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Abstract

Whereas prior experiments in juvenile pigs had reported infarct size reduction by intravenous metoprolol early during
myocardial ischaemia, two major clinical trials in patients with reperfused acute myocardial infarction were equivocal. We,
therefore, went back and tested the translational robustness of infarct size reduction by metoprolol in minipigs. Using a
power analysis-based prospective design, we pretreated 20 anaesthetised adult Géttingen minipigs with 1 mg kg™! metoprolol
or placebo and subjected them to 60-min coronary occlusion and 180-min reperfusion. Primary endpoint was infarct size
(triphenyl tetrazolium chloride staining) as a fraction of area at risk; no-reflow area (thioflavin-S staining) was a secondary
endpoint. There was no significant reduction in infarct size (46 + 8% of area at risk with metoprolol vs. 42 + 8% with placebo)
or area of no-reflow (19 +21% of infarct size with metoprolol vs. 15 +23% with placebo). However, the inverse relationship
between infarct size and ischaemic regional myocardial blood flow was modestly, but significantly shifted downwards with
metoprolol, whereas ischaemic blood flow tended to be reduced by metoprolol. With an additional dose of 1 mg kg~! meto-
prolol after 30-min ischaemia in 4 additional pigs, infarct size was also not reduced (54 +9% vs. 46 + 8% in 3 contemporary
placebo, n.s.), and area of no-reflow tended to be increased (59 +20% vs. 29 +12%, n.s.).

Infarct size reduction by metoprolol in pigs is not robust, and this result reflects the equivocal clinical trials. The lack of
infarct size reduction may be the result of opposite effects of reduced infarct size at any given blood flow and reduced blood
flow, possibly through unopposed alpha-adrenergic coronary vasoconstriction.

Keywords Cardioprotection - Coronary microvascular obstruction - Infarct size - Metoprolol - Myocardial infarction -
Reperfusion

Introduction

The translation from successful preclinical studies on car-
dioprotective mechanical and pharmacological interventions
to the benefit of patients with reperfused acute myocardial
infarction has been difficult so far [33]. This difficulty has
been largely attributed to the advanced age of patients and
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their co-morbidities and co-medications, whereas the pre-
clinical studies were usually done in young and healthy ani-
mals [17, 30, 47]. However, recently more thorough preclini-
cal studies revealed that some cardioprotective interventions
are not really robust and that there may have been a publica-
tion bias for positive studies [55]. In fact, not only age [3]
or co-morbidities and co-medications [17, 47] may interfere
with cardioprotection also in animal experiments, but also a
genetic predisposition may be a primordial obstacle to car-
dioprotection, as recently demonstrated for rats with remote
ischaemic conditioning [71] and for Ossabaw minipigs with
ischaemic preconditioning [34, 50, 81].

The difficulty of translation also relates to cardiopro-
tection by the beta blocker metoprolol. The laboratory of
Ibanez has convincingly demonstrated infarct size reduc-
tion in immature Yorkshire and Large White pigs with left
anterior descending coronary artery (LAD) occlusion and
reperfusion [41, 43, 59]. In their preclinical studies, they
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emphasised the importance of timing in the administration
of metoprolol; metoprolol was only cardioprotective when
given before reperfusion, [41] longer exposure was bet-
ter than shorter exposure during ischaemia, [22] and early
treatment with metoprolol delayed the natural progression of
infarction by about 10—15 min, [59] Mechanistically, Ibanez
and co-workers attributed the cardioprotection by metoprolol
to a non-class effect through attenuation of inflammation and
improvement of the coronary microcirculation [10, 21, 41].

The encouraging preclinical data were confirmed in the
METOCARD-CNIC (Effect of Metoprolol in Cardioprotec-
tion During an Acute Myocardial Infarction) trial, in which
intravenous metoprolol given to patients early during an ST-
segment elevation myocardial infarction (<6 h after symp-
tom onset and before reperfusion) reduced infarct size on
magnetic resonance imaging (MRI) [42]. These patients also
had less coronary microvascular obstruction on MRI, [21]
better left ventricular (LV) function outcome and less heart
failure admission on follow-up [66, 67]. As in the pig experi-
ments, longer exposure to metoprolol was associated with
smaller infarct size [22]. Retrospective analysis of sequential
ECGs also confirmed the delay of infarct progression, and
the ECG analysis correlated to the MRI data on infarct size,
coronary microvascular obstruction and LV function [14].

In contrast to the METOCARD-CNIC trial, the larger
phase III EARLY-BAMI (Early beta blocker administration
before primary percutaneous coronary intervention (PCI) in
patients with ST-elevation myocardial infarction trial) trial
was neutral with respect to infarct size, as reflected by crea-
tine kinase release and MRI, and clinical outcome, [68, 69]
and this discrepancy may relate to more unfavourable timing
and dosing of metoprolol in EARLY-BAMI than METO-
CARD [45, 59].

Apparently, the translation of the encouraging preclini-
cal data on metoprolol to cardioprotection in patients with
acute myocardial infarction was equivocal. We now went
back to investigate how robust the preclinical data are and
for that purpose used a different strain of pigs (Gottingen
minipigs rather than Yorkshire or Large White pigs) which
were mature rather than immature, and used a different
anaesthesia regimen, i.e. one which we also use in cardio-
surgical patients in our institution [78]. To follow the advice
of Ibanez et al. to use early treatment, [59] we adminis-
tered metoprolol just before coronary occlusion to give it
the best chance to exert cardioprotection, and we gave an
even somewhat higher dose. To generate robust data, we
also used a power analysis-based prospective study design
[4, 77] with a pre-specified separate analysis of female and
male pigs [48].
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Methods

The authors declare that all supporting data of the present
study are available in the article. Original data underlying
this article will be shared on reasonable request to the corre-
sponding author. Unless otherwise specified, materials were
obtained from Sigma-Aldrich (Deisenhofen, Germany).

The experimental protocols were approved by the Bioeth-
ical Committee of the district of Diisseldorf (G1868/21) and
conform to the guidelines from Directive 2010/63/EU of the
European Parliament on the protection of animals used for
scientific purposes. We followed the ARRIVE 2.0 guidelines
[64, 65]. A full description of the intended experimental
design and analysis has not been published in a preclinical
registry. Experiments in pigs were performed between June
2022 and December 2022.

Experimental preparation

Validity of animal species and model selection: This in vivo
experimental model in pigs replicates aspects of the human
reperfused myocardial infarction [39]. Gottingen minipigs
(females and males) were purchased from Ellegaard, Dal-
mose, Denmark. Pigs were fed with standard chow (twice
300 g/day, #V4133. ssniff, Soest, Germany), had access to
water ad libitum and were kept in tiled rooms (~2 m?/pig)
with straw-bedding at 12 h/12 h light/dark cycles. There
was a daily visual inspection of pigs’ health by animal care-
takers and veterinarians. All behavioural abnormalities were
recorded and monitored; only inconspicuous, apparently
healthy pigs were included in the experiment. Female pigs
were 19 +2 and male pigs 19 +5 months old. Females pigs
weighed 46 +7 and male pigs weighed 39 +9 kg. Pigs were
sedated with flunitrazepam (i.m.: 0.4 mg kg™'). Anaesthe-
sia was induced with etomidate (i.v.: 0.3 mg kg™!, Hypno-
midat; Voorschoten, The Netherlands) and sufentanil (i.v.:
1 ug kg™, Sufentanil-hameln, Hameln, Germany). Anaesthe-
sia was maintained with isoflurane (2%, TEVA, Eastbourne,
United Kingdom) during artificial ventilation with room air
(tidal volume: 8—10 mL kg™, respiratory rate: 10—16 breaths
min~!, inspiratory peak pressure 18-25 cm H,0, positive
end-expiratory pressure: 5—7 cm H,0). Muscle relaxation
during electrosurgery was induced with a single bolus of
rocuronium (i.v.: 0.6 mg kg_l, B. Braun, Melsungen, Ger-
many). This anaesthetic regimen is identical to that used
in our institution for patients undergoing surgical coronary
revascularisation. [78] The pigs were placed on a heated
table and covered with heated blankets to keep oesophageal
temperature between 36.0 and 38.0 °C. ECG-lead II was
continuously recorded using a single-channel, calibrated
amplifier. A midline cervical incision was performed. The
left jugular vein was cannulated for volume replacement
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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 (LVP) and a Teflon catheter in the
left atrium for the injection of coloured microspheres [53].
The distal aortic arch was cannulated to withdraw the refer-
ence sample for regional blood flow measurement. The left
anterior descending coronary artery (LAD) was dissected
and prepared distal to its second diagonal branch for later
coronary occlusion.

Regional myocardial blood flow

Coloured microspheres were recovered from transmural
myocardial 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 quan-
tified in a spectrophotometer (F-7100, Hitachi High-Tech,
Krefeld, Germany). Blood flow was calculated as blood flow
per tissue mass.

Area at risk, infarct size and no-reflow

Thirty ml of warmed 4% thioflavin-S solution (Morphisto,
Frankfurt, Germany) was filtered through a 0.2 um 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 [7, 74]. Thereafter, the
LAD was re-occluded at the same location as for the index
ischaemia, and 5 ml blue dye (Patentblau V, Guerbet 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 no-reflow areas. 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.

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); the average areas of both
sides were then calculated. The weights of all slices were
then summed up, and the total tissue masses for the area
at risk, the no-reflow area, and for the infarcted area of a
given heart were calculated. In addition, 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 and as
fraction of area at risk.

ECG analysis

ST-segment elevation was quantified as previously described
[1, 46]. A chest surface ECG was continuously recorded
using a single-channel, calibrated (1 mV reference) ampli-
fier. Due to the surgical preparation and use of a metal rib
retractor, the recorded ECG-lead appeared similar to a V2
Wilson lead in humans. The ST-segment elevation was
defined as the amplitude difference between a point 30 ms
before the P-wave and a second point 20 ms after the J-point
[1, 11]. The analysis was performed offline using digital
calipers (Labchart 8, AD Instruments Pty Ltd, New South
Wales, Australia).

ST-segment elevation was quantified at baseline and at
5-min intervals during the 60 min of coronary occlusion and
the first 15 min of reperfusion. ST-segment elevation data
were excluded from the analysis of ST-segment elevation
when the P-wave could not be identified due to poor signal
quality, when the voltage amplitude of the R-wave was less
than 300 1V or when episodes of ventricular fibrillation and
termination by electric countershock during index ischaemia
and/or reperfusion did not permit ECG analysis within the
respective time frame.

Protocols
Ischaemia/reperfusion (I/R)

At baseline, after stabilisation for at least 30 min, systemic
haemodynamics and regional myocardial blood flow were
measured. As a placebo control, 10 ml saline was infused
intravenously. After intravenous infusion of unfractionated
heparin (2.500 IU, Heparin-Natrium-ratiopharm, Ulm, Ger-
many) the LAD was occluded distal to its second diagonal
branch using a microvascular clamp (TKL-1, BIOVERR,
Hergiswill, Switzerland). Heparin (2.500 IU) was again
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given at 25- and 55-min coronary occlusion. At 5- and
55-min coronary occlusion, systemic haemodynamics
and regional myocardial blood flow were measured again.
Reperfusion was induced after 60-min coronary occlusion
by quick removal of the vascular clamp and visually con-
firmed by the reappearance of red colour on the surface of
the reperfused myocardium. Systemic haemodynamics and
regional myocardial blood flow were again measured at 10-
and 180-min reperfusion. Ventricular fibrillation during
ischaemia or reperfusion, as identified from the continu-
ous lead IT ECG recording, was immediately terminated by
intra-thoracic defibrillation (up to 50 Ws; 6/4 ms biphasic
pulse; Zoll R Series Monitor & Defibrillator, Zoll Medi-
cal Cooperation, Chelmsford, MA, USA). We did not use
any anti-arrhythmic or inotropic agents during resuscitation
since they might interfere with the infarction process and/or
cardioprotection [13, 40, 75]. At the end of the experiment,
pigs were euthanised by intracardiac injection of 20 ml
potassium chloride (1 mol L™").

Metoprolol + I/R

The experimental protocol was identical to that of I/R, except
that metoprolol (1 mg kg™ i.v. over 10 min in 10 ml saline,
Sigma Aldrich, Deisenhofen, Germany) was administered
after baseline measurements before ischaemia. The dose of
metoprolol was determined with reference to prior studies
[41, 59] and to preliminary experiments in our preparation
where metoprolol (1 mg kg~! i.v.) attenuated the increments
of LV dp dt‘lmax, heart rate and LVP in response to a bolus of
5 pg adrenaline i.v. (Suprarenin, Cheplapharm, Greifswald,
Germany). In an exploratory analysis in 4 additional pigs (3
females, 1 male) which were not included in the prospective
study design, metoprolol (1 mg kg.”! i.v.) was given before
ischaemia and again over 10 min starting at 30-min ischaemia;
these pigs were compared to 3 separate contemporary (within
less than 3 weeks) female placebo controls; these separate
contemporary controls were used to account for potential
seasonal differences in infarct size [51] and no-reflow [79].

Power analysis

We defined infarct size as the primary endpoint, type I
error a as 0.05 and type II error 1-f as 0.90. To estimate
the required number of experiments we used infarct size
data from two publications. In Yorkshire pigs (N=10),
metoprolol (3 X2.5 mg i.v. starting at 15-min ischaemia,
n=06) reduced infarct size after 90-min ischaemia and
subsequent reperfusion from 94 +7% to 68 + 15% of the
area at risk (n =4 placebo) [43]. The calculated effect size
deonen 18 2.1, requiring a total number of 10 experiments
(G-Power 3.1; University of Diisseldorf, Germany). In
3-month-old male Large White pigs (N =116), metoprolol
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(0.75 mg kg~ i.v. at 20-min ischaemia) reduced infarct
size from 92+9% (n=158) to 75+ 14% of the area at
risk (n=158) when ischaemia durations between 30 and
60 min were pooled [59]. The resulting effect size dqp.y
is 1.5, requiring a total number of N =18 experiments. The
mean effect size of d¢., = 1.8 for both these prior stud-
ies results in a total of N=14 experiments. To account for
differences in pig strain, maturity/age, sex, experimental
preparation incl. anaesthesia, and protocol incl. notably the
duration of ischaemia and reperfusion between these prior
studies and our present one, and to provide a balanced
number of experiments without and with metoprolol for
both, male and female Go6ttingen minipigs, respectively,
we conservatively increased the total number of experi-
ments to N=20. We used an oesophageal temperature at
baseline before ischaemia in the range of 36.0-38.0 °C
and a blood flow during ischaemia <0.1 ml min~! g! as
a-priori inclusion criteria and conducted the study until
for each sex in each group at least n =35 experiments with
infarct size data were available. In our hands, at blood
flows > 0.1 ml min~! g~! there is a possibility that the
coronary occlusion clamp may not have been tight, pos-
sibly secondary to cardiac movements with fibrillation/
defibrillation [48]. Pigs were randomised (using sealed
envelopes) to an I/R or metoprolol+I/R protocol, respec-
tively. A pre-specified sub-group analysis for female and
male pigs was performed. Also, we analysed the inverse
relationship between infarct size and regional myocardial
blood flow and its potential shift by metoprolol as a sec-
ondary endpoint.

Data and statistical analysis

The investigator who quantitatively assessed haemodynam-
ics, regional myocardial blood flow, infarct size and area of
no-reflow was blinded to the protocol. Explorative statistics
were performed on all data to test for normal distribution
(Shapiro—Wilk-test) and to identify potential outliers. Data
are presented as means + SD; individual data on infarct size
and no-reflow are also presented as scatterplots. Statisti-
cal package SAS 9.4 (Cary, NC, USA) was used to analyse
haemodynamic, ST-segment elevation, and regional myo-
cardial blood flow data by two-way analysis of variance
(protocol, time) for repeated measures. When analysis of
variance indicated a significant main effect or interaction,
least square means were used for further analysis of sim-
ple effects. Data on age, body weight, number of episodes
of ventricular fibrillation/defibrillation during ischaemia,
area at risk, infarct size and no-reflow were analysed by
unpaired two-sided t-tests. The number of episodes of ven-
tricular fibrillation/defibrillation during ischaemia and the
no-reflow data were not normally distributed and subjected
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to an aligned-rank transformation (art) before analysis. In
an exploratory analysis, infarct size and no-reflow area
were compared between the 4 pigs with twice 1 mg kg™ i.v.
metoprolol and the 3 placebo pigs by unpaired two-sided
t-tests. The relationships between infarct size and regional
myocardial blood flow without and with metoprolol were
analysed by linear regression and compared by analysis of
covariance. Differences were considered significant at the
level of p <0.05.

The data and statistical analysis comply with the recom-
mendations on experimental design and analysis in phar-
macology [12].

Results

One pig which had received metoprolol was lost from
intractable ventricular fibrillation during ischaemia. One
pig of the metoprolol and one pig of the placebo group were
excluded from analysis because blood flow during ischaemia
was>0.1 ml min~! g~1.

Magnitude and duration of beta blockade
by metoprolol

The peak haemodynamic responses in response to an intra-
venous bolus of 5 pg adrenaline were almost completely
inhibited 5 min after intravenous infusion of 1 mg kg~!
metoprolol; the inhibition was still substantial after 30 min
but had somewhat subsided by 60 min (Table 1).

Haemodynamics

At baseline, heart rate and LVP were not different between
the metoprolol and placebo groups. LVP decreased over the
duration of ischaemia/reperfusion in pigs without and with
metoprolol, and heart rate increased; the increase in heart
rate was slightly attenuated with metoprolol. The blood flow
reduction during ischaemia was equally severe. Heart rate

and LVP in pigs undergoing ischaemia/reperfusion without
versus with twice 1 mg kg~! (pretreatment plus treatment
from 30- to 40-min ischaemia) metoprolol did also not differ
between the groups (see Supplemental Table).

ECG

ST-segment elevations were not different between the meto-
prolol and placebo groups, when normalised to their base-
line (see Supplemental Figure). The number of episodes
with ventricular fibrillation/defibrillation was not different
between the metoprolol and placebo groups (Table 2).

Infarct size and no-reflow area

Infarct size was not significantly different between pigs
without and with 1 mg kg~! metoprolol, neither in females
(»p=0.1970) nor in males (p=0.8634) (Fig. 1). Even with
inclusion of the two above pigs with blood flow during
ischaemia>0.1 ml min~' g!, infarct size was not signifi-
cantly reduced (p=0.3017). The linear regressions between
infarct size and transmural blood flow to the ischaemic area at
risk per se were not strong due to the (per definition) limited
flow range, and the regressions without and with metoprolol
were only modesty different, but this difference was neverthe-
less significant (Fig. 2). Thus, for any given flow metoprolol
reduced infarct size, whereas the flow data were shifted to
lower values. The area of no-reflow was not different between
pigs without and with 1 mg kg~! metoprolol, neither in
females (p =0.5169) nor in males (p =0.2018) (Fig. 3).

With twice 1 mg kg™! (pretreatment plus treatment from
30- to 40-min ischaemia) in an additional 4 pigs, infarct size
was also not reduced (metoprolol: 54 +£9% of area at risk vs.
contemporary placebo: 46 +8%, n.s.), but area of no-reflow
tended to be increased when expressed as fraction of infarct
size (metoprolol: 59 +20% of infarct size vs. contemporary
placebo: 29 +12%, p=0.0727) or as fraction of the area at
risk (metoprolol: 37 + 16% of area at risk vs. contemporary
placebo: 15+ 7%, p=0.0873).

Table 1 Peak haemodynamic responses to adrenaline after beta blockade with 1 mg kg™! metoprolol

Pre metoprolol

1 mg-kg! metoprolol

5 min 30 min 60 min
Pre . Pre . Pre . Pre .
adrenaline 5 pg adrenaline adrenaline 5 pg adrenaline adrenaline 5 pg adrenaline adrenaline 5 pg adrenaline
!
L;/m(iﬁl—cli;:?]( 1470+322 3922+1047 975+214*  1189+300* 1076196 2524+1205%  1138+265 3031+1067*

. ————
heﬁ;“_ﬁ 10315 129415 96+ 14 100+ 14* 97415 11320¢ 96+16 11415"

LvP 78+14 122+13 74+14 93+£21# 76+17 10528 76+18 111+26*

[mmHg]

LV: left ventricular; LVP: left ventricular pressure; two-way RM-ANOVA; * p <0.05 vs. pre metoprolol without adrenaline; # p <0.05 vs. pre metoprolol

with adrenaline; 7 Yp<0.05 vs. pre adrenaline
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Table 2 Area at risk, regional myocardial blood flow, heart rate and left ventricular pressure in pigs undergoing ischaemia/reperfusion without

and with 1 mg kg™! metoprolol

I/R Metoprolol+I/R Statistics
AAR (% LV) 20 £ 6 21 £ 5 p=0.8766
Episodes of ventricular 1 £1 1 £1 p=0.3890
fibrillation/defibrillation
Regional myocardial Baseline 1.013 £ 0.307 1.005 =+ 0.346 Protocol: p=0.7497
blood flow Time: p<0.0001
(ml min-g) Metoprolol 0.990 + 0.240 Time*Protocol: p=0.8840
I5 0.063 + 0.031 p<0.0001 0.045 + 0.022 p<0.0001
vs. Baseline vs. Baseline
155 0.051 + 0.031 p<0.0001 0.033 + 0.018 p<0.0001
vs. Baseline vs. Baseline
R10 1.245 + 0.696 1.447 + 0.982 p=0.0042
vs. Baseline
R180 0.766 + 0.258 0.757 + 0.320
Heart rate Baseline 95 + 11 99 + 13 Protocol: p=0.7619
(1 min) Time: p=0.0008
Metoprolol 99 + 13 Time*Protocol: p=0.0490
I5 97 £ 10 100 + 12
155 103 + 11 p=0.0016 98 + 13
vs. Baseline
R10 104 £ 11 p=0.0002 99 + 11 p=0.0326
vs. Baseline vs. I/R(R10)
R180 109 + 17 p<0.0001 105 £ 7 p=0.0458
vs. Baseline vs. Baseline
LVPmax Baseline 101 + 14 99 +38 Protocol: p=0.5038
(mmHg) Time: p<0.0001
Metoprolol 94 + 8 Time*Protocol: p=0.8388
I5 89 + 16 p<0.0001 86 + 8 p<0.0001
vs. Baseline vs. Baseline
155 84 + 15 p<0.0001 78 + 13 p<0.0001
vs. Baseline vs. Baseline
R10 83 £ 15 p<0.0001 78 + 11 p<0.0001
vs. Baseline vs. Baseline
R180 78 £ 11 p<0.0001 76 £ 7 p<0.0001
vs. Baseline vs. Baseline

AAR: area at risk; I/R: ischaemia/reperfusion; I5: 5 min ischaemia; I55: 55 min ischaemia; LV: left ventricle; LVP: left
ventricular pressure; R10: 10 min reperfusion; R180: 180 min reperfusion; area at risk was analysed by an unpaired two-sided
t-test; the number of episodes of ventricular fibrillation/defibrillation during ischaemia was not normally distributed and
subjected to an aligned-rank transformation (art) before analysis; haemodynamic and regional myocardial blood flow data were
analysed by two-way analysis of variance (protocol, time) for repeated measures.

Discussion

Contrary to our expectations, we did not see robust infarct
size reduction by metoprolol in our translationally relevant
pig model of reperfused acute myocardial infarction [39, 55,
57]. Neither infarct size, our primary endpoint (Fig. 1), nor
coronary microvascular obstruction, a secondary endpoint,
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were reduced (Fig. 3). Thus our data differ from those of
Ibanez and collaborators, [41, 43, 59] and this discrepancy
reflects on the preclinical level the discrepancy seen on
the clinical level between the METOCARD [42] and the
EARLY-BAMI trials [68].

Of note, however, the inverse relationships between
infarct size and regional myocardial blood flow in the area
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Fig.1 Infarct size following ischaemia/reperfusion without (open
symbols) and with 1.0 mg kg~! metoprolol (filled symbols) in female
(red) and male (blue) Gottingen minipigs; individual data (circles)
and means (squares) with SD; means + SD were also given as numeri-
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lines were compared by analysis of covariance
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at risk reflected a modest direct infarct size reduction for any
given blood flow by metoprolol, in association with a modest
reduction in blood flow, most likely by unopposed alpha-
adrenergic coronary constrictor tone. In fact, beta blockade
could have unmasked alpha-adrenoceptor activation in the
presence of the sympathetic activation of myocardial ischae-
mia/reperfusion [35]. Although alpha-adrenergic coronary
vasoconstriction is less pronounced in pigs than in dogs
or humans, [15, 72] it could nevertheless have contributed
to impaired coronary microvascular blood flow with beta
blockade [25] during ischaemia and reperfusion. Indeed, the
metoprolol group had somewhat lower blood flow during
ischaemia, but not during early reperfusion where, however,
no-reflow areas with surrounding hyperaemic areas make
blood flow highly heterogeneous and the measured blood
flow is, by definition, not that in the no-reflow area. The
opposing effects of direct protection and unopposed alpha-
adrenergic coronary vasoconstriction resulted in no net
change in infarct size, our primary endpoint. Unfortunately,
Ibanez et al [41, 43, 59]. reported no data on ischaemic
blood flow, but our infarct size vs. flow data may never-
theless mechanistically reconcile some of the discrepancy
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metoprolol: p=0.368); females and males with ischaemia/reperfusion
(n=5, each); females and males with metoprolol +ischaemia/reperfu-
sion (n=5, each). Data were analysed by unpaired two-sided t-tests
after aligned-rank transformation of the not normally distributed no-
reflow data

between our and their data on metoprolol’s effect on infarct
size.

Why did we not see the significant infarct size reduction
which Ibanez et al. had reported in their pig studies? There
are a number of differences between our present study and
the prior studies by Ibanez and colleagues [41, 43, 59] that
deserve careful discussion and consideration (Table 3).
The strain of pigs is an important variable in pig models
of myocardial infarction, [76] and we used Géttingen mini-
pigs as compared to Yorkshire [41, 43] or Large White
pigs [59] used by Ibanez et al. In fact, we have recently
shown that Ossabaw minipigs which have the genetic pre-
disposition to develop a metabolic syndrome cannot be
protected by local or remote ischaemic conditioning even
before they develop the phenotype of the metabolic syn-
drome [50, 56]. Thus, a primordial non-responsiveness
to infarct size reduction in pig strains indeed exists, [34]
but there is no evidence for it in Gottingen minipigs [48,
49]. When considering a primordial non-responsiveness to
cardioprotection with a translational perspective, [34] dif-
ferences in the ethnic/genetic background of METOCARD
and EARLY-BAMI could also to some extent account for
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Table 3 Differences between the studies from the Ibanez et al., Lobo-Gonzalez et al., and the present one on the effects of metoprolol on infarct

size in pigs

Publication N Values Pig strain Sex Age Weight  Anaesthesia  Surgical Areaatrisk  Ischaemia Reperfusion Infarct Metoprolol Metoprolol
preparation duration  duration assessment  timing dose
Ibanezetal. Total 12 Yorkshire -/- 3 mo 33+3 kg  Isoflurane Closed-chest ~30 %LV 90 min 4-22d MRIL TTC After 15min 7.5 mgi.v.
(2007) (2 deaths) ischaemia
Ibanezetal. Total 30 Yorkshire Male -/- 28+0.5 kg Isoflurane Closed-chest ~32-40 %LV 90 min 3d MRI a) After 30 a)7.5mgi.v.
(2011) (18 for infarct min ischaemia
size study) b) After b) 50 mg p.o.
reperfusion every 12h
Lobo- Total 122in  Large White Male 3 mo 30-35kg Ketamine, Closed-chest ~26-39 %LV  20-60 min 3-7d MRI After 20 min ~ 0.75 mg/kg i.v.
Gonzalez 8 protocols xylazine, ischaemia
etal. (2020) (20 deaths) midazolam
Present Total 22 Gottingen 1:1 1943 mo 43+9kg  Isoflurane Open-chest ~ ~21 %LV 60 min 180 min TTC Before 1 mg/kg i.v.
(2 excluded) Female / coronary
Male occlusion

LV: left ventricle; MRI: magnetic resonance imaging; TTC: triphenyl tetrazolium chloride

their different outcome. The Gottingen minipigs in the pre-
sent study definitely responded to metoprolol as expected
for a beta blocker since haemodynamic responses to adren-
aline were attenuated (Table 1).

Ibanez et al. in their original study did not report the
sex of the Yorkshire pigs, [41, 43] and they used only male
Large White pigs in their more recent and more compre-
hensive study. [59] Since the need to also consider for sex
differences is emphasised in recent recommendations for
preclinical [58] and clinical studies, [27] we used minipigs
of both female and male sex. However, we have previously
demonstrated that sex is not important for infarct size reduc-
tion by ischaemic preconditioning in Goéttingen minipigs,
[48] and therefore we believe, that sex does not account for
the differences between our present and the prior Ibanez
et al. studies.

The age of pigs differed substantially between our present
study and those by Ibanez et al. Whereas their Yorkshire
[41, 43] and Large White pigs [59] were only 3 months of
age, corresponding to young children, we used adult sexu-
ally mature minipigs of 19 +2 months of age. With increas-
ing age, the biological potential for protection and repair is
diminished, [3, 8, 24] and acute myocardial infarction in
humans occurs in patients of advanced age. Thus, age may
indeed be an important variable to account for differences
between our and the prior Ibanez et al. studies, and metopro-
lol may indeed exert greater cardioprotection at younger age.

Clearly, the anaesthetic regime is important for cardio-
protection studies in pigs, [76] and volatile anaesthesia is
more cardioprotective and may also facilitate cardioprotec-
tion more than intravenous anaesthesia e.g. with propofol in
humans [52, 82]. We used an anaesthetic regime which is
identical to that used in patients undergoing cardiovascular
surgery in our institution [78] and uses continuous anaesthe-
sia with isoflurane. So, isoflurane per se may have induced
some cardioprotection in our studies and thus have limited
the potential for further protection by metoprolol. Of note,
however, Ibanez et al. in their original studies [41, 43] had
also used continuous anaesthesia with isoflurane, and that

did not prevent infarct size reduction by metoprolol, thus
largely excluding the mode of anaesthesia as an important
cause for differences between our and the Ibanez et al. stud-
ies. We acknowledge that patients with acute myocardial
infarction and undergoing PCI are not anaesthetised, but that
caveat pertains to both our and the Ibanez et al. studies.

The surgical preparation differed between our present and
the Ibanez et al. studies. We used the open-chest prepara-
tion as used for the original infarct size reduction studies
by Maroko, Ross and Braunwald et al [61]. and the original
ischaemic conditioning studies by Murry, Reimer and Jen-
nings [62]. We realise and admit that the open-chest prepa-
ration is more artificial than the closed-chest preparation
used by Ibanez et al [41, 43, 59]. and that the trauma and
open-chest condition per se may induce a pro-inflammatory
condition. However, if indeed metoprolol exerts its protec-
tive effect through an anti-inflammatory action, our prepara-
tion should have been in a good position to evidence such
anti-inflammatory action, but in fact did not.

The area at risk in our model was about 20% and, thus,
smaller than in the model of Ibanez et al. with about 30%
[41, 43, 59] and possibly also smaller than in the two clini-
cal trials where the majority of patients had proximal LAD
infarcts. However, with an infarct size of about 45% of the
area at risk after 60-min ischaemia in the placebo group of
our study, infarct progression was not complete and there
was obviously sufficient room for infarct size reduction, as
seen in our recent studies with ischaemic preconditioning
where we reported an infarct size reduction by ischaemic
preconditioning from about 45% to about 20-30% of the
area at risk using our present model [48]

The duration of ischaemia is, of course, a major determi-
nant of infarct size [33]. We used a standard ischaemia dura-
tion of 60 min which resulted in an infarct size of 46% of the
area at risk in the placebo group. Ibanez et al. in their studies
looked an infarct size with ischaemia durations between 30-
and 90-min ischaemia and observed infarct sizes between 70
and 100% of the area at risk in their placebo groups; [41,
43, 59] the greatest reduction of infarct size with metoprolol
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was observed with 35-min ischaemia, where infarct size was
reduced from about 80% to about 40% of the area at risk
[59]. As outlined above, we have recently reported an infarct
size reduction by ischaemic preconditioning from about
45% to about 20-30% of the area at risk using our present
model, and there was obviously sufficient room for infarct
size reduction with ischaemia duration of 60 min [48].
Definitely, as for all cardioprotective interventions
reperfusion is a prerequisite for eventual infarct size reduc-
tion [29, 33] also for metoprolol, as it does not reduce infarct
size in anaesthetised closed-chest pigs with permanent coro-
nary occlusion [44]. In fact, as already acknowledged in the
original report of Murry et al. for ischaemic precondition-
ing, [62] probably all cardioprotective interventions deliv-
ered before or during ischaemia just work to delay infarct
progression and reduce infarct size only in conjunction with
timely reperfusion [29]. The duration of reperfusion is of
paramount importance for infarct size. The spatial develop-
ment of infarct size over time is a complex process of dis-
tinct biological processes [31, 83]. The immediate phase of
injury by ischaemia/reperfusion per se is followed after sev-
eral hours by an inflammatory phase with a bimodal oedema
development, [18] initial neutrophil [60] and subsequent
macrophage infiltration [6] which serve to remove cellular
debris and then initiate a healing response [16] of angiogene-
sis, fibroblast activation and resolution of inflammation over
about 2 weeks, [19, 20] to then transition into a prolonged
phase of remodelling which may be favourable and result
in infarct (scar) size shrinkage or detrimental with infarct
(scar) size expansion [38]. With 3-h reperfusion in our pre-
sent study, we assessed probably only the infarct size which
is caused by the immediate ischaemia/reperfusion injury. In
a translational perspective, this immediate injury is probably
most relevant for patients of higher Killip classes and their
potential early in-hospital mortality; however, exactly those
patients are in need of adjunct cardioprotection beyond that
by reperfusion [36]. Infarct size as assessed by Ibanez et al.
after 4-22 days reperfusion [41, 43, 59] comprises the acute
injury plus the inflammatory/healing phase. Such infarct size
is probably more relevant for the majority of patients who
survive the early post-infarct phase. Still, infarct size after
22 days does not reflect the either favourable or detrimental
remodelling process which may be most important for the
development of heart failure and late mortality [23]. We, in
our present study, could only assess the potential effect of
metoprolol on the immediate ischaemia/reperfusion injury,
whereas Ibanez et al. by assessing infarct size at between
4- and 22-day reperfusion also included the inflammatory/
healing phase. Given that metoprolol exerts its potential
beneficial effect through an anti-neutrophil action, [10, 41]
it is obvious that such beneficial effect was seen in their stud-
ies but could not be seen in our study. The non-class effect
of metoprolol in such beneficial action is still controversial
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[37]. Ibanez et al. previously reported that carvedilol attenu-
ated macrophage infiltration much more than metoprolol in
an anaesthetised pig model of 90-min coronary occlusion
and 24-h reperfusion, [9] whereas they emphasised a non-
class effect of metoprolol to attenuate neutrophil infiltra-
tion and reduce infarct size in their mouse model of 45-min
coronary occlusion/ 24-h reperfusion [10].

The method of infarct size quantification—TTC in our pre-
sent study vs. TTC and MRI [43] or MRI [59] in the Ibanez
et al. studies—is probably not import for the discrepancy of
data, since in their original study on infarct size reduction
by metoprolol infarct size by MRI correlated very well with
that by TTC [43].

The timing of metoprolol administration was different
between our present and the Ibanez et al. studies. Whereas
metoprolol was given intravenously 15 min [43], 20 min
[59] or 30 min [41] after the start of the coronary occlu-
sion in their studies, we used pretreatment immediately
before coronary occlusion. We, thus, followed the advice of
Ibanez et al. that, for effective cardioprotection, treatment
with metoprolol should start as early as possible [41, 59].
Also, since Ibanez et al. proposed that metoprolol delays the
progression of infarct development by about 15 min [59], our
mode of administration should have done so, and there was
sufficient duration of action as there was effective inhibition
of peak haemodynamic responses to adrenaline 30-60 min
after metoprolol administration (Table 1). A persistent action
of metoprolol was also apparent from its attenuation of heart
rate increase during reperfusion.

The dose of metoprolol is, of course, decisive for its effi-
cacy. Metoprolol at the dose used in the present study attenu-
ated the haemodynamic responses to adrenaline as expected
for a beta blocker (Table 1). Somewhat surprisingly, meto-
prolol in our present study reduced heart rate only slightly as
compared to the placebo group at some time points during
the protocol, such that a reduction of ischaemic burden [25,
26] and infarct size [73] through the bradycardic action of
beta blockade [28] was probably not recruited. Heart rate
reduction by metoprolol was also not seen in the pig studies
by Ibanez et al. which reported an infarct size reduction,
[41, 43, 59] whereas some bradycardia was seen in both,
the METOCARD and the EARLY-BAMI trials, however—
as mentioned above—with equivocal effects on infarct size
[42, 68]. As compared to a clinical setting, our total dose
of about 40 mg intravenous metoprolol was certainly large,
but still its haemodynamic effects were modest, suggesting
potential species differences. To give metoprolol the best
chance of exerting cardioprotection, we used an even some-
what higher dose than Ibanez et al. (1 mg kg™! i.v. rather
than 7.5 mg total dose [41, 43] or 0.75 mg kg_.1 i.v. [59)]).
ST-segment elevation was not attenuated by metoprolol, as
would have been expected from an anti-ischaemic action
during ongoing coronary occlusion [46, 70]. The number of
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episodes with ventricular fibrillation/defibrillation was not
different between the metoprolol and the placebo group in
our present study, in contrast to the prior studies of Ibanez
et al. who, however, had used metoprolol and placebo on
top of continuous amiodarone [43, 59] which we avoided
because it reduces infarct size per se [13].

With our attempt to strengthen a protection by metoprolol
by administration of a second 1 mg kg~! i.v. dose at 30-40-
min ischaemia, we also saw no infarct size reduction, further
excluding insufficiency of the dose. At the very low regional
myocardial blood flow during ischaemia, there may have
been insufficient delivery of metoprolol to the ischaemia
area. However, during reperfusion delivery of metoprolol
was no longer limited, and we found even a trend for an
increase in the no-reflow area above that in the placebo and
the single dose metoprolol groups. Confirming a prior study
on seasonal variation of no-reflow, [79] it was more marked
in the 3 female contemporary placebo controls for the twice
1 mg kg~! metoprolol pigs than in the placebo females for
the 1 mg kg~! metoprolol. With this second dose of metopro-
lol, substantial inhibition of beta adrenoceptors into the first
10 min of reperfusion was still present (Table 1). While with
the single 1 mg kg™.! i.v. dose pretreatment before coronary
occlusion the action of metoprolol may have no longer been
sufficient to attenuate the development of no-reflow at early
reperfusion, the no-reflow area tended to be larger with the
additional second dose of metoprolol at 30-min coronary
occlusion than that with placebo or single dose, indicating
that metoprolol in fact aggravated coronary microvascular
injury. Again, beta blockade could have unmasked alpha-
adrenoceptor activation also during reperfusion. Also, lack
of beta adrenergic inhibition and enhanced alpha-adrenergic
facilitation of platelet aggregation [2] could have contributed
to the enhanced coronary microvascular obstruction [32, 63].
In our present study, therefore, the increased no-reflow at
the higher metoprolol dose could be considered as an unde-
sired side effect; as these additional data were underpow-
ered, they can only serve to evidence lack of greater benefit
from metoprolol at higher dose. We definitely did not find
the attenuation of coronary microvascular obstruction sug-
gested by Ibanez et al. from their studies in murine hearts
where neutrophil function was attenuated by metoprolol [10,
21] and which were confirmed in a retrospective analysis of
patients in the METOCARD trial [21].

Obviously, an array of subtle differences, such as genetic
differences in the pig strains, [50] in age and sexual maturity,
in anaesthesia, in experimental preparation (area at risk) and
protocol (timing and dosing of metoprolol), and in quantifica-
tion methods for infarct size and no-reflow area measurements,
have obscured a potential cardioprotection by metoprolol in
our present study, very similar as previously seen with remote
ischaemic conditioning in rats of different strains and ages
[54, 71]. Taking the above variables for potential differences

between our and the Ibanez et al. studies into account, the age
of pigs (adult, sexually mature vs. juvenile, immature) and
the duration of reperfusion appear to be most important. The
potential for protection and repair is diminished with increas-
ing age, and patients with acute myocardial infarction are
of advanced age. In a translational perspective, this is to the
advantage of our present study. However, the duration of rep-
erfusion is probably to the advantage of the Ibanez et al. in its
translation to the majority of patients who have survived the
immediate reperfusion phase over the first few days.

The lack of robustness of protection in our present
study face-to-face with the prior studies by Ibanez et al.
reflects the lack of robustness of infarct size reduction by
metoprolol in patients with reperfused acute myocardial
infarction seen in the equivocal METOCARD and EARLY-
BAMI trials. Whereas we did not confirm cardioprotection
by metoprolol in the acute phase of reperfused myocar-
dial infarction for which the term “cardioprotection” is
used stricto sensu and measured as infarct size reduction
[55] the anti-neutrophil action of metoprolol nevertheless
probably exerted protective effects during the healing and
remodelling processes following reperfusion in the Ibanez
et al. studies. They looked at infarct size in pigs by MRI
after 3-7 [41, 43] or 7-45 days [22, 59] reperfusion, and
they identified an anti-neutrophil action in mice after 6-h
reperfusion [21], reduced neutrophil infiltration and infarct
size after 24-h reperfusion in pigs, [41] and reduced infarct
size and coronary microvascular obstruction in patients
with acute myocardial infarction by MRI after 1-week
reperfusion [21, 42], respectively. However, the EARLY-
BAMI trial also quantified infarct size by MRI after 30-day
reperfusion, when the healing phase was probably com-
pleted, and found no cardioprotection [68].

Limitations

Unfortunately, we did not and could not mechanistically define
the discrepancy between the Ibanez et al. and our data. To
systematically resolve such discrepancy would require to
exactly repeat the Ibanez et al. study and then compare the
strains (Yorkshire, Large White vs. Gottingen) at both ages
(immature vs. adult), at the two different anaesthetic regimes,
in closed-chest vs. open-chest preparations, without and with
use of anti-arrhythmics, with metoprolol early during vs.
before ischaemia, at different durations of reperfusion (3 h
vs. 5 days), with any combination of these conditions, and, of
course, each of those comparisons with respective contempo-
rary placebo controls, possibly also with a comparison of MRI
vs. histology data on infarct size and no-reflow. Only after the
condition which is possibly responsible for the discrepancy has
been identified, would a mechanistic analysis of a difference
in signal transduction make sense. With respect to the 3R of
animal experimentation, [80] costs and efforts we considered
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Fig.4 Schematic summary. Pretreatment with metoprolol before 60-min coronary occlusion and 180-min reperfusion did not reduce infarct size
and coronary microvascular obstruction. Cardioprotection by metoprolol in pigs is not robust, and this result reflects the equivocal clinical trials

this approach not justified. Our data just highlight the many
experimental conditions which can impact on the result of a
cardioprotection study and demonstrate that the lack of transla-
tion may not just be a disconnect between animals and humans.
Similar differences in the ethnic background of patients and in
local institutional practices, e.g. platelet inhibitor and heparin
pretreatment, pain management, contrast agents for angiog-
raphy, catheter and stent material, direct stenting vs. predila-
tion, use of anti-arrhythmics and nitrates may exist in PCI of
patients with acute myocardial infarction, impact on the result
of a cardioprotective intervention and may have accounted for
the differences between METOCARD and EARLY-BAMI.
Therefore, given that the mechanistic cause for potentially dis-
crepant results may remain unknown, it is even more important
that the cardioprotective intervention under study is robust.
This was not the case for infarct size reduction by metoprolol
in our present study.

Conclusion
Different from prior studies by Ibanez et al. in a pig model

of reperfused myocardial infarction, we found no infarct
size reduction by metoprolol pretreatment in our open-chest
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Gottingen pig model of reperfused myocardial infarction
(Fig. 4). The lack of protection may have resulted from
opposite modest direct protection by metoprolol at any
given blood flow along with a modest reduction of blood
flow, possibly by alpha-adrenergic coronary vasoconstric-
tion. Our data are not to be taken to refute the data of Ibanez
et al. nor to mechanistically explain the different results, but
they demonstrate that a number of details in a preclinical
large animal model, such as strain, age and sexual maturity,
anaesthesia, surgical preparation, protocol of ischaemia and
reperfusion, dosing and timing of drug administration all
add up to yield very different results with the same agent. All
of these subtle differences will also occur in clinical trials
and even more so in clinical practice. Infarct size reduction
by metoprolol must, therefore, be considered as not robust,
not only in clinical trials but also on the preclinical level
in a pig model of reperfused acute myocardial infarction.
These data reinforce the need for more rigorous preclinical
studies in cardioprotection research before embarking on
clinical trials, and the COST ACTION CARDIOPROTEC-
TION consensus, therefore, advocates multi-centre studies
in large animals, where each laboratory contributes by using
its own standard procedures [5, 55].
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