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Abstract

Following an acute myocardial infarction, reperfusion of an occluded coronary artery is often accompanied by microvascular
injury, leading to worse long-term prognosis. Experimental studies have revealed the potential of tyrosine-kinase inhibitor
imatinib to reduce vascular leakage in various organs. Here, we examined the potential of imatinib to attenuate microvascular
injury in a rat model of myocardial reperfusion injury. Isolated male Wistar rat hearts (n =20) in a Langendorff system and
male Wistar rats (n=37) in an in vivo model were randomly assigned to imatinib or placebo and subjected to ischaemia and
reperfusion. Evans-blue/Thioflavin-S/TTC staining and Cardiac Magnetic Resonance Imaging were performed to assess
the extent of reperfusion injury. Subsequently, in vivo hearts were perfused ex vivo with a vascular leakage tracer and
fluorescence and electron microscopy were performed. In isolated rat hearts, imatinib reduced global infarct size, improved
end-diastolic pressure, and improved rate pressure product recovery compared to placebo. In vivo, imatinib reduced no-
reflow and infarct size with no difference between imatinib and placebo for global cardiac function. In addition, imatinib
showed lower vascular resistance, higher coronary flow, and less microvascular leakage in the affected myocardium. At the
ultrastructural level, imatinib showed higher preserved microvascular integrity compared to placebo. We provide evidence
that low-dose imatinib can reduce microvascular injury and accompanying myocardial infarct size in a rat model of acute
myocardial infarction. These data warrant future work to examine the potential of imatinib to reduce reperfusion injury in
patients with acute myocardial infarction.

Keywords Acute myocardial infarction - Reperfusion injury - Microvascular injury - Langendorff - Cardiac magnetic
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Introduction

ST-elevation myocardial infarction (STEMI) is a life-
threatening condition that requires timely reperfusion to
salvage the myocardium at risk. However, despite the high
rate of succes of reperfusion therapy by primary percuta-
neous coronary intervention (PCI) [55], reperfusion itself
can induce further cellular damage to the myocardium.
This is known as ischaemia-reperfusion (IR) injury, a
complex pathophysiological process involving many forms
of damage (mechanical, biochemical or inflammatory) to
different types of cardiac cells, impeding restoration of
myocardial perfusion [21, 22, 32].

In patients, IR injury can be best visualised by Car-
diac Magnetic Resonance Imaging (CMR) [5]. In almost
half of the successful revascularised STEMI patients,
CMR shows a typical pattern of a contrast-void infarct
core in the contrast-enhanced infarct area on late gado-
linium enhancement imaging [61]. This specific form of
IR injury involves massive microvascular injury (MVI),
distal microembolisation, inflammation and haemorrhage
[6, 23, 29, 32, 50], which is associated with an increased
risk of the development of heart failure and cardiovascu-
lar death [10, 61]. This paradigm has shifted emphasis
towards the coronary microcirculation as a promising tar-
get in cardioprotection, and underlines the importance of
the development of new therapeutic approaches to limit
MVI [19, 21, 32].

One of the hallmarks of MVI is the loss of vascular
integrity, which becomes already apparent in the first
hours of reperfusion [23]. At the ultrastructural level,
MVI manifests as loss of endothelial cell-cell junctions,
thinning and rupture of endothelial cells, extravasation
of erythrocytes in the surrounding interstitial space [23],
and, when left untreated, intramyocardial haemorrhage
(IMH) [50]. IMH worsens cardiac function and induces
pro-inflammatory factors [41], which further intensifies IR
injury. Since IMH develops over time during reperfusion
and even drives final infarct size [36], it is key to intervene
at an early timepoint during reperfusion to limit the devel-
opment of severe MVI and IMH. Despite the increasing
knowledge about the substantial impact of MVI, studies
directly investigating the coronary microvasculature as
culprit in IR injury are limited [17, 34].

Here we investigated the role of imatinib in STEMI-
related MVI and vascular leakage. It has been reported that
imatinib inhibits multiple tyrosine kinases of which the
Abelson-related gene (Arg/Abl2) is proposed as the most
important target affecting vascular leakage [2, 3, 9, 49].
Notably, pre-clinical studies found that imatinib attenuated
vascular leakage in mouse models treated with permeabil-
ity-inducing factors in skin, lung and sepsis [3], preserved
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peripheral microcirculatory perfusion in rats with cardio-
pulmonary bypass [33], and attenuated oedema formation
in models of pulmonary IR injury [37, 57]. Interestingly,
besides a reduction in perivascular oedema, imatinib was
able to limit reperfusion-induced pulmonary haemorrhage
and neutrophil invasion in rats [57]. These findings suggest
that imatinib may also protect the coronary microcircula-
tion, thereby preventing severe MVI and IMH, and subse-
quent myocardial damage.

In this study, we investigate the effects of imatinib on
the coronary microvasculature, myocardial infarct size and
global cardiac function in an ex vivo and in vivo rat model
of acute myocardial infarction. We hypothesise that treat-
ment with imatinib attenuates MVI and reduces infarct size.

Methods
Animals

This study was performed under project licence (AVD10300
2016 774) authorised by the Central Authority for Scientific
Procedures on Animals in the Netherlands. All experimental
procedures were approved by the Animal Welfare Body of
Radboudumc and performed following the guidelines from
Directive 2010/63/EU of the European Parliament. Male
Wistar rats (RccHan: WIST, Envigo, Horst, the Netherlands),
9-13 weeks old were used for the experiments. They were
housed in individually ventilated cages with standard cage
enrichment in groups of a maximum of four, in a temper-
ature-controlled room (20-24 °C; 45-65% humidity) under
12/12 h light/dark cycle and provided with food and water
ad libitum.

The software programme Castor Electronic Data Capture
(Castor EDC, v2022.4.1.3, Amsterdam, the Netherlands)
was used for registration, randomisation, blinding and data
storage.

Ischaemia-reperfusion ex vivo

Rats (n=24) were randomly assigned to imatinib (10 uM;
#SML1027, Sigma-Aldrich) or placebo (0.9% NaCl).
Concentration of imatinib was chosen based on previous
dose-response experiments regarding endothelial barrier
function [3]. At the start of the experiment, the rats were
treated with 20 IU heparin (Heparin Leo 5000 IU/mL) intra-
peritoneally and 0.02 mg/kg buprenorphine (Bupaq 0.3 mg/
mL) subcutaneously. The rats were intubated and mechani-
cally ventilated (PhysioSuite™, Kent Scientific) with 3%
isoflurane (pressure-controlled, positive end inspiratory
pressure 12—-15 cmH,0, positive end expiratory pressure 2
cmH, O, fraction of inspired O, 20%, 70-80 strokes/minute,
observed tidal volume 5—-15 mL/kg bodyweight). Anaesthetic
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depth was assessed by multiple toe pinches. Isolation of the
hearts and ex vivo perfusion in the Langendorff system was
performed as described previously [60]. In short, the hearts
were isolated by in-situ aortic cannulation, connected to the
Langendorff system and perfused with oxygenated (95% O,
and 5% CO,), 37 °C heated modified Krebs—Henseleit buffer
(118 mM NaCl, 4.7 mM KCI, 1.2 mM MgSO,, 1.25 mM
CaCl,, 1.2 mM KH,PO,, 25 mM NaHCO;, 11 mM glucose,
0.5 mM ethylenediaminetetraacetic acid (EDTA)). A small
incision in the left atrium was made to insert the left ven-
tricular balloon to assess left ventricular function. Diastolic
pressure was adjusted to 5—10 mmHg. Perfusion pressure
was set at 80 mmHg. The hearts were placed in a heated
organ bath containing Krebs—Henseleit buffer. No external
cardiac pacing was performed. After 20 min of stabilisation
and 15 min of baseline perfusion, the hearts were subjected
to 40 min global ischaemia, followed by 120 min reperfu-
sion. The hearts were infused with imatinib or placebo for
15 min during baseline and the first 5 min of reperfusion.
Left ventricular function was assessed by rate pressure prod-
uct recovery and end-diastolic pressure at the end of reperfu-
sion. Exclusion criteria were based on previously published
guidelines for pre-clinical studies on cardioprotection [7]
and included a heart isolation period of four minutes or
longer, a baseline coronary flow of less than 10 mL/min,
rupture of left ventricular balloon during the experiment,
and ventricular fibrillation during baseline recordings.

Infarct staining

Immediately after the experiment, the apex of each heart
was snap-frozen in liquid nitrogen and stored for additional
protein analysis. Subsequently, hearts were sliced in~8-10
consecutive slices of 1 mm across the transverse axis. Slices
were incubated with 2,3,5-triphenyl tetrazolium chloride
staining (TTC, Sigma-Aldrich) at 37 “C and fixed in 4% for-
malin at room temperature (RT) overnight. The following
day, the heart slices were scanned at 1200 dots per inch and
global infarct size, as percentage of total mass, was analysed
using Fiji software (1.51n) [52]. Investigators were blinded
for treatment group.

LDH activity assay

Coronary effluent was collected at r=35, 10, 15, 30, 45,
60, 90 and 120 min reperfusion to determine lactate dehy-
drogenase (LDH) activity as a measure of cellular injury.
LDH activity was determined by 400 uL coronary efflu-
ent, 2 mL LDH assay buffer (0.1 mM KH,PO,, 386.4 nM
polyethylene glycol tert-octylphenyl ether (Triton X-100,
Sigma-Aldrich), 135.7 uM nicotinamide adenine dinu-
cleotide hydrogen (NADH, Roche Diagnostics GmbH) in
100 mL MilliQ, pH 7.5) and 25 pL pyruvate, and detected

by a colorimetric assay (OD340). LDH activity was cal-
culated from the slope of the curve of NADH to NAD*
conversion and corrected for heart wet weight and the cor-
responding coronary flow immediately before the sample
was obtained. Investigators were blinded for treatment

group.

Western blot analysis
Protein determination

In brief, heart apex samples were weighed and lysis buffer
(including 50 mM tris-hydrochloride pH 7.5, 1 mM egtazic
acid, 1 mM EDTA, 1% (v/v) Triton X-100, 10 mM sodium
glycerophosphate, 1| mM sodium orthovanadate, 50
mM sodium fluoride, 10 mM sodium pyrophosphate, 270
mM sucrose, 150 mM NacCl, pepstatin 1:1000, leupeptin
1:1000, phenylmethylsulfonylfluoride 1:100, and aprotinin
1:5000) was added to the samples. Samples were homog-
enised and lysates were centrifuged at 13,000 rounds per
minute at 4 'C for 15 min. Protein concentration was meas-
ured using the Bradford Protein Assay (ThermoFisher Sci-
entific) and determined with Bio-Rad. Finally, a mixture of
Laemmli (containing 10% (w/v) sodium dodecyl sulphate,
50% (v/v) glycerol, 100 mM dithiothreitol, 0.05% (w/v)
bromophenol blue, and 300 mM tris-hydrochloride), dithi-
othreitol, and MilliQ was added to the supernatant.

Western blot

Protein samples (10 pg in 10 pl) and Precision Plus Blue
marker (Bio-Rad) were loaded on 4-15% mini-PROTEAN
TGX Stain-Free Protein Gels (Bio-Rad) for electrophoresis
and transferred to a polyvinylidene difluoride membrane
using a Trans-blot Turbo Transfer System (Bio-Rad). Non-
specific binding was blocked with 5% (w/v) non-fat dry milk
(Elk) in a mixture of tris-buffered saline and polysorbate 20
(TBS-T) for 1 h at RT. The membranes were incubated with
the primary antibodies in 1% (w/v) milk in TBS-T (Vascular
Endothelial (VE)-cadherin #19-3600, 1:500, ThermoFisher
Scientific and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH #AM4300, 1:5000, ThermoFisher Scientific) over-
night at 4 °C. The membranes were washed four times with
TBS-T, incubated with the secondary antibodies in 1% (w/v)
milk in TBS-T (anti-rabbit IRdye 680 or anti-mouse IRdye
800, respectively, 1:1000) for 1 h at RT and washed 5 times
with TBS-T. The membranes were scanned with Odyssey
CIX (Li-cor). Finally, western blots were analysed using Fiji
to calculate the relative intensity of each band, corrected for
GAPDH.
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Non-infarcted control rats

Rats without an acute myocardial infarction (AMI) (n=5)
were included as CMR control group to define reference
values. Rats were scanned at similar age with identical CMR
scan protocol as rats with AMI induced by left anterior
descending coronary artery (LAD) ligation.

Ischaemia-reperfusion in vivo

Rats (n=48) were randomly assigned to imatinib (30 mg/
kg; #SML1027, Sigma-Aldrich) or placebo intravenously,
blinded for the investigators. The imatinib dose was based on
rat dose equivalency calculations of the clinically approved
dose in humans [40]. Thirty minutes before surgery, the rats
were treated with 0.02 mg/kg buprenorphine (Bupaq 0.3 mg/
mL) subcutaneously. The rats were intubated and mechani-
cally ventilated as described for the ex vivo experiments.
Anaesthetic depth was assessed by multiple toe pinches.
Rats were placed on a thermostatic heating pad and body
temperature was continuously monitored (ThermoStar,
RWD Life Sciences) using a rectal temperature probe. Rats
were connected to various monitoring systems; Einthoven I
electrocardiogram (ECG; FE136 Animal Bio Amp, ADIn-
struments), heart rate, tidal volume and oxygen saturation
were monitored throughout the experiment. A tail vein can-
nula (BD Venflon PRO 22G, Becton Dickinson Infusion
Therapy) was placed for infusion of imatinib or placebo
and collection of blood samples. Xylocaine spray (Astra-
Zeneca) was applied on the shaved skin and the operating
area was disinfected using Betadine. A left thoracotomy was
performed between the third and fourth rib and the peri-
cardium was carefully opened to bring the LAD in sight.
Imatinib or placebo (max. 1 mL, based on bodyweight)
was injected intravenously via the tail vein cannula. The
LAD was ligated ~ 1-2 mm below the left atrium with a 6-0
silk suture (Ethicon) 15-20 min after imatinib or placebo
injection. Early indicators for successful ischaemia were
the appearance of ST-elevation on the ECG recording and
blanching of the heart distal from the ligation. After 45 min
ischaemia, the ligature was released, air was removed from
the thorax and the chest was closed. In vivo reperfusion was
maintained for 180 min. Rats were included for final analysis
if there were signs of ischaemia on ECG during the LAD
ligation.

Blood sampling and analysis

Blood samples were collected at baseline, end of ischaemia,
and end of reperfusion (15, 60, and 240 min after imatinib/
placebo injection, respectively). Samples were collected
in Microvette® EDTA-coated or lithium-heparin vials
(Sarstedt), centrifuged for 15 min at 4600 rounds per minute
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and stored at — 80 “C. Concentration of imatinib and N-des-
methyl imatinib (479.6 g/mol, #16947-500, Sanbio), the
main pharmacologically active metabolite of imatinib, were
determined by liquid chromatography-tandem mass spec-
trometry as described previously [45]. Imatinib-d3 (496 g/
mol, #18257-500, Sanbio) was used as internal standard.
Blood samples at the end of reperfusion were used for the
assessment of cardiac troponin-T and LDH. Concentration of
troponin-T was determined with the high sensitive troponin-
T STAT Reagent Kit (Roche Diagnostics GmbH) accord-
ing to the manufacturer’s protocol. LDH was determined by
spectrophotometry as described before.

Cohort A: area at risk, infarct size, and no-reflow

In this series of experiments (n=23), heparin (0.4 mL; 20U)
was administered intravenously via the tail vein cannula at
the end of 180 min reperfusion. Subsequently, the hearts
were isolated by in-situ aortic cannulation and perfused with
37 °C heated modified Krebs—Henseleit buffer (118.5 mM
NaCl, 4.7 mM KCI, 1.2 mM CaCl,, 25 mM NaHCO;,
1.2 mM MgCl,, 1.2 mM KH,PO,, 11 mM glucose). Fil-
tered 4% Thioflavin-S solution (#T1892, Sigma-Aldrich)
demarcated the area of no-reflow (Thioflavin-S negative
area). The LAD was re-occluded and 2% Evans-blue solu-
tion (#E2129, Sigma-Aldrich) delineated the area at risk
(Evans blue-negative area). The heart was rinsed with cold
saline and sliced in 7 consecutive slices perpendicular to the
ventricular long axis. Slices were photographed under ultra-
violet light (A=366 nm) at fixed height, same magnification
and including a scale grid. Finally, the hearts were incubated
in TTC with dextran and photographed as described above
to calculate the infarct area (TTC-negative area). Of each
slice, specific areas were calculated and averaged for both
sides of the slice: total area of left ventricle, area at risk, area
of no-reflow, and infarct area. Area at risk was calculated
as percentage of left ventricle, infarct size as percentage of
area at risk, and area of no-reflow as percentage of infarct
size, according to the guidelines for pre-clinical studies on
cardioprotection [7]. Slices were manually analysed using
Fiji (1.51n), blinded for treatment group.

Cohort B: CMR imaging acquisition and analysis

In this series of experiments, rats (n=25) were transported
to a Bruker ClinScan 7 T horizontal bore MR system, inter-
faced to a Siemens Syngo VB15 console (Bruker BioSpin)
equipped with a volume coil with an inner diameter of
114 mm and a surface coil with a diameter of 30 mm. Rats
were placed in supine position and imaged two hours after
the start of reperfusion.

Rats were mechanically ventilated (3% isoflurane,
fraction of inspired O, 30%) with a respiratory rate of
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50 strokes/minute. Subsequently, rats were connected to a
3-lead ECG with respiration sensor. Core body tempera-
ture was maintained at 37 °C using a fibre-optical tempera-
ture probe and heated air. During cardiac imaging heart
rate, respiratory rate and temperature were monitored
using dedicated software (Small Animal Instruments Inc).

To study myocardial function, cine images were
acquired with a 2D gradient-echo sequence (typical voxel
size 0.313x0.313x 1 mm?® and 14 phases per cardiac
cycle) with prospective electrocardiographic gating. The
heart was imaged in three planes: short axis (SAX), 2
chamber long axis (2CH) and 4 chamber long axis (4CH).
Consecutive SAX images were acquired from base to apex
to measure left ventricular (LV) volumes. To study the
extent of oedema, a T2 map was calculated from a multi
spin echo sequence with three different echo times (5,
10, 15 ms) in SAX at the mid-ventricular level. To study
infarct size, an extracellular gadolinium-based contrast
agent (Dotarem, Guerbet, Roissy, CdG, France, 0.4 mmol/
kg) was injected via the tail vein cannula, two hours
after the start of reperfusion. Late gadolinium enhance-
ment (LGE) imaging was acquired using a 2D inversion
recovery fast low angle shot sequence (typical voxel size
0.408 x0.313 x 2 mm?) and performed 10 min after con-
trast injection. Consecutive SAX images were acquired
from base to apex to measure infarct size, at identical slice
positions as the cine SAX slices. All scanning parameters
are shown in Supplemental Table 1.

CMR analysis

Cine, LGE and T2 mapping analyses were performed
offline using commercially available software (Medis,
QMass 8.1 software, Medis Medical Imaging Systems,
version 3.2.36.2) blinded for treatment group. Epicardial
and endocardial contours were manually drawn in LV end-
systolic and LV end-diastolic phase on the SAX images.
Papillary muscles were excluded from the endocardium.
Stroke volume (SV) was calculated as end-diastolic vol-
ume (EDV) minus end-systolic volume (ESV), left ven-
tricular ejection fraction (LVEF) was calculated as SV
divided by EDV, and cardiac output (CO) was calculated
as SV multiplied by heart rate. Infarct area was defined as
a mean signal intensity of at least five standard deviations
above the mean signal intensity of remote myocardium and
was manually corrected afterwards. Total infarct size was
calculated as infarct area multiplied by slice thickness and
expressed as a percentage of left ventricular mass (%LV).
T2 values were recorded from the quantitative T2 maps
using a region of interest in the infarct area and the remote
area (i.e., the area 180° opposite to the infarct area).

CMR feature tracking analysis

Cardiac strain is defined as the change in endocardial
length between end-systolic and end-diastolic phase and
is measured on the standard cine images (Medis, Qstrain
software, Medis Medical Imaging Systems, version
3.2.36.2). Endocardial contours were manually drawn in
the end-systolic and end-diastolic phase and contours were
automatically tracked in consecutive frames. Left ventricu-
lar global longitudinal strain (GLS) was calculated as the
average of strain measured on the 2CH and 4CH cines.
Global circumferential strain was measured as the average
strain on the basal-, mid- and apical SAX cines.

Ex vivo coronary perfusion

After 180 min in vivo reperfusion, heparin (0.4 mL; 20U)
was administered intravenously via the tail vein cannula.
The Langendorff system enables ex vivo administration of
fluorescent microspheres (0.1 um, FluoSpheres™ carbox-
ylate-modified, 540/560, ThermoFisher Scientific) or gold
nanoparticles (0.1 um, #742031, Sigma-Aldrich), which
were used for the quantification of early vascular leak-
age. The hearts were isolated by in-situ aortic cannulation,
connected to the Langendorff system and perfused with
oxygenated (95% O, and 5% CO,), 37 C heated modified
Krebs—Henseleit buffer (118.5 mM NaCl, 4.7 mM KCl,
1.2 mM CaCl,, 25 mM NaHCO;, 1.2 mM MgCl,, 1.2 mM
KH,PO,, 11 mM glucose). Perfusion pressure was steadily
increased to 80 mmHg. After 10 min of stabilisation, fluo-
rescent microspheres (3.6 X 102 in 1 mL) were slowly added
to the perfusion medium. To remove microspheres from
inside of the vasculature, perfusion with Krebs—Henseleit
buffer was continued for 5 min. Mean coronary flow (mL/
min) was calculated and corrected for perfusion pressure.
To calculate vascular resistance (mmHg*min/mL), perfu-
sion pressure (mmHg) was divided by mean coronary flow
(mL/min).

Tissue preparation forimaging

After ex vivo perfusion, the heart was removed from the can-
nula, submerged in ice-cold saline to induce cardioplegia,
and sliced into five equal slices of 2 mm, starting from the
apex as number 1 and the most basal slice as number 5. The
mid-ventricular slices (e.g., slice 2,3,4) were either snap-
frozen in optimal cutting temperature compound (Tissue-Tek
OCT; Sakura Finetek) for immunohistochemistry or fixed in
2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for
electron microscopy.
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Immunohistochemistry

Of each heart, the mid-ventricular slices were used for
immunohistochemistry. Frozen heart slices were sliced in
5 um sections across the transversal axis. Sections were fixed
in ice-cold acetone at — 20 “C for 10 min and rehydrated
in phosphate buffered saline (PBS) for 15 min. Tissue was
permeabilised with 0.1% (v/v) Triton X-100 and non-spe-
cific binding was blocked with 5% heat-inactivated normal
donkey serum in 1% bovine serum albumin in PBS (PBSA)
1 h at RT. Endothelial cells were stained with Isolectin-B4
(10 pg/mL, #1.2895, Sigma-Aldrich) and endothelial cell
junctions with VE-cadherin (1:50, #36—1900, ThermoFisher
Scientific) in 1% PBSA overnight at 4 “C. Subsequently,
slices were incubated with donkey anti-rabbit Alexa-647
(1:400, #A31573, ThermoFisher Scientific) and nuclei
were stained with 4',6-diamidino-2-phenylindole (DAPT)
or Hoechst (1:5000, ThermoFisher Scientific) for 1 h at RT.
Slices were mounted in Fluorescent Mounting Medium. The
slides were scanned using confocal fluorescence microscope
(LSM900, Zeiss microscopy GmbH) with the 5 X objec-
tive using the tile scan mode for overview images and the
20 x objective to assess detailed VE-cadherin expression.

Immunofluorescence analysis

Determination of the infarct area was based on the infarct
location on CMR LGE imaging. Percentage of area (%area)
occupied with fluorescent microspheres and/or VE-cadherin
was calculated in 3-5 regions of interest, with a fixed frame
of 1*1 mm, in the infarct area (Supplemental Fig. SA, white
lined area, green boxes) and 180° opposite to the infarct
area (i.e., the remote area, orange boxes) using Fiji soft-
ware (1.51n). Tissue folds and tears were avoided as much
as possible since they interfere with quantification. A thresh-
old was set to exclude background signal of the tissue. The
%area fluorescent microspheres and %area VE-cadherin
were averaged over the regions of interest in the infarcted
and remote area, and used to assess the extent of microvas-
cular leakage. Slices were blinded for treatment group.

Scanning electron microscopy

Scanning Electron Array Tomography Microscopy allows
the visualisation of areas > 100 times larger than those
observed in Transmission Electron Microscopy while hav-
ing a comparable resolution in all three dimensions. From
the mid-ventricular slices small biopsies (<6 mm?) were
taken from the centre of the infarct area based on CMR LGE
images. In the most basal slice, an additional biopsy was
taken from the posterior wall and used as an internal control.
Biopsies were fixed in 2% (v/v) glutaraldehyde (Electron
Microscopy Sciences (EMS)) in 0.1 M cacodylate buffer
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(EMS) at 4 °C for 24—48 h. To enhance the sample contrast
for electron microscopy, an OTO based protocol was used
[53, 58]. Subsequently, samples were embedded in Durcu-
pan (See Supplemental Material for detailed information).
After curing, ribbons of serial ultrathin sections (80 nm)
were generated with a Leica Artos 3D Ultramicrotome and
placed on Indium Tin Oxide glass coated with 5 nm carbon.
Sections were examined with a Scanning Electron Micro-
scope (Sigma300, Zeiss microscopy GmbH), using Atlas 5
software, operating at 3 kV (HDBSD, 60 um, high current,
scan speed 7, line averages 2). In 4 animals, 5 slices (on
average ~300 pm X 300 pm, with a fixed distance between
slices of ~1 um) per biopsy were used for quantification,
blinded for treatment group. Overview images were taken
at 35 nm/pixel and the area of interstitial space, number of
capillaries and extravasated erythrocytes (i.e., IMH) were
quantified. Capillary density was defined as the number of
visible capillaries per square millimetre. Capillaries were
categorised into intact capillaries and disrupted capillaries.
IMH was defined as the number of extravasated erythrocytes
per square millimetre. For image processing and analysis Fiji
software was used. Analyses were performed by two inves-
tigators (L.K. and A.A.) blinded for treatment group. Any
discrepancy in counting was resolved via discussion. Since
our fluorescent microspheres dissolve during the (heat-
ing-) protocol used for electron microscopy, we performed
a pilot experiment in which gold nanoparticles (0.1 pm,
1 mL, #742031, Sigma-Aldrich) were added to the perfu-
sion medium to assess vascular leakage. A biopsy was taken
exactly in the no-reflow area as assessed by Thioflavin-S
staining (Supplemental Fig. 6) and processed as described
above.

Statistics

Investigators who analysed the data were blinded with
respect to the protocol, which was ensured by Castor EDC
(v2022.4.1.3). To detect a clinically relevant reduction of
30% in global infarct size with a=0.05, power=0.80, stand-
ard deviation (SD) =S8, at least n =6 successful experiments
per treatment group are necessary for the Langendorff exper-
iments [60]. For the in vivo experiments, at least n=9 suc-
cessful experiments per treatment group are necessary based
on 30% reduction in infarct size, a =0.05, power =0.80,
SD=6 [64]. A dropout of 25% is taken into account. Data
is presented as mean + SD or median [interquartile range;
IQR]. Figures are presented as boxplots with whiskers min
to max accompanied by scatter plots for each biological
replicate. When data was normally distributed based on the
histograms, an independent-samples T test was used to test
for differences between the imatinib and placebo groups.
When data was not normally distributed, a Mann—Whitney
U test was performed. A Wilcoxon signed-rank test was
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used to compare the infarct area to the remote area. Mixed
models repeated measures was used for correlations between
repeated measurements within the same animal. All results
were considered statistically significant if the two-sided
p-value was < 0.05. Statistical analyses were performed with
Statistical Package for Social Sciences software (IBM SPSS
Statistics 25, Chicago).

Results
Impact of imatinib on isolated Langendorff hearts

To investigate the direct effects of imatinib on isolated rat
hearts using the Langendorff system, a total of 27 animals
were operated, of which three rats were excluded from
analysis due to a heart isolation period > four minutes. Of
the remaining 24 rats, 12 were randomised to the imatinib
group and 12 to the placebo group. One rat was excluded
from analysis because of technical issues during the first
minutes of baseline recordings (imatinib: n= 1), one because
of rupture of the left ventricular balloon during the experi-
ment (placebo: n=1), one because of precipitation of the
Krebs—Henseleit buffer during the experiment (imatinib:
n=1), and the last one because of a baseline coronary
flow <10 mL/min (placebo: n=1). The isolated rat hearts
were exposed to imatinib or placebo as described in Fig. 1A.

Groups were not different at baseline (Supplemental
Table 2). Imatinib administered prior to ischaemia resulted
in a significant lower vascular resistance and significant
higher coronary flow compared to placebo (Supplemental
Fig. 1A, B, respectively).

Ischaemia-reperfusion injury

Imatinib treatment significantly reduced global infarct size
compared to placebo (24.1+10.3 vs 40.5 +10.3% of total
heart area, p=0.002, Fig. 1B, C). Total LDH secretion did
not significantly differ between groups (p =0.072, Fig. 1F).
Subsequent LDH analysis for each separate time point
showed significant lower LDH peak secretion at 60, 90 and
120 min reperfusion with imatinib treatment compared to
placebo (Fig. 1G).

Furthermore, imatinib improved rate pressure prod-
uct recovery (40.2+6.6 vs 30.1+12.4% of baseline,
p=0.036) and reduced end-diastolic pressure (41.7+10.7
vs 54.3+13.6 mmHg, p=0.034) compared to placebo
(Fig. 1D, E, respectively), indicating an improved cardiac
function with imatinib treatment. In the apex of the heart,
imatinib showed significantly less protein expression of VE-
cadherin, normalised to the housekeeping gene GAPDH,
compared to placebo (0.66+0.19 vs 0.93 +0.25, p=0.016,
Fig. 1H, I, Supplemental Fig. 2).

Impact of imatinib on in vivo hearts

Moving towards a more translational approach, the effect
of imatinib on IR injury in an in vivo rat model with LAD
ligation was investigated (Fig. 2A). For Cohort A: In total,
23 rats were operated, of which 11 were randomised to the
imatinib group and 12 to the placebo group. One rat died
during the experiment (placebo: n=1). In one rat, stable
ST-elevation on ECG during LAD ligation could not be
maintained (placebo: n=1). Due to (a small) aortic dis-
section during in-situ cannulation, three rats could not be
used for Evans-blue/Thioflavin-S/TTC staining and assess-
ment (imatinib: n =2, placebo n=1). For Cohort B: In
total, 25 rats were operated, of which 13 were randomised
to the placebo group and 12 to the imatinib group. Four
rats died during the experiment (imatinib: n =1, placebo:
n=3) and one rat showed no signs of ischaemia on ECG
during LAD ligation (imatinib: n=1). One rat could not
be imaged due to CMR technical issues (placebo: n=1)
and one LGE CMR scan was excluded due to poor image
quality (imatinib: n=1). Furthermore, five non-infarcted
control rats were included as a CMR reference group. Ani-
mal and procedural characteristics are summarised in Sup-
plemental Tables 3A, B.

In the imatinib group, one bolus of imatinib (30 mg/kg
bodyweight) was administered intravenously 15-20 min
prior to ischaemia which led to a blood plasma concentra-
tion of 2.6 +0.6 ug/mL, corresponding to 5.2 + 1.2 uM,
during reperfusion (Fig. 2A). Imatinib was actively con-
verted to N-desmethyl imatinib (Fig. 2B) and its mean
concentration remained constant during the ischaemic and
reperfusion phase.

Ischaemia-reperfusion injury

Cardiac troponin-T (p =0.122, Fig. 4F) and LDH (1624
[928-3115] vs 2832 [1002-4577] U/L, p=0.202) were
not significantly different between the imatinib and pla-
cebo groups.

Cohort A

During the experiment, there were no significant differ-
ences between groups observed in heart rate, body temper-
ature, tidal volume and oxygen saturation (Supplemental
Fig. 3). Using triple staining with Evans-blue/Thiofla-
vin-S/TTC (Fig. 3A, B), imatinib reduced infarct size
(23.4+21.8 vs 48.8 +16.2% of AAR, p=0.013) and area
of no-reflow (21.6 + 14.6 vs 46.1 + 15.5% of IS, p=0.004)
(Fig. 3D, E, respectively).
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Table 1 CMR characteristics for control rats, imatinib and placebo treated rats

Control (n=5) Imatinib (n=10%) Placebo (n=9) p-value p-value

Control vs Placebo Imatinib
vs Placebo

Heart rate (bpm) 370.6 +36.2 372.6+41.6 35774355 0.53 0.41
LVEDV (mL) 0.32+0.01 0.30+0.04 0.28+0.04 0.040 0.48
LVESV (mL) 0.13+0.01 0.12+0.03 0.13+0.03 0.88 0.55
SV (mL) 0.20+0.02 0.18+0.04 0.16+0.04 0.068 0.30
CO (mL/min) 68+8.4 63+134 54+13.3 0.064 0.18
LVEF (%) 60.3+4.2 59.0+8.4 54.0+9.8 0.20 0.24
GCS (%) —38.0+22 —354+75 —-313+75 0.078 0.24
GLS (%) —-220+1.3 —16.6+3.1 —-157+33 <0.001 0.54
LV mass (mg) 378+8 424 +67 413+35 0.017 0.67
Infarct size (%LV) N.a 12.6+8.8 25.6+9.3 N.a 0.008
Remote T2 values (ms) 20.2+2.6 19.4+4.8 19.3+5.5 0.74 0.97
Infarct T2 values (ms) N.a 37.9+12.0 41.0+16.0 N.a 0.65

Numbers can be written down in bold (without italics) to highlight the differences between the groups

Data is presented as mean + SD, assessed by independent-samples 7 test

Bpm beats per minute, CO cardiac output, EDV end-diastolic volume, EF ejection fraction, ESV end-systolic volume, GCS global circumferential
strain, GLS global longitudinal strain, LV left ventricle, N.a not applicable, SV stroke volume

*n =10 for cardiac function, n=9 for infarct size and T2 values

CohortB

First, to validate our in vivo CMR rat model of AMI, cardiac
function of the placebo group was compared to control rats
(Table 1). The placebo group showed significantly lower
LVEDV and GLS, and higher LV mass despite comparable
age and body weight (Supplemental Table 3B) compared to
controls. Furthermore, the placebo group showed a trend for
lower SV, CO and global circumferential strain compared to
controls, indicating worse cardiac function.

During the experiment, there were no significant dif-
ferences between groups in heart rate, body temperature,
tidal volume and oxygen saturation (Supplemental Fig. 4).
Treatment with imatinib significantly reduced LGE CMR
infarct size (Fig. 4A—C) compared to placebo (12.6 + 8.8 vs
25.6+£9.3% of LV, p=0.008 Fig. 4D), but this was not asso-
ciated with changes in LVEF or GLS (Table 1 and Fig. 4E,
respectively).

Since vascular resistance and coronary flow could not be
determined in vivo, the hearts were isolated at the end of the
CMR protocol and placed in the Langendorff system. At a
constant perfusion pressure of 80 mmHg, imatinib showed
a lower vascular resistance (7.5 [6.6-8.6] vs 9.0 [8.3—14.3]
mmHg*min/mL, p=0.028) and higher coronary flow com-
pared to placebo (11.3 +3.1 vs 7.8 +2.3 mL/min, p =0.028,
Fig. 4G, H, respectively). Early microvascular leakage was
visualised and quantified using fluorescent microspheres,
showing less extravasation of fluorescent microspheres
in the infarct area of the imatinib group compared to the
placebo group (4.3 [0.95-5.0] vs 8.9 [7.6-9.7], p=0.006,

@ Springer

Fig. 4I), accompanied by higher VE-cadherin protein expres-
sion, expressed as ratio between infarcted and remote area
(0.786 [0.727-0.811 vs 0.629 [0.572-0.710], p =0.007, Sup-
plemental Fig. 5B).

As imatinib is known to preserve cell—cell and cell-matrix
interaction [3, 57], the effect of imatinib on the ultrastruc-
ture preservation of the tissue was further investigated using
electron microscopy (See also Supplemental movies 1 and
2). Qualitatively, comparing the large overviews of the
three groups showed clear pathological differences between
the remote area (i.e., internal control area) (Fig. 5A), the
imatinib infarct area (Fig. 5E) and the placebo infarct area
(Fig. 5J). A general trend in increasing tissue damage was
clearly visible when comparing the three samples: the most
preserved sample is the remote sample, followed by the
imatinib sample, and ending with the placebo sample. The
most striking difference between these three samples was
the increase in interstitial space, which is detected as white,
empty spaces (voids). These large voids pointed at the disas-
sociation of cardiomyocytes, suggesting interstitial oedema.
Quantitatively, while the remote areas had very little inter-
stitial space (<5% of the total imaged area), the imatinib
and placebo groups were more subject to damage (Fig. 6A).

Cardiomyocytes of imatinib treated animals mostly
showed a normal area coverage. The typical coverage is
demonstrated by closely aligned cardiomyocytes and promi-
nent gap junctions (Fig. 5SF)—similar to the observations
for the remote sample (Fig. 5B). The imatinib subjected
cardiomyocytes showed less disturbances as compared to
the placebo group as assessed by the multiple mitochondria
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with normal size, structure and distribution, and the clearly
visible Z- and M-lines of the myofibers in the imatinib and
remote samples (Fig. 5B-D, F, H) in contrast to the pla-
cebo samples (Fig. S K-M). In the placebo group, most car-
diomyocytes showed signs of cell death, indicated by loose
myofibrils and swollen mitochondria with loss of cristae
(Fig. 5K-M).

The differences between the samples were found not
only in the interstitial space and in the condition of the
cardiomyocytes, but also in the integrity of the microvas-
culature and its surrounding extracellular matrix. In all
groups (remote, imatinib and placebo), intact capillaries
can be seen (Fig. 5C, D, G-I, M) with most intact capillar-
ies located closely to the cardiomyocytes. Note, while the
remote sample showed intact capillaries with clear endothe-
lial cell—cell junctions (Fig. 5C) that are surrounded by an
intact extracellular matrix (Fig. 5C, D), the imatinib samples
more often showed swollen endothelial cells despite their
normal appearance (Fig. 5G). The endothelial cells in the
placebo group were generally thinner than those of the two
other groups, most likely contributing to the fragility of the
capillaries (Fig. 5M, L). Quantitatively, the imatinib group
showed significantly more intact capillaries and less dis-
rupted capillaries compared to the placebo group (Fig. 6B,
C) respectively). The extracellular matrix between the cap-
illary and the cardiomyocytes was completely disrupted in
the placebo group (Fig. SL-N) compared to the other two
groups. Additionally, a substantial amount of intact capil-
laries in the placebo samples were clogged by erythrocytes
(Fig. SM).

Within the infarct core, there was massive extravasation
of erythrocytes indicating IMH (Fig. 5K) in the placebo
group; this was less in the imatinib group (Fig. 6D) and not
found in the remote area in either group. Additionally, in the
placebo group, erythrocytes were more frequently present
within the cardiomyocytes, whereas the erythrocytes in the
imatinib group were mainly limited to the interstitial space
close to the ruptured capillaries (Fig. SH). Additionally, we
showed that in the no-reflow area, assessed by Thioflavin-S
staining (Supplemental Fig. 6A), gold nanoparticles were
translocated into the extravascular interstitial space (Sup-
plemental Fig. 6B, C).

Discussion

In the present study, we investigated the effects of imatinib
on IR injury in the isolated rat heart and an in vivo rat model
of AMI. Using the combination of an ex vivo and in vivo
rat model we investigated both direct and indirect effects of
imatinib on the myocardium and coronary microvasculature.
Our results show that imatinib resulted in (1) smaller infarct
size ex vivo and in vivo, (2) improved cardiac function,

assessed by rate pressure product recovery and end-diastolic
pressure ex vivo, (3) lower vascular resistance and higher
coronary flow at the end of in vivo reperfusion accompanied
by (4) preserved microvascular integrity. Taken together,
treatment with low-dose imatinib reduced early IR injury
using an ex vivo and in vivo rat model, which warrants fur-
ther examining of the potential clinical impact of imatinib
in the protection against IR injury.

Despite significant advances in the management of AMI,
morbidity and mortality after AMI remain substantial [25,
27]. Hence, new cardioprotective strategies adjunct to pri-
mary PCI are still much needed. Although the majority of
cardioprotective strategies have mainly aimed at reducing
cardiomyocyte cell death, the protection of the microcircu-
lation has emerged over recent years as an alternative treat-
ment target [20]. MVI is an independent predictor of worse
long-term outcome, even after adjustment for infarct size
[10]. In previous studies, treatment effects on MVI were
conflicting and mainly targeted endothelial cells indirectly
by ischaemic conditioning, administration of vasodilators,
modulation of inflammatory responses and platelet aggrega-
tion and activation [19-21, 28, 35, 44]. Increasing evidence
shows that platelets not only contribute to cardiac damage,
but also carry and release cardioprotective signals [28, 35].
Interventions directly targeting endothelial cells are scarce.
Targeting endothelial cell adherens junctions by the use of
Angiopoietin like-4 (ANGPTL4) knockout mice showed
increased vascular permeability, increased extent of oedema,
haemorrhage and no-reflow, and larger infarct sizes. Inject-
ing recombinant human ANGPTL4 in a rabbit AMI model
reduced the extent of haemorrhage, no-reflow and infarct
size [17]. Furthermore, targeting endothelial cell adherens
junctions by the Angiotensin II receptor blocker Losartan
reduced vascular permeability, the extent of oedema, haem-
orrhage and infarct size [34]. Importantly, these studies show
the relevance of additional therapeutic vascular protection
after AMI, which is one of the main drivers for our experi-
mental set-up. However, ANGPTLA4 is still in the pre-clinical
study phase [17], whereas losartan was only investigated in
a murine model of IR injury [34].

To explore new strategies in vascular protection after
AMI, we investigated tyrosine-kinase inhibitor imatinib,
which is approved by the US Food and Drug Adminis-
tration for patients with chronic myelogenous leukaemia
and gastrointestinal tumours [4]. Imatinib targets the Arg/
Abl2 kinase, which has been shown to be involved in
modulating vascular leakage [2, 3, 9, 49], with an opti-
mal protective effect on endothelial barrier function at
concentrations between 5 and 10 uM [3], as also used in
our study. Imatinib has been shown to be protective in
a wide range of experimental animal models of vascular
leakage, but has so far not been investigated in the heart
with the purpose to reduce IR injury. In a sepsis model,
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«Fig. 1 Imatinib reduces IR injury in isolated rat hearts. Isolated rat
hearts were subjected to 40 min global ischaemia and 120 min rep-
erfusion and assessed for the extent of reperfusion injury. A Hearts
were perfused with imatinib or placebo during the first 15 min and
the first 5 min of reperfusion (in red). B Representative images of
infarct size determined with TTC staining. White scale bar represents
5 mm. C Imatinib reduced global infarct size, D improved rate pres-
sure product recovery, and E decreased end-diastolic pressure at the
end of reperfusion. F There was a trend towards reduced total LDH
release in the imatinib group. G LDH release (umol/mL/gHWW)
during reperfusion. H Representative Western Blots from heart apex.
VE-cadherin is detected at~ 120 kD, GAPDH at~ 37 kD. I =imatinib,
P=placebo. I, Relative densitometric graph after normalisation
to GAPDH. Every @ represents one rat (C, D, E, F; blue, imatinib
n=10; grey, placebo; n=10). The plus sign represents the mean.
Data is presented as median with IQR, whiskers min to max (C, D,
E, F, I) or mean+SD (G), *p<0.05, **p<0.01, and assessed by
independent-samples 7 test (C, D, E, F, I) or mixed models repeated
measures (G). AUC area under the curve during reperfusion, gHWW
gram heart wet weight

imatinib reduced vascular leakage in the kidney and lungs
[3]. In models of pulmonary IR injury, imatinib improved
pulmonary function and reduced wet-to-dry ratio as a
measure of vascular leakage [37, 57]. In rats that under-
went cardiopulmonary bypass, imatinib reduced periph-
eral vascular leakage and the need for fluid resuscitation
[33]. Furthermore, in ischaemic stroke models, imatinib
reduced cerebrovascular leakage and infarct size [39, 56],
but also haemorrhagic complications associated with the
use of thrombolytic agents [56]. Interestingly, a recently
published study in mice with permanent LAD ligation and
subsequent heart failure showed that imatinib (30 mg/kg
intraperitoneally for 3 weeks daily) alleviated long-term
cardiac remodelling, inflammation and fibrosis [18], show-
ing that low-dose imatinib can have beneficial effects in
ischaemic injury without reperfusion. In line with these
studies, the present study shows that imatinib is also able
to reduce myocardial IR injury.

An important concern of using imatinib is its potential
for cardiotoxicity [59]. Studies with in vitro cell cultures and
rodent models indeed show dose-dependent cardiotoxicity
of imatinib, but short-term exposure of clinically relevant
concentrations (5—-10 uM) in vivo were shown to be safe [8,
30, 38, 63]. Furthermore, a large, international, randomised
study in patients with newly diagnosed chronic myelogenous
leukaemia showed incidence rates of congestive heart failure
of only 0.04% per year for patients receiving imatinib [13,
46]. Also, in a multicentre, randomised, placebo-controlled
study with hospitalised patients with coronavirus disease-19,
short-term treatment with imatinib (loading dose of 800 mg,
followed by 400 mg/day for 10 consecutive days) for pulmo-
nary capillary leakage showed no clinically relevant altera-
tions in ECG parameters or cardiac biomarkers. Cardiac
adverse events at 1 month did not differ between imatinib
and placebo group [14]. Importantly, in our study, imatinib

has been given just once and dose is substantially lower than
used for oncological purposes, where imatinib is given daily
for several months to years [26].

Our unique observations pertaining to the potential pro-
tective effects of imatinib on myocardial infarct size raise
the question on the potential working mechanism. In pre-
vious studies, in cultured human pulmonary microvascular
endothelial cells (HMVEC-L) [3, 16] and umbilical vein
endothelial cells (HUVEC) [3], treatment with imatinib did
not affect endothelial barrier function under basal (i.e., not-
stimulated) conditions. However, under thrombin- and his-
tamin-stimulated conditions, imatinib significantly reduced
vascular permeability. Mechanistically, a well-functioning
endothelial cell barrier is characterised by stable cell—cell
junctions and low actomyosin tension. Treatment with
imatinib reduced the formation of intercellular gaps and
preserved cell-matrix interactions [3]. This is in accordance
with the observations in another study with HMVEC [9], in
which treatment with imatinib reduced vascular endothelial
growth factor (VEGF)-, thrombin-, and histamin-induced
vascular permeability. Although imatinib reduced the for-
mation of intercellular gaps, phosphorylation status of the
cell—cell junction proteins VE-cadherin and $-catenin (i.e.,
linked to vascular permeability [11]), was not altered. In con-
trast to HUVEC [3], imatinib reduced actomyosin contractil-
ity by inhibition of VEGF-induced mobilisation of intracel-
lular calcium in HMVEC [9]. Besides its role in vascular
permeability, imatinib has been shown to act as an immu-
nomodulator in HMVEC-L treated with medium from severe
acute respiratory syndrome coronavirus 2—infected airway
cells [24]. Furthermore, in mouse MVEC-L, treatment with
imatinib significantly increased antioxidant enzymes and
significantly decreased oxidant-induced endothelial barrier
dysfunction [54]. In summary, previous work in endothelial
cell cultures indicate that imatinib directly targets and pre-
serves endothelial cell barrier function, which is in line with
our observations on coronary flow and vascular integrity.
However, the results of the endothelial cell culture experi-
ments should be interpreted with caution regarding myocar-
dial IR injury. Although endothelial cell culture experiments
can provide additional information on potential underly-
ing mechanisms, the pathology of myocardial IR injury is
largely determined by the high energy requirement of an
intact heart. With CMR we indirectly measured vascular
leakage by assessment of LV mass and T2 mapping. We
showed significantly higher LV mass and infarct T2 values,
indicative for increased myocardial oedema, in both experi-
mental groups compared to our control group.

Another potential explanation for the benefits of
imatinib may relate to the immediate vasodilator effects,
which were already observed under resting conditions
prior to ischaemia in the Langendorff experiments. These
immediate vasodilator effects were also observed in a
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Fig.2 Imatinib is present in blood plasma during ischaemia and
reperfusion. Rats were subjected to 45 min left anterior descend-
ing coronary artery ligation and 180 min reperfusion, and assessed
for the extent of reperfusion injury. A Intravenous administration of
one bolus of 30 mg/kg imatinib or placebo 15 min prior to ischae-
mia. B Blood plasma concentration of imatinib and C its main
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metabolite N-desmethyl imatinib were determined at 15 (end of base-
line), 60 (end of ischaemia) and 240 (end of reperfusion) minutes
after imatinib administration. Every @ represents one rat with n=7
(15 min), n=6 (60 min) and n=>5 (240 min). The plus sign repre-
sents the mean. Data is presented as median with IQR, whiskers min
to max
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Fig.3 Cohort A: Imatinib reduces IR injury in vivo as assessed by
triple staining with Evans-blue/Thioflavin-S/TTC. Evans-blue delin-
eates the area at risk (AAR, green line), TTC delineates the infarct
area (IS, yellow line), and Thioflavin-S delineates the area of no-
reflow (NR, red line). White scale bar represents 5 mm. Representa-
tive images of a rat of A, imatinib group and B, placebo group. C,
Area at risk as percentage of left ventricle is comparable between

@ Springer

groups. Imatinib significantly reduced D, infarct size as percentage of
area at risk, and E, no-reflow area as percentage of infarct size, com-
pared to placebo. Every @ represents one rat (blue, imatinib n=9;
grey, placebo; n=9). The plus sign represents the mean. Data is pre-
sented as median with IQR, whiskers min to max, and assessed by
independent-samples T test (C, D, E). LV left ventricle
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Fig.4 Cohort B: Imatinib reduces IR injury in vivo. Infarct size is
determined with an extracellular gadolinium-based contrast agent in
consecutive short axis images. Representative images of LGE CMR
in A, short axis, B, 2 chamber long axis, C, 4 chamber long axis, in
which the infarct area is marked with a red dotted line. D, Imatinib
significantly reduced infarct size (imatinib n=9, placebo n=9), but
E, did not alter global longitudinal strain (imatinib n=10, placebo
n=9, non-infarcted control n=5). F, Troponin T was not signifi-
cantly different between imatinib and placebo (n=17 in both groups;
in three animals the tail vein cannula was clogged during reperfusion
phase). Under controlled perfusion pressure, treatment with imatinib

rat model of pulmonary hypertension, in which imatinib
showed potent pulmonary vasodilation and reduced right
ventricular pressure [1, 47]. Nonetheless, it seems unlikely
that the vasodilatory properties contribute solely to the

resulted in G, lower vascular resistance and H, higher coronary flow
(imatinib n=7, placebo n=8). I, Administration of a microvascular
leakage tracer showed less fluorescent microsphere extravasation in
the infarct area in the imatinib group compared to the placebo group
(expressed as %area of fluorescent microspheres) (imatinib n=7,
placebo n=28). Every @ represents one rat (D-I). The plus sign rep-
resents the mean. Data is presented as median with IQR, whiskers
min to max, and assessed by independent-samples 7T test (D, E, H),
Mann—Whitney U test (F, G, I) or Wilcoxon signed-rank test to com-
pare infarct to remote area (I). GLS global longitudinal strain, LV left
ventricle, RV right ventricle

microvascular protection. Indeed, clinical trials target-
ing the coronary vasculature by vasodilating agents did
not show a decrease in infarct size or MVI [12, 43, 62],
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Fig.5 Scanning Electron Microscopy images showing the ultrastruc-
ture of the myocardium and microvasculature. A-D, remote area, E—
I, imatinib treated infarct area, and J-N, placebo treated infarct area.
A, Overview image of the remote area, with normally aligned car-
diomyocytes. B, The cardiomyocytes showed clear gap junctions and
clear Z- and M-lines of the myofibers. C, D Intact capillaries were
surrounded by a dense extracellular matrix. E, Overview image of
the imatinib treated infarct area, with large areas of normally aligned
cardiomyocytes. F, Many intact capillaries were located close to the
cardiomyocytes. G, Intact capillary with swollen endothelial cell,

suggesting that vasodilation alone is not sufficient to
reduce IR injury.

As we previously showed, vascular leakage can be
quantified by coronary infusion of fluorescent micro-
spheres in the Langendorff system. Slow infusion of 1 mL
fluorescent microspheres followed by 5 min rinsing with

@ Springer

H, filled with erythrocytes, and I, surrounded by an intact extracel-
lular matrix. J, Overview image of the placebo treated infarct area.
The large white areas represent the interstitial space. K, Many eryth-
rocytes were found in the cardiomyocytes, showing intramyocardial
haemorrhage. L, Ruptured capillaries, M, obstructed capillaries, and
M-N, loose myofibrils. L-M also showed a completely destructed
extracellular matrix. *, extracellular matrix; VW, endothelial cell-cell
junction; e, erythrocyte; @, gap junction; ¢, increased interstitial
space; m, m-lines; M, mitochondria; N, endothelial cell nucleus; z,
z-lines

Krebs—Henseleit buffer showed that the majority of vascular
lumina were devoid of microspheres [23]. Hence, this pro-
tocol was also used in the current study. In accordance with
the previously mentioned experimental animal studies [3,
33,37, 39, 56, 57], treatment with imatinib reduced vascu-
lar leakage compared to placebo. It is conceivable that the
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distribution of the fluorescent microspheres depends on the
nature of the infarct: smaller infarct areas show less extrava-
sation of the fluorescent microspheres with high intensity
only in the infarct area, most likely because of better pres-
ervation of the microcirculation. In cases where IR injury is
more severe, the fluorescent microspheres were extravasated
in the entire tissue, suggesting that also the remote area is
affected. Correspondingly, we observed lower expression
of VE-cadherin in the infarct area compared to the remote
area for both treatment groups. VE-cadherin expression was
less reduced in the imatinib compared to the placebo group,
which is in accordance with previously mentioned endothe-
lial cell culture experiments. Surprisingly, in the apex of
the ex vivo hearts, we found higher VE-cadherin expres-
sion with placebo. Since the placebo hearts showed larger
infarcts, a possible explanation for the observed increased
expression could be that the VE-cadherin promotor is acti-
vated in regions that are subjected to severe ischaemia [31,
42], but that VE-cadherin is disrupted in the infarct core.
In addition, the observed reduction in vascular leakage was
accompanied by a better-preserved microvascular integrity
as shown by electron microscopy. Indeed, the imatinib group
showed more intact capillaries surrounded by an intact extra-
cellular matrix, less interstitial oedema and less IMH. This
suggests that the observed reduction in vascular resistance
and the improvement of coronary flow at the end of reperfu-
sion may be a consequence of a better-preserved microvas-
culature in the imatinib group.

Intramyocardial haemorrhage

Placebo Imatinib

The protective effects of imatinib on the coronary
microvasculature were accompanied by preservation of
the cardiomyocytes. Both ex vivo and in vivo experi-
ments show smaller infarcts with imatinib treatment,
accompanied by less LDH release. However, troponin-T
was not significantly different between imatinib and pla-
cebo, which may partly be explained by the used reagent
kit. Although used in other cardioprotection studies [51],
this assay detects human high sensitive troponin-T and
is not validated for rats. Hence, these results need to be
interpreted with caution. Importantly, the ex vivo experi-
ments, consisting of an isolated rat heart perfused with
only modified Krebs—Henseleit buffer, indicates a strong
and direct effect of imatinib on cardiomyocytes and vas-
cular endothelial cells. In addition, at this early time point
(3 h of reperfusion) in the in vivo experiments, inflam-
matory cells are not yet present in substantial numbers
[48], suggesting that the observed effects are mainly due to
direct effects of imatinib on the myocardium. It is reason-
able to assume that the high preservation of cardiomyo-
cytes in the imatinib group is a result of the active role of
imatinib in preserving the cardiomyocytes’ gap junctions.
Furthermore, ex vivo, imatinib ameliorates cardiac func-
tion by improved rate pressure product recovery and lower
end-diastolic pressure. Despite these beneficial effects
of imatinib, LVEF did not significantly differ between
control, imatinib and placebo groups during the in vivo
experiments. GLS, a measure of myocardial contractility
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during cardiac cycle, and an early marker of damage to the
cardiomyocytes [15], was significantly reduced directly
after AMI compared to controls. However, GLS did not
differ between the imatinib and placebo group for this spe-
cific timepoint.

Clinical implications

Since MVI predominantly arises following acute reperfusion
[23], a therapeutic window is available during the ischae-
mic phase (i.e., before the opening of the coronary artery).
The present study shows that treatment with imatinib only
15 min before the onset of AMI resulted in less IR injury
ex vivo and in vivo and preserved microvascular integrity,
which facilitates translation to the clinical setting as treat-
ment time is limited before primary PCI. Additionally, this
study provides evidence that additional endothelial cell
protection could be beneficial on top of timely reperfusion.
Importantly, approaches that address both infarct size and
MVI, as we aimed for in the present study, may attribute to
improved clinical outcome in patients.

The present study has some limitations. First, as a proof-
of-concept, imatinib was given prior to ischaemia and rep-
erfusion. For better clinical extrapolation, imatinib should
be given just prior to onset of reperfusion. Also, we did not
include time-matched controls of isolated hearts, but rather
used the non-ischaemic remote zone as control. Structural
changes have also been described in the remote zone, but
we were mainly interested in the differences between groups
in the ischaemic zones. Furthermore, IR injury was only
assessed two hours and three hours after ischaemia for
ex vivo and in vivo experiments, respectively. Although IR
injury increases over time [36], our experimental approach
could serve as a model for early vascular leakage after AMI,
even before IMH becomes visible. Additionally, this experi-
mental approach confirms that vascular leakage is already
present during the first hours of reperfusion, highlighting
the potential for early treatment of IR injury by vascular
protective agents. We did not perform endothelial cell cul-
ture experiments to unravel the underlying mechanism of
imatinib on MVI, but assessed the expression of endothelial
cell junctions and extravasation of vascular leakage trac-
ers in the heart. Future work is necessary to confirm the
observed beneficial effects of low-dose imatinib on myocar-
dial IR injury at long-term follow-up.

Conclusion

This study provides evidence that low-dose imatinib atten-
uates damage to the coronary microvasculature, reduces
infarct size and global cardiac function in a rat model of
myocardial IR injury. These data warrant future work to

@ Springer

examine the potential of imatinib to reduce IR injury in
patients with AMI.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00395-022-00974-z.

Acknowledgements The authors would like to thank all the colleagues
who have contributed to this research, especially Kitty Lemmens-Her-
mans and Karin de Haas-Cremers from the Preclinical Imaging Center
Radboud University Medical Center for their technical assistance and
Deniz Daviran from the Electron Microscopy Center Radboud Uni-
versity Medical Center for her help with electron microscopy imaging
post-processing. Figures are created with BioRender.com.

Author contributions LK, TL, LU, AV, DT, AA, RN, and NR contrib-
uted to the study conception and design. Material preparation and data
collection were performed by LK, TL, LU, AV, CK, MK, and AA. Data
analysis was performed by LK, TL, LU, CK, LR, GW, and AA. The
first draft of the manuscript was written by LK and all authors com-
mented on previous versions of the manuscript. All authors approved
the final manuscript.

Funding AA is supported by a European Research Council (ERC)
Advanced Investigator grant (H2020-ERC-2017-ADV-788982-COL-
MIN) and by the Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO) (V1.Veni.192.094).

Data availability The data underlying this article is available in the
article and in its online supplementary material.

Code availability Not applicable.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval The manuscript does not contain clinical studies or
patient data. Animal experiments are performed conform the guidelines
from Directive 2010/63/EU of the European Parliament and reported
according to the ARRIVE guidelines.

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. Abe K, Toba M, Alzoubi A, Koubsky K, Ito M, Ota H, Gairhe S,
Gerthoffer WT, Fagan KA, McMurtry IF, Oka M (2011) Tyrosine
kinase inhibitors are potent acute pulmonary vasodilators in rats.
Am J Respir Cell Mol Biol 45:804—808. https://doi.org/10.1165/
rcmb.2010-03710C


https://doi.org/10.1007/s00395-022-00974-z
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1165/rcmb.2010-0371OC
https://doi.org/10.1165/rcmb.2010-0371OC

Basic Research in Cardiology

(2023) 118:2

Page 17 of 19 2

11.

12.

13.

Amado-Azevedo J, van Stalborch AD, Valent ET, Nawaz K, van
Bezu J, Eringa EC, Hoevenaars FPM, De Cuyper IM, Hordijk PL,
van Hinsbergh VWM, van Nieuw Amerongen GP, Aman J, Mar-
gadant C (2021) Depletion of Arg/Abl2 improves endothelial cell
adhesion and prevents vascular leak during inflammation. Angio-
genesis 24:677-693. https://doi.org/10.1007/s10456-021-09781-x
Aman J, van Bezu J, Damanafshan A, Huveneers S, Eringa EC,
Vogel SM, Groeneveld AB, Vonk Noordegraaf A, van Hinsbergh
VW, van Nieuw Amerongen GP (2012) Effective treatment of
edema and endothelial barrier dysfunction with imatinib. Circula-
tion 126:2728-2738. https://doi.org/10.1161/circulationaha.112.
134304

Attwood MM, Fabbro D, Sokolov AV, Knapp S, Schiéth HB
(2021) Trends in kinase drug discovery: targets, indications and
inhibitor design. Nat Rev Drug Discov 20:839-861. https://doi.
org/10.1038/s41573-021-00252-y

Beijnink CWH, van der Hoeven NW, Konijnenberg LSF, Kim RJ,
Bekkers S, Kloner RA, Everaars H, El Messaoudi S, van Rossum
AC, van Royen N, Nijjveldt R (2021) Cardiac MRI to visualize
myocardial damage after ST-segment elevation myocardial infarc-
tion: a review of its histologic validation. Radiology 301:4-18.
https://doi.org/10.1148/radiol.2021204265

Betgem RP, de Waard GA, Nijveldt R, Beek AM, Escaned J, van
Royen N (2015) Intramyocardial haemorrhage after acute myo-
cardial infarction. Nat Rev Cardiol 12:156-167. https://doi.org/
10.1038/nrcardio.2014.188

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, Neuhduser 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
Bouitbir J, Panajatovic MV, Kréhenbiihl S (2022) Mitochondrial
toxicity associated with imatinib and sorafenib in isolated rat heart
fibers and the cardiomyoblast H9c2 cell line. Int J Mol Sci. https://
doi.org/10.3390/ijms23042282

Chislock EM, Pendergast AM (2013) Abl family kinases regu-
late endothelial barrier function in vitro and in mice. PLoS ONE
8:e85231. https://doi.org/10.1371/journal.pone.008523 1

. de Waha S, Patel MR, Granger CB, Ohman EM, Machara 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

Dejana E, Orsenigo F, Lampugnani MG (2008) The role of adhe-
rens junctions and VE-cadherin in the control of vascular per-
meability. J Cell Sci 121:2115-2122. https://doi.org/10.1242/jcs.
017897

Desmet W, Bogaert J, Dubois C, Sinnaeve P, Adriaenssens T, Pap-
pas C, Ganame J, Dymarkowski S, Janssens S, Belmans A, Van de
Werf F (2011) High-dose intracoronary adenosine for myocardial
salvage in patients with acute ST-segment elevation myocardial
infarction. Eur Heart J 32:867-877. https://doi.org/10.1093/eurhe
artj/ehq492

Druker BJ, Guilhot F, O’Brien SG, Gathmann I, Kantarjian H,
Gattermann N, Deininger MW, Silver RT, Goldman JM, Stone
RM, Cervantes F, Hochhaus A, Powell BL, Gabrilove JL, Rous-
selot P, Reiffers J, Cornelissen JJ, Hughes T, Agis H, Fischer T,
Verhoef G, Shepherd J, Saglio G, Gratwohl A, Nielsen JL, Radich
JP, Simonsson B, Taylor K, Baccarani M, So C, Letvak L, Larson
RA (2006) Five-year follow-up of patients receiving imatinib for

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

chronic myeloid leukemia. N Engl J Med 355:2408-2417. https://
doi.org/10.1056/NEJM0a062867

. Duijvelaar E, Vanhove A, Schippers JR, Smeele PJ, de Man FS,

Pinto Y, Aman J, Bogaard HJ (2022) Cardiac safety of imatinib for
the treatment of Covid-19: a secondary analysis of a randomised,
double blind, placebo-controlled trial. J Cardiovasc Pharmacol.
https://doi.org/10.1097/fjc.0000000000001344

Eitel I, Stiermaier T, Lange T, Rommel KP, Koschalka A, Kow-
allick JT, Lotz J, Kutty S, Gutberlet M, Hasenfufl G, Thiele H,
Schuster A (2018) Cardiac magnetic resonance myocardial feature
tracking for optimized prediction of cardiovascular events follow-
ing myocardial infarction. JACC Cardiovasc Imaging 11:1433—
1444. https://doi.org/10.1016/j.jcmg.2017.11.034

Fazakas C, Nagaraj C, Zabini D, Végh AG, Marsh LM, Wilhelm
I, Krizbai IA, Olschewski H, Olschewski A, Bélint Z (2018)
Rho-kinase inhibition ameliorates dasatinib-induced endothelial
dysfunction and pulmonary hypertension. Front Physiol 9:537.
https://doi.org/10.3389/fphys.2018.00537

Galaup A, Gomez E, Souktani R, Durand M, Cazes A, Monnot C,
Teillon J, Le Jan S, Bouleti C, Briois G, Philippe J, Pons S, Martin
V, Assaly R, Bonnin P, Ratajczak P, Janin A, Thurston G, Valen-
zuela DM, Murphy AJ, Yancopoulos GD, Tissier R, Berdeaux
A, Ghaleh B, Germain S (2012) Protection against myocardial
infarction and no-reflow through preservation of vascular integrity
by angiopoietin-like 4. Circulation 125:140-149. https://doi.org/
10.1161/circulationaha.111.049072

Hamid T, Xu Y, Ismahil MA, Rokosh G, Jinno M, Zhou G, Wang
Q, Prabhu SD (2022) Cardiac mesenchymal stem cells promote
fibrosis and remodeling in heart failure: role of PDGF signal-
ing. JACC Basic Transl Sci 7:465-483. https://doi.org/10.1016/j.
jacbts.2022.01.004

Hausenloy DJ, Chilian W, Crea F, Davidson SM, Ferdinandy P,
Garcia-Dorado D, van Royen N, Schulz R, Heusch G (2019) The
coronary circulation in acute myocardial ischaemia/reperfusion
injury: a target for cardioprotection. Cardiovasc Res 115:1143—
1155. https://doi.org/10.1093/cvr/cvy286

Heusch G (2016) The coronary circulation as a target of cardio-
protection. Circ Res 118:1643-1658. https://doi.org/10.1161/circr
esaha.116.308640

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 (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

Hollander MR, de Waard GA, Konijnenberg LS, Meijer-van
Putten RM, van den Brom CE, Paauw N, de Vries HE, van de Ven
PM, Aman J, Van Nieuw-Amerongen GP, Hordijk PL, Niessen
HW, Horrevoets AJ, Van Royen N (2016) Dissecting the effects of
ischemia and reperfusion on the coronary microcirculation in a rat
model of acute myocardial infarction. PLoS ONE 11:e0157233.
https://doi.org/10.1371/journal.pone.0157233

Hui KP, Cheung MC, Lai KL, Ng KC, Ho JC, Peiris M, Nicholls
JM, Chan MC (2022) Role of epithelial-endothelial cell interac-
tion in the pathogenesis of severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) infection. Clin Infect Dis 74:199-209.
https://doi.org/10.1093/cid/ciab406

Jernberg T, Johanson P, Held C, Svennblad B, Lindbick J, Wal-
lentin L (2011) Association between adoption of evidence-based
treatment and survival for patients with ST-elevation myocardial
infarction. JAMA 305:1677-1684. https://doi.org/10.1001/jama.
2011.522

Kerkeld R, Grazette L, Yacobi R, Iliescu C, Patten R, Beahm
C, Walters B, Shevtsov S, Pesant S, Clubb FJ, Rosenzweig A,
Salomon RN, Van Etten RA, Alroy J, Durand JB, Force T (2006)

@ Springer


https://doi.org/10.1007/s10456-021-09781-x
https://doi.org/10.1161/circulationaha.112.134304
https://doi.org/10.1161/circulationaha.112.134304
https://doi.org/10.1038/s41573-021-00252-y
https://doi.org/10.1038/s41573-021-00252-y
https://doi.org/10.1148/radiol.2021204265
https://doi.org/10.1038/nrcardio.2014.188
https://doi.org/10.1038/nrcardio.2014.188
https://doi.org/10.1007/s00395-018-0696-8
https://doi.org/10.3390/ijms23042282
https://doi.org/10.3390/ijms23042282
https://doi.org/10.1371/journal.pone.0085231
https://doi.org/10.1093/eurheartj/ehx414
https://doi.org/10.1242/jcs.017897
https://doi.org/10.1242/jcs.017897
https://doi.org/10.1093/eurheartj/ehq492
https://doi.org/10.1093/eurheartj/ehq492
https://doi.org/10.1056/NEJMoa062867
https://doi.org/10.1056/NEJMoa062867
https://doi.org/10.1097/fjc.0000000000001344
https://doi.org/10.1016/j.jcmg.2017.11.034
https://doi.org/10.3389/fphys.2018.00537
https://doi.org/10.1161/circulationaha.111.049072
https://doi.org/10.1161/circulationaha.111.049072
https://doi.org/10.1016/j.jacbts.2022.01.004
https://doi.org/10.1016/j.jacbts.2022.01.004
https://doi.org/10.1093/cvr/cvy286
https://doi.org/10.1161/circresaha.116.308640
https://doi.org/10.1161/circresaha.116.308640
https://doi.org/10.1038/s41569-020-0403-y
https://doi.org/10.1093/eurheartj/ehw224
https://doi.org/10.1093/eurheartj/ehw224
https://doi.org/10.1371/journal.pone.0157233
https://doi.org/10.1093/cid/ciab406
https://doi.org/10.1001/jama.2011.522
https://doi.org/10.1001/jama.2011.522

2

Page 18 of 19

Basic Research in Cardiology (2023) 118:2

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Cardiotoxicity of the cancer therapeutic agent imatinib mesylate.
Nat Med 12:908-916. https://doi.org/10.1038/nm1446

Kheifets M, Vaknin-Assa H, Greenberg G, Orvin K, Assali A,
Kornowski R, Perl L (2022) Trends in ST-elevation myocardial
infarction. Coron Artery Dis 31:1-8. https://doi.org/10.1097/
mca.0000000000001058

Kleinbongard P, Andreadou I, Vilahur G (2021) The platelet
paradox of injury versus protection in myocardial infarction-has
it been overlooked? Basic Res Cardiol 116:37. https://doi.org/
10.1007/s00395-021-00876-6

Kleinbongard P, Heusch G (2022) A fresh look at coronary
microembolization. Nat Rev Cardiol 19:265-280. https://doi.
org/10.1038/s41569-021-00632-2

Kobara M, Nessa N, Toba H, Nakata T (2021) Induction of
autophagy has protective roles in imatinib-induced cardiotoxic-
ity. Toxicol Rep 8:1087-1097. https://doi.org/10.1016/j.toxrep.
2021.05.008

Kogata N, Arai Y, Pearson JT, Hashimoto K, Hidaka K, Koy-
ama T, Somekawa S, Nakaoka Y, Ogawa M, Adams RH, Okada
M, Mochizuki N (2006) Cardiac ischemia activates vascular
endothelial cadherin promoter in both preexisting vascular cells
and bone marrow cells involved in neovascularization. Circ
Res 98:897-904. https://doi.org/10.1161/01.RES.0000218193.
51136.ad

Konijnenberg LSF, Damman P, Duncker DJ, Kloner RA,
Nijveldt R, van Geuns RM, Berry C, Riksen NP, Escaned J,
van Royen N (2020) Pathophysiology and diagnosis of coronary
microvascular dysfunction in ST-elevation myocardial infarc-
tion. Cardiovasc Res 116:787-805. https://doi.org/10.1093/cvr/
cvz301

Koning NJ, de Lange F, van Meurs M, Jongman RM, Ahmed Y,
Schwarte LA, van Nieuw Amerongen GP, Vonk ABA, Niessen
HW, Baufreton C, Boer C (2018) Reduction of vascular leakage
by imatinib is associated with preserved microcirculatory perfu-
sion and reduced renal injury markers in a rat model of cardio-
pulmonary bypass. BrJ Anaesth 120:1165-1175. https://doi.org/
10.1016/j.bja.2017.11.095

LiY, Yao Y, LiJ, Chen Q, Zhang L, Wang QK (2019) Losartan
protects against myocardial ischemia and reperfusion injury via
vascular integrity preservation. Faseb j 33:8555-8564. https://doi.
org/10.1096/1).201900060R

Lieder HR, Tsoumani M, Andreadou I, Schror K, Heusch G,
Kleinbongard P (2022) Platelet-mediated transfer of cardiopro-
tection by remote ischemic conditioning and its abrogation by
aspirin but not by ticagrelor. Cardiovasc Drugs Ther. https://doi.
org/10.1007/s10557-022-07345-9

Liu T, Howarth AG, Chen Y, Nair AR, Yang HJ, Ren D, Tang R,
Sykes J, Kovacs MS, Dey D, Slomka P, Wood JC, Finney R, Zeng
M, Prato FS, Francis J, Berman DS, Shah PK, Kumar A, Dhar-
makumar R (2022) Intramyocardial hemorrhage and the “wave
front” of reperfusion injury compromising myocardial salvage. J
Am Coll Cardiol 79:35-48. https://doi.org/10.1016/j.jacc.2021.
10.034

Magruder JT, Grimm JC, Crawford TC, Johnston L, Santhanam
L, Stephens RS, Berkowitz DE, Shah AS, Bush EL, Damarla M,
Damico RL, Hassoun PM, Kim BS (2018) Imatinib is protective
against ischemia-reperfusion injury in an ex vivo rabbit model of
lung injury. Ann Thorac Surg 105:950-956. https://doi.org/10.
1016/j.athoracsur.2017.10.002

McMullen CJ, Chalmers S, Wood R, Cunningham MR, Currie S
(2020) Sunitinib and imatinib display differential cardiotoxicity
in adult rat cardiac fibroblasts that involves a role for calcium/
calmodulin dependent protein kinase II. Front Cardiovasc Med
7:630480. https://doi.org/10.3389/fcvm.2020.630480

Merali Z, Leung J, Mikulis D, Silver F, Kassner A (2015) Longi-
tudinal assessment of imatinib’s effect on the blood-brain barrier

@ Springer

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

after ischemia/reperfusion injury with permeability MRI. Transl
Stroke Res 6:39—49. https://doi.org/10.1007/s12975-014-0358-6
Nair AB, Jacob S (2016) A simple practice guide for dose conver-
sion between animals and human. J Basic Clin Pharm 7:27-31.
https://doi.org/10.4103/0976-0105.177703

Nair AR, Johnson EA, Yang HJ, Cokic I, Francis J, Dharmakumar
R (2020) Reperfused hemorrhagic myocardial infarction in rats.
PLoS ONE 15:€0243207. https://doi.org/10.1371/journal.pone.
0243207

Nakano-Doi A, Sakuma R, Matsuyama T, Nakagomi T (2018)
Ischemic stroke activates the VE-cadherin promoter and increases
VE-cadherin expression in adult mice. Histol Histopathol 33:507—
521. https://doi.org/10.14670/hh-11-952

Nazir SA, McCann GP, Greenwood JP, Kunadian V, Khan JN,
Mahmoud IZ, Blackman DJ, Been M, Abrams KR, Shipley L,
Wilcox R, Adgey AA, Gershlick AH (2016) Strategies to attenuate
micro-vascular obstruction during P-PCI: the randomized rep-
erfusion facilitated by local adjunctive therapy in ST-elevation
myocardial infarction trial. Eur Heart J 37:1910-1919. https://
doi.org/10.1093/eurheartj/ehw136

Niccoli G, Montone RA, Ibanez B, Thiele H, Crea F, Heusch G,
Bulluck H, Hausenloy DJ, Berry C, Stiermaier T, Camici PG,
Eitel I (2019) Optimized treatment of ST-elevation myocardial
infarction. Circ Res 125:245-258. https://doi.org/10.1161/circr
esaha.119.315344

Notenboom S, Weigand KM, Proost JH, van Lipzig MMH, van
de Steeg E, van den Broek PHH, Greupink R, Russel FGM,
Groothuis GMM (2018) Development of a mechanistic biokinetic
model for hepatic bile acid handling to predict possible cholestatic
effects of drugs. Eur J Pharm Sci 115:175-184. https://doi.org/10.
1016/j.ejps.2018.01.007

O’Brien SG, Guilhot F, Larson RA, Gathmann I, Baccarani M,
Cervantes F, Cornelissen JJ, Fischer T, Hochhaus A, Hughes T,
Lechner K, Nielsen JL, Rousselot P, Reiffers J, Saglio G, Shep-
herd J, Simonsson B, Gratwohl A, Goldman JM, Kantarjian H,
Taylor K, Verhoef G, Bolton AE, Capdeville R, Druker BJ (2003)
Imatinib compared with interferon and low-dose cytarabine for
newly diagnosed chronic-phase chronic myeloid leukemia. N Engl
J Med 348:994-1004. https://doi.org/10.1056/NEJMo0a022457
Pankey EA, Thammasiboon S, Lasker GF, Baber S, Lasky JA,
Kadowitz PJ (2013) Imatinib attenuates monocrotaline pulmonary
hypertension and has potent vasodilator activity in pulmonary and
systemic vascular beds in the rat. Am J Physiol Heart Circ Physiol
305:H1288-1296. https://doi.org/10.1152/ajpheart.00329.2013
Prabhu SD, Frangogiannis NG (2016) The biological basis for
cardiac repair after myocardial infarction: from inflammation to
fibrosis. Circ Res 119:91-112. https://doi.org/10.1161/circresaha.
116.303577

Rizzo AN, Aman J, van Nieuw Amerongen GP, Dudek SM (2015)
Targeting Abl kinases to regulate vascular leak during sepsis and
acute respiratory distress syndrome. Arterioscler Thromb Vasc
Biol 35:1071-1079. https://doi.org/10.1161/atvbaha.115.305085
Robbers LF, Eerenberg ES, Teunissen PF, Jansen MF, Hollander
MR, Horrevoets AJ, Knaapen P, Nijveldt R, Heymans MW, Levi
MM, van Rossum AC, Niessen HW, Marcu CB, Beek AM, van
Royen N (2013) Magnetic resonance imaging-defined areas of
microvascular obstruction after acute myocardial infarction rep-
resent microvascular destruction and haemorrhage. Eur Heart J
34:2346-2353. https://doi.org/10.1093/eurheartj/eht100

Sayour AA, Korkmaz-Ic6z S, Loganathan S, Ruppert M, Sayour
VN, Olah A, Benke K, Brune M, Benk& R, Horvath EM, Karck
M, Merkely B, Radovits T, Szabé G (2019) Acute canagliflozin
treatment protects against in vivo myocardial ischemia-reperfu-
sion injury in non-diabetic male rats and enhances endothelium-
dependent vasorelaxation. J Transl Med 17:127. https://doi.org/
10.1186/512967-019-1881-8


https://doi.org/10.1038/nm1446
https://doi.org/10.1097/mca.0000000000001058
https://doi.org/10.1097/mca.0000000000001058
https://doi.org/10.1007/s00395-021-00876-6
https://doi.org/10.1007/s00395-021-00876-6
https://doi.org/10.1038/s41569-021-00632-2
https://doi.org/10.1038/s41569-021-00632-2
https://doi.org/10.1016/j.toxrep.2021.05.008
https://doi.org/10.1016/j.toxrep.2021.05.008
https://doi.org/10.1161/01.RES.0000218193.51136.ad
https://doi.org/10.1161/01.RES.0000218193.51136.ad
https://doi.org/10.1093/cvr/cvz301
https://doi.org/10.1093/cvr/cvz301
https://doi.org/10.1016/j.bja.2017.11.095
https://doi.org/10.1016/j.bja.2017.11.095
https://doi.org/10.1096/fj.201900060R
https://doi.org/10.1096/fj.201900060R
https://doi.org/10.1007/s10557-022-07345-9
https://doi.org/10.1007/s10557-022-07345-9
https://doi.org/10.1016/j.jacc.2021.10.034
https://doi.org/10.1016/j.jacc.2021.10.034
https://doi.org/10.1016/j.athoracsur.2017.10.002
https://doi.org/10.1016/j.athoracsur.2017.10.002
https://doi.org/10.3389/fcvm.2020.630480
https://doi.org/10.1007/s12975-014-0358-6
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1371/journal.pone.0243207
https://doi.org/10.1371/journal.pone.0243207
https://doi.org/10.14670/hh-11-952
https://doi.org/10.1093/eurheartj/ehw136
https://doi.org/10.1093/eurheartj/ehw136
https://doi.org/10.1161/circresaha.119.315344
https://doi.org/10.1161/circresaha.119.315344
https://doi.org/10.1016/j.ejps.2018.01.007
https://doi.org/10.1016/j.ejps.2018.01.007
https://doi.org/10.1056/NEJMoa022457
https://doi.org/10.1152/ajpheart.00329.2013
https://doi.org/10.1161/circresaha.116.303577
https://doi.org/10.1161/circresaha.116.303577
https://doi.org/10.1161/atvbaha.115.305085
https://doi.org/10.1093/eurheartj/eht100
https://doi.org/10.1186/s12967-019-1881-8
https://doi.org/10.1186/s12967-019-1881-8

Basic Research in Cardiology

(2023) 118:2

Page 19 of 19 2

52.

53.

54.

55.

56.

57.

58.

59.

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M,
Pietzsch T, Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez
JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A
(2012) Fiji: an open-source platform for biological-image analysis.
Nat Methods 9:676-682. https://doi.org/10.1038/nmeth.2019
Seligman AM, Wasserkrug HL, Hanker JS (1966) A new stain-
ing method (OTO) for enhancing contrast of lipid—containing
membranes and droplets in osmium tetroxide—fixed tissue with
osmiophilic thiocarbohydrazide(TCH). J Cell Biol 30:424-432.
https://doi.org/10.1083/jcb.30.2.424

Stephens RS, Servinsky LE, Rentsendorj O, Kolb TM, Pfeifer A,
Pearse DB (2014) Protein kinase G increases antioxidant function
in lung microvascular endothelial cells by inhibiting the c-Abl
tyrosine kinase. Am J Physiol Cell Physiol 306:C559-569. https://
doi.org/10.1152/ajpcell.00375.2012

Stone GW, Witzenbichler B, Guagliumi G, Peruga JZ, Brodie
BR, Dudek D, Kornowski R, Hartmann F, Gersh BJ, Pocock SJ,
Dangas G, Wong SC, Kirtane AJ, Parise H, Mehran R (2008)
Bivalirudin during primary PCI in acute myocardial infarction.
N Engl J Med 358:2218-2230. https://doi.org/10.1056/NEJMo
a0708191

Su EJ, Fredriksson L, Geyer M, Folestad E, Cale J, Andrae J,
Gao Y, Pietras K, Mann K, Yepes M, Strickland DK, Betsholtz
C, Eriksson U, Lawrence DA (2008) Activation of PDGF-CC by
tissue plasminogen activator impairs blood-brain barrier integrity
during ischemic stroke. Nat Med 14:731-737. https://doi.org/10.
1038/nm1787

Tanaka S, Chen-Yoshikawa TF, Kajiwara M, Menju T, Ohata K,
Takahashi M, Kondo T, Hijiya K, Motoyama H, Aoyama A, Mas-
uda S, Date H (2016) Protective Effects of Imatinib on Ischemia/
Reperfusion Injury in Rat Lung. Ann Thorac Surg 102:1717-
1724. https://doi.org/10.1016/j.athoracsur.2016.05.037

Tapia JC, Kasthuri N, Hayworth KJ, Schalek R, Lichtman JW,
Smith SJ, Buchanan J (2012) High-contrast en bloc staining of
neuronal tissue for field emission scanning electron microscopy.
Nat Protoc 7:193-206. https://doi.org/10.1038/nprot.2011.439
Trent JC, Patel SS, Zhang J, Araujo DM, Plana JC, Lenihan DJ,
Fan D, Patel SR, Benjamin RS, Khakoo AY (2010) Rare incidence

60.

61.

62.

63.

64.

of congestive heart failure in gastrointestinal stromal tumor and
other sarcoma patients receiving imatinib mesylate. Cancer
116:184-192. https://doi.org/10.1002/cncr.24683

Uthman L, Nederlof R, Eerbeek O, Baartscheer A, Schumacher
C, Buchholtz N, Hollmann MW, Coronel R, Weber NC, Zuurbier
CJ (2019) Delayed ischaemic contracture onset by empagliflozin
associates with NHE1 inhibition and is dependent on insulin in
isolated mouse hearts. Cardiovasc Res 115:1533-1545. https://
doi.org/10.1093/cvr/cvz004

van Kranenburg M, Magro M, Thiele H, de Waha S, Eitel I,
Cochet A, Cottin Y, Atar D, Buser P, Wu E, Lee D, Bodi V, Klug
G, Metzler B, Delewi R, Bernhardt P, Rottbauer W, Boersma E,
Zijlstra F, van Geuns RJ (2014) Prognostic value of microvascu-
lar obstruction and infarct size, as measured by CMR in STEMI
patients. JACC Cardiovasc Imaging 7:930-939. https://doi.org/
10.1016/j.jemg.2014.05.010

Vijayalakshmi K, Whittaker VJ, Kunadian B, Graham J, Wright
RA, Hall JA, Sutton A, de Belder MA (2006) Prospective, ran-
domised, controlled trial to study the effect of intracoronary injec-
tion of verapamil and adenosine on coronary blood flow during
percutaneous coronary intervention in patients with acute coro-
nary syndromes. Heart 92:1278-1284. https://doi.org/10.1136/hrt.
2005.075077

Wolf A, Couttet P, Dong M, Grenet O, Heron M, Junker U, Laen-
gle U, Ledieu D, Marrer E, Nussher A, Persohn E, Pognan F,
Riviere GJ, Roth DR, Trendelenburg C, Tsao J, Roman D (2010)
Imatinib does not induce cardiotoxicity at clinically relevant con-
centrations in preclinical studies. Leuk Res 34:1180-1188. https://
doi.org/10.1016/j.leukres.2010.01.004

Xu Z, Chen W, Zhang R, Wang L, Chen R, Zheng J, Gao F (2020)
Human recombinant apyrase therapy protects against myocardial
ischemia/reperfusion injury and preserves left ventricular systolic
function in rats, as evaluated by 7T cardiovascular magnetic reso-
nance imaging. Korean J Radiol 21:647-659. https://doi.org/10.
3348/kjr.2019.0853

@ Springer


https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1083/jcb.30.2.424
https://doi.org/10.1152/ajpcell.00375.2012
https://doi.org/10.1152/ajpcell.00375.2012
https://doi.org/10.1056/NEJMoa0708191
https://doi.org/10.1056/NEJMoa0708191
https://doi.org/10.1038/nm1787
https://doi.org/10.1038/nm1787
https://doi.org/10.1016/j.athoracsur.2016.05.037
https://doi.org/10.1038/nprot.2011.439
https://doi.org/10.1002/cncr.24683
https://doi.org/10.1093/cvr/cvz004
https://doi.org/10.1093/cvr/cvz004
https://doi.org/10.1016/j.jcmg.2014.05.010
https://doi.org/10.1016/j.jcmg.2014.05.010
https://doi.org/10.1136/hrt.2005.075077
https://doi.org/10.1136/hrt.2005.075077
https://doi.org/10.1016/j.leukres.2010.01.004
https://doi.org/10.1016/j.leukres.2010.01.004
https://doi.org/10.3348/kjr.2019.0853
https://doi.org/10.3348/kjr.2019.0853

	Imatinib attenuates reperfusion injury in a rat model of acute myocardial infarction
	Abstract
	Introduction
	Methods
	Animals
	Ischaemia–reperfusion ex vivo
	Infarct staining
	LDH activity assay
	Western blot analysis
	Protein determination
	Western blot

	Non-infarcted control rats
	Ischaemia–reperfusion in vivo
	Blood sampling and analysis
	Cohort A: area at risk, infarct size, and no-reflow
	Cohort B: CMR imaging acquisition and analysis
	CMR analysis
	CMR feature tracking analysis
	Ex vivo coronary perfusion
	Tissue preparation for imaging
	Immunohistochemistry
	Immunofluorescence analysis
	Scanning electron microscopy
	Statistics

	Results
	Impact of imatinib on isolated Langendorff hearts
	Ischaemia–reperfusion injury
	Impact of imatinib on in vivo hearts
	Ischaemia–reperfusion injury
	Cohort A
	Cohort B

	Discussion
	Clinical implications

	Conclusion
	Acknowledgements 
	References


