore); and M-Site 5—National
and Kapodistrian University of Athens (Athens, Greece).

Rats-Sites (R-S): R-Site 1—Semmelweis University and
Pharmahungary Group (Budapest, Hungary); R-Site 2—
Duke-NUS and NHCS (Singapore); R-Site 3—Latvian Insti-
tute of Organic Synthesis (Riga, Latvia); and R-Site 4—Cen-
tre of Postgraduate Medical Education (Warsaw, Poland).

Most of the participating sites had previously established
mice and/or rat IRT models in their respective laboratories.

Animals

All experimental protocols conformed to the Directive
2010/63/EU of the European Parliament on the protection
of animals used for scientific purposes and the Animal
Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines [28]. The experimental protocols were formally
approved by the appropriate national or institutional ethics
committees.

Male C57BL/6 J and C57BL/6N mice (aged
8—14 weeks, body weight ~23-30 g) were kept in specific
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pathogen-free conditions with unrestricted access to food
and water according to local husbandry conditions at each
site (Table S2A). Male Sprague—Dawley and Wistar rats,
aged 8—12 weeks and weighing between ~230-300 g, were
kept with unrestricted access to food and water according
to local husbandry conditions at each site (Table S2B).

IMPACT small animal AMI protocols

The IMPACT working group drafted the study protocols
in which both mice and rats were randomized to one of the
following groups: (1) Sham, (2) Control, and (3) IPC groups.
Pre-established centralized randomization lists generated by
the IMPACT statistical core randomly assigned six animals
to the sham group and 12 animals each to the control and
IPC groups. These group sizes were determined based on
prior experience at the test sites, published IPC studies, and
expected mortality rates among animals subjected to acute
IRI. In the Sham protocol, a minimally invasive thoracotomy
was conducted, during which a ligature was placed around
the left coronary artery (LCA) without inducing occlusion.
In the control IRI protocol, mice underwent 45 min LCA
ischemia and rats underwent 30 min of LCA ischemia,
each followed by 24 h of reperfusion. In the IPC protocol,
both mice and rats underwent three cycles of 5 min of LCA

ischemia, interspersed with 5 min reperfusion, immediately
before the index IRI, a protocol which is frequently used in
published studies [38]. After 24 h of reperfusion, the IS and
area-at-risk (AAR) ratio was assessed (Fig. 1).

The analgesic and anesthetic agents used for AMI sur-
gery in mice and rats were as follows: Mice: Buprenorphine
at 0.05-0.5 mg/kg administered subcutaneously as a single
bolus 10 min before surgery for premedication. For anes-
thesia, ketamine was given at 50-100 mg/kg intraperito-
neally as a single bolus 10 min before surgery, with M-Site
3 administering an additional bolus of ~ 16 mg/kg if needed.
Xylazine was administered at 10-20 mg/kg intraperitoneally
as a single bolus 10 min before surgery. M-Site 1 utilized
isoflurane at 5% for induction and 1.5-2% for maintenance
throughout the surgery. M-Sites 2 and 4 used 0.5% isoflurane
during the surgery if needed. Detailed anesthetic protocols
across the mice sites are summarized in Table S3A.

Rat: For premedication, buprenorphine was adminis-
tered subcutaneously at a dose of 0.05 mg/kg as a sin-
gle bolus, ensuring the safety and well-being of the ani-
mals. At R-Site 1, it was given 15 min before surgery.
At R-Site 2, it was administered 10 min before surgery,
and at R-Site 3, it was given 30 min before LCA liga-
tion. For anesthesia, pentobarbital at 60 mg/kg, ketamine
at 80-100 mg/kg, and xylazine at 10-20 mg/kg were

A) AAR & IS
BP LCA measurement
10 min 30 min 45 min 24 h
Control reperfusion ]
s | I I schema reperfusion 0
IPC cycles
B) AAR & IS
BP LCA measurement
10 min 30 min 30 min 24 h
Control reperfusion 0
IPC N 1K ischemia reperfusion il
IPC cycles

Fig.1 Overview of the experimental protocol used in the IMPACT
small animal acute myocardial infarction networks. For both A mice
and B rats, myocardial infarct size (IS) and the area-at-risk (AAR)
were quantified using dual staining of triphenyl tetrazolium chloride

(TTC) and Evans blue (EB). The staining process was conducted
after 24 h reperfusion following IPC and occlusion of the left coro-
nary artery (LCA). Ischemic preconditioning, IPC; left coronary
artery, LCA; buprenorphine, BP; area-at-risk, AAR; infarct size, IS
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administered intraperitoneally as a single bolus, with
utmost care and attention to safety measures. Isoflurane
was used for maintenance during the surgery at a con-
centration of 0.5-2% at R-Site 2 and R-Site 4. Detailed
anesthetic protocols across the rat sites are summarized
in Table S3B.

The methods used for euthanasia in mice and rats are
variable between sites. For mice, the methods included
intraperitoneal administration of pentobarbital at doses
of 90 mg/kg or 100 mg/kg, or ketamine at 100 mg/kg
combined with xylazine at 20 mg/kg. Additionally, some
protocols involved the use of isoflurane at 5%. For rats,
euthanasia methods included intraperitoneal administra-
tion of pentobarbital at 60 mg/kg or 100 mg/kg, or keta-
mine at 100 mg/kg combined with xylazine at 20 mg/kg,
with some protocols also using heparin at 1000 IU/kg.
These methods ensured humane treatment and were cru-
cial for subsequent procedures. Detailed protocols for both
mice and rats are summarized in Tables S5A and S5B,
respectively.

Predefined exclusion criteria included: failure to induce
ischemia with LCA ligation, failure of reperfusion fol-
lowing removal of occlusion, damage to the LCA during
needle insertion or occlusion and reperfusion, ventilation
problems during surgery, and uncontrolled bleeding. For
details of the preoperative preparation procedure, surgical
procedure, postsurgical care and analgesia, and measure-
ment of IS at each of the sites, please see Tables S3-S5.

Central measurement of infarct size by the IMPACT
image analysis core lab

The IMPACT IACL analyzed the infarct images from all
sites in a blinded fashion using computerized planim-
etry with Image-Pro Plus version 6.3 (Media Cybernet-
ics). The laboratory measured IS as the non-TTC-stained
area within the left ventricle (LV) and calculated the
area-at-risk (AAR) as the total LV region unstained by
Evans blue (EB) or methylene blue (MB). Additionally,
non-AAR was determined by the EB-stained region and
viable myocardium by the TTC-stained area within the
AAR. The primary study outcome was the IS/AAR%. The
exclusion criteria for image analysis included an IS/AAR%
of >90% or < 10% for infarcted hearts or an AAR/LV ratio
of < 10%. The exclusion criterion of hearts with an IS/
AAR ratio < 10% was chosen due to the variability inher-
ent in the coronary artery ligation model which is well
documented for producing a board range of infarct sizes
between 10 and 70%, even when suture is placed in the
same anatomical location [7, 27]. The exclusion criterion
of ISJAAR% < 10% was applied only to heart images from
the Control and IPC groups.
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Central randomization and statistical analyses
by the IMPACT statistics core

The IMPACT Statistics Core provided the central randomi-
zation list to each site, performed data analysis unblinding
following completion of all IRI studies and undertook the
statistical analysis for all the IRI studies. A sequence of
treatments (Sham, Control, and IPC) randomly permuted
was generated for each center and a central randomization
list was provided to each site for 30 animals (N=6 Sham,
N =12 Control, and N=12 IPC) to allow for exclusions and
mortality. Myocardial AAR, IS, IS/AAR, and mortality
rates were analyzed separately. Data were tested for normal
distribution using the Shapiro—Wilk test. The myocardial
AAR, IS, and the ratio of IS/AAR were analyzed using the
Wilcoxon rank-sum test and pooled data analysis using two-
way ANOVA in STATA version 18. Mortality rates among
treatments (Sham, Control, and IPC) are compared using
Fisher’s exact test (STATA version 18).

Results
Study exclusions and mortality rates

Details of animal exclusions are listed in Tables S6A and
S6B.

Cardioprotective efficacy of IPC in IMPACT mice AMI
network

In the pooled analysis of five sites, there were no signifi-
cant differences in AAR/LV% between the Control and
IPC groups (42 +17% vs. 43 + 15%, respectively; p=ns;
Fig. 2A). However, there were significant differences in
AAR/LV% between sites (p <0.001). In the pooled analysis,
IPC significantly reduced IS/AAR% by 35% when compared
to the control group (30 +16% vs. 46 + 13%, respectively;
p <0.005; Fig. 2B). In evaluation of IS/AAR% from the indi-
vidual sites, three sites (M-Sites 2, 3, and 5) showed signifi-
cant cardioprotection with IPC [10], with one site (M-Site
4) showing a non-significant reduction in IS, and one site
(M-Site 1) failing to show IS reduction with IPC (Fig. 2A).
The IS/AAR% in the sham group was relatively high (pooled
analysis of 5 sites 16 + 13%) with variability across the sites
ranging from 3 +2% in M-Site 5 to 25.0+20.1% in M-Site
2 (Suppl. Figure 1).

Cardioprotective efficacy of IPCin IMPACT rat AMI
network

In the pooled analysis of four sites, there were no sig-
nificant differences in AAR/LV% between Control and
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Fig.2 Site-specific analysis of area-at-risk and infarct size in mice
hearts. A Site-specific analysis of mean infarct size/area-at-risk (IS/
AAR%) showed IPC significantly reducing IS/AAR% when com-
pared to control. B Site-specific analysis of mean area-at-risk/left
ventricle volume (AAR/LV%) showed no significant difference

IPC groups (41 +11% vs. 39 +9%; p=ns; Fig. 3A). IPC
significantly reduced IS/AAR% by 29% when compared
to the control group in the pooled analysis of four sites
(32+£19% vs. 45+ 14%, respectively; p <0.01; Fig. 3B).
In evaluation of IS/AAR% from the individual sites, three
sites (R-Sites 1-3) showed significant cardioprotection
with IPC, with one site (R-Site 4) failing to show IS reduc-
tion with IPC (Fig. 3A). In R-Sites 1-3, the IS/AAR% in
the sham group was lower than in the mice sites ranging
from 6 +3% to 9+ 7%, but it was very high in R-Site 4
(36+27%) (Suppl. Figure 2).

T T

|
M-Site 4 M-Site 5 Pooled Results

between control and IPC at each site. However, there were significant
differences in AAR/LV% in both control and IPC between the sites
(»<0.001 ANOVA). Results are presented as mean + SD, with signif-
icance levels indicated; *p <0.05, **p <0.01 ***p <0.005 vs. control
group, Wilcoxon rank

Surgical mortality rates

Details of surgical mortality are listed in Table S6B and
displayed in Fig. 4. There was a high variation in mortality
rates between the different sites ranging from 0 to 67% in the
mouse sites and 0 to 33% in the rat sites. In M-sites 2 and 4
and R-Site 2, there were no mortalities in any of the groups,
whereas in M-site 1, the mortality rate was 67% in the IPC
group and, in R-Site 4, the mortality rate was 33%. Even in
the sham groups, mortality rates of up to 33% and 17% were
observed in the mouse and rat sites, respectively.
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Discussion and the aim of this study did not include investigating the

We have successfully established new mice and rat multisite
AMI networks for evaluating the efficacy of novel cardiopro-
tective therapies using centralized randomization and cen-
tralized blinded core lab analysis of IS, which should result
in improved reproducibility of preclinical cardioprotection
studies. We have demonstrated that the multisite approach
for evaluating cardioprotective strategies is feasible. This
was validated by demonstrating a reduction in IS using the
established endogenous cardioprotection strategy of IPC [15,
19] across eight different sites when compared to control.
This study advances cardioprotection research with the
application of a multisite randomized-controlled trial design
(usually reserved for multicenter randomized clinical trials)
to a preclinical animal AMI protocol, with: (1) centralized
randomization and statistical analysis; (2) rigorous quality
control in site selection based on optimization of IS images;
(3) centralized and blinded core laboratory IS analysis; and (4)
application of a standardized protocol across 8 different sites
with pre-defined exclusion criteria. Variation in the cardiopro-
tective efficacy of IPC between the sites would be expected

@ Springer

reasons for these variations. According to the step-by-step
IMPACT criteria for improving the preclinical assessment of
promising cardioprotective interventions prior to their clinical
evaluation, once the efficacy of the cardioprotective interven-
tion has been demonstrated in a single-center, small animal
IRI model, one should consider testing the intervention in a
multicenter validation study in a minimum of three centers in
at least one species (typically rat or mouse) [25]. The intention
would be to validate study reproducibility using a network of
research centers working in partnership to undertake small
animal IRI studies to evaluate the cardioprotective interven-
tion in a blinded fashion using standardized protocols and
centralized core lab analysis of IS. In this regard, the IMPACT
mice and rat AMI networks which have been established in
this study would be suitable for this purpose. This is particu-
larly important and will help address the issue of publication
bias against neutral single-site cardioprotection studies [33].

The concept of a multicenter network of centers for
undertaking in vivo preclinical evaluation of novel car-
dioprotective interventions was first tested in the National
Heart, Lung, and Blood Institute (NHLBI)-funded Animal
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Models for Protecting Ischemic Myocardium (AMPIM) pro-
gram of only three participating laboratories in open-chest
dogs [29]. Thirty years later, the Consortium for preclinicAl
assESsment of cARdioprotective interventions (CAESAR)
research network with only two sites performed AMI studies
in mice, rabbits, and pigs [1-3, 22]. Although the CAESAR
consortium managed to demonstrate cardioprotection with
IPC [22], it failed to reproduce cardioprotection with phar-
macological agents which had been previously shown to be
cardioprotective in single-site studies, such as nitrite and
sildenafil [24]. These neutral studies were only published as
abstracts highlighting the publication bias against neutral
studies [33]. Due to lack of funding, the CAESAR consor-
tium is no longer active, but it did succeed in demonstrating
the utility of a multicenter network for evaluating the repro-
ducibility of novel cardioprotective interventions.

Our IMPACT mouse and rat AMI networks established
in the current study differ from the CAESAR consortium in
several important aspects and introduce key advancements to
address enhance the translatability of clinical cardioprotec-
tion. First, the IMPACT AMI network had a larger number of
participating sites with eight sites undertaking mouse and/or
rat AMI studies, compared to only three sites in the CAESAR
consortium undertaking mouse, rabbit, and pig AMI experi-
ments. Second, the CAESAR consortium adopted a strictly
standardized approach, including uniform animal husbandry
protocols, such as diet and housing conditions. While this
method ensures controlled experimental settings, it often
fails to capture the variability observed in clinical studies,
where patient populations are inherently heterogeneous, and
numerous factors influencing outcomes are not standardized.
The IMPACT consortium, on the other hand, intentionally
avoided standardizing various parameters, including diet, ani-
mal strain, anesthesia, analgesia, and day—night cycles. This
approach more closely mimics the variability encountered in
clinical trials, making the findings of the IMPACT consortium
more representative of real-world conditions and enhancing
their relevance and translatability to clinical settings. The
effectiveness of novel cardioprotective treatments in preclini-
cal research is influenced by a variety of factors including
housing conditions, diet, sex, age, sedation, and anesthesia
protocols. Within the framework of the IMPACT consortium,
critical variables, such as sex, age, ischemia time, reperfusion
time, and IPC protocol, were standardized to maintain consist-
ency. Despite variations in rodent strains, housing, diet, and
sedation/anesthetic regimens across the participating sites, our
analysis indicates that these factors did not significantly affect
study outcomes, underscoring the robustness of the cardiopro-
tective responses to IPC observed in rodent models of AMI.

We included sham groups in our study, although the neces-
sity for doing this in AMI studies has been debated in the lit-
erature. Evidence suggests that sham procedures do not signifi-
cantly impact mortality, post-mortem findings, or physiological

measures, and the sham procedure was only associated with
modest alterations in inflammatory cytokine expression [21],
suggesting that sham may not be required for cardioprotective
efficacy studies. In our study, we observed relatively high IS/
AAR% in sham mice (15-25%), and although the IS/AAR%
ratios in 3 sham rat sites were lower (6-9%), R-Site 4 also had
a very high IS/AAR% (36%) in the sham group. Moreover,
we observed increased mortality in the sham groups at M-Site
1 and R-Site 4 which were unexpected findings. The cause of
the high IS/AAR% in the sham groups is not clear but may
relate to the surgical technique, e.g., damage to the LCA during
the sham procedure. Similarly, the reasons for the unexpected
mortality in the sham groups are not clear but may again be
due to damage to the LCA during the sham procedure at R-Site
4 or due to the rib-cutting surgical procedure used at M-Site
1 for inducing AMI. This surgical approach is time-intensive,
technically challenging, and associated with extensive tissue
damage, heightened inflammation, and increased mortality
rates, as previously reported [12, 34]. These results support
the inclusion of sham groups in cardioprotection studies, as
surgical procedure-induced myocardial injury and mortality
may mask the cardioprotective or hidden cardiotoxic [5, 11]
effects of a tested intervention.

The size of the AAR was found to vary considerably
between the mouse sites being relatively small for M-Site
1 and M-Site 3, but not the rat sites—again, the reasons
for this variation were not clear. Mortality rates also varied
between sites with a very high mortality rate (67%) for the
IPC group at M-Site 1 and no mortality at M-Site 2, M-Site
4, and R-Site 2. The reasons for the high mortality with IPC
at M-Site 1 are not clear but may again be related to the rib-
cutting technique used for inducing AMI. Two sites (M-Site
1 and R-Site 4) were unable to show cardioprotection with
IPC. For M-Site 1, this may again relate to the rib-cutting
technique used at this site and for R-Site 4, one possible
explanation is the effect of reverse light—dark cycle at this
site. It has been reported that the effect of preconditioning
depends of the light—dark cycle in rats. The electrophysio-
logical changes resulting from IPC are more effective mainly
in the light (nonactive) part of the rat day regimen [35]. The
reasons why M-Site 1 had one of the smaller AAR sizes,
the highest mortality rates and failure to show cardioprotec-
tion with IPC are not clear and were not investigated in this
study, but they may be due to the surgical technique, e.g., the
rib-cutting technique used for inducing AMI.

These results illustrate the limitations in reproducibility of
cardioprotection studies despite strict quality control imple-
mented. The reason for this could not be identified by the
available data, but differences in animal strains, size of AAR,
the IRI protocol, mortality rate, the anesthesia or analgesia
regimens, or individual non-responsiveness may explain the
difference [20, 32]. The choice of anesthetic agents plays a
critical role in cardioprotection studies, as different agents
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«Fig.4 Mortality data in mouse and rat hearts. A Mortality rates for
mice subjected to sham (white bars), control (red bars) and IPC (blue
bars) at the 5 different sites. B Pooled mortality rates for mice sub-
jected to sham (white squares), control (red squares) and IPC (blue
squares), indicating no significant differences between the groups.
C Mortality rates for rats subjected to sham (white bars), control (red
bars) and IPC (blue bars) at the 4 different sites. D Pooled mortality
rates for rats subjected to sham (white squares), control (red squares)
and IPC (blue squares), indicating no significant differences between
the groups

can influence experimental outcomes through their pharma-
cological effects. Volatile anaesthetics, such as isoflurane,
confer myocardial protection against ischemia—reperfusion
injury via preconditioning and postconditioning mechanisms
[8, 37] which include reducing infarct size and improving
contractile function recovery [8]. These cardioprotective
effects are mediated by complex intracellular signaling
pathways, such as the activation of ATP-sensitive potassium
channels and the generation of reactive oxygen species [36].
However, for studying acute myocardial infarction in mice,
we have decided to use the widely used anaesthetics keta-
mine and xylazine. However, we are aware that ketamine and
xylazine can cause significant bradycardia and affect cardiac
function, particularly at higher doses [39].

However, despite some sites not demonstrating cardiopro-
tection with IPC, there was a significant reduction in IS with
IPC in the pooled analyses, underscoring the high value of
the multicenter network approach in this field. Although there
is no positive control drug that can reproducibly reduce IS
when administered at reperfusion, we believe that IPC can be
used as a positive control intervention to demonstrate cardio-
protection. However, the limitations of using IPC as the car-
dioprotective intervention include: (1) the actual mechanisms
of IPC-induced protection are not known; (2) other non-IPC-
related cardioprotective mechanisms exist; and (3) that the IPC
intervention is applied prior to coronary artery occlusion and
is not clinically relevant to cardioprotection in AMI patients.

The determination of potential confounding factors in
the evaluation of cardioprotective interventions should
be guided by the intervention mechanism as well as the
resources and facilities at hand. It is advisable that research-
ers take into account variables, such as sex, age, prevalent
metabolic conditions (e.g., diabetes, hypercholesterolemia),
and comedications as recommended by recent guidelines
and the IMPACT criteria for improving the reliability and
reproducibility in the preclinical evaluation of novel car-
dioprotective therapies [10, 25]. According to the IMPACT
criteria for improving the preclinical evaluation of novel
cardioprotective therapies, the next step would be to test
the infarct-limiting effects of the new treatment in a pig
AMI model and if possible in a pig AMI network [10, 25].
In this regard, our IMPACT consortium has also established
a new pig AMI network of 5 sites which has demonstrated

cardioprotection with IPC and is now available for evaluat-
ing future novel cardioprotective therapies [23].

Limitations

There are several limitations with our study. First, we
observed large variations in IS within the sham and IPC
groups across the eight sites. However, the primary aim of
our study was to demonstrate that the small animal AMI
networks could together demonstrate cardioprotection with
the endogenous cardioprotective strategy of IPC and in
this regard, we achieved our aim. The multicenter platform
intentionally captured variability across sites, reflecting pro-
cedural, biological, and environmental differences that are
frequently encountered in real-world preclinical research.
Second, the study relied on Evans Blue and TTC staining as
the primary endpoint for infarct size quantification. Although
this is the gold standard, complementary endpoints such as
coronary microvascular injury [16, 17], cardiac troponin lev-
els or advanced imaging modalities like echocardiography [9]
or MRI [13] could provide additional insights and should be
considered in future studies. Third, the use of young, healthy
male animals while providing a controlled environment for
assessing IPC efficacy limits the clinical relevance of the
findings [10]. To enhance translational applicability, we will
incorporate models that better reflect clinical populations,
including aged animals, animals with co-morbidities, and
female animals in future studies. Finally, if we had collected
information of the surgical mortality rates at M-Site 1 and
R-Site 4 (the 2 sites which had higher than expected mortal-
ity rates), before preparing the central randomization lists,
we could have taken this into consideration when deciding
on the sample sizes per group for those sites. These limita-
tions, while acknowledged, also provide opportunities for
further development of the platform. Our study represents
an important first step in establishing a multicenter small
animal AMI network. However, additional refinements are
necessary to realize its full potential. Future studies should
incorporate hemodynamic monitoring, diverse animal mod-
els, and quality control measures to improve further the net-
work's reproducibility and applicability to clinical research.
These enhancements will strengthen the network's ability to
address variability in cardioprotection studies and bridge the
gap in clinical translation.

Conclusion
We have established a new IMPACT multisite mouse

and rat AMI network with centralized randomization and
blinded core laboratory analysis of IS, demonstrating
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cardioprotection by IPC. Evaluating novel cardioprotec-
tive therapies in this network may help to increase the
reproducibility and enhance clinical translation. While
we acknowledge the limitations in the observed IPC vari-
ability, we believe that our multicenter approach repre-
sents a significant step forward in addressing the historical
challenges of reproducibility in cardioprotection research.
By including data from all sites and providing a detailed
discussion of the factors influencing IPC efficacy, we aim
to contribute to a more robust and clinically relevant pre-
clinical research framework.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00395-025-01102-3.
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