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Abstract

The translation of successful preclinical and clinical proof-of-concept studies on cardioprotection to the benefit of patients
with reperfused acute myocardial infarction has been difficult so far. This difficulty has been attributed to confounders which
patients with myocardial infarction typically have but experimental animals usually not have. The metabolic syndrome is
a typical confounder. We hypothesised that there may also be a genuine non-responsiveness to cardioprotection and used
Ossabaw minipigs which have the genetic predisposition to develop a diet-induced metabolic syndrome, but before they had
developed the diseased phenotype. Using a prospective study design, a reperfused acute myocardial infarction was induced in
62 lean Ossabaw minipigs by 60 min coronary occlusion and 180 min reperfusion. Ischaemic preconditioning by 3 cycles of
5 min coronary occlusion and 10 min reperfusion was used as cardioprotective intervention. Ossabaw minipigs were stratified
for their single nucleotide polymorphism as homozygous for valine (V/V) or isoleucine (I/I)) in the y-subunit of adenosine
monophosphate-activated protein kinase. Endpoints were infarct size and area of no-reflow. Infarct size (V/V: 54 +8, I/I:
54 +13% of area at risk, respectively) was not reduced by ischaemic preconditioning (V/V: 55+ 11, I/I: 46 +£ 11%) nor was
the area of no-reflow (V/V: 5718, I/I: 49+ 21 vs. V/V: 57+ 21, IUI: 47+21% of infarct size). Bioinformatic comparison
of the Ossabaw genome to that of Sus scrofa and Gottingen minipigs identified differences in clusters of genes encoding
mitochondrial and inflammatory proteins, including the janus kinase (JAK)—signal transducer and activator of transcription
(STAT) pathway. The phosphorylation of STAT3 at early reperfusion was not increased by ischaemic preconditioning, dif-
ferent from the established STAT3 activation by cardioprotective interventions in other pig strains. Ossabaw pigs have not
only the genetic predisposition to develop a metabolic syndrome but also are not amenable to cardioprotection by ischaemic
preconditioning.

Keywords Cardioprotection - Genetic predisposition - Ischaemic preconditioning - Metabolic syndrome - Myocardial
ischaemia

Introduction

There is still a need for cardioprotection beyond that by early
reperfusion. Interventional reperfusion is increasingly used
in patients with acute myocardial infarction, but 1-year mor-
tality in a large contemporary registry was still around 14%
in 2017 [86], and the morbidity from post-infarct heart fail-
ure is even increasing [29]. Injury to both, cardiomyocytes,
i.e., infarct size [82], and the coronary microcirculation, i.e.,
microvascular obstruction [11], contribute to patients’ prog-
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nosis. Whereas encouraging preclinical and clinical proof-
of-concept studies demonstrated reduced infarct size by
mechanical and pharmacological cardioprotection strategies
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[27], their translation to better clinical outcome in phase III
trials in patients with acute myocardial infarction has been
largely disappointing [1, 4, 25]. Such failure of translation
has primarily been attributed to co-morbidities and co-medi-
cations of patients with acute myocardial infarction which
may impair cardioprotective signalling [26]. In contrast, ani-
mals in most preclinical studies have no such co-morbidities
and co-medications [4, 13, 39]. The metabolic syndrome is
a typical co-morbidity which predisposes patients to acute
myocardial infarction and comprises several features which
impair cardioprotective signalling, including glucose intoler-
ance and hyperinsulinaemia that progress to type 2 diabe-
tes, obesity, hypertension, and dyslipidaemia. We originally
aimed to better understand the mechanisms through which
a metabolic syndrome interferes with cardioprotection and
possibly overcome this obstacle. We, therefore, used our
established clinically relevant model of coronary occlusion/
reperfusion [32, 37, 40, 49, 78] in minipigs of a particular
strain (Ossabaw) which develop a metabolic syndrome upon
a hypercaloric, atherogenic diet and consequently coronary
atherosclerosis and occasional myocardial infarction [83, 88,
94]. To induce cardioprotection we used ischaemic precon-
ditioning (IPC) [56] which is unequivocally the strongest
and most robust stimulus for cardioprotection, but failed to
reduce infarct size when using our established protocol of
IPC [14] in preliminary experiments.

We then hypothesised that there may also be a primordial
[71, genetically determined non-responsiveness to cardiopro-
tection and designed a prospective study to look at infarct
size reduction by IPC. The Ossabaw minipigs used for
these experiments had the major genotype associated with
the thrifty phenotype and develop a robust metabolic syn-
drome [83]. These Ossabaw minipigs have a single nucleo-
tide polymorphism encoding for isoleucine (I) rather than
valine (V) in the 199™ position of the y-subunit of adenosine
monophosphate-activated protein kinase (AMPK) [50, 83].
AMPK is an important sensor of the metabolic and energetic
state in myocardial ischaemia [51, 92] and causally involved
in cardioprotection by IPC and by atorvastatin in mice [53,
57]. We, therefore, studied Ossabaw minipigs homozygous
for both y-subunit AMPK genotypes (V/V and I/I). For IPC,
we now used the consensus protocol of the Consortium for
preclinicAl assESsment of cARdioprotective therapies
(CAESAR) [35].

Again, both genotypes had no infarct size reduction
with IPC. We performed DNA sequencing in the Ossabaw
minipigs and a bioinformatic comparison to the genomes
of Sus scrofa and Gottingen minipigs [67] to identify genes
that might explain the lack of cardioprotection in Ossa-
baw minipigs. Major differences in genes encoding janus
kinase (JAK)—signal transducer and activator of transcrip-
tion (STAT) signalling were identified and were consist-
ent with a lack of increased STAT3 phosphorylation at
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early reperfusion in the Ossabaw minipigs which we have
demonstrated before as causal for cardioprotection by
ischaemic conditioning in Gdéttingen minipigs [14, 31, 78].
For comparison, we used contemporary and published data
[40] from our Géttingen minipigs.

Methods

The authors declare that all supporting data of the present
study are available in the article and its Online supplement.
Experiments were performed between September 2017
and June 2021. Unless otherwise specified, materials were
obtained from Sigma-Aldrich (Deisenhofen, Germany).

Experimental preparation

Ossabaw minipigs (females, age 15 +3 months, and castrated
males, aged 16+3 months) were purchased from CorVus
Biomedical, LLC (Crawfordsville, Indiana USA). Male pig-
let castration was performed at around 4 weeks of age under
local anaesthesia with lidocaine and/or bupivacaine. Ossabaw
minipigs were housed in tiled rooms (~2 m*/pig) with straw-
bedding at 12/12 h light/dark cycles, fed with standard chow
(500 g twice/day, #V4133. Ssniff, Soest, Germany) and had
ad libitum access to water. The phenotypic features of Ossa-
baw minipigs, including body weight, baseline haemodynam-
ics and serum glucose and lipids are displayed in Table 1 and
compared to those of Gottingen minipigs in Table 2. Pigs were
sedated with flunitrazepam (i.m.: 0.8 mg/kg). Anaesthesia
was induced with etomidate (i.v.: 0.3 mg/kg, Piramal Critical
Care B.V., Hypnomidat; Voorschoten, The Netherlands) and
sufentanil (i.v.: 1 ug/kg, Sufentanil-hameln, hameln pharma
gmbh, Hameln, Germany). Anaesthesia was maintained with
isoflurane (2%, TEVA, Eastbourne, United Kingdom) during
artificial ventilation with room air. Muscle relaxation during
electrosurgery was induced with a single bolus of rocuro-
nium (i.v. 1.2 mg/kg, B. Braun, Melsungen, Germany). This
anaesthetic regimen is identical to that used in our institution
for patients undergoing surgical coronary revascularization
[87]. The pigs were placed on a heated table and covered with
drapes to keep oesophageal temperature between 37.0 and
39.0 °C. ECG-lead II was continuously recorded using a sin-
gle-channel, calibrated amplifier. A midline cervical incision
was performed. After tracheotomy for mechanical ventilation,
the left jugular vein was cannulated for volume replacement
and intravenous drug administration, and the right common
carotid artery was cannulated to measure arterial pressure.
The heart was exposed by a left lateral thoracotomy and
instrumented with a micromanometer (DPT-6000, Codan-
PVB, Forsting, Germany) in the left ventricle to measure left
ventricular pressure and a Teflon catheter in the left atrium for
the injection of coloured microspheres. The distal aortic arch
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Table 1 Phenotypic features of Ossabaw minipigs with V/V and I/I genotypes undergoing ischaemia/reperfusion without or with prior ischaemic

preconditioning
Ischaemia/reperfusion Ischaemic preconditioning
+ Ischaemia/reperfusion
VIV 11 VIV 71
(n=15) (n=16) (n=16) (n=15)
Body weight [kg] 50+9 52+6 506 506
Left ventricular pressure [mmHg] 86+8 93+8 85+6 88+7 Main effect genotype p=0.0117
Erythrocytes [10%mm?] 6.0+0.9 6.2+0.8 5.9+0.8 59+1.0
Leukocytes [10*/mm?] 82+1.7 8.6+1.6 8.7£22 8.7+1.9
Platelets [10*/mm?] 308 +51 253 +47 314+73 234+40 Main effect genotype p <0.0001
Na* [mmol/L] 141+2 143 +8 142+2 141+1
K* [mmol/L] 3.6+0.2 37+04 3.7+0.3 3.8+04
Glucose [mg/dL] 103 +£27 83+19 89+25 87+28
Cholesterol [mg/dL] 68 +8 7615 67+8 715+12 Main effect genotype p=0.0069
HDL [mg/dL] 2745 29+8 28 +4 28+5
LDL [mg/dL] 29+6 35+9 27+5 34+7 Main effect genotype p=0.0002
Triglycerides [mg/dL] 42+14 39+13 45+11 40x11
hs-CRP [mg/dL] <0.02 <0.02 <0.02 <0.02
AST [U/L] 47+9 50+8 46+ 10 47+12
GPT [U/L] 7115 90+20 69+16 71+23 Main effect protocol p=0.0481
Main effect genotype p=0.0332
Creatinine [mg/dL] 1.10+0.17 1.02+0.23 1.14+0.20 1.00+0.23

Baseline variables and laboratory parameters of Ossabaw minipigs with a V/V genotype (pigs with homozygous valine in the y-subunit of
the adenosine monophosphate-activated protein kinase) and I/I genotype (pigs with homozygous isoleucine in the y-subunit of the adenosine
monophosphate-activated protein kinase) undergoing myocardial ischaemia/reperfusion without or with prior ischaemic preconditioning. Two-

way (genotype, protocol) analysis of variance with least square means tests

AST aspartate aminotransferase; GPT glutamate pyruvate transaminase; HDL high-density lipoproteins; 4s-CRP high sensitivity C-reactive pro-

tein; LDL low-density lipoproteins

was cannulated to withdraw a reference sample for regional
blood flow measurement. The left anterior descending coro-
nary artery (LAD) was dissected and prepared distal to its
second diagonal branch for later coronary occlusion. Blood
cell counts and laboratory parameters were determined from
arterial blood samples taken within 60 min after induction of
anaesthesia (Tables 1 and 2).

Protocols
Ischaemia/reperfusion (I/R)

When baseline heart rate was below 95/min, left atrial
pacing at 100/min was performed with bipolar rectangular
pulses of 2 ms duration and 2-4 V amplitude using an ana-
logue stimulus isolator (Model 2200; A-M Systems/ADIn-
struments, Dunedin, New Zealand). At baseline, systemic
haemodynamics and regional myocardial blood flow were
measured. Myocardial drill biopsies (2—-10 mg) were taken
from the designated area at risk, immediately snap-frozen
in liquid nitrogen and stored at — 80 °C for later Western
blot analysis. Thereafter, unfractionated heparin (i.v.: 500

L.LE. LEO Pharma, Neu-Isenburg, Germany) was admin-
istered and the LAD occluded distal to its second diago-
nal branch using a microvascular clamp (TKL-1, Biover
AG, Hergiswill, Switzerland). The heparin administration
was repeated at 30 and 55 min coronary occlusion. After 5
and 55 min coronary occlusion, systemic haemodynamics
and regional myocardial blood flow were measured again.
Biopsies were taken at 55 min coronary occlusion. Rep-
erfusion was induced after 60 min coronary occlusion by
quick removal of the vascular clamp and visually confirmed
by the reappearance of red colour on the surface of the rep-
erfused myocardium. Systemic haemodynamics were again
measured at 10, 60, 120 min and 180 min reperfusion and
regional myocardial blood flow at 10 and 180 min reperfu-
sion. Additional myocardial biopsies were taken at 10 min
reperfusion. The experiment was terminated after 180 min
reperfusion by intracardiac injection of 20 ml potassium
chloride (1 mol/L). Ventricular fibrillation during ischae-
mia or reperfusion, as identified from the continuous lead
IT ECG recording, was immediately terminated by intra-
thoracic defibrillation (up to 50 Ws); 6/4 ms biphasic pulse;
Zoll R Series Monitor and Defibrillator, Zoll Medical

@ Springer
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Table 2 Phenotypic features of female and castrated male Ossabaw and Gottingen minipigs undergoing ischaemia/reperfusion without or with

prior ischaemic preconditioning

Ossabaw minipigs

Gottingen minipigs

Ischaemia/reperfusion Ischaemic preconditioning Ischaemia/reperfusion Ischaemic preconditioning
+ Ischaemia/reperfusion + Ischaemia/reperfusion
Female Castrated male ~ Female Castrated male ~ Female Castrated male ~ Female Castrated male
(n=15) (n=16) (n=15) (n=16) (n=5) (n=4) (n=5) (n=4)
Age [months] 16+ 16+ 15+ 15+ 14+1 15+ 14+1 14+1
Body weight 49+ 53+ 52+ 48 + 44 + 45+ 47 +4 40+13
(ke]
Left ventricu- 89+9 90+9 87+7 86+7 84+5 79+10 83+7 94+16
lar pressure
[mmHg]
Erythrocytes 6.1+1.0 6.0+1.0 6.0+0.8 5.8+0.8 54+0.7 53+0.7 5.1+0.1 55+0.7
[10%/mm?]
Leukocytes 8.8+1.6 8.1+1.6 84+1.6 9.0+1.9 54+09 49+0.7 7.0+22 6.0+0.7
[10°/mm?*]
Platelets 293+47 267 +47 284+61 267+75 426117  502+67 417+90 453 +71
[10%/mm?]
Na* [mmol/L] 143+9 142+9 142+2 141+£2 139+2 139+2 141 +4 142 +3
K* [mmol/L] 3.7+0.3 3.6+0.3 3.7+0.4 3.7+0.4 3.6+0.3 39+0.5 3.6+0.4 3.8+0.5
Glucose [mg/dL] 97 +24 89+24 94 +26 82+26 85+24 82+17 102 +28 115+38
Cholesterol 73+17 7117 72+9 70+14 85+11 68+16 89+15 86+16
[mg/dL]
HDL [mg/dL] 28+6 28+6 28+7 27+ 40+7 33+ 38+10 42+7
LDL [mg/dL] 32+11 32+11 30+3 30+ 2947 23+ 3714 33+11
Triglycerides 42+15 39+15 45+12 40+ 14 5113 40+ 54+14 64+27
[mg/dL]
hs-CRP [mg/dL] <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
AST [U/L] 46+6 51+6 45+10 48 +13 23+6 26+3 2445 29+7
GPT [U/L] 81+23 78+23 70+17 71+18 42+9 57+9 44 +8 56+13
Creatinine 1.08+0.21 1.05+0.21 1.07+0.19 1.07+0.27 0.62+0.13 0.70+0.29 0.67+£0.05 0.83+0.07
[mg/dL]

Baseline variables and laboratory parameters of female and castrated male Ossabaw minipigs and female and castrated male Gottingen minipigs
undergoing myocardial ischaemia/reperfusion without or with prior ischaemic preconditioning

AST aspartate aminotransferase; GPT glutamate pyruvate transaminase; HDL high-density lipoproteins; hs-CRP high sensitivity C-reactive pro-

tein; LDL low-density lipoproteins

Cooperation, Chelmsford, MA, USA). We did not use any
anti-arrhythmic or inotropic agents, since they might inter-
fere with the infarction process and/or cardioprotection. At
the end of the experiment, pigs were euthanised by intra-
cardiac injection of 20 ml potassium chloride (1 mol/L).

Ischaemic preconditioning (IPC)

The experimental protocol was identical to that of I/R,
except that IPC was induced by three 5 min LAD occlu-
sions separated by 10 min reperfusion before the 60 min
LAD occlusion [35]. After the IPC procedure, myocardial
biopsies were also taken from the area at risk.

@ Springer

Regional myocardial blood flow

Coloured microspheres were recovered from transmural myo-
cardial samples taken from the central area at risk by digestion
with 4 mol/L KOH and subsequent filtration (8 um pore size,
Pieper Filter, Bad Zwischenahn, Germany). Fluorescent dye
was resolved from microspheres and quantified in a spectro-
photometer (F-7100, Hitachi High-Tech, Krefeld, Germany).
Blood flow was calculated as blood flow per tissue mass [44].

Area at risk, infarct size and area of no-reflow

Thirty ml of warmed 4% thioflavin-S solution (Mor-
phisto, Frankfurt, Germany) was filtered through a 0.2 um
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syringe-filter to remove particulate debris and slowly infused
into the left atrium to demarcate non-perfused areas of the
left ventricle after 180 min reperfusion [6, 79]. Thereafter,
the LAD was re-occluded at the same location as for the
index ischaemia, and 5 ml blue dye (Patentblau V, Guer-
bet GmbH, Sulzbach, Germany) was quickly injected into
the left atrium to delineate the area at risk as remaining
unstained. The heart was quickly removed from the chest,
rinsed with cold saline, and cut into 5 slices perpendicular
to the ventricular long axis. The tissue slices were examined
under ultraviolet light (340-360 nm, VL-UVA 135.11,
Vilber Louramat, Eberhardzell, Germany). Areas without
yellow—green fluorescence (thioflavin-S-negative) were
encircled by incisions. After documenting the slices using
a digital camera, the slice shape, the thioflavin-S-negative
areas, and the demarcated area at risk were transferred to a
transparent film. Thereafter, infarcted tissue was demarcated
by triphenyl-tetrazolium chloride (TTC) staining (1% dis-
solved in 90 mmol/L sodium phosphate buffer containing
8% dextran, Roth, Karlsruhe, Germany). The TTC-stained
slices were again photographed and together with the tissue
areas which remained unstained by TTC transferred to the
same transparent film which was used to document the area
at risk and the areas of no-reflow. Particular care was taken
to proper re-align the slices using “landmarks”, such as the
position of papillary muscles and the incisions surrounding
no-reflow areas. In 6 Ossabaw minipigs, area at risk and
infarct size were corrected for unclear border delineation
by blue dye or for permanently occluded areas resulting
from biopsy lesions or side branch occlusion by use of the
microsphere regional flow data; the corrected tissue mass
amounted to 1.8 + 1.8 g.

The transparent films were scanned and analysed using
digital planimetry. The following areas were calculated and
averaged for both sides of each slice: total area of the left
ventricle, the area at risk, the area of TTC-negative tissue
(infarcted), the area of thioflavin-S-negative tissue within
the infarcted tissue (no-reflow). Using the slice weight for
normalization, the tissue masses for the area at risk, the area
of no-reflow, and the infarcted area were calculated. In addi-
tion, the area at risk was calculated as a fraction of the left
ventricle, infarct size was calculated as a fraction of the area
at risk, and the area of no-reflow was calculated as a fraction
of infarct size.

AMPK genotyping

Genotyping for y subunit of AMPK

The y-subunit of AMPK is encoded by the PRKAG3 gene.
Primer and restriction enzyme were chosen on the basis

of the Sus scrofa PRKAG3 gene sequence data base, Gen-
Bank, AF214521.1 [55]. Ear biopsies were used to isolate

the DNA. Tissue was lysed in a buffer containing: 1 mol/L
Tris, 10% sodium dodecyl sulfate, 0.5 mol/L ethylenedi-
amine tetra-acetic acid, 5 mol/L NaCl, pH 7.5 and pro-
teinase K. DNA was isolated by adding an equal volume
of phenol:chloroform (both 100%). Samples were vortexed
and centrifuged at room temperature for 7 min at 16,060 g.
To the upper aqueous phase, a double volume of 100% iso-
propanol was added. Precipitated DNA was washed twice
with addition of 70% ethanol and centrifugation for 6 min at
16,060 g. Dry DNA pellets were resuspended in TE-buffer
(AppliChem, Darmstadt, Germany) until solved. DNA was
added to Taq polymerase chain reaction (PCR) Master Mix
Kit (Quiagen, Hilden, Germany) with dNTP”s (Invitrogen,
California, USA) including forward and reverse primer. For
PCR, the following PCR primer sequences 5’-ACCAGC
AGCCTTAGATCTGGAACAAATGTG-3" (forward);
5’-TTCCTTCCTCCGCCTGTCCTCTTCTTACTT-3’
(reverse) and 35 cycles for 45 s at 94 °C, 45 s at 65 °C, 60 s at
72 °C were used. PCR products (545 bp) were digested with
the restriction enzyme BsaHI (10,000 U/ml, New England
Biolabs, Frankfurt, Germany) for 4 h at 37 °C. The digested
samples and a DNA ladder (Take5™ 50 bp, highQu, Krai-
chtal, Germany) ranging from 50 to 1500 bp were loaded on
a 4% agarose gel to identify homozygous Ossabaw minipigs
with the point mutation resulting in a change from valine
199 to isoleucine in the y-subunit of AMPK (I/T) with 436
and 109 bp products, homozygous Ossabaw minipigs with
valine 199 in the y-subunit of AMPK (V/V) by 317, 119 and
109 bp products and heterozygous Ossabaw minipigs (I/V)
by 436, 317, 119 and 109 bp, respectively. Genotyping for
the individual Ossabaw minipigs is displayed in supplemen-
tal Fig. 1.

DNA extraction

Blood samples were taken from female (n =4, n=2 each
of both AMPK y subunit genotypes) and male (n=4, n=2
of each of both AMPK vy subunit genotypes) Ossabaw
minipigs (age 1.2-7.5 years) in the breeding colony of
CorVus Biomedical, LLC (Crawfordsville, Indiana USA).
Whole blood was stabilised with EDTA as anti-coagu-
lant. Red blood cells were lysed using a hypotonic buffer
containing ammonium chloride to remove red blood cells
with minimal effects on mononuclear cells. After centrifu-
gation (280 g, 4 min, 20 °C) and discarding the superna-
tant, mononuclear blood cells were separated, and DNA
was extracted using the MagAttract kit (MagAttract HMW
DNA Handbook 03/2020, Qiagen, Germantown, USA). A
chaotropic buffer stabilised and protected the nucleic acids
from liberated nucleases. All methods followed the manu-
facturer’s guidelines (Qiagen, www.qiagen.com). Briefly,
magnetic beads were added to the cell lysate and stabilised
to enable removal of the supernatant and contaminants.

@ Springer
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Fig. 1 Flowchart of bioinfor-
matic analysis of the genomes
of Ossabaw minipigs vs. Gottin-
gen minipigs

k-mer (k=27) counting

whole genome sequencing
Ossabaw minipig genome

(n=49+473)

public database access
Gottingen minipig genome
n=10¢

k-mer (k=27) counting

public database access

annotated Sus scrofa
reference genome

detection of variants and altered base pairs (bp)
within sequences annotated for Sus scrofa
Sus scrofa vs. Ossabaw minipig
Sus scrofa vs. Goéttingen minipig

search for sequences with altered bp / variants
in Ossabaw minipigs vs. Sus scrofa,
which were not altered in Géttingen minipigs

4 @ Ossabaw minipigs vs.
10 @ Géttingen minipigs

4 Q + 4 & Ossabaw minipigs vs.
10 @ Géttingen minipigs

The magnetic beads attenuate shear stress by centrifuga-
tion that may fragment the extracted DNA.

Whole genome sequencing and bioinformatic
analysis
The flowchart in Fig. 1 illustrates the process of bioin-

formatic comparisons between the genomes of Ossabaw
minipigs and Gottingen minipigs.

@ Springer
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STRING (Search Tool for the
Retrieval of Interacting Genes)
analysis of protein-protein
associations

lllumina Nextera genome sequencing

The DNA was evaluated for its quantity and quality using
the Agilent TapeStation 4200 (Santa Clara, CA, USA) and
the Thermo Fisher Qubit Fluorometer 3.0 (Waltham, MA,
USA). One hundred ng high quality genomic DNA of each
sample was used for library preparation. The quality of high
molecular weight DNA was assessed by gel analysis com-
pared to a ladder of 14 different DNA sizes. Briefly, the
DNA library was prepared using [llumina Nextera DNA
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Flex Library Prep Kit (Cat# 20018707; Illumina, Inc. San
Diego, CA, USA), following Illumina Nextera DNA Flex
Library Prep Reference Guide (Document #1000000025416
vO1, April 2018; Illumina, Inc. San Diego, CA, USA). Each
resulting library was quantified and its quality accessed
by the Qubit and Agilent Bioanalyzer (Santa Clara, CA,
USA), and multiple libraries were pooled in equal mola-
rity. The pooled library was then denatured, neutralised and
sequenced in 150 bp paired-end read format on a NovaSeq
6000 sequencer (Illumina, Inc. San Diego, CA, USA). More
than 300 million paired reads per sample were generated
for 30—40-fold coverage, and 91% of the sequencing reads
reached Q30 (99.9% base call accuracy). A Phred quality
score (Q score) was used to measure the quality of sequen-
cing (80 x for DNA) [48]. The raw data for these 8 Ossa-
baw minipigs are available from the national center for bio-
technology information (NCBI) Sequence Read Archive/
BioProject number PRINA837405 (accession numbers:
SAMN28202074-SAMN?28202081).

Whole genome data from 10 female Gottingen mini-
pigs were obtained from the public European Nucleotide
Archive (project number PRIEB27654, accession number
ERR2744277-ERR2744286). These Gottingen minipig
genomes were sequenced on the Illumina platform (paired-
end 2 x 100 bp) with an average coverage of approximately
15-fold (i.e., 38.7 sequenced Gbp for an assumed genome
size of 2.58 Gbp) [67]. Details on the sequenced genome of
the 8 Ossabaw minipigs and the used genome data of the
Gottingen minipigs are given in supplemental Table 1.

Genomic k-mer content of Ossabaw minipigs
and Gottingen minipigs

K-mer-based methods are well-suited to discover genetic
variants associated with phenotypes [66, 81]. We report the
genomic content of Ossabaw minipigs and Géttingen mini-
pigs by the set of their constituting k-mers (DNA pieces of
length k). Throughout this study, we used k=27 as it pro-
vides sufficient specificity (most k-mers which do not occur
in repetitive regions anyway are unique in the genome). We
assume that a k-mer belongs to an individual genome if we
see it sufficiently many times in the sequenced reads of the
individual. The exact definition of sufficiently many times
depends on the average coverage of the genome and is shown
in the table as the threshold T (see supplemental Table 1).
The threshold is obtained by analysing the k-mer histogram
which plots the number of k-mers (y-axis) with a specific
occurrence count ¢ against ¢ (x-axis) [80]. We assume that
a k-mer belongs to the strain of Géttingen minipigs or Ossa-
baw minipigs, respectively, if it belongs to sufficiently many
individual genomes of that strain (at least 3 out of 10 Got-
tingen minipigs, at least 3 out of 8§ Ossabaw minipigs). We
did the same analysis only for female pigs (at least 3 out

of 10 female Gottingen minipigs, at least 3 out of 4 female
Ossabaw minipigs). To determine these sets of k-mers, we
counted all k-mers in all samples using the fastpork k-mer
counter (developed by SR: https://gitlab.com/rahmannlab/
fastpork, Project ID: 36185346, https://doi.org/10.5281/
zen0do.6551661) and verified the numbers with a different
k-mer counter (KMC3 [41]). We then aggregated the k-mer
counts of all samples in one large table, where we tracked
to how many individual Géttingen minipigs and Ossabaw
minipigs each k-mer belongs. In other words, each k-mer
now has a pair of counters (i,j), where i (between 0 and 8
[or 4, for females only]) represents the number of Ossabaw
minipigs to which it belongs and j (between 0 and 10) repre-
sents the number of Gottingen minipigs to which it belongs.
The total number of k-mers in the aggregated table is
2782273127 (for all 8 Ossabaw minipigs, or 2759727 695
for the 4 female Ossabaw minipigs). Summary statistics of
the aggregated table (number of k-mers with specific (i,j)
values) are given in supplemental Table 2 (for all 8 Ossabaw
minipig samples and separately for the 4 female Ossabaw
minipig samples).

Comparison of Ossabaw minipig and Goéttingen minipig
genomes to Sus scrofa reference

The Ossabaw minipig and the Gottingen minipig genomes
are not available as annotated reference genomes. Thus,
we used the only publicly available representative refe-
rence genome assembly from NCBI for Sus scrofa, sub-
mitted by “The Swine Genome Sequencing Consortium”
[72] (Sscrofall.l; GenBank: GCA_000003025.6; RefSeq:
GCF_000003025.6).

For the present analysis, we hypothesised that the
observed phenotype, specifically here “infarct size reduc-
tion by IPC” is connected to genes that are present in the
Sus scrofa reference and unchanged in the Géttingen minipig
genome, but heavily altered in the Ossabaw minipig genome.
This assumption is supported by the fact that IPC reduced
infarct size in all published studies in pigs so far, no matter
which strain of pigs and which algorithm of IPC [12, 16, 35,
40, 42, 46, 52, 58, 64, 71, 73, 75-77].

Therefore, we scanned along the Sus scrofa reference
and queried each k-mer whether it also belongs to the
Ossabaw minipig genome or to the Gottingen minipig
genome. In the positive case, we marked the correspond-
ing k base pairs of the Sus scrofa reference as present
in the corresponding other strain(s). Base pairs which
were not marked after scanning all positions of the ref-
erence were called altered base pairs. Altered base pairs
can correspond to deleted or changed base pairs. A block
of consecutive altered base pairs is called a variant (e.g.,
a deletion of several base pairs, a substitution of several
consecutive base pairs, supplemental Fig. 2). Another
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type of variant, not discovered by altered base pairs, but
by reference k-mers which do not belong to the genomic
content of one of the other strains, are insertions (sup-
plemental Fig. 2). We kept track of the genomic positions
of all altered base pairs and all variants in the Sus scrofa
reference in comparison with both the Gottingen minipig
and the Ossabaw minipig genome separately (supplemen-
tal Table 3).

Using the Sus scrofa genome annotation, we counted, for
each gene separately, the number of variants and the number
of altered base pairs in the total genome, the sequence from
first to last coding base, and the gene’s exons for both the
Ossabaw minipig and the Goéttingen minipig genome (sup-
plemental Table 3). These analyses were performed for the
comparison of the 8 (4 female, 4 male) Ossabaw vs. the 10
female Gottingen minipigs and separately for the 4 female
Ossabaw vs. the 10 female Gottingen minipigs (supplemen-
tal Table 3).

Protein—protein associations

To analyse protein—protein associations of protein coding
sequences altered in the Ossabaw minipig but unchanged
in the Gottingen minipig genome in comparison with the
Sus scrofa reference, the Search Tool for the Retrieval of
Interacting Genes (STRING, http://string-db.org/, version
11.5) [85] was used. Protein—protein association networks
were generated using the “Multiple Proteins by Names/Iden-
tifiers” tool, the organism was set as “Homo Sapiens”. The
“Interaction score” was set as medium confidence (0.400).
Protein—protein association networks were visualised
with the STRING tool, and networks were exported to an
excel data sheet (supplemental “STRING-protein—protein
associations”).

Western blot analysis

Snap-frozen myocardial drill biopsies were homogenised
in 100.0 mmol/L tris(thydroxymethyl)aminomethane with
2% sodium dodecyl sulfate, (w/v; SERVA Electrophoresis
GmbH, Heidelberg, Germany), heated to 70 °C for 5 min
and centrifuged at 16,000 g for 10 min. The protein lysate
containing supernatant was stored at -80 °C in aliquots to
prevent freeze and thaw cycles [38]. In preliminary experi-
ments, the combined linear range had been determined for
each analysed protein and its phosphorylated form according
to the manufacturer’s recommendation when using fluores-
cence signals [63], using series of 8, 12, 16, 20, 24, 28,
and 32 pg protein lysate. The determined protein quantities
within the linear range (32 pg for protein kinase B (AKT),
phosphatase and tensin homolog (PTEN) and signal trans-
ducer and activator of transcription (STAT)3 and 24 pg for
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adenosine monophosphate-activated protein kinase (AMPK)
and extracellular signal-regulated kinase (ERK)) were used
for Western blotting. Protein lysates from 61 of the 62 Ossa-
baw minipigs were loaded randomly in blocks per pig on
the gels, and each protein lysate was loaded onto different
gels (2x32 pg and 1 X 24 pg). One Ossabaw minipig (V/V
female with IPC) was excluded from analysis, because only
one biopsy was available. A reference sample, prepared from
a pool of 30 randomly selected protein lysates, was loaded
onto each gel for subsequent data normalization.

Protein lysate aliquots were electrophoretically sepa-
rated on precast stain-free 7.5% sodium dodecyl sulphate
polyacrylamide electrophoresis gels (BioRad, Hercules,
USA). Total protein was visualised by an ultraviolet light-
induced fluorescence reaction of protein—tryptophan with
tri-halocompounds within the stain-free gels and imaged
using the Gel Doc EZ system (BioRad). Proteins were
transferred to 0.45 um low fluorescence polyvinylidene
difluoride membranes (Merck, Chemicals GmbH, Darm-
stadt, Germany) using the Trans-Blot Turbo™ transfer sys-
tem (BioRad). The membranes were imaged (Gel Doc EZ
system) and dried. After reactivation with 100% methanol,
membranes were incubated with Revert® (1:15; LI-COR
Biosciences, Lincoln, USA) for total protein staining and
imaged using the LI-COR Odyssey F. system (LI-COR
Biosciences). Membranes were de-stained, cut horizon-
tally, blocked (1:10; EveryBlot® blocking buffer, BioRad)
for 5 min at room temperature, and rinsed with tris-buff-
ered saline.

Then membranes for AKT, AMPK, ERK, STAT3 and
PTEN were incubated with the respective primary anti-
bodies directed against the phosphorylated forms of the
proteins. Membranes were washed 4 X for 5 min with
tris-buffered saline containing polyoxyethylene-20-sorb-
itan monolaurate (TBST) before being incubated with
antibodies directed against the total forms. Membranes
were again washed for 4 X5 min with TBST before incu-
bation with the secondary antibodies. Primary antibodies
were diluted in TBST containing 5% bovine serum albu-
min. Secondary antibodies were diluted in EveryBlot®
blocking buffer (1:10; BioRad) supplemented with 0.02%
sodium dodecyl sulphate. Signals were detected by fluo-
rescence. For the detection of the 160 kDa substrate of
the AKT Ser/Thr kinase (AS160, a downstream target of
AMPK) and for STATS, membranes from gels loaded with
32 g protein lysate, respectively, were incubated with the
respective primary antibody directed against the phospho-
rylated AS160 and STATS, respectively. After detection of
the phosphorylated forms of the proteins, membranes were
stripped and re-probed with antibodies against total AS160
and STATS. Signals were detected by enhanced chemi-
luminescence (ECL; Pierce Biotechnology, Rockford,
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USA). Protein phosphorylation sites, ordering numbers
of primary and secondary antibodies, antibody working
concentrations and antibody incubation times are listed in
supplemental Table 4. Fluorescence/luminescence signal
intensity of phosphorylated proteins and their respective
total proteins was imaged using the LI-COR Odyssey Fc
system. Detected signals were analysed with the LI-COR
Biosciences Empiria® studio software (version 2.1.0.134).
All signal intensities were normalised to that of the refe-
rence sample on the respective membrane. Then, the signal
intensity of each phosphorylated protein was normalised
to that of the respective total protein. For the time course
analysis, the signals (of total proteins as well as the phos-
phorylated proteins normalized to their respective total
proteins) from each Ossabaw minipig were normalised
to the respective baseline signal and expressed as % of
baseline.

Power analysis

Infarct size was the primary endpoint, and we defined type
I error a as 0.05 and type II error 1-f as 0.90. Since no data
on infarct size reduction in Ossabaw minipigs were avai-
lable, we used the infarct size data from our own labora-
tory obtained in male Goéttingen minipigs subjected to either
I/R (n=23) or an IPC manoeuvre preceding I/R (n=19)
with an infarct size reduction by IPC using our established
algorithm [14] (21 £9 vs. 43+ 10%) [38]. For the present
study, we conservatively assumed an infarct size reduction
by IPC in Ossabaw minipigs of half the magnitude of that
observed in Gottingen minipigs. This estimated effect size
was a compromise between the Null hypothesis, i.e., Ossa-
baw minipigs do not differ from Gottingen minipigs, and our
preliminary observation that Ossabaw pigs were not pro-
tected by our established IPC algorithm [14]. The resulting
effect size f was 0.597 and almost identical to the effect size
f=0.594 calculated from the infarct size reduction by IPC
in young female Yorkshire pigs reported by the CAESAR
consortium (37 +19 vs. 58 + 14%), and we used their IPC
algorithm for the present study [35]. For the comparison of
4 groups (I/R vs. IPC in AMPK y-subunit genotypes V/V
vs. I/T) the final a priori calculation of the total cohort size
using G-Power 3.1 (University of Diisseldorf, Germany)
resulted in n =62 experiments. We did not aim for an addi-
tional a priori stratification for sex in the Ossabaw minipigs
(females vs. castrated males) but rather chose to perform a
pre-specified secondary analysis of I/R vs. IPC in females
vs. castrated males. In fact, our contemporary study in Got-
tingen minipigs revealed no sex-related differences in infarct
size [40]. We did not use any inclusion or exclusion crite-
ria and conducted the study until n =62 experiments with
infarct data were available. Ossabaw minipigs of a given sex
and genotype were block-randomised (in blocks of Ossabaw

minipig delivery) for an I/R or IPC protocol, respectively,
using sealed envelopes.

Statistics

Investigators who quantitatively analysed haemodyna-
mics, regional myocardial blood flow, infarct size, area of
no-reflow and Western blots were blinded to the pigs” sex
and protocol, respectively. Data were tested for normal dis-
tribution using the Shapiro—Wilk test. Data are presented
as means + standard deviations; individual data on infarct
size and area of no-reflow are also presented as scatterplots.
Data on infarct size, area at risk, and area of no-reflow from
Ossabaw minipigs were analysed by two-way analysis of
variance (ANOVA; general linear model procedure; main
effects protocol and genotype). In a secondary analysis, two-
way ANOVA was performed for I/R vs. IPC and female vs.
castrated male sex. Haemodynamic, regional myocardial
blood flow and AKT, AMPK, AS160, ERK, STAT3, STATS
and PTEN total protein and protein phosphorylation data
were analysed by three-way ANOVA for repeated measures
(MIXED procedure; main effects protocol, genotype, and
time). When ANOVA indicated a significant main effect or
interaction, least square means were used for further analysis
of simple effects. Differences were considered significant at
the level of p <0.05 (SAS 9.4; Cary, NC, USA).

Results

Baseline body weight, left ventricular pressure and labora-
tory data are presented in Tables 1 and 2. There were only
minor differences between genotypes (Table 1) and only
minor differences to data from the contemporary cohort of
female and castrated Gottingen minipigs of the same age
(14-15 months) [40] (Table 2). Obviously, the Ossabaw
minipigs in the absence of a high-fat diet had no increased
body weight or signs of a metabolic syndrome by compari-
son to Gottingen minipigs of equal age (Table 2). We lost 8
Ossabaw minipigs due to surgical problems (n=>5) or intrac-
table ventricular fibrillation (n = 3).

Area at risk, regional myocardial blood flow
and systemic haemodynamics

Area at risk was 20-25% of left ventricular myocardium
and not different between the 4 groups of Ossabaw minipigs
when stratified for their genotypes. Likewise, regional myo-
cardial blood flow at baseline was not different between the
4 groups of Ossabaw minipigs; it was markedly decreased
at 5 and 55 min ischaemia, and it recovered with a wide
range of intra-individual variation over 180 min reperfusion.
Heart rate and left ventricular pressure at baseline were not
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different between the 4 groups of Ossabaw minipigs; during
ischaemia, left ventricular pressure decreased and heart rate
increased, without differences between the 4 groups of Ossa-
baw minipigs. During reperfusion, left ventricular pressure
did not fully recover (Table 3). In the pre-specified secon-
dary analysis stratifying the Ossabaw minipigs for their sex,
there was also no difference between the 4 groups in area
at risk, regional blood flow, heart rate and left ventricular
pressure (Table 4).

Infarct size and area of no-reflow

The two-way ANOVA did not reveal any significant effect
of protocol, genotype or their interaction on infarct size
or no-reflow; thus, infarct size and area of no-reflow were
not different between genotypes, and IPC did not reduce
infarct size and area of no-reflow (Fig. 2). When overstep-
ping the “do not test”- rule of the two-way ANOVA, IPC
reduced infarct size only in the I/I genotype Ossabaw mini-
pigs (Fig. 2A). When looking at individual data points, the
infarct size reduction by IPC within the I/I group was more
marked in the female than the castrated male Ossabaw
minipigs. Even when overstepping the “do not test” -rule,
the area of no-reflow was not different between any par-
ticular groups (Fig. 2B). In the alternate two-way ANOVA
approach comparing the effects of IPC between females
and castrated males, there was no significant difference
in infarct size. The area of no-reflow was less in castrated
males than in females; this difference, however, was not
significant between any particular groups (Fig. 3).

Bioinformatic analysis of differences in the Ossabaw
and Gottingen minipig genomes

The exons encoding AMPK y-subunit (PRKAG3) had by
comparison to Sus scrofa zero altered bp/Mbp and variants/
Mbp in Ossabaw minipigs but several thousand altered bp/
Mbp and variants/Mbp in Gottingen minipigs. The same
was true for exons encoding for STAT3. The exons encod-
ing ERK1/2 (mitogen-activated protein kinase (3/1) and
AKT had by comparison to Sus scrofa more altered bp/
Mbp in Gottingen minipigs than in Ossabaw minipigs (sup-
plemental Table 5). The exons for the two pig strains dif-
fered in 480 altered base pairs and in 294 variants when
the 4 female and 4 castrated male Ossabaw minipigs were
compared to the 10 female Gottingen minipigs using the
Sus scrofa annotated genome as reference (supplemental
Table 3, supplemental excel data sheet “Altered base pairs
and variants in Ossabaw minipigs and Goéttingen minipigs”).
To contrast potential differences between the Ossabaw mini-
pig and the Gottingen minipig genomes, we focused only on
the variants in the exons. The analysis of the 294 variants
with STRING referring to the organism “Homo sapiens”
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identified several protein—protein associations of variant pro-
tein coding sequences between the Ossabaw minipig and
Gottingen minipig strains, including notably one network
on mitochondrial proteins and another one on inflammatory
proteins including the JAK-STAT pathway (Fig. 4). In the
supplemental excel data sheet “STRING-protein—protein
associations” the respective matching proteins (including
protein names) of the networks, their strength and false dis-
covery rate are listed.

Protein kinase phosphorylation

The total levels of the analysed proteins (boxes below the
x-axis of Figs. 5, 6, 7 and 8, respectively) were stable or
decreased only slightly when significantly (AMPK, AS160,
AKT) over time. There were no differences between the
genotypes and the protocols in the total levels of all ana-
lysed proteins. There was no significant difference between
the V/V and I/T genotypes of AMPK in their phosphoryla-
tion (Fig. 5A) and activity, as identified by the phosphoryla-
tion of AS160 (Fig. 5B). Both, phosphorylation and activity
decreased over time. AKT phosphorylation increased with
ischaemia and reperfusion, but was not different between I/R
and IPC for both genotypes (Fig. 6A). ERK phosphoryla-
tion decreased during ischaemia in both genotypes and then
increased to a lesser extent at 10 min reperfusion after IPC
than I/R in both genotypes (Fig. 6B). Consistent with the
bioinformatic analysis as to JAK—STAT signalling, there was
a decrease in STAT3 phosphorylation during ischaemia and
an increase at 10 min reperfusion, which was not different
between genotypes and not different between I/R without
and with IPC (Fig. 7A), whereas in our contemporary study
in Gottingen minipigs IPC was associated with a signifi-
cant increase in STAT3 phosphorylation at 10 min reperfu-
sion [40]. The phosphorylation of STATS also decreased
during ischaemia in both genotypes and increased back
toward baseline during early reperfusion, without a differ-
ence between I/R and IPC (Fig. 7B). The phosphorylation of
PTEN decreased during ischaemia in both genotypes, irre-
spectively of IPC, and tended to return back toward baseline
during early reperfusion (Fig. 8).

All original Western blots are displayed in supplemental
Fig. 3.

Discussion

For the present study, we have used a prospective design
including a power analysis, as typically used for a ran-
domised clinical trial. The main result of our study is: Ossa-
baw minipigs, in contrast to Gottingen minipigs, are not pro-
tected from infarction by IPC. This raises issues with respect



Page 11 0f 24 58

uorsnyrodor utw 07 997y ‘uorsnjrador urw (] 7y ‘LIWOBRYDSI UTW GG G ‘BIWARYDST UIW G 7 ‘QUI[aseq 7g

$159) sueow arenbs SB[ YIm Yyoea ‘AT pue “YH ‘dAGINY 10J 2oueLeA jo sisA[eue (awn ‘ooojold ‘od£jouad) Aem-oa1y) ‘ormeradwe) pue Yy I0J 9dUBLIEA JO SISA[eue (J020j0o1d
‘adf1ouad) Aem-omJ, “(Od1) Sutuonrpuodaid osrwaeyost Jorid YIrm Jo oYM uotsnjradal/eruuaeyost feipredoAw Jurogopun (aseurny urdjoid pajeanoe-ojeydsoydouowr aursouape 23 Jo yungns-4A
9 ur auronajost snogAzowoy yym sSid) adAouas [/ pue (eseury urojord pajeanoe-ojeydsoydouowr sursouape 9y jo jrunqns-A oy} ur aurfea sno3Azowoy yim s3id) adKjouad A/A ' Ym s3id
-Tur meqessQ Ul (JAT) 2Inssaid Te[noLnudA 1J9] pue ‘(YH) 9181 1.3y ‘(JGIAY) MO Poo[q [eIpIedoAuw [eUOISAI ‘(JINHL) UOISN[020 AIRUOIOd paurelsns 210joq armjerddwa) ‘(YyV) S Je Bary

pringer

a's

Basic Research in Cardiology (2022) 117:58

9F VL €1+89 [1F08 §FGL 081d
L¥9L EIF+IL €1+08 L¥SL 01d
0T +¢L EI+TL SI+T8 OT+LL 59
SF6L OT+LL (454 IT+6L SI
9+ 18 8+T8 OdI 1ge
L¥+88 9+¢8 8+ ¢6 8+98 1d
16€00=d
[020301d [SHuwu]
109JJ° UrejN 10000°0>d 2w dA1
0T +001 ST+80T1 T1+201 8+90T 081Y
SFI101 T1+201 6FL6 8+ 10T ord
LF86 TT+¢€01 6+96 8+70T1 99|
¥+001 SF 0T $+86 ¥+201 SI
¥¥66 P+ €01 OdI 1euje
8+ 66 £F+66 L¥96 9+¢01 14
se000=d
adKyoua3 [uruy1]
1099 UrejN [000°0>d aui] dH
650F€8°0 TC0F€9°0 6C0FL9°0 0€0FL90 081y
0S0FCI'T 90F6S01 L9OFST'T 99°0FLY'T ord
200F€00 20'0F€00 200F€0°0 €0'0F€00 9y |
¥0°'0FL00 €0'0+S0°0 €0°0F¥0°0 200F+00 SI
SO+ SYT 9€'0FTI'T OdI 1eyje
6V 0FLI'T 8T°0F96°0 PEOFI0T 7C0F96°0 14 [8/urtuyua]
[000°0>d aui] J9NY
8'0F I8¢ §0+T8€E LOF1°8¢ S0F1'8¢ [Do] JNFL
SFYC L¥FST §F0T 9F V¢ [AT1%] 9VV
(Sr=u) 9r=u) (9r=u) (Sr=u)
71 AN 1 AN
uorsnjrodal/eruuoeyosy +
Suruonipuodsaid orwoeyds| uorsnytodol/eruaeyosy

Suruonrpuodaxd orwoeyost Jotid yim pue
noym uorsnyrodal/eruoeyodst Jurosropun s3idruru meqessQ [/ Pue A/A Ul 2Inssaid Je[noINULA 1J9] PUB ‘dJel 11edY ‘MO}) Poo[q [eIpJedoAw [euol3al ‘ainjeraduid) suljaseq “[sui e eIy € 3jqel



Basic Research in Cardiology (2022) 117:58

58 Page 12 of 24

uorsnjrodor urw 081 097y ‘uorsnyradar Ut (] 7y ‘eTWSLYDSI UM GG ¢¢7 ‘BIWARYDST UTW G G7 ‘QUI[aseq 7

159} sueow arenbs Jsea YIIM [yoBa ‘AT PUR “YH ‘HAIINY 10J 2oueLeA jo sisA[eue (awn ‘ooojoid ‘xas) Aem-oa1y) ‘ornjerodwo)

pue JYVV JI0J 9duBLIRA JO SISATRuUR ([000j01d ‘Xas) Aem-om], "(Dd]) Suruonipuodsaid orwaeyost Jord yarm 1o noyiim uorsnjrodai/eruoeyost [erpreoolw 3uro3ropun s3idruru meqessQ o[ew pajen
-sed pue orewd) ur (JAT) 2Inssard Ie[nornuaA 1Jo] pue ‘(YH) 93el 11edy ‘(JIAY) MO POO[q [BIpIed0AW [euoISal ‘(JINHL) UOISN[o00 AIeuoIod paurelsns a10joq arnjerodwa) (V) JSH e eary

OT+vL CI¥+89 T11+08 8F9L 081Y
6FLL IT+0L IT+6L 01+9L ord
0T FSL I1+0L CIF18 EIFSL Sel
CIFo6L SFLL 0T F+8 CIFLL SI
0T +¢8 LF¢€8 OdI 1eyje
LF98 LFL8 6F06 6+68 14 [SHww]
£6£0°0=d jod0j04d 122{f> uivpy 10000°0>d auii] dAT
€CF Y01 0T F+01 TTF€0T1 6F601 081
€1F7201 01 +001 01 F66 LF66 (8: |
LF101 ¢IF001 LF66 IT+66 SelI
LF001 9+ €01 S$+86 YF101 SI
¢F001 SF¢01 OdI Pyje
r¥+86 ¥F00I1 LF86 LF 101 1d [uray/7]
10000>d auitf ¥H
€C0F690 8S0FYLO 9T0F95°0 8TOFLLO 0814
€TOFIT'T 8S0FI0'T 89°0F8I'T 99°0FSH'1 o1y
081¥ ‘01¥ 19 S+ [000>d S0F¢€00 €0'0F€00 20'0F€00 200+€00 391
081¥ ‘01¥ 19 S+ [000>d 200F90°0 ¥0'0F50°0 €0'0F+00 €0'0F+00 SI
€00F9¢'T 9’ 0F0C'T OdI Pyye
6£0+F860 9 OFLI'T STOF16°0 CE0FH0'T 1d [8/uruyua]
1000°0>d aui] J9INY
90+F6'LE 90+¢S8¢ 7'0F0'8¢ 8'0+T8¢ [D.] dNAL
EIF1C SFVT y+0C LFVC [AT%] vV
Sr=u (Sr=u
(91 =u) srew pajense) [ewd] (91 =u) 9rewt pajense) J[ewd
uorsnjtodal/eruaryost +
Suruonpuoosard orwraeyosy uorsnjrodar/eruoryos]

Suruonipuooard oruoeydst Jo11d YIIm pue JNOYIIM uoIsny
-1oda1/eruorydst Surodropun sIidiuru meqessQ 9B PAJeNsed puR W) Ul 9Inssald Je[NOLNUAA 1J9] Pue ‘9)el 1By ‘MOp Poo[q [BIPILI0AW [euOl3al ‘arnjeraduwd) suljaseq YsLi 18 Baly { d|qel

pringer

Qs



Basic Research in Cardiology (2022) 117:58

Page 13 of 24

58

Fig.2 Infarct size (A) and area
of no-reflow (B) following
ischaemia/reperfusion  without
and with prior ischaemic pre-
conditioning in female (red)
and castrated male (blue) Ossa-
baw minipigs—stratified for
genotype—with the V/V (filled
symbols) and I/ (open sym-
bols) genotypes, respectively.
Individual data (circles) and
means (squares) with standard
deviation. Two-way analysis of
variance (general linear model
procedure; main effects protocol
and genotype) with least square
means tests. Overall, there was
neither a significant reduction
of infarct size nor of area of no-
reflow. When overstepping the
do-not-test rule of the two-way
ANOVA, a reduction of infarct
size in the I/I genotype became
apparent. V/V: Ossabaw mini-
pigs with homozygous valine
in the y-subunit of the adeno-
sine  monophosphate-activated
protein kinase; I/I: Ossabaw
minipigs with  homozygous
isoleucine in the y-subunit
of the adenosine monophos-
phate-activated protein kinase;
V/V females with I/R (n=7);
V/V castrated males with I/R
(n=8); I/l females with I/R
(n=8); /I castrated males with
I/R (n=8); V/V females with
IPC+1I/R (n=38); V/V castrated
males with IPC+I/R (n=8);
I/ females with IPC+I/R
(n="7); /1 castrated males with
IPC+I/R (n=8)

to the mechanisms of cardioprotection and with respect to
the clinical translation of cardioprotection.

There was no significant reduction in infarct size and area
of no-reflow no matter what AMPK y-subunit genotype the
Ossabaw minipigs had. In the pre-specified secondary analy-
sis, it did also not matter whether they were females or cas-
trated males. IPC is the strongest cardioprotective stimulus
known [20, 27], and we have used the IPC protocol which
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reduced infarct size robustly in the multi-centre studies of

the CAESAR [35] and CIBER—CLAP consortia [69]. Appa-

rently, the lack of cardioprotection by IPC was not related
to the single nucleotide polymorphism resulting in a change
from valine 199 to isoleucine in the y-subunit of AMPK.
The bioinformatic analysis identified more variants in the
AMPK coding exons of Gottingen minipigs than of Ossabaw
minipigs. In addition, there was apparently no difference
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Fig.3 Infarct size (A) and
arca of no-reflow (B) follow-
ing ischaemia/reperfusion
without and with prior ischae-
mic preconditioning in female
(red) and castrated male (blue)

ischaemia/reperfusion

ischaemic preconditioning +
ischaemia/reperfusion

2-way ANOVA, main effects: protocol p=0.1836, sex p=0.5645

interaction: protocol * sex p=0.7395
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between the AMPK y-subunit genotypes in their protein
phosphorylation/activity. Thus, it is not surprising that the
AMPK v-subunit genotype also had no impact on cardiopro-
tection or the lack of it. AMPK has been demonstrated to
be activated by IPC in mice [34, 57] and a dominant nega-
tive mutation of the a,-subunit abrogated enzyme activity
and infarct size reduction by IPC in mice [84]. However,
the AMPK y-subunit genotype made no difference for the

@ Springer

lack of cardioprotection, as defined by infarct size reduc-
tion, by IPC whether the Ossabaw minipigs were females
or castrated males. In our contemporary study in Gottingen
minipigs [40], IPC was also not associated with an increase
in AMPK phosphorylation (data not shown). Apparently,
AMPK is not important for cardioprotection by IPC in pigs.

A protective role for female sex against myocardial I/R
injury has been proposed [62, 70], but in our contemporary
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Fig.4 Protein—protein associations of variant protein coding pathway, fat metabolism, mineralisation and ribosome. We assigned

sequences between the Ossabaw minipig and Gottingen mini-
pig strains: The Search Tool for the Retrieval of Interacting Genes
(STRING) identified networks for the topic mitochondrion, vita-
min B12 metabolism, inflammation including the janus kinase
(JAK)—signal transducer and activator of transcription (STAT)

study in Gottingen minipigs infarct size did not display
sex-related differences [40]. In addition, infarct size was
larger in the female Yorkshire pigs of the CAESAR con-
sortium with 60 min LAD occlusion and thus even larger
than in our Gottingen minipigs but still reduced signifi-
cantly by IPC [35]. Thus, the lack of cardioprotection by

the cluster designation with reference of the functional enrichments
in the STRING network analysis. The matching proteins within the
respective networks are listed in the supplemental excel data sheet
“STRING-protein—protein associations” column I “matching proteins
in your network (labels)”

IPC in our female and castrated male Ossabaw minipigs
cannot be related to their sex being not male. Interestingly,
the area of no-reflow was less in castrated males than in
females - there were no apparent differences in systemic
haemodynamics and regional blood flow during ischaemia
and reperfusion (Table 4) -, but we could not identify
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3-way RM-ANOVA, main effects: protocol: p=0.0961, genotype: p=0.4743, time: p<0.001
interaction: time*protocol: p=0.4685
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3-way RM-ANOVA, main effects: protocol: p=0.0233, genotype: p=0.3925, time: p<0.001
interactions: protocol*genotype: p=0.0556, time*protocol: p=0.796

VIV i

1. i
FIN
N

59—
—

504 I

ratio p-AS160 / AS160 [% of baseline]
'_
/
l—+/
—

@R after QIR after

@ IR after QIR after

before<>":,C PC 155 R10 before SIPC IPC 155 R10 before<> IPC IPC 155 R10 before@”:,C PC 155 R10
E @ 100 9819  97+10 5100 99412 98+12 g ¢ 100 80£20 102+18 < 100 85+31 101+35
= [=3r7}
E % & 100 100£9 967  93%13 ©100 98410 96+7 9711 § § & 100 107+15 8016 94+15 ® 100 10111 87+10 96%15
o
<% 3-way RM-ANOVA, main effects: protocol: p=0.2935, genotype: p=0.8504, time: p=0.0247 < 2 3-way RM-ANOVA, main effects: protocol: p=0.4834, genotype: p=0.8454, time: p<0.001
=* interactions: protocol*genotype: p=0.9580, time*protocol: p=0.9289 = interactions: protocol*genotype: p=0.7733, time*protocol: p=0.3142

Fig.5 Signal ratio of phosphorylated (p) adenosine monophosphate-
activated protein kinase (AMPK) (A) and the 160 kDa substrate of
the AKT Ser/Thr kinase (AS160) (B) vs. total AMPK and AS160 in
the V/V genotype (Ossabaw minipigs with homozygous valine in the
-subunit of the AMPK; filled symbols) and the I/I genotype (Ossa-
baw minipigs with homozygous isoleucine in the -subunit of the
AMPK; open symbols); quantification of the total protein signals is
displayed in the box below the x-axis;+ within the symbols indicates
data from Ossabaw minipigs with ischaemic preconditioning (IPC)
prior to ischaemia/reperfusion (I/R); all data were normalised to the
baseline samples taken before the I/R or IPC protocol, respectively
(indicated by diamonds); symbols are means with standard deviation;
155: 55 min ischaemia, R10: 10 min reperfusion; three-way analysis

pertinent data in the literature and have no explanation
for this finding.

Whereas isoflurane anaesthesia may have attenuated the
effects of IPC, since isoflurane as compared to, e.g., barbi-
turates is cardioprotective per se [36], such effect is unlikely
to account for the failure of IPC to reduce infarct size in
the Ossabaw pigs in our current study. In fact, infarct size
without IPC was even larger than that in our contemporary
Gottingen minipigs (female: 56 +9 vs. 45+ 8% area at risk;
castrated male: 53 +12 vs. 45+ 13% area at risk), arguing
against a more pronounced genuine cardioprotection in the
Ossabaw than the Gottingen minipigs, and on the other hand
IPC still decreased infarct size markedly in the contemporary
Gottingen minipigs [40] but not in the Ossabaw minipigs.
Isoflurane, in contrast to propofol, also permits cardioprotec-
tion by remote ischemic conditioning in humans [43, 93].

The neutral results of our prospectively designed study
resemble the neutral results of several larger randomised
controlled trials in patients undergoing interventional rep-
erfusion of myocardial infarction [21] or cardiovascular sur-
gery [19, 54] which used an all-comer approach and did not

@ Springer

of variance (MIXED procedure; main effects protocol, genotype, and
time) for repeated measures with least square means tests; V/V with
I/R (n=15): myocardial biopsies at baseline (n=15), at I55 (n=14%)
and at R10 (n=14"); Ul with UR (n=15%: myocardial biopsies
at baseline (n=15), at I55 (n=12%) and at R10 (n=15); V/V with
IPC +1/R (n=16): myocardial biopsies at baseline (n=16), after IPC
(n=16), at I55 (n=15%; n=14" for AS160) and at R10 (n=16); /I
with IPC+1/R (n=15): myocardial biopsies at baseline (n= 15), after
IPC (n=15), at 155 (n=15) and at R10 (n=15); *left ventricular
biopsies at I55 could not be taken due to ventricular fibrillation and
intra-thoracic defibrillation; *left ventricular biopsy at baseline went
lost during sample preparation; *missing protein lysate due to insuf-
ficient protein quantity

confirm prior smaller proof-of-concept studies on remote
ischaemic conditioning [5, 18, 87]. These larger trials were
neutral with respect to clinical outcome as the primary end-
point but also with respect to infarct size. In the discus-
sion of these trials several points of critique were pointed
out. The neutral cardiosurgical trials were conducted under
propofol anaesthesia which is known to interfere with car-
dioprotection [28, 93]. In the neutral myocardial infarction
trial, infarct size was determined from somewhat incomplete
troponin data which do not consider for the ischaemic area
at risk, and more importantly the 1-year mortality was so
low in the placebo group (<3%) that it was not possibly
further reduced by any intervention [17, 30]. In fact, cardio-
protection by remote ischaemic conditioning is clinically
only apparent in patients with acute myocardial infarction
who most need it, i.e., those with cardiac arrest or cardio-
genic shock prior to interventional reperfusion [9]. In our
present study, infarct size in both female and castrated male
Ossabaw minipigs was somewhat larger than in female and
castrated male Gottingen minipigs with the same duration
of coronary occlusion and reperfusion [40]. Our primary
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A 3-way RM-ANOVA, main effects: protocol: p=0.7951, genotype: p=0.0212, time: p<0.0001
interaction: time*genotype: p=0.0145; genotype at R10: p=0.0003
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Fig.6 Signal ratio of phosphorylated (p) protein kinase b (AKT) (A)
and extracellular signal-regulated kinase (ERK) (B) vs. total AKT
and ERK in the V/V genotype (Ossabaw minipigs with homozygous
valine in the y-subunit of the AMPK; filled symbols) and the I/ geno-
type (Ossabaw minipigs with homozygous isoleucine in the -subu-
nit of the AMPK; open symbols); quantification of the total protein
signals is displayed in the box below the x-axis; + within the symbols
indicates data from Ossabaw minipigs with ischaemic precondition-
ing (IPC) prior to ischaemia/reperfusion (I/R); all data were normal-
ised to the baseline samples taken before the I/R or IPC protocol,
respectively (indicated by diamonds); symbols are means with stand-
ard deviation; I155: 55 min ischaemia, R10: 10 min reperfusion; three-
way analysis of variance (MIXED procedure; main effects protocol,

endpoint infarct size in the power analysis-based prospec-
tive study design was not significantly changed; therefore,
secondary sub-group analyses are, therefore, in a strict
sense not permitted and, if anything, hypothesis generat-
ing. Nevertheless, when overstepping the do-not-test rule
of the two-way ANOVA, a significant reduction of infarct
size by IPC in the I/ AMPK y-subunit genotype Ossabaw
minipigs became apparent, which was, however, much less
pronounced than in the Gottingen minipigs (50+ 11 vs.
25+ 11% area at risk in females and 51 +£13 vs. 30+ 8%
area at risk in castrated males) [40]. When looking closer
at the data, the protection in the I/ Ossabaw minipigs was
mostly confined to those of female sex, i.e., a very specific
subgroup had protection which was, however, hidden in the
all-comer approach. Somewhat different from the above
clinical studies, the I/I female Ossabaw minipigs undergo-
ing I/R were not in greater need for cardioprotection, since
infarct size in those not undergoing IPC was not different
from the other subgroups. The reduction in the I/I females
Ossabaw minipigs may have entirely been by chance, and it
would require another prospective study to confirm it as true.

genotype, and time) for repeated measures with least square means
tests; V/V with I/R (n=15): myocardial biopsies at baseline (n=15),
at 155 (n=14%) and at R10 (n=15); I/I with /R (n=15%): myocardial
biopsies at baseline (n=15), at I55 (n=12%) and at R10 (n=15); V/V
with IPC+I/R (n=16): myocardial biopsies at baseline (n=16), after
IPC (n=16), at I55 (n=15%) and at R10 (n=16); I/ with IPC+1IR
(n=15): myocardial biopsies at baseline (n=15), after IPC (n=15),
at IS5 (n=15) and at R10 (n=15); *left ventricular biopsies at 155
could not be taken due to ventricular fibrillation and intra-thoracic
defibrillation; *left ventricular biopsy at baseline went lost during
sample preparation, consequently one Ossabaw minipig was excluded
from further analysis

Of note, however, females of both genotypes had greater
coronary microvascular injury than castrated males, and we
have no explanation for this difference.

When searching for a mechanism for the observed lack
of cardioprotection with IPC in Ossabaw minipigs, a num-
ber of differences between Ossabaw minipigs and Gottin-
gen minipigs became apparent in the bioinformatic DNA
sequencing analysis which notably identified variant protein
coding sequences and subsequently differences of mitochon-
drial and inflammatory (including the JAK-STAT path-
way) protein—protein associations. For both mitochondria
and for STAT signalling, a causal role in cardioprotection
is well-established [27]. Consistent with the bioinformatic
analysis, the lack of infarct size reduction in the Ossabaw
minipigs was associated with the lack of increased STAT3
phosphorylation at tyrosine 705 in the Western blot analy-
sis of established cardioprotective proteins [24] which we
performed in parallel. For STAT3 activation we have previ-
ously established causality by use of blocker experiments in
Gottingen minipigs experiencing cardioprotection not only
by IPC [14] but also by ischaemic postconditioning [31]
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A 3-way RM-ANOVA, main effects: protocol p=0.2562, genotype p=0.8227, time p<0.0001 B 3-way RM-ANOVA, main effects: protocol p=0.5646, genotype p=0.0489, time p<0.0001
interaction: time*protocol p=0.2138 interactions: time*protocol p=0.7562, time*genotype p=0.1825
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Fig. 7 Signal ratio of phosphorylated (p) signal transducer and activa-
tor of transcription (STAT)3 (A) and STATS (B) vs. total STAT3 and
STATS in the V/V genotype (Ossabaw minipigs with homozygous
valine in the y-subunit of the adenosine monophosphate-activated
protein kinase; filled symbols) and the I/I genotype (Ossabaw mini-
pigs with homozygous isoleucine in the y-subunit of the adenosine
monophosphate-activated protein kinase; open symbols); quantifi-
cation of the total protein signals is displayed in the box below the
x-axis;+within the symbols indicates data from Ossabaw minipigs
with ischaemic preconditioning (IPC) prior to ischaemia/reperfusion
(I/R); all data were normalised to the baseline samples taken before
the I/R or IPC protocol, respectively (indicated by diamonds); sym-
bols are means with standard deviation; I55: 55 min ischaemia, R10:
10 min reperfusion; three-way analysis of variance (MIXED proce-

and remote ischaemic preconditioning [78]. Such increased
STAT3 phosphorylation at 10 min reperfusion with IPC
was also seen in female, castrated male and male Gottin-
gen minipigs in our contemporary study [40]. In principle,
the unchanged STAT3 phosphorylation in the present study
in Ossabaw minipigs could have resulted from a lack of
increased kinase activity upstream of STAT3 or a simul-
taneous increase of phosphatase activity downstream of
STATS3. PTEN is a phosphatase which decreases STAT3
phosphorylation [8, 91], but PTEN expression and phos-
phorylation were not increased in the present study. Of note,
the STRING data bank reference is to human proteins, and
STAT3 [90] and STATS [33, 90] activation is associated
with cardioprotection by remote ischemic conditioning in
cardiosurgical patients. We realise that STAT3 is a trans-
cription factor that is causally involved in the protection of
late IPC [3, 10], but its acute activation by phosphorylation
during IPC within the immediate time frame of an ischae-
mia—reperfusion protocol cannot induce protection by initi-
ating transcription and increased expression of proteins as in
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dure; main effects protocol, genotype, and time) for repeated meas-
ures with least square means tests; V/V with I/R (n=15): myocar-
dial biopsies at baseline (n=15), at I55 (n=14%) and at R10 (n=15;
n=14% for STAT5); I/l with /R (n=15%: myocardial biopsies
at baseline (n=15), at I55 (n=12%) and at R10 (n=15); V/V with
IPC +1/R (n=16): myocardial biopsies at baseline (n=16), after IPC
(n=16), at 155 (n=15* for STAT3; n=14** for STATS5) and at R10
(n=16); /I with IPC+1I/R (n=15): myocardial biopsies at baseline
(n=15), after IPC (n=15), at IS5 (n=15) and at R10 (n=15); *left
ventricular biopsies at I55 could not be taken due to ventricular fibril-
lation and intra-thoracic defibrillation; *insufficient amount of protein
lysate; *left ventricular biopsy at baseline went lost during sample
preparation, consequently one Ossabaw minipig was excluded from
further analysis

late IPC, but must occur through other mechanisms, such as
improved mitochondrial respiration [31, 89]. In the present
study, ERK phosphorylation at early reperfusion which in
some studies including our contemporary study in Gottin-
gen minipigs [40] was also associated with cardioprotec-
tion, was even decreased with IPC and thus consistent with
the observed lack of cardioprotection. The phosphorylation
of STATS in the present study was also decreased during
ischaemia and returned back toward baseline during early
reperfusion, but was not improved by IPC. Incidentally, the
established genetic predisposition of the Ossabaw minipigs
to develop a metabolic syndrome found its counterpart in
the appearance of clusters of protein—protein associations
of mitochondria and fat metabolism, where the genomes of
Ossabaw minipigs differed from that of Gottingen minipigs
and Sus scrofa, thus serving as a positive control. We realise
that we did not identify specific genes which are responsible
for lack of cardioprotection by IPC but just provided a trans-
parently structured screening of genetic differences between
Ossabaw minipigs and other pig strains which might be
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3-way RM-ANOVA, main effects: protocol p=0.5127, genotype p=0.2499, time p<0.0001
interaction: time*protocol p=0.2885
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3-way RM-ANOVA, main effects: protocol: p=0.2110, genotype: p=0.7203, time: p=0.0519
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Fig.8 Signal ratio of phosphorylated (p) phosphatase and tensin
homolog (PTEN) vs. total PTEN in the V/V genotype (Ossabaw
minipigs with homozygous valine in the y-subunit of the adenosine
monophosphate-activated protein kinase; filled symbols) and the
I/ genotype (Ossabaw minipigs with homozygous isoleucine in the
y-subunit of the adenosine monophosphate-activated protein kinase;
open symbols); quantification of the total protein signals is dis-
played in the box below the x-axis;+ within the symbols indicates
data from Ossabaw minipigs with ischaemic preconditioning (IPC)
prior to ischaemia/reperfusion (I/R); all data were normalised to the
baseline samples taken before the I/R or IPC protocol, respectively
(indicated by diamonds); symbols are means with standard deviation;
155: 55 min ischaemia, R10: 10 min reperfusion; three-way analysis
of variance (MIXED procedure; main effects protocol, genotype, and
time) for repeated measures with least square means tests; V/V with
I/R (n=15): myocardial biopsies at baseline (n=15), at I55 (n=14%)
and at R10 (n=14"); Ul with VR (n=15%: myocardial biopsies
at baseline (n=15), at I55 (n=12%) and at R10 (n=15); V/V with
IPC+1/R (n=16): myocardial biopsies at baseline (n=16), after IPC
(n=16), at 155 (n=14*") and at R10 (n=14%; /I with IPC+I/R
(n=14%): myocardial biopsies at baseline (n=14), after IPC (n=14),
at IS5 (n=14) and at R10 (n=14); *left ventricular biopsies at 155
could not be taken due to ventricular fibrillation and intra-thoracic
defibrillation; *insufficient amount of protein lysate; *impossible sig-
nal quantification due to fluorescence signal artefact; *left ventricular
biopsy at baseline went lost during sample preparation and Yimpos-
sible signal quantification due to fluorescence signal artefact for the
baseline sample; the missing baseline values consequently led to
exclusion of these two Ossabaw minipigs from further analyses

involved in the observed lack of cardioprotection. We also
realise that we just identified variants in base pair sequences
in the exons of protein-encoding genes between Ossabaw
minipigs on one hand and Géttingen minipigs and Sus scrofa
on the other hand, but we do not know whether the respec-
tive proteins are expressed at all and, if so, in which cell
type and which subcellular compartment exactly. The lack of
cardioprotection by IPC in the Ossabaw minipigs was appa-
rent before the true risk factors for coronary atherosclerosis

and its consequences had developed under the influence of a
hypercaloric and hyperlipidic diet. At the time of the study,
the Ossabaw minipigs still had the non-diseased phenotype
in body weight, left ventricular pressure and blood glucose
and lipid levels. We did not perform functional testing with
a glucose tolerance test, but it has been reported to be not
impaired in lean Ossabaw minipigs of this age [45]. Thus,
this lack of cardioprotection by IPC cannot be related to
established co-morbidities [39]. We realise that a differ-
ent IPC algorithm than the one which we used might have
induced cardioprotection, but we consider this possibility
were unlikely. We have used the consensus IPC protocol
advocated by the CAESRAR [35] and CIBER-CLAP [69]
consortia, and all published studies using IPC in pigs of
various strains have reported protection, no matter which
IPC algorithm was used [12, 16, 35, 40, 42, 46, 52, 58, 64,
71,73, 75-77].

The lack of benefit from cardioprotection by IPC in the
Ossabaw minipig strain is probably genetically determined
as is the predisposition to develop a metabolic syndrome
upon exposure to a hypercaloric and hyperlipidic diet, thus
forming a double threat. Apparently, there are genuine
responders and non-responders to a given cardioprotective
intervention. When translating to humans, this double threat
would make a strong case for primordial rather than pri-
mary prevention [15]. In patients with coronary artery dis-
ease, a genetically determined inability to develop a cardio-
protective response to ischaemic conditioning as may occur
during spontaneous episodes of myocardial ischaemia, i.e.,
pre-infarction angina [23, 68], would be considered a novel
risk factor. The Ossabaw minipig is then a suitable model
to further study such genetic lack of amenability to cardio-
protection and to develop therapeutic strategies to circum-
vent this block in cardioprotective signal transduction. The
signal transduction block could possibly be circumvented
by agents and interventions that act distal to STAT3 in the
cardioprotective signal transduction cascade, e.g., diazoxide
[22, 24, 59] or malonate [65, 74] which target mitochondria
as potential end-effectors of cardioprotection.

Conclusions and perspective

Our neutral experimental data with a potential protection by
IPC only in a small subgroup of Ossabaw minipigs resem-
ble the clinical trials on remote ischaemic conditioning and
several cardioprotective drugs in which benefits were seen
in smaller, well-defined cohorts but not confirmed in larger
cohorts using an all-comer approach. We have thus esta-
blished an animal model of reverse translation that repro-
duces phenotypically the lack of cardioprotection which is
seen in the recent large cardioprotection trials. We recognise
that at this point the lack of infarct size reduction by IPC and
the differences in protein encoding exons between Ossabaw
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minipigs and Gottingen minipigs are associative and not
causal, but they were nevertheless consistent with the lack
of increase in STAT3 phosphorylation which we have pre-
viously established as causal for cardioprotection by IPC
in Gottingen minipigs. In any event, for future preclinical
studies which are not reductionist on purpose with the aim
to decipher a mechanism but are translational we propose
that a prospective all-comer study such as the present one
should be performed to avoid unrealistic expectations before
a clinical trial is initiated. Such strategy for cardioprotec-
tion studies was recently advocated by the COST ACTION
Cardioprotection consortium [47] and by Roberto Bolli in
an editorial in this journal [2].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00395-022-00965-0.

Acknowledgements We thank Kerstin Abou Hamed, Astrid Biichert,
Marion Pesch and Anita van de Sand for their excellent technical
assistance.

Funding Open Access funding enabled and organized by Projekt
DEAL. This work was supported by the German Research Foundation
[SFB 1116 B08 to G.H. and P.K.]; the European COST ACTION in
CARDIOPROTECTION [CA16225 to G.H.]; and the U.S. National
Institutes of Health [DK097512, M.A, M.S.].

Declarations

Conflict of interest P.K., HL., A.S., A.G., S.R., and G.H. declare that
they have no conflict of interest. M.S. and M. A. are both founders and
Chief Scientific Officer and Chief Executive Officer, respectively, of
CorVus Biomedical, LLC, which produces Ossabaw minipigs.

Ethical approval The experimental protocols were approved by
the Bioethical Committee of the district of Diisseldorf (G1610/17;
G1777/20) and conform to the guidelines from Directive 2010/63/EU
of the European Parliament on the protection of animals used for sci-
entific purposes. We followed the ARRIVE guidelines 2.0 [60, 61].

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. Bell RM, Basalay M, Bgtker HE, Beikoghli Kalkhoran S, Carr
RD, Cunningham J, Davidson SM, England TJ, Giesz S, Ghosh
AK, Golforoush P, Gourine AV, Hausenloy DJ, Heusch G, Ibanez
B, Kleinbongard P, Lecour S, Lukhna K, Ntsekhe M, Ovize M,
Salama AD, Vilahur G, Walker JM, Yellon DM (2022) Remote

@ Springer

10.

11.

12.

ischaemic conditioning: defining critical criteria for success-
report from the 11th Hatter Cardiovascular Workshop. Basic Res
Cardiol 117:39. https://doi.org/10.1007/s00395-022-00947-2
Bolli R (2021) CAESAR’s legacy: a new era of rigor in preclinical
studies of cardioprotection. Basic Res Cardiol 116:33. https://doi.
org/10.1007/s00395-021-00874-8

Bolli R, Dawn B, Yuan Y-T (2003) Role of the JAK-STAT path-
way in protection against myocardial ischemia/reperfusion injury.
Trends Cardiovasc Med 13:72-79. https://doi.org/10.1016/s1050-
1738(02)00230-x

Bgtker HE, Cabrera-Fuentes HA, Ruiz-Meana M, Heusch G,
Ovize M (2020) Translational issues for mitoprotective agents as
adjunct to reperfusion therapy in patients with ST-segment eleva-
tion myocardial infarction. J Cell Mol Med 24:2717-2729. https://
doi.org/10.1111/jcmm.14953

Bgtker HE, Kharbanda R, Schmidt MR, Bgttcher M, Kaltoft
AK, Terkelsen CJ, Munk K, Andersen NH, Hansen TM, Trau-
tner S, Lassen JF, Christiansen EH, Krusell LR, Kristensen SD,
Thuesen L, Nielsen SS, Rehling M, Sorensen HT, Redington AN,
Nielsen TT (2010) Remote ischaemic conditioning before hos-
pital admission, as a complement to angioplasty, and effect on
myocardial salvage in patients with acute myocardial infarction:
arandomised trial. Lancet 375:727-734. https://doi.org/10.1016/
S0140-6736(09)62001-8

Bgtker 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, Schliiter 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
Braunwald E (2022). An interview with Eugene Braunwald.
https://www.acc.org/latest-in-cardiology/articles/2022/05/01/01/
42/from-the-member-sections-an-inter view-with-eugene-braun
wald-md-macc. Accessed 4 Nov 2022

Cai ZP, Parajuli N, Zheng X, Becker L (2012) Remote ischemic
preconditioning confers late protection against myocardial
ischemia-reperfusion injury in mice by upregulating interleu-
kin-10. Basic Res Cardiol 107:277. https://doi.org/10.1007/
$00395-012-0277-1

Cheskes S, Koh M, Turner L, Heslegrave R, Verbeek R, Dorian P,
Scales DC, Singh B, Amlani S, Natarajan M, Morrison LJ, Kakar
P, Nowickyj R, Lawrence M, Cameron J, Ko DT (2020) Field
implementation of remote ischemic conditioning in ST-elevation
myocardial infarction: the FIRST study. Can J Cardiol 36:1278—
1288. https://doi.org/10.1016/j.cjca.2019.11.029

Dawn B, Xuan Y-T, Guo Y, Rezazadeh A, Stein AB, Hunt G,
Wu W-J, Tan W, Bolli R (2004) I1-6 plays an obligatory role in
late preconditioning via JAK-STAT signaling and upregulation of
iNOS and COX-2. Cardiovasc Res 64:61-71. https://doi.org/10.
1016/j.cardiores.2004.05.011

de Waha S, Patel MR, Granger CB, Ohman EM, Macehara A, Eitel
I, Ben-Yehuda O, Jenkins P, Thiele H, Stone GW (2017) Rela-
tionship between microvascular obstruction and adverse events
following primary percutaneous coronary intervention for ST-
segment elevation myocardial infarction: an individual patient
data pooled analysis from seven randomized trials. Eur Heart J
38:3502-3510. https://doi.org/10.1093/eurheartj/ehx414

Depre C, Park JY, Shen YT, Zhao X, Qiu H, Yan L, Tian B, Vatner
SF, Vatner DE (2010) Molecular mechanisms mediating precon-
ditioning following chronic ischemia differ from those in classi-
cal second window. Am J Physiol Heart Circ Physiol 299:H752—
H762. https://doi.org/10.1152/ajpheart.00147.2010


https://doi.org/10.1007/s00395-022-00965-0
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00395-022-00947-2
https://doi.org/10.1007/s00395-021-00874-8
https://doi.org/10.1007/s00395-021-00874-8
https://doi.org/10.1016/s1050-1738(02)00230-x
https://doi.org/10.1016/s1050-1738(02)00230-x
https://doi.org/10.1111/jcmm.14953
https://doi.org/10.1111/jcmm.14953
https://doi.org/10.1016/S0140-6736(09)62001-8
https://doi.org/10.1016/S0140-6736(09)62001-8
https://doi.org/10.1007/s00395-018-0696-8
https://www.acc.org/latest-in-cardiology/articles/2022/05/01/01/42/from-the-member-sections-an-interview-with-eugene-braunwald-md-macc
https://www.acc.org/latest-in-cardiology/articles/2022/05/01/01/42/from-the-member-sections-an-interview-with-eugene-braunwald-md-macc
https://www.acc.org/latest-in-cardiology/articles/2022/05/01/01/42/from-the-member-sections-an-interview-with-eugene-braunwald-md-macc
https://doi.org/10.1007/s00395-012-0277-1
https://doi.org/10.1007/s00395-012-0277-1
https://doi.org/10.1016/j.cjca.2019.11.029
https://doi.org/10.1016/j.cardiores.2004.05.011
https://doi.org/10.1016/j.cardiores.2004.05.011
https://doi.org/10.1093/eurheartj/ehx414
https://doi.org/10.1152/ajpheart.00147.2010

Basic Research in Cardiology (2022) 117:58

Page 21 0f 24 58

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ferdinandy P, Hausenloy DJ, Heusch G, Baxter GF, Schulz R
(2014) Interaction of risk factors, comorbidities and comedica-
tions with ischemia/reperfusion injury and cardioprotection by
preconditioning, postconditioning, and remote conditioning. Phar-
macol Rev 66:1142-1174. https://doi.org/10.1124/pr.113.008300
Gent S, Skyschally A, Kleinbongard P, Heusch G (2017) Ischemic
preconditioning in pigs: a causal role for signal transducer and
activator of transcription 3. Am J Physiol Heart Circ Physiol
312:H478-H484. https://doi.org/10.1152/ajpheart.00749.2016
Gillman MW (2015) Primordial prevention of cardiovascular dis-
ease. Circulation 131:599-601. https://doi.org/10.1161/CIRCU
LATIONAHA.115.014849

Grund F, Sommerschild HT, Kirkebgen KA, Ilebekk A (1997)
Proarrhythmic effects of ischemic preconditioning in anesthetized
pigs. Basic Res Cardiol 92:417-425. https://doi.org/10.1007/
BF00796216

Hausenloy DJ, Bgtker HE (2019) Why did remote ischaemic
conditioning not improve clinical outcomes in acute myocardial
infarction in the CONDI-2/ERIC-PPCI trial? Cardiovasc Res
115:e161-e163. https://doi.org/10.1093/cvr/cvz242

Hausenloy DJ, Mwamure PK, Venugopal V, Harris J, Barnard
M, Grundy E, Ashley E, Vichare S, Di Salvo C, Kolvekar S,
Hayward M, Keogh B, MacAllister RJ, Yellon DM (2007) Effect
of remote ischaemic preconditioning on myocardial injury in
patients undergoing coronary artery bypass graft surgery: a ran-
domized controlled trial. Lancet 370:575-579. https://doi.org/
10.1016/S0140-6736(07)61296-3

Hausenloy DJ, Candilio L, Evans R, Ariti C, Jenkins DP,
Kolvekar S, Knight R, Kunst G, Laing C, Nicholas J, Pepper
J, Robertson S, Xenou M, Clayton T, Yellon DM, Investigators
ET (2015) Remote ischemic preconditioning and outcomes of
cardiac surgery. N Engl J Med 373:1408-1417. https://doi.org/
10.1056/NEJMoal413534

Hausenloy DJ, Barrabes JA, Bgtker HE, Davidson SM, Di Lisa
F, Downey J, Engstrom T, Ferdinandy P, Carbrera-Fuentes HA,
Heusch G, Ibanez B, Iliodromitis EK, Inserte J, Jennings R, Kalia
N, Kharbanda R, Lecour S, Marber M, Miura T, Ovize M, Perez-
Pinzon MA, Piper HM, Przyklenk K, Schmidt MR, Redington
A, Ruiz-Meana M, Vilahur G, Vinten-Johansen J, Yellon DM,
Garcia-Dorado D (2016) Ischaemic conditioning and targeting
reperfusion injury: a 30 year voyage of discovery. Basic Res Car-
diol 111:70. https://doi.org/10.1007/s00395-016-0588-8
Hausenloy DJ, Kharbanda RK, Mgller UK, Ramlall M, Aarge J,
Butler R, Bulluck H, Clayton T, Dana A, Dodd M, Engstrom T,
Evans R, Flensted Lassen J, Frischknecht Christensen E, Garcia-
Ruiz JM, Gorog DA, Hjort J, Houghton RF, Ibanez B, Knight
R, Lippert FK, Lgnborg JT, Maeng M, Milasinovic D, More R,
Nicholas JM, Okkels Jensen L, Perkins A, Radovanovic N, Rakhit
RD, Ravkilde J, Ryding AD, Schmidt MR, Skogstad Riddervold I,
Toft Sgrensen H, Stankovic G, Varma M, Webb I, Juhl Terkelsen
C, Greenwood JP, Yellon DM, Bgtker HE (2019) Effect of remote
ischemic conditioning on clinical outcomes at 12 months in acute
myocardial infarction patients: the CONDI-2/ERIC-PPCI trial.
Lancet 394:1415-1424. https://doi.org/10.1016/S0140-6736(19)
32039-2

Heinzel FR, Luo Y, Li X, Boengler K, Buechert A, Garcia-Dorado
D, Di Lisa F, Schulz R, Heusch G (2005) Impairment of diazox-
ide-induced formation of reactive oxygen species and loss of car-
dioprotection in connexin 43 deficient mice. Circ Res 97:583-586.
https://doi.org/10.1161/01.RES.0000181171.65293.65

Heusch G (2001) Nitroglycerin and delayed preconditioning in
humans. Yet another new mechanism for an old drug? Circulation
103:2876-2878. https://doi.org/10.1161/01.CIR.103.24.2876
Heusch G (2015) Molecular basis of cardioprotection: signal
transduction in ischemic pre-, post-, and remote conditioning.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Circ Res 116:674-699. https://doi.org/10.1161/CIRCRESAHA.
116.305348

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 (2018) Cardioprotection research must leave its comfort
zone. Eur Heart J 39:3393-3395. https://doi.org/10.1093/eurhe
artj/ehy253

Heusch G (2020) Myocardial ischaemia-reperfusion injury and
cardioprotection in perspective. Nat Rev Cardiol 17:773-789.
https://doi.org/10.1038/s41569-020-0403-y

Heusch G, Gersh BJ (2015) ERICCA and RIPHeart: two nails in
the coffin for cardioprotection by remote ischemic conditioning?
Probably not! Eur Heart J 37:200-201. https://doi.org/10.1093/
eurheartj/ehv606

Heusch G, Gersh BJ (2017) The pathophysiology of acute myo-
cardial infarction and strategies of protection beyond reperfusion:
a continual challenge. Eur Heart J 38:774-784. https://doi.org/10.
1093/eurheartj/ehw224

Heusch G, Gersh BJ (2020) Is cardioprotection salvageable? Cir-
culation 141:415-417. https://doi.org/10.1161/CIRCULATIO
NAHA.119.044176

Heusch G, Musiolik J, Gedik N, Skyschally A (2011) Mitochon-
drial STAT?3 activation and cardioprotection by ischemic postcon-
ditioning in pigs with regional myocardial ischemia/reperfusion.
Circ Res 109:1302-1308. https://doi.org/10.1161/CIRCRESAHA.
111.255604

Heusch G, Skyschally A, Schulz R (2011) The in-situ pig heart
with regional ischemia/reperfusion - ready for translation. J Mol
Cell Cardiol 50:951-963. https://doi.org/10.1016/j.yjmcc.2011.
02.016

Heusch G, Musiolik J, Kottenberg E, Peters J, Jakob H, Thiel-
mann M (2012) STATS activation and cardioprotection by remote
ischemic preconditioning in humans. Circ Res 110:111-115.
https://doi.org/10.1161/CIRCRESAHA.111.259556

Ji L, Zhang X, Liu W, Huang Q, Yang W, Fu F, Ma H, Su H,
Wang H, Wang J, Zhang H, Gao F (2013) AMPK-regulated and
Akt-dependent enhancement of glucose uptake is essential in
ischemic preconditioning-alleviated reperfusion injury. PLoS
ONE 8:e69910. https://doi.org/10.1371/journal.pone.0069910
Jones SP, Tang XL, Guo Y, Steenbergen C, Lefer DJ, Kukreja RC,
Kong M, Li Q, Bhushan S, Zhu X, Du J, Nong Y, Stowers HL,
Kondo K, Hunt GN, Goodchild TT, Orr A, Chang CC, Ockaili
R, Salloum FN, Bolli R (2015) The NHLBI-sponsored consor-
tium for preclinicAL assESsment of cARdioprotective therapies
(CAESAR): A new paradgm for rigorous, accurate, and reproduc-
ible evaluation of putative infarct-sparing interventions in mice,
rabbits, and pigs. Circ Res 116:572-586. https://doi.org/10.1161/
CIRCRESAHA.116.305462

Kersten JR, Schmeling TJ, Pagel PS, Gross GJ, Warltier DC
(1997) Isoflurane mimics ischemic preconditioning via activa-
tion of KATP channels. Anesthesiology 87:361-370. https://doi.
org/10.1097/00000542-199708000-00024

Kleinbongard P, Amanakis G, Skyschally A, Heusch G (2018)
Reflection of cardioprotection by remote ischemic percondition-
ing in attenuated ST-segment elevation during ongoing coronary
occlusion in pigs: evidence for cardioprotection from ischemic
injury. Circ Res 122:1102-1108. https://doi.org/10.1161/CIRCR
ESAHA.118.312784

Kleinbongard P, Skyschally A, Gent S, Pesch M, Heusch G
(2018) STAT3 as a common signal of ischemic conditioning: a
lesson on “rigor and reproducibility” in preclinical studies on car-
dioprotection. Basic Res Cardiol 113:3. https://doi.org/10.1007/
$00395-017-0660-z

Kleinbongard P, Bgtker HE, Ovize M, Hausenloy DJ, Heusch
G (2020) Co-morbidities and co-medications as confounders of

@ Springer


https://doi.org/10.1124/pr.113.008300
https://doi.org/10.1152/ajpheart.00749.2016
https://doi.org/10.1161/CIRCULATIONAHA.115.014849
https://doi.org/10.1161/CIRCULATIONAHA.115.014849
https://doi.org/10.1007/BF00796216
https://doi.org/10.1007/BF00796216
https://doi.org/10.1093/cvr/cvz242
https://doi.org/10.1016/S0140-6736(07)61296-3
https://doi.org/10.1016/S0140-6736(07)61296-3
https://doi.org/10.1056/NEJMoa1413534
https://doi.org/10.1056/NEJMoa1413534
https://doi.org/10.1007/s00395-016-0588-8
https://doi.org/10.1016/S0140-6736(19)32039-2
https://doi.org/10.1016/S0140-6736(19)32039-2
https://doi.org/10.1161/01.RES.0000181171.65293.65
https://doi.org/10.1161/01.CIR.103.24.2876
https://doi.org/10.1161/CIRCRESAHA.116.305348
https://doi.org/10.1161/CIRCRESAHA.116.305348
https://doi.org/10.1161/CIRCRESAHA.117.310820
https://doi.org/10.1161/CIRCRESAHA.117.310820
https://doi.org/10.1093/eurheartj/ehy253
https://doi.org/10.1093/eurheartj/ehy253
https://doi.org/10.1038/s41569-020-0403-y
https://doi.org/10.1093/eurheartj/ehv606
https://doi.org/10.1093/eurheartj/ehv606
https://doi.org/10.1093/eurheartj/ehw224
https://doi.org/10.1093/eurheartj/ehw224
https://doi.org/10.1161/CIRCULATIONAHA.119.044176
https://doi.org/10.1161/CIRCULATIONAHA.119.044176
https://doi.org/10.1161/CIRCRESAHA.111.255604
https://doi.org/10.1161/CIRCRESAHA.111.255604
https://doi.org/10.1016/j.yjmcc.2011.02.016
https://doi.org/10.1016/j.yjmcc.2011.02.016
https://doi.org/10.1161/CIRCRESAHA.111.259556
https://doi.org/10.1371/journal.pone.0069910
https://doi.org/10.1161/CIRCRESAHA.116.305462
https://doi.org/10.1161/CIRCRESAHA.116.305462
https://doi.org/10.1097/00000542-199708000-00024
https://doi.org/10.1097/00000542-199708000-00024
https://doi.org/10.1161/CIRCRESAHA.118.312784
https://doi.org/10.1161/CIRCRESAHA.118.312784
https://doi.org/10.1007/s00395-017-0660-z
https://doi.org/10.1007/s00395-017-0660-z

58

Page 22 of 24

Basic Research in Cardiology (2022) 117:58

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

cardioprotection—does it matter in the clinical setting? Br J Phar-
macol 177:5252-5269. https://doi.org/10.1111/bph.14839
Kleinbongard P, Lieder H, Skyschally A, Heusch G (2022) No
sex-related differences in infarct size, no-reflow and protection
by ischaemic preconditioning in Go6ttingen minipigs. Cardiovasc
Res. https://doi.org/10.1093/cvr/cvac062

Kokot M, Dlugosz M, Deorowicz S (2017) KMC 3: counting and
manipulating k-mer statistics. Bioinformatics 33:2759-2761.
https://doi.org/10.1093/bioinformatics/btx304

Koning MM, Gho BC, van Klaarwater E, Duncker DJ, Verdouw
PD (1995) Endocardial and epicardial infarct size after precondi-
tioning by a partial coronary artery occlusion without interven-
ing reperfusion. Importance of the degree and duration of flow
reduction. Cardiovasc Res 30:1017-1027. https://doi.org/10.1016/
S0008-6363(95)00178-6

Kottenberg E, Thielmann M, Bergmann L, Heine T, Jakob H,
Heusch G, Peters J (2012) Protection by remote ischaemic pre-
conditioning during coronary artery bypass grafting with iso-
flurane but not with propofol anesthesia—a clinical trial. Acta
Anaesthesiol Scand 56:30-38. https://doi.org/10.1111/j.1399-
6576.2011.02585.x

Kowallik P, Schulz R, Guth BD, Schade A, Paffhausen W, Gross
R, Heusch G (1991) Measurement of regional myocardial blood
flow with multiple colored microspheres. Circulation 83:974—
982. https://doi.org/10.1161/01.CIR.83.3.974

Kreutz RP, Alloosh M, Mansour K, Neeb Z, Kreutz Y, Flockhart
DA, Sturek M (2011) Morbid obesity and metabolic syndrome
in Ossabaw miniature swine are associated with increased plate-
let reactivity. Diabetes Metab Syndr Obes 4:99-105. https://doi.
org/10.2147/DMSO.S17105

Kudej RK, Shen YT, Peppas AP, Huang CH, Chen W, Yan L,
Vatner DE, Vatner SF (2006) Obligatory role of cardiac nerves
and alphal-adrenergic receptors for the second window of
ischemic preconditioning in conscious pigs. Circ Res 99:1270-
1276. https://doi.org/10.1161/01.RES.0000251282.79411.44
Lecour S, Andreadou I, Bgtker HE, Davidson SM, Heusch G,
Ruiz-Meana M, Schulz R, Zuurbier CJ, Ferdinandy P, Hause-
nloy DJ, On behalf of the European Union CCAC (2021)
IMproving preclinical assessment of cardioprotective therapies
(IMPACT) criteria: guidelines of the EU-CARDIOPROTEC-
TION COST action. Basic Res Cardiol 116:52. https://doi.org/
10.1007/s00395-021-00893-5

Liao P, Satten G, Hu Y (2017) PhredEM: a phred-score-
informed genotype-calling approach for next-generation
sequencing studies. Genet Epidemiol 41:375-387. https://doi.
org/10.1002/gepi.22048

Lieder HR, Kleinbongard P, Skyschally A, Hagelschuer H, Chilian
WM, Heusch G (2018) Vago-splenic axis in signal transduction
of remote ischemic preconditioning in pigs and rats. Circ Res
123:1152-1163. https://doi.org/10.1161/CIRCRESAHA.118.
313859

Lloyd PG, Fang M, Brisbin ILJ, Andersson L, Sturek M (2006)
AMP kinase gene mutation is consistent with a thrifty phenotype
(metabolic syndrome) in a population of feral swine. Faseb J.
https://doi.org/10.1096/fasebj.20.4.A299-d

Marino A, Hausenloy DJ, Andreadou I, Horman S, Bertrand L,
Beauloye C (2021) AMP-activated protein kinase: a remarkable
contributor to preserve a healthy heart against ROS injury. Free
Radic Biol Med 166:238-254. https://doi.org/10.1016/j.freeradbio
med.2021.02.047

Martin BJ, McClanahan TB, Van Wylen DGL, Gallagher KP
(1997) Eftects of ischemia, preconditioning and adenosine deami-
nase inhibition on interstitial adenosine levels and infarct size.
Basic Res Cardiol 92:240-251. https://doi.org/10.1007/BF007
88519

Springer

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Mendieta G, Ben-Aicha S, Casani L, Badimon L, Sabate M, Vila-
hur G (2019) Molecular pathways involved in the cardioprotective
effects of intravenous statin administration during ischemia. Basic
Res Cardiol 115:2. https://doi.org/10.1007/s00395-019-0760-z
Meybohm P, Bein B, Brosteanu O, Cremer J, Gruenewald M,
Stoppe C, Coburn M, Schaelte G, Boning A, Niemann B, Roesner
J, Kletzin F, Strouhal U, Reyher C, Laufenberg-Feldmann R,
Ferner M, Brandes IF, Bauer M, Stehr SN, Kortgen A, Wittmann
M, Baumgarten G, Meyer-Treschan T, Kienbaum P, Heringlake
M, Schon J, Sander M, Treskatsch S, Smul T, Wolwender E, Schil-
ling T, Fuernau G, Hasenclever D, Zacharowski K, Collaborators
RIS (2015) A multicenter trial of remote ischemic preconditioning
for heart surgery. N Engl J Med 373:1397-1407. https://doi.org/
10.1056/NEJMoal413579

Milan D, Jeon JT, Looft C, Amarger V, Robic A, Thelander
M, Rogel-Gaillard C, Paul S, Iannuccelli N, Rask L, Ronne
H, Lundstrom K, Reinsch N, Gellin J, Kalm E, Roy PL, Char-
don P, Andersson L (2000) A mutation in PRKAG3 associated
with excess glycogen content in pig skeletal muscle. Science
288:1248-1251. https://doi.org/10.1126/science.288.5469.1248
Murry CE, Jennings RB, Reimer KA (1986) Preconditioning with
ischemia: a delay of lethal cell injury in ischemic myocardium.
Circulation 74:1124-1136. https://doi.org/10.1161/01.CIR.74.5.
1124

Nishino Y, Miura T, Miki T, Sakamoto J, Nakamura Y, Ikeda
Y, Kobayashi H, Shimamoto K (2004) Ischemic preconditioning
activates AMPK in a PKC-dependent manner and induces GLUT4
up-regulation in the late phase of cardioprotection. Cardiovasc
Res 61:610-619. https://doi.org/10.1016/j.cardiores.2003.10.022
Ovize M, Aupetit J-F, Rioufol G, Loufoua J, André-Fouét X,
Minaire Y, Faucon G (1995) Preconditioning reduces infarct size
but accelerates time to ventricular fibrillation in ischemic pig
heart. Am J Physiol Heart Circ Physiol 269:H72-H79. https://
doi.org/10.1152/ajpheart.1995.269.1.H72

Pain T, Yang XM, Critz SD, Yue Y, Nakano A, Liu GS, Heusch
G, Cohen MV, Downey JM (2000) Opening of mitochondrial
K(ATP) channels triggers the preconditioned state by generating
free radicals. Circ Res 87:460-466. https://doi.org/10.1161/01.
res.87.6.460

Percie du Sert N, Ahluwalia A, Alam S, Avey MT, Baker M,
Browne WJ, Clark A, Cuthill IC, Dirnagl U, Emerson M, Garner
P, Holgate ST, Howells DW, Hurst V, Karp NA, Lazic SE, Lidster
K, MacCallum CJ, Macleod M, Pearl EJ, Petersen OH, Rawle F,
Reynolds P, Rooney K, Sena ES, Silberberg SD, Steckler T, Wur-
bel H (2020) Reporting animal research: explanation and elabo-
ration for the ARRIVE guidelines 2.0. PLoS Biol 18:¢3000411.
https://doi.org/10.1371/journal.pbio.3000411

Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker
M, Browne WJ, Clark A, Cuthill IC, Dirnagl U, Emerson M, Gar-
ner P, Holgate ST, Howells DW, Karp NA, Lazic SE, Lidster K,
MacCallum CJ, Macleod M, Pearl EJ, Petersen OH, Rawle F,
Reynolds P, Rooney K, Sena ES, Silberberg SD, Steckler T, Wur-
bel H (2020) The ARRIVE guidelines 2.0: Updated guidelines for
reporting animal research. PLoS Biol 18:¢3000410. https://doi.
org/10.1371/journal.pbio.3000410

Perrino C, Ferdinandy P, Bgtker HE, Brundel B, Collins P, David-
son SM, den Ruijter HM, Engel FB, Gerdts E, Girao H, Gyongyosi
M, Hausenloy DJ, Lecour S, Madonna R, Marber M, Murphy E,
Pesce M, Regitz-Zagrosek V, Sluijter JPG, Steffens S, Gollmann-
Tepekoylu C, Van Laake LW, Van Linthout S, Schulz R, Ytrehus
K (2021) Improving translational research in sex-specific effects
of comorbidities and risk factors in ischaemic heart disease and
cardioprotection: position paper and recommendations of the ESC
Working Group on Cellular Biology of the Heart. Cardiovasc Res
117:367-385. https://doi.org/10.1093/cvr/cvaal 55


https://doi.org/10.1111/bph.14839
https://doi.org/10.1093/cvr/cvac062
https://doi.org/10.1093/bioinformatics/btx304
https://doi.org/10.1016/S0008-6363(95)00178-6
https://doi.org/10.1016/S0008-6363(95)00178-6
https://doi.org/10.1111/j.1399-6576.2011.02585.x
https://doi.org/10.1111/j.1399-6576.2011.02585.x
https://doi.org/10.1161/01.CIR.83.3.974
https://doi.org/10.2147/DMSO.S17105
https://doi.org/10.2147/DMSO.S17105
https://doi.org/10.1161/01.RES.0000251282.79411.44
https://doi.org/10.1007/s00395-021-00893-5
https://doi.org/10.1007/s00395-021-00893-5
https://doi.org/10.1002/gepi.22048
https://doi.org/10.1002/gepi.22048
https://doi.org/10.1161/CIRCRESAHA.118.313859
https://doi.org/10.1161/CIRCRESAHA.118.313859
https://doi.org/10.1096/fasebj.20.4.A299-d
https://doi.org/10.1016/j.freeradbiomed.2021.02.047
https://doi.org/10.1016/j.freeradbiomed.2021.02.047
https://doi.org/10.1007/BF00788519
https://doi.org/10.1007/BF00788519
https://doi.org/10.1007/s00395-019-0760-z
https://doi.org/10.1056/NEJMoa1413579
https://doi.org/10.1056/NEJMoa1413579
https://doi.org/10.1126/science.288.5469.1248
https://doi.org/10.1161/01.CIR.74.5.1124
https://doi.org/10.1161/01.CIR.74.5.1124
https://doi.org/10.1016/j.cardiores.2003.10.022
https://doi.org/10.1152/ajpheart.1995.269.1.H72
https://doi.org/10.1152/ajpheart.1995.269.1.H72
https://doi.org/10.1161/01.res.87.6.460
https://doi.org/10.1161/01.res.87.6.460
https://doi.org/10.1371/journal.pbio.3000411
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1093/cvr/cvaa155

Basic Research in Cardiology (2022) 117:58

Page 23 0f24 58

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Pillai-Kastoori L, Schutz-Geschwender AR, Harford JA (2020) A
systematic approach to quantitative Western blot analysis. Anal
Biochem 593:113608. https://doi.org/10.1016/j.ab.2020.113608
Poulsen RH, Rasmussen JT, Bgtker HE, Waehrens LS, Falborg
L, Heegaard CW, Rehling M (2014) Imaging the myocardium at
risk with (9)(9)mTc-lactadherin administered after reperfusion in
a porcine model. Nucl Med Biol 41:114-119. https://doi.org/10.
1016/j.nucmedbio.2013.09.004

Prag HA, Aksentijevic D, Dannhorn A, Giles AV, Mulvey JF,
Sauchanka O, Du L, Bates G, Reinhold J, Kula-Alwar D, Xu Z,
Pellerin L, Goodwin RJA, Murphy MP, Krieg T (2022) Ischemia-
selective cardioprotection by malonate for ischemia/reperfusion
injury. Circ Res 131:528-541. https://doi.org/10.1161/CIRCR
ESAHA.121.320717

Rahman A, Hallgrimsdottir I, Eisen M, Pachter L (2018) Associa-
tion mapping from sequencing reads using k-mers. Elife 7:¢32920.
https://doi.org/10.7554/eLife.32920

Reimer C, Ha NT, Sharifi AR, Geibel J, Mikkelsen LF, Schlather
M, Weigend S, Simianer H (2020) Assessing breed integrity of
Gottingen Minipigs. BMC Genomics 21:308. https://doi.org/10.
1186/512864-020-6590-4

Rezkalla SH, Kloner RA (2004) Ischemic preconditioning and
preinfarction angina in the clinical arena. Nat Clin Pract Car-
diovasc Med 1:96-102. https://doi.org/10.1038/ncpcardio0047
Rossello X, Rodriguez-Sinovas A, Vilahur G, Crisostomo V,
Jorge I, Zaragoza C, Zamorano JL, Bermejo J, Ordonez A,
Bosca L, Vazquez J, Badimon L, Sanchez-Margallo FM, Fer-
nandez-Aviles F, Garcia-Dorado D, Ibanez B (2019) CIBER-
CLAP (CIBERCYV Cardioprotection Large Animal Platform):
A multicenter preclinical network for testing reproducibility in
cardiovascular interventions. Sci Rep 9:20290. https://doi.org/
10.1038/541598-019-56613-6

Ruiz-Meana M, Boengler K, Garcia-Dorado D, Hausenloy
DJ, Kaambre T, Kararigas G, Perrino C, Schulz R, Ytrehus
K (2020) Ageing, sex, and cardioprotection. Br J Pharmacol
177:5270-5286. https://doi.org/10.1111/bph.14951

Sanz E, Dorado DG, Oliveras J, Barrabés JA, Gonzalez MA,
Ruiz-Meana M, Solares J, Carreras MJ, Garcia-Lafuente A,
Desco M, Soler-Soler J (1995) Dissociation between anti-infarct
effect and anti-edema effect of ischemic preconditioning. Am J
Physiol Heart Circ Physiol 37:H233-H241. https://doi.org/10.
1152/ajpheart.1995.268.1.H233

Schook LB, Beever JE, Rogers J, Humphray S, Archibald
A, Chardon P, Milan D, Rohrer G, Eversole K (2005) Swine
Genome Sequencing Consortium (SGSC): a strategic roadmap
for sequencing the pig genome. Comp Funct Genomics 6:251—
255. https://doi.org/10.1002/cfg.479

Schott RJ, Rohmann S, Braun ER, Schaper W (1990) Ischemic
preconditioning reduces infarct size in swine myocardium. Circ
Res 66:1133-1142. https://doi.org/10.1161/01.res.66.4.1133
Schulz R, Heusch G (2022) Targeted mito- and cardioprotection
by malonate. Circ Res 131:542-544. https://doi.org/10.1161/
CIRCRESAHA.122.321582

Schulz R, Rose J, Post H, Heusch G (1995) Involvement of
endogenous adenosine in ischaemic preconditioning in swine.
Pfliigers Arch Eur J Physiol 430:273-282. https://doi.org/10.
1007/BF00374659

Schwartz LM, Lagranha CJ (2006) Ischemic postconditioning
during reperfusion activates AKT and ERK without protecting
against lethal myocardial ischemia-reperfusion injury in pigs.
Am J Physiol Heart Circ Physiol 290:H1011-H1018. https://
doi.org/10.1152/ajpheart.00864.2005

Shattock MJ, Lawson CS, Hearse DJ, Downey JM (1996) Elec-
trophysiogical characteristics of repetetive ischemic precon-
ditioning in the pig heart. ] Mol Cell Cardiol 28:1339-1347.
https://doi.org/10.1006/jmcc.1996.0124

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Skyschally A, Gent S, Amanakis G, Schulte C, Kleinbongard
P, Heusch G (2015) Across-species transfer of protection by
remote ischemic preconditioning with species-specific myocar-
dial signal transduction by reperfusion injury salvage kinase
and survival activating factor enhancement pathways. Circ Res
117:279-288. https://doi.org/10.1161/CIRCRESAHA.117.
306878

Skyschally A, Amanakis G, Neuhduser M, Kleinbongard P, Heu-
sch G (2017) Impact of electrical defibrillation on infarct size and
no-reflow in pigs subjected to myocardial ischemia-reperfusion
without and with ischemic conditioning. Am J Physiol Heart Circ
Physiol 313:H871-H878. https://doi.org/10.1152/ajpheart.00293.
2017

Sohn JI, Nam JW (2018) The present and future of de novo whole-
genome assembly. Brief Bioinform 19:23-40. https://doi.org/10.
1093/bib/bbw096

Standage DS, Brown CT, Hormozdiari F (2019) Kevlar: a map-
ping-free framework for accurate discovery of de novo variants.
iScience 18:28-36. https://doi.org/10.1016/].is¢i.2019.07.032
Stone GW, Selker HP, Thiele H, Patel MR, Udelson JE, Ohman
EM, Macehara A, Eitel I, Granger CB, Jenkins PL, Nichols M, Ben-
Yehuda O (2016) Relationship between infarct size and outcomes
following primary PCI: patient-level analysis from 10 randomized
trials. J Am Coll Cardiol 67:1674-1683. https://doi.org/10.1016/j.
jacc.2016.01.069

Sturek M, Alloosh M, Sellke FW (2020) Swine disease models for
optimal vascular engineering. Annu Rev Biomed Eng 22:25-49.
https://doi.org/10.1146/annurev-bioeng-082919-053009
Sukhodub A, Jovanovic S, Du Q, Budas G, Clelland AK, Shen M,
Sakamoto K, Tian R, Jovanovic A (2007) AMP-activated protein
kinase mediates preconditioning in cardiomyocytes by regulat-
ing activity and trafficking of sarcolemmal ATP-sensitive K(+)
channels. J Cell Physiol 210:224-236. https://doi.org/10.1002/jcp.
20862

Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-
Cepas J, Simonovic M, Doncheva NT, Morris JH, Bork P, Jensen
LJ, Mering CV (2019) STRING v11: protein-protein association
networks with increased coverage, supporting functional discov-
ery in genome-wide experimental datasets. Nucleic Acids Res
47:D607-D613. https://doi.org/10.1093/nar/gky 1131

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
Thielmann M, Kottenberg E, Kleinbongard P, Wendt D, Gedik
N, Pasa S, Price V, Tsagakis K, Neuhduser M, Peters J, Jakob
H, Heusch G (2013) Cardioprotective and prognostic effects of
remote ischaemic preconditioning in patients undergoing coronary
artery bypass surgery: a single-centre randomised, double-blind,
controlled trial. Lancet 382:597-604. https://doi.org/10.1016/
S0140-6736(13)61450-6

Trask AJ, Katz PS, Kelly AP, Galantowicz ML, Cismowski MJ,
West TA, Neeb ZP, Berwick ZC, Goodwill AG, Alloosh M, Tune
JD, Sturek M, Lucchesi PA (2012) Dynamic micro- and macro-
vascular remodeling in coronary circulation of obese Ossabaw
pigs with metabolic syndrome. J Appl Physiol 113:1128-1140.
https://doi.org/10.1152/japplphysiol.00604.2012

Wegrzyn J, Potla R, Chwae YJ, Sepuri NB, Zhang Q, Koeck
T, Derecka M, Szczepanek K, Szelag M, Gornicka A, Moh A,
Moghaddas S, Chen Q, Bobbili S, Cichy J, Dulak J, Baker DP,
Wolfman A, Stuehr D, Hassan MO, Fu XY, Avadhani N, Drake
JI, Fawcett P, Lesnefsky EJ, Larner AC (2009) Function of

@ Springer


https://doi.org/10.1016/j.ab.2020.113608
https://doi.org/10.1016/j.nucmedbio.2013.09.004
https://doi.org/10.1016/j.nucmedbio.2013.09.004
https://doi.org/10.1161/CIRCRESAHA.121.320717
https://doi.org/10.1161/CIRCRESAHA.121.320717
https://doi.org/10.7554/eLife.32920
https://doi.org/10.1186/s12864-020-6590-4
https://doi.org/10.1186/s12864-020-6590-4
https://doi.org/10.1038/ncpcardio0047
https://doi.org/10.1038/s41598-019-56613-6
https://doi.org/10.1038/s41598-019-56613-6
https://doi.org/10.1111/bph.14951
https://doi.org/10.1152/ajpheart.1995.268.1.H233
https://doi.org/10.1152/ajpheart.1995.268.1.H233
https://doi.org/10.1002/cfg.479
https://doi.org/10.1161/01.res.66.4.1133
https://doi.org/10.1161/CIRCRESAHA.122.321582
https://doi.org/10.1161/CIRCRESAHA.122.321582
https://doi.org/10.1007/BF00374659
https://doi.org/10.1007/BF00374659
https://doi.org/10.1152/ajpheart.00864.2005
https://doi.org/10.1152/ajpheart.00864.2005
https://doi.org/10.1006/jmcc.1996.0124
https://doi.org/10.1161/CIRCRESAHA.117.306878
https://doi.org/10.1161/CIRCRESAHA.117.306878
https://doi.org/10.1152/ajpheart.00293.2017
https://doi.org/10.1152/ajpheart.00293.2017
https://doi.org/10.1093/bib/bbw096
https://doi.org/10.1093/bib/bbw096
https://doi.org/10.1016/j.isci.2019.07.032
https://doi.org/10.1016/j.jacc.2016.01.069
https://doi.org/10.1016/j.jacc.2016.01.069
https://doi.org/10.1146/annurev-bioeng-082919-053009
https://doi.org/10.1002/jcp.20862
https://doi.org/10.1002/jcp.20862
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1093/eurheartj/ehx515
https://doi.org/10.1016/S0140-6736(13)61450-6
https://doi.org/10.1016/S0140-6736(13)61450-6
https://doi.org/10.1152/japplphysiol.00604.2012

58

Page 24 of 24

Basic Research in Cardiology (2022) 117:58

90.

91.

92.

mitochondrial Stat3 in cellular respiration. Science 323:793-797.
https://doi.org/10.1126/science.1164551

Wu Q, Wang T, Chen S, Zhou Q, Li H, Hu N, Feng Y, Dong
N, Yao S, Xia Z (2018) Cardiac protective effects of remote
ischaemic preconditioning in children undergoing tetralogy of
fallot repair surgery: a randomized controlled trial. Eur Heart J
39:1028-1037. https://doi.org/10.1093/eurheart/ehx030

Xue R, Lei S, Xia ZY, Wu Y, Meng Q, Zhan L, Su W, Liu H,
Xu J, Liu Z, Zhou B, Xia Z (2016) Selective inhibition of PTEN
preserves ischaemic post-conditioning cardioprotection in STZ-
induced Type 1 diabetic rats: role of the PI3K/Akt and JAK?2/
STAT3 pathways. Clin Sci (Lond) 130:377-392. https://doi.org/
10.1042/CS20150496

Young LH (2008) AMP-activated protein kinase conducts the
ischemic stress response orchestra. Circulation 117:832-840.
https://doi.org/10.1161/CIRCULATIONAHA.107.713115

Authors and Affiliations

93.

94.

Zangrillo A, Musu M, Greco T, Di Prima AL, Matteazzi A, Testa
V, Nardelli P, Febres D, Monaco F, Calabro MG, Ma J, Finco
G, Landoni G (2015) Additive effect on survival of anaesthetic
cardiac protection and remote ischemic preconditioning in cardiac
surgery: a Bayesian network meta-analysis of randomized trials.
PLoS ONE 10:e0134264. https://doi.org/10.1371/journal.pone.
0134264

Zhang Y, Fan G, Liu X, Skovgaard K, Sturek M, Heegaard PMH
(2021) The genome of the naturally evolved obesity-prone Ossa-
baw miniature pig. iScience 24:103081. https://doi.org/10.1016/].
isci.2021.103081

Publisher's Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

Petra Kleinbongard' - Helmut Raphael Lieder' - Andreas Skyschally' - Mouhamad Alloosh? - Axel Godecke® -
Sven Rahmann* - Michael Sturek? - Gerd Heusch'

Institute for Pathophysiology, West German Heart

and Vascular Center, University of Essen Medical School,
University of Duisburg-Essen, Hufelandstr. 55, 45147 Essen,
Germany

Department of Anatomy, Cell Biology, and Physiology,
Indiana University School of Medicine, Indianapolis, USA

@ Springer

Institute for Cardiovascular Physiology, University Hospital
and Heinrich-Heine University, Diisseldorf, Germany

Algorithmic Bioinformatics, Center for Bioinformatics
and Department of Computer Science, Saarland University,
Saarbriicken, Germany


https://doi.org/10.1126/science.1164551
https://doi.org/10.1093/eurheart/ehx030
https://doi.org/10.1042/CS20150496
https://doi.org/10.1042/CS20150496
https://doi.org/10.1161/CIRCULATIONAHA.107.713115
https://doi.org/10.1371/journal.pone.0134264
https://doi.org/10.1371/journal.pone.0134264
https://doi.org/10.1016/j.isci.2021.103081
https://doi.org/10.1016/j.isci.2021.103081
http://orcid.org/0000-0001-7078-4160

	Non-responsiveness to cardioprotection by ischaemic preconditioning in Ossabaw minipigs with genetic predisposition to, but without the phenotype of the metabolic syndrome
	Abstract
	Introduction
	Methods
	Experimental preparation
	Protocols
	Ischaemiareperfusion (IR)
	Ischaemic preconditioning (IPC)

	Regional myocardial blood flow
	Area at risk, infarct size and area of no-reflow
	AMPK genotyping
	Genotyping for γ subunit of AMPK
	DNA extraction

	Whole genome sequencing and bioinformatic analysis
	Illumina Nextera genome sequencing
	Genomic k-mer content of Ossabaw minipigs and Göttingen minipigs
	Comparison of Ossabaw minipig and Göttingen minipig genomes to Sus scrofa reference
	Protein–protein associations

	Western blot analysis
	Power analysis
	Statistics

	Results
	Area at risk, regional myocardial blood flow and systemic haemodynamics
	Infarct size and area of no-reflow
	Bioinformatic analysis of differences in the Ossabaw and Göttingen minipig genomes
	Protein kinase phosphorylation

	Discussion
	Conclusions and perspective

	Acknowledgements 
	References




