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BACKGROUND: Heart transplantation with a donation after circulatory death (DCD) heart is complicated by substantial organ is-
chemia and ischemia—reperfusion injury. Exenatide, a glucagon-like peptide—1 receptor agonist, manifests protection against
cardiac ischemia—reperfusion injury in other settings. Here we evaluate the effects of exenatide on DCD hearts in juvenile pigs.

METHODS AND RESULTS: DCD hearts with 15-minutes of global warm ischemia after circulatory arrest were reperfused ex
vivo and switched to working mode. Treatment with concentration 5-nmol exenatide was given during reperfusion. DCD
hearts treated with exenatide showed higher myocardial oxygen consumption (exenatide [n=7] versus controls [n=7], over 60—
120minutes of reperfusion, P<0.001) and lower cardiac troponin-I release (27.94+11.17 versus 42.25+11.80mmol/L, P=0.04)
during reperfusion compared with controls. In working mode, exenatide-treated hearts showed better diastolic function (dp/
dt min: =3644+620 versus —2193+610mmHg/s, P<0.001; Tau: 15.62+1.78 versus 24.59+7.35 milliseconds, P=0.02; lateral
e’ velocity: 11.27 +1.46 versus 7.19+2.96, P=0.01), as well as lower venous lactate levels (3.17+0.75 versus 5.17+1.44 mmol/L,
P=0.01) compared with controls. Higher levels of activated endothelial nitric oxide synthase (phosphorylated to total endothe-
lial nitric oxide synthase levels: 2.71+£1.16 versus 1.37+0.35, P=0.02) with less histological evidence of endothelial damage (von
Willebrand factor expression: 0.024+0.007 versus 0.331+0.302, pixel/um, P=0.04) was also observed with exenatide treat-
ment versus controls.

CONCLUSIONS: Acute treatment of DCD hearts with exenatide limits myocardial and endothelial injury and improves donor
cardiac function.
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tential to expand the donor pool for patients

awaiting heart transplantation. Recent reports
showed reassuring short and midterm results of DCD
heart transplantation in adults that were comparable
to those of heart transplantation using donation after
brain death hearts."? Evolution of DCD heart trans-
plantation has been supported by a commercially

Donation after circulatory death (DCD) has po-

available ex-vivo heart perfusion (EVHP) device,
Organ Care System (OCS, TransMedics, Inc., MA),
which enables DCD hearts to be reperfused under
resting conditions, minimizing ischemic periods, and
rehabilitation before transplantation. However, OCS is
designed for adult-size heart donors, which excludes
the majority of potential pediatric heart donors.
In a report of pediatric DCD heart transplantation
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CLINICAL PERSPECTIVE
What Is New?

In a new juvenile pig model of heart dona-
tion after circulatory death, treatment with the
glucagon-like peptide-1 receptor agonist ex-
enatide regulated myocardial oxygen consump-
tion during reperfusion and reduced myocardial
injury compared with untreated controls.

e In working mode, exenatide-treated hearts
donated after circulatory death demonstrated
superior diastolic function with lower venous
lactate levels compared with untreated controls,
as well as higher levels of activated endothelial
nitric oxide synthase and marked reductions in
endothelial injury.

What Are the Clinical Implications?

e Acute treatment of juvenile hearts donated after
circulatory death with a glucagon-like peptide-
1 receptor agonist can enhance functional re-
covery of myocardium by reducing antecedent
ischemia—-reperfusion injury and potentially in-
crease donor organ availability for children on
the waiting list for heart transplantation.

Nonstandard Abbreviations and Acronyms

cTnl cardiac troponin-|
DCD donation after circulatory death

eNOS endothelial nitric oxide synthase

EVHP ex-vivo heart perfusion

GLP-1 glucagon-like peptide-1

GLP-1R glucagon-like peptide-1 receptor

HR heart rate

IRI ischemia—reperfusion injury

MVO, myocardial oxygen consumption

p-eNOS phospho-endothelial nitric oxide synthase

TUNEL terminal deoxynucleotidyl transferase
biotin-dUTP nick end labeling

VWF von Willebrand factor

using OCS, mean body weight of heart donors was
63+11kg.®

Mortality for children on the cardiac transplant wait-
ing list is the highest among all of transplant medicine,
reported as ~25% in infants and ~15% in children and
adolescents.*® In addition to the substantial warm
ischemia and subsequent ischemia reperfusion injury
(IRl) of DCD hearts,® children requiring heart trans-
plantation often have multiple independent risk fac-
tors that increase waitlist mortality, including low body
weight, high incidence of congenital heart disease,
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and requirement of extracorporeal membrane oxygen-
ation.®>” Given the above, pediatric-size EVHP devices
and therapeutic agents for pediatric DCD hearts are
pressing unmet clinical needs.

The initial process of causing myocardial injury on
DCD hearts is triggered by anaerobic metabolism be-
cause of global warm ischemia, which depletes ade-
nosine triphosphate stores, leading to malfunction of
sodium-potassium adenosine triphosphatase and in-
tracellular acidosis.2 Although subsequent reperfusion
normalizes extracellular pH through sodium-hydrogen
exchange,®? this drives intracellular calcium overload via
sodium-calcium exchange, which triggers opening of
the mitochondrial permeability transition pore and sub-
sequent activation of apoptosis.-'° Glucagon-like pep-
tide-1 (GLP-1) receptor agonists represent a potential
therapeutic approach to inhibiting IRI via multiple mech-
anisms. GLP-1 is an incretin hormone secreted by intes-
tinal L-cells in response to feeding. Native GLP-1(7-36) is
rapidly degraded by dipeptidyl peptidase-4 and neutral
endopeptidase to GLP-1(9-36), GLP-1(28-36), and GLP-
1(32-36).""2 GLP-1 mediates glucoregulatory effects
by binding to its receptor (GLP-1R). The degradation-
resistant GLP-1R agonist exenatide was approved as an
antidiabetic drug for adults by the United States Food
and Drug Administration in 20053 and for children
aged 10 to 17years in 2021.! GLP-1R-agonists includ-
ing exenatide, native GLP-1, and its metabolites have
demonstrated cardioprotective effects in animals and
humans.'®'® Several potential mechanisms for these
benefits have been reported, in addition to increasing
myocardial glucose uptake.? In an in-vitro model of car-
diomyocyte hypoxia/reoxygenation, exenatide improved
mitochondrial function by inhibiting calcium overload
and opening mitochondrial permeability transition pores,
as well as enhancing adenosine triphosphate synthesis
and the activity of sodium-potassium adenosine tri-
phosphatase through the GLP-1R/3’,5"-cyclic adenosine
monophosphate/protein kinase A signaling pathway.?!
Another study showed that exenatide attenuates en-
dothelial dysfunction and activates survival kinases to
mitigate IRI.?> Here we sought to elucidate the effects
of exenatide in a juvenile pig DCD heart model using a
pediatric-specific EVHP.?3

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Design

All experiments were performed in accordance with a
protocol approved by the Animal Care Committee of
the Hospital for Sick Children, in which sample-size and
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power calculation were reviewed. Fourteen Yorkshire
pigs (10-12kg, age 4months, Lifetime Solutions Ltd.,
ON, Canada) were used as heart donors with a blood
donor pig (20kg, age 8 months, Lifetime Solutions Ltd.,
ON, Canada) for each. Harvested DCD hearts were al-
located into 2 groups: untreated control group (n=7)
and the exenatide treatment group (5nmol/L, Bachem,
CA; n=7) based on a previous dose-response study.'®
The EVHP cannulation configuration is shown in
Figure 1A. Exenatide was added into the venous res-
ervoir 20 minutes before reperfusion. DCD hearts were
reperfused on EVHP for 2hours and then switched to

Exenatide-Treated DCD Hearts in Juvenile Pigs

working mode to assess cardiac function. The experi-
mental protocol is shown in Figure 1B.

DCD Heart Model

All pigs were premedicated with ketamine (10 mg/kg),
atropine (0.015mg/kg), and acepromazine (0.2mg/
kg) intramuscularly before endotracheal intubation.??
General anesthesia was maintained by 2% isoflurane
inhalation with oxygen. After a median sternotomy,
baseline assessment of the cardiac function was
performed. A 16-G cannula was inserted into the

Ex-vivo perfusion mode
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Figure 1.

Perfusion methods and experimental protocol.

All donations after circulatory death (DCD) hearts were reperfused on the EVHP for 2hours, and then
switched to the working mode to assess functional recovery. During the working mode, DCD hearts were
preloaded and allowed to eject 120% of cardiac output. A, Ex-vivo perfusion mode (left) and working
mode (right) are shown. Dotted lines indicate clamped and not used. Arrows show flow directions and red
and purple indicate arterial and venous blood, respectively. B, Experimental protocol. Circulatory arrest
was induced via clamping an endotracheal tube, and then DCD hearts were procured after 15minutes
of nontouch period. Exenatide was added into the ex-vivo heart perfusion circuit 20minutes before
reperfusion in the treatment group to get uniform concentration in the perfusate. There are 4 designated
time points to get blood samples: TO, before ischemia; T1, immediate after reperfusion; T2, 2hours after
reperfusion; and T3, at the end of the working mode. dAo indicates descending aorta; ET, endotracheal
tube; EVHP, ex-vivo heart perfusion; INNA, innominate artery; LA, left atrium; and PA, pulmonary artery.
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aortic root for cardioplegia administration, and hepa-
rin (1000 U/kg) was given through the cannula.?® The
ventilation was discontinued, and circulatory arrest
was declared when no pulsation was seen on the
arterial pressure waveform. Subsequently, the heart
was left at rest for 15 minutes, as the assumed total
duration of 5minutes of standoff time and 10 minutes
of sternotomy in the clinical setting of DCD hearts.?®
Then, 500mL of cardioplegia solution (34.95mL of
dextrose 70%, 5mL of KCI 2mmol/L, 3.37 mL of NaCl
4mmol/L, 0.38mL of Mg,SO, 2mmol/L, 456.30 mL
of water, supplemented with 1000U of erythropoi-
etin, and 50mg of nitroglycerin®) was administered
into the coronary arteries via the aortic root while
decompressing both ventricles by transecting the in-
ferior vena cava and right lower pulmonary vein im-
mediately before delivery of the cardioplegia solution.
Warm ischemic time was introduced via mechanical
ventilation withdrawal until cardioplegia infusion.

Ex-Vivo Heart Perfusion

Perfusate composition is shown in Table S1. After the
completion of cardioplegia infusion, the heart was pro-
cured and weighed. Cannulas were inserted into the in-
nominate artery and the descending aorta, which were
then connected to the EVHP system (Figure 1A).2 The
heart was reperfused through the cannula inserted
into the innominate artery with a flow rate of 10mL/kg
per min at 36.5 °C, which is defined based on physi-
ological coronary flow as 10% of estimated cardiac
output, following a flow-targeted strategy.® The de-
scending aortic cannula was clamped after de-airing
at the beginning of reperfusion. After initiating reperfu-
sion, a cannula was inserted into the main pulmonary
artery to drain the coronary effluent. The superior- and
inferior-vena cava were oversewn. A ventricular pac-
ing wire was placed for ventricular pacing if heart rate
(HR) fell <120 beats per minute, which never occurred.
Continuous epinephrine infusion at 0.05 ug/kg per min-
ute was commenced 20 minutes after reperfusion, and
then was increased to 0.10ug/kg per minute 10min-
utes before changing to working mode.?® Body weight
of each heart donor pig was used to calculate dose
of epinephrine. Another arterial cannula, pressure line,
and vent tube were inserted into the left atrium before
switching to working mode. During reperfusion phase,
coronary perfusion pressure, coronary artery flow, pul-
monary arterial flow, HR, and temperature of the circuit
were continuously monitored.

Working Mode

After reperfusion phase, the perfusion configuration was
transitioned to working mode, in which the left atrium was
filled with perfusate by the pump, while the arterial can-
nula at the innominate artery was clamped (Figure 1A).23
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Afterload of coronary perfusion was maintained by par-
tially occluding the descending aortic cannula. Preload
was gradually increased up to 120% of estimated car-
diac output. The heart was kept in working mode for
1.5hours (90minutes) to assess cardiac function.

Assessments of Cardiac Function
Hemodynamic function was assessed before ischemia
as a baseline and in working mode. Echocardiography
was performed with a Vivid S6 ultrasound transducer
(GE Healthcare, IL). Left ventricular ejection fraction
was measured by the modified Simpson method. Peak
early diastolic tissue velocity was measured at the lat-
eral and septal mitral annulus from tissue Doppler in
the apical 4-chamber view.

A pressure-volume catheter (VSL, Transonic
Inc., STATE) connected to an ADV500 Combo PV
Foundation System (version 5.0; Transonic Inc., STATE)
was inserted into the left ventricle (LV) through the
apex. Data obtained at baseline before ischemia and
during working mode were analyzed by LabChart 8
(ADInstruments Inc., CO).

Metabolic Variables and Myocardial Injury
Arterial blood was obtained from an arterial line pos-
toxygenator. Venous blood was collected from the
coronary sinus via a cannula in the pulmonary ar-
tery. Both arterial and venous blood sampling were
performed every 30minutes during reperfusion and
working mode. At each time point, blood gas analysis
was performed with an iSTAT analyzer (Abbott Inc.,
IL) to calculate venoarterial lactate difference, myo-
cardial oxygen consumption (MVO,), arterial oxygen
content, venous oxygen content, and coronary vas-
cular resistance. Formulas to calculate these param-
eters are provided in Supplemental Materials. Arterial
blood was collected at 4 time points: before ischemia
as baseline (T0), immediately after initiation of reper-
fusion (T1), 2hours after reperfusion (T2), and 90 min-
utes after working mode (T3). Collected blood was
centrifuged at 4 °C, 1000g for 15minutes to obtain
plasma, in which cardiac troponin-I (cTnl) was meas-
ured by high sensitivity pig cTnl enzyme-linked im-
munosorbent assay (Life Diagnostics Inc., PA) in a
blinded fashion. Hearts were weighed after harvest
and after T3 to calculate heart weight gain rate (net
increase of heart weight divided by heart weight after
ischemia).

Western Blot

Myocardial tissue samples were obtained from the
right ventricle free wall at T3 and flash frozen at —80
°C. Whole tissue was homogenized, after which pro-
tein extraction and quantification was performed
using Tissue Extraction Reagent-l and Protease and
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Phosphatase Inhibitor EDTA-Free (ThermoFisher, MA).
Next, 30ug of each tissue protein extract was loaded
on SDS-PAGE with running buffer (10x Tris/Glycine/
SDS, Bio-Rad, ON), blotted on a polyvinylidene di-
fluoride membrane with 10x Tris/Glycine buffer (Bio-
Rad, ON), and probed overnight at 4 °C for cleaved
caspase-3 (#9661, 1:1000), Akt #4691, 1:1000),
phospho-Akt #4060, 1:2000), endothelial nitric oxide
synthase (eNOS; #32027, 1:1000), phospho-eNOS
(#9570, 1:1000; all Cell Signaling, MA) and GAPDH
(G8795, 1:15000, Sigma-Aldrich, MO) as loading con-
trol. Protein bands were detected using corresponding
horseradish peroxidase—conjugated goat anti-mouse
(#7076, 1:3000) or anti-rabbit secondary antibodies
(#7074, 1:1000; both Cell Signaling), imaged via chemi-
luminescence on an Odyssey Fc Imaging System
and quantified using Imaging Studio ver. 5.0 (LI-COR
Biotechnology, NE).

Histopathology

Whole hearts were fixed in 10% buffered formalin at
the end of each experiment, and sectioned trans-
versely at midventricle, with samples taken from the
anterior to lateral free LV wall for histological assess-
ment. These were paraffin-embedded, sectioned at 4
um, and stained with H&E, and immunohistochemis-
try for von Willebrand factor (vWF). H&E-stained sec-
tions were quantitatively scored in a blinded fashion
by a pathologist. The extent of myocardial hemorrhag-
ing on each section was scored as 0 (none), 1 (<10%),
2 (10%-50%), or 3 (>50%), with endocardial and epi-
cardial hemorrhage also scored as 0 (none), 1 (<5%),
2 (5%-10%), or 3 (>10%). Contraction bands and/or
hypereosinophilic myocytes were also assessed as O
(absent), 1 (present). Staining for VWF was used as
a marker for endothelial cell injury. After deparaffini-
zation and rehydration, antigen retrieval (Dako Target
Retrieval Solution, pH9, Agilent) was performed
for subsequent probing with an anti-vWF antibody
(GA527, 1:400, Dako). An anti-rabbit secondary anti-
body (VECTASTAIN Elite ABC-Peroxidase kit, Vector
Laboratories) and 3,3’-diaminobenzidine (SigmaFAST
DAB, Sigma-Aldrich) were used for detection and
staining. Hematoxylin was used for counterstaining.
VWEF density was expressed as a pixel unit and cali-
brated by the sum of inner perimeters of vessels in
each section using Adobe Photoshop 2020 (Adobe,
CA). The same threshold density for vWF-positive
staining was applied to all sections. To assess apop-
tosis, a TUNEL (terminal deoxynucleotidyl transferase
biotin-dUTP nick end labeling) assay was performed
as per manufacturer’s instructions (ApopTag Plus
Fluorescein In Situ Apoptosis Detection Kit, EMD
Millipore Corporation, CA), and the number of TUNEL-
positive nuclei was quantified in 6 randomly picked
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fields/sections with an open-source digital image
analysis software (QuPath v0.2.3) at 20X and aver-
aged. TUNEL-positive nuclei were expressed as a per-
centage of total nuclei.

Statistical Analysis

Subject characteristics were summarized using
means and SDs. Characteristics at baseline, following
reperfusion, and in working mode were compared be-
tween treatment and control groups using a descrip-
tive table, and continuous measures were additionally
described with bar charts. Between-group differ-
ences in continuous variables were assessed using
paired t test or Wilcoxon rank-sum tests; between-
group differences in scoring results of H&E staining
across groups were assessed using Fisher exact
tests. Longitudinal data over the course of 2-hour
reperfusion were analyzed using linear mixed-effects
models with case-specific intercepts as random ef-
fects, and the significance of each variable using F
tests. We also evaluated the overall significance of the
drug effect over the course of reperfusion using x?
tests. A P value of <0.05 was considered significant.
Statistical analyses used R v 3.4.1 (R Foundation for
Statistical Computing, Austria).

RESULTS

There were no significant differences in the body weight
of pigs in the treatment and control groups (exenatide
versus controls, 11.3+0.8 versus 11.2+2.4kg, P=0.93)
or in duration of warm ischemic time (22+2 versus
21£2min, P=0.56). All hearts regained sinus rhythm
spontaneously after reperfusion or after cardioversion.

Metabolic Variables and Myocardial Injury
DCD hearts treated with exenatide showed signifi-
cantly higher MVO, during reperfusion compared with
untreated controls (P<0.001), but not during working
mode (Figure 2A). Venous lactate levels showed no
difference during reperfusion (P=0.75) but were sig-
nificantly lower in exenatide-treated DCD hearts during
working mode (3.17 £0.75 versus 517 +1.44mmol/L,
P=0.01; Figure 2B). Coronary vascular resistance
did not differ between groups during either reperfu-
sion (P=0.42) or working mode (P=0.26; Figure 2C).
Regression tables of MVO,, venous lactate level, and
coronary vascular resistance are described in Table S2.
Levels of cTnl were not detectable in either group at
TO or T1, but were significantly lower in exenatide-
treated hearts at T2 (27.9+11.2 versus 42.3+11.8ng/
mL, P=0.04) and remained trending towards this at T3
(70.7+11.4 versus 88.0+17.2ng/mL, P=0.09; Figure 3A).
Heart weight gain, a measure of myocardial edema,
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Figure 2. Metabolic markers during reperfusion and at the working mode.

A, Myocardial oxygen consumption (P<0.001 over the 2-hour reperfusion); B, venous lactate
level; C, coronary vascular resistance. An error bar represents the average response and its
corresponding 95% ClI at each time point for each group during reperfusion. Data represent
the mean+SD in working mode. *P<0.05 in working mode. CVR indicates coronary vascular
resistance; and MVO,, myocardial oxygen consumption.
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Figure 3. Myocardial damage markers.

A, Cardiac troponin | level measured at T2 and T3; B, heart weight gain rate at the end of working mode
relative to the weight of procured heart after ischemia. *P<0.05. cTnl indicates cardiac troponin I.

did not differ between the 2 groups (11.6+4.7 versus
16.3+6.6, %, P=0.15; Figure 3B).

Cardiac Function

Functional parameters determined by pressure-
volume catheter and echocardiogram are shown in
Table 1. Treatment with exenatide improved diastolic
function as compared with controls: minimum first de-
rivative of LV pressure (Min-dp/dt: —3644 +620 versus
-2193+610mmHg/s, P<0.001), Tau (15.6+1.8 versus
24.6+7.4ms, P=0.02), and lateral peak early diastolic
tissue velocity (11.3+1.5 versus 7.2+3.0cm/s, P=0.01;
Figure 4). Improvements in systolic function, as rep-
resented by maximum first derivative of LV pressure
(Max +dp/dt: 2317+300 versus 1949+664 mmHg/s,
P=0.22), left ventricular ejection fraction by pressure-
volume loops (46+13 versus 33%+9%, P=0.05), and by
echocardiography (60+8 versus 43%+21%, P=0.08),
failed to reach statistical significance (Figure 4). Of
note, HR was higher in exenatide-treated hearts during
working mode (201+22 versus 167+18beats per min-
ute, P=0.01), with no differences in stroke volume, car-
diac index, and stroke work, under the same preload
conditions.

Biochemical Markers

Representative Western blots for eNOS, survival ki-
nase, and an apoptosis marker are shown in Figure 5.
Treatment with exenatide increased p-eNOS/eNOS
ratio compared with untreated controls (2.71+1.16
versus 1.37+0.35, P=0.02) with no differences in
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p-Akt/t-Akt  (0.48+0.23 versus 0.45+0.13, P=0.72)
or cleaved caspase-3/GAPDH (0.023+0.009 versus
0.034+0.016, P=0.15).

Histological Markers

Scores for hemorrhage in each cardiac layer, con-
traction bands, and hypereosinophilic myocytes are
summarized in Table 2. Although no significant differ-
ences were observed, contraction bands and/or hy-
pereosinophilic myocytes occupy <5% of all sections.
In TUNEL assays, the ratio of positive cells is <1% in
both groups, with no significant difference (0.76+0.33
versus 0.92+0.26, %, P=0.32; Figure S1). However,
treatment with exenatide clearly and convincingly re-
duced VWF expression (ie, endothelial cell activation)
as compared with untreated controls (0.024+0.007
versus 0.331+0.302, pixel/um, P=0.04; Figure 6).

DISCUSSION

The DCD heart model used in this study was devel-
oped to investigate pediatric DCD heart pathophysiol-
ogy. Hearts during reperfusion are in a resting state
and do not pump blood. They are then filled with
blood during working mode to assess hemodynamic
function. This model “simulates” pediatric DCD heart
transplantation and represents a platform in which in-
novative treatments aimed at improving DCD heart vi-
ability can be tested.

Using this model, DCD hearts treated with ex-
enatide showed less myocardial and endothelial
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Table 1. Functional Parameters

Exenatide-Treated DCD Hearts in Juvenile Pigs

Variables Control (n=7) Exenatide (n=7) P value
Pressure-volume catheter
Heart rate, bpm
Baseline 108+10 111+13 0.71
Working mode 167+18 201+22 0.01
Ejection fraction, %
Baseline 38+5 403 0.49
Working mode 33+9 46413 0.05
Max+dp/dt, mmHg/s
Baseline 1337+426 1044+273 0.16
Working mode 19494664 2317+300 0.22
Min-dp/dt, mmHg/s
Baseline -1606+511 -1333+143 0.22
Working mode -2193+610 -3644+620 <0.001
Tau, ms
Baseline 31.3+5.4 36.9+15 0.38
Working mode 24.6+7.4 15.6+1.8 0.02
Stroke volume, mL
Baseline 10.5+2.3 11.3+1.5 0.46
Working mode 8.1+3.7 8.0+1.6 0.94
Cardiac index, L/min per m?
Baseline 2.85+0.50 3.09+0.41 0.35
Working mode 3.25+0.83 3.92+0.34 0.08
Cardiac output, mL/min
Baseline 1151319 1240+159 0.52
Working mode 1313477 1578+173 0.21
Stroke work, mmHgxmL
Baseline 634+128 614+54 0.73
Working mode 660+325 745+220 0.58
Arterial elastance, mmHg/mL
Baseline 6.7+2.5 5.6+0.8 0.29
Working mode 14.5+£5.4 141+2.4 0.85
Echocardiogram
Ejection fraction, %
Baseline 5915 55+4 0.15
Working mode 43+21 60+8 0.08
Lateral e’ velocity, cm/s
Baseline 10.8+2.9 1.2£2.3 0.80
Working mode 7.2+3.0 11.3+1.5 0.01
Septal e’ velocity, cm/s
Baseline 71+1.8 5.4+1.4 0.09
Working mode* 6.9+4.4 9.8+1.9 0.18

bpm indicates beats per minute; e, peak early diastolic tissue velocity; Max+dp/dt, maximum first derivative of left ventricular pressure; and Min-dp/dt,

minimum first derivative of left ventricular pressure.

*n=6 in control.

damage and preserved diastolic function compared treated with exenatide showed higher MVO, during
with controls. These results represent clear evidence reperfusion, suggesting greater metabolic activity,
of direct cardioprotection of the nondegradable  they released lower levels of the cardiac injury bio-
GLP-1R agonist exenatide. Although DCD hearts marker cTnl.
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Figure 4. Parameters representing diastolic and systolic function.

A, Minimum first derivative of left ventricular pressure; B, Tau; C, lateral e’ velocity; D, maximum first
derivative of left ventricular pressure; E, left ventricular ejection fraction measured by the pressure-volume
catheter; F, left ventricular ejection fraction measured by the echocardiogram. Data represent the mean+SD.
*P<0.05, **P<0.01. Cath-LVEF indicates left ventricular ejection fraction measured by the pressure-volume
catheter; Echo-LVEF, left ventricular ejection fraction measured by echocardiogram; Max+dp/dt, maximum
first derivative of left ventricular pressure; and Min-dp/dt, minimum first derivative of left ventricular pressure.

Metabolic Variables in working mode. Myocardial energy (oxygen)
Although MVO, was higher in exenatide-treated DCD  consumption consists of 2 different components:
hearts during reperfusion, this difference disappeared mechanical activity (work-dependent MVO,) and
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Figure 5. Western blotting.

A, Phosphorylated-endothelial nitric oxide synthase (eNOS)/eNOS assessed as endothelial function; B, phosphorylated-Akt/Akt
assessed as antiapoptotic kinase expression; C, cleaved caspase-3 activation assessed as an apoptosis marker. Representative
blot images are shown in each marker. Data represent the mean+SD. *P<0.05. GAPDH indicates glyceraldehyde 3-phosphate
dehydrogenase; p-Akt, phosphorylated-Akt; and p-eNOS, phosphorylated-endothelial nitric oxide synthase.

nonmechanical processes (unloaded MVO,) includ-
ing maintenance of ionic environment, protein synthe-
sis, membrane potential, and release and uptake of
calcium by sarcoplasmic reticulum.?526 Thus, MVO,
measured during reperfusion phase represents un-
loaded MVO2, and MVO2 measured in working mode
is the sum of unloaded MVO2 and work-dependent
MVO2. Although work-dependent MVO2 can show
energy efficiency per unit of external work,?” unloaded
MVO2 reflects on the status of the myocardium and its
metabolic response to recovery from ischemic- and
ischemia—reperfusion injuries. Accordingly, we believe
the higher unloaded MVO, observed in the exenatide-
treated group reflects a higher proportion of myocytes
functioning in the exenatide-treated DCD hearts.
Importantly, the “step-up” of MVO, when hearts transi-
tion to working mode corresponds to work-dependent
MVO,, which was lower in exenatide-treated DCD
hearts than in controls, suggesting greater energy ef-
ficiency of exenatide-treated hearts in working mode.
This is further supported by the lower venous lactate
levels observed in exenatide-treated DCD hearts dur-
ing working mode, with less anaerobic metabolism
and more oxidative phosphorylation compared with
controls. Similar arterial lactate levels in the 2 groups
in working mode may be explained by the EVHP cir-
cuit, in which lactate levels in the arterial line represent

J Am Heart Assoc. 2023;12:e027163. DOI: 10.1161/JAHA.122.027163

accumulated lactate in the venous reservoir. As such,
venous lactate is a more sensitive indicator of myo-
cardial metabolism than arterial lactate during EVHP.
Taken together, our data suggest exenatide treat-
ment better preserved myocardial metabolism in DCD
hearts.

Myocardial Protection

The extent of myocardial damage in our DCD model
is manifest by increased release of cInl at T2 and T3
compared with TO, with exenatide treatment show-
ing a 33% reduction in cInl levels at T2 (P<0.05), and
20% lower cTnl levels at T3 (P=0.09). Cardioprotective
actions of exenatide were also evidenced by higher
cardiac p-eNOS/eNOS ratios. eNOS is constitutively
expressed by both cardiac endothelial cells and car-
diomyocytes,”® and regulates NO-mediated vascular
tone®® and cardiac function.®° Indeed, vasodilation
through eNOS-derived NO has been shown to me-
diate cardioprotection against IRI.3" Another striking
manifestation of the cardioprotective actions of ex-
enatide in DCD hearts was the extremely low level of
cardiac endothelial VWF expression. This finding impli-
cates an endothelial cell “pacification” effect of exena-
tide, which we previously presumed in an arterial laser
injury model of thrombosis in mice.%?
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Table 2. Hematoxylin and Eosin Staining

Exenatide

Variables Control (n=7) (n=6) P value

Endocardial 1.00
hemorrhage

None 0
<5% 1
5%-10% 2
>10% 4
Myocardial hemorrhage 0.07
None 2 (29%)
<10% 3 (43%)
10%-50%
Epicardial hemorrhage 0.62

None 0
<5% 4
2
1

5%-10%
>10%

Contraction bands and/ 0.59
or hypereosinophilic
myocytes
None 5 (71%)
Positive (<5%)

Hemodynamic Function

Previous studies in an acute regional myocardial is-
chemia model in adult pigs had shown that exenatide
prevented both systolic and diastolic dysfunction.®® In
the unigue DCD model we have used, exenatide im-
proved diastolic function more than systolic function.
This may be because of the unique loading conditions
of our model, and/or relative resistance of the ex-vivo
juvenile pig heart to systolic dysfunction after IRI.%*35
Another potential factor is the higher HR observed in
the exenatide group in working mode. HR is known
to affect indices of early diastolic pressure decay and
cardiac contractility as well as preload and afterload.
Having said that, HR alone, without changes in preload
and afterload, has not shown significant impact on
max+dp/dt.383” Considering also that the DCD model
used a strictly managed preload (120% of cardiac out-
put in working mode) as well as a consistent afterload
(as shown by arterial elastance), significant improve-
ments in diastolic function in exenatide-treated hearts
are unlikely to be caused by differences in loading, and
more likely to represent direct effects on cardiac per-
formance. With regard to the observed increase in HR
in exenatide-treated DCD hearts, GLP-1 and GLP-1R
agonists are known to increase HR through modula-
tion of both autonomic nervous system activity, as well
as direct effects on atrial pacemaker cells. 3841

Cellular Injury
Curiously, expression levels of the apoptosis marker
cleaved caspase-3 and survival kinase Akt did not

J Am Heart Assoc. 2023;12:e027163. DOI: 10.1161/JAHA.122.027163
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show significant differences between the 2 groups.
This may be because of specific conditions of the DCD
model. First, our model uses warm ischemic time,
which did not result in irreversible cellular changes such
as apoptosis. When reductions in coronary blood flow
lasts longer than 20 to 40minutes, infarction is typi-
cally observed in larger mammals.*? Qur DCD hearts
underwent only 20 minutes of ischemia, rendering the
myocardium on the cusp of reversible injury. The most
severe manifestation of coronary microvascular injury
from IRl is hemorrhage, which results from swelling of
capillary endothelial cells, microvascular rupture, and
leakage of circulating cells into the interstitium.444
With this in mind, our blinded scoring of hemorrhage
in endocardium, myocardium, and epicardium showed
no differences between the 2 groups, with contraction
bands and/or hypereosinophilic myocytes detected
in <6% of the LV area of every section examined.
Similarly, as shown by TUNEL staining, apoptotic cells
represented <1% of all cells in both groups. Together,
these findings indicate that while our model unequivo-
cally manifests injury, it falls short of irreversible cell
death and extensive histopathological damage.

Pediatric DCD Heart Transplantation
Understanding and minimizing IRI of DCD hearts is
necessary to establish a clinically viable DCD heart
transplant program. We believe the EVHP circuit we
describe breaks new ground in this field, enabling
DCD hearts to beat under oxygen supply and rest-
ing conditions without volume- and pressure-loading.
This normothermic oxygenated perfusion minimizes
myocardial ischemia time during organ transport,
which is beneficial for DCD hearts showing poor tol-
erance of any additional cold ischemia. In addition
to the pediatric-specific EVHP and optimal perfusion
strategies described,?® the current study supports the
use of cardioprotective agents, such as exenatide,
as a means to further minimize IRI, making available
more viable DCD hearts needed to impact the exces-
sive mortality of pediatric heart transplant waiting lists.
Indeed, a preclinical pilot study using DCD hearts in
pediatric patients has been approved by the Research
Ethics Board of the Hospital for Sick Children. Within
this protocol, donated DCD hearts are reperfused on
the EVHP device, which is designed and produced for
clinical use on the basis of our animal studies to date.
Based on the current report, we are also well posi-
tioned to conduct first-in-human trials of cardiopro-
tective agents, such as exenatide, on pediatric DCD
hearts.

Study Limitations
We believe the warm ischemic time used in the cur-
rent DCD heart model was not long enough to cause
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Figure 6. Expression of von Willebrand factor (vWF) in endothelial cells.

(A), VWF density in the control and exenatide group. Representative pictures of stained
myocardium in the control and exenatide group are shown in (B) and (C), respectively. Data
represent the mean+SD. *P<0.05. vWF indicates von Willebrand factor.

irreversible cardiomyocyte injury, or widespread apop-
tosis and cell death. As such, we were not able to dem-
onstrate antiapoptotic effects of exenatide. We believe
a longer ischemic period is required to assess those
effects. Although our current model was designed to
simulate current conditions of clinical practice, assess-
ment of exenatide and other cardioprotective strate-
gies in settings with longer durations of ischemia and
more possibility for irreversible damage may be inform-
ative. This study did not use an active comparator or
a blinded placebo, which would strengthen the design
of future preclinical and clinical studies. Although the
longitudinal analysis enabled us to gain insight into the
biomarker trajectories during the reperfusion time pe-
riod, the limited sample size prompts further study to
confirm the longitudinal findings.

CONCLUSIONS

In a juvenile pig DCD heart model, treatment with ex-
enatide increased MVO, and reduced cTnl release dur-
ing reperfusion, with improved hemodynamic function
and lower lactate levels in working mode compared with
untreated controls. Measures of diastolic function and
endothelial function also showed significant protection

J Am Heart Assoc. 2023;12:e027163. DOI: 10.1161/JAHA.122.027163

after treatment with exenatide. Cardioprotective strate-
gies such as GLP-1R agonists may enhance the clini-
cal viability of pediatric DCD heart transplantation.
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Data S1.

Supplemental Methods

Metabolic parameters

Myocardial lactate metabolism was calculated as follows:

Venoarterial lactate difference (mmol/L) = coronary sinus lactate (mmol/L) — arterial lactate

(mmol/L)

MVO?2 is calculated as follows:

MVO2 (mL/min/100 grams) =[(CaO2-CvO2) x CBF]/100 grams heart weight.

Arterial (Ca02) and venous oxygen content (CvO2) were calculated as follows:

CaO2 (mLO2/min/100mL) = [1.34 (mLO2/gram hemoglobin) x hemoglobin concentration
(grams/100 mL) % oxygen saturation (%)] + [0.00289 (mLO2/mmHg/100mL) x PaO2 (mmHg)]
and

CvO2 (mLO2/min/100mL) = [1.34 (mLO2/gram hemoglobin) x hemoglobin concentration

rams/100 mL) x oxygen saturation (%)] + [0.00289 (mLO2/mmHg/100mL) x PvO2 (mmHg)].
(g ) Vg (7)] + [ ( g ) (mmHg)]

Coronary vascular resistance (CVR) was calculated as follows:
CVR (mmHg % min/mL/100grams) = aortic mean pressure (mmHg)/coronary blood flow

(mL/min)/100 grams heart weight.



Table S1. Perfusate composition in ex-vivo heart perfusion before hemoconcentration.

Dose
Plasmalyte A, mL 450
Mannitol 20%, mL 4
NaHCO3-, mEq 5
Sterile Water, ml 25
Heparin, units 2000
Whole Blood, ml 450
25% Albumin, ml 25

Solumedrol, mg 40




Table S2. Regression results from the linear mixed-effects models of metabolic variables over

the course of reperfusion

Myocardial oxygen consumption

Variable Estimate [95% CI] p value
Exenatide [ref: control] -0.189 [-1.420, 1.043] 0.016
Minutes of reperfusion [ref: 30 minutes] <0.001
60 minutes 0.415[-0.532, 1.363]
90 minutes 0.516 [-0.432, 1.463]
120 minutes 0.541 [-0.459, 1.531]
Treatment group and minutes of reperfusion
interaction 0.008
Treatment group and 60 minutes interaction 1.940 [0.600, 3.280]
Treatment group and 90 minutes interaction 2.572[1.232, 3.912]
Treatment group and 120 minutes interaction 1.771 [0.401, 3.150]
Venous lactate level
Variable Estimate [95% CI] p value
Exenatide [ref: control] -0.196 [-0.109, 0.064] 0.46
Minutes of reperfusion [ref: 30 minutes] 0.027
60 minutes 0.170 [-0.064, 0.030]
90 minutes -0.044 [-0.021, 0.073]
120 minutes -0.256 [-0.028, 0.065]
Treatment group and minutes of reperfusion
interaction 0.77
Treatment group and 60 minutes interaction -0.023 [-0.077, 0.056]
Treatment group and 90 minutes interaction -0.066 [-0.118, 0.015]
Treatment group and 120 minutes interaction  -0.368 [-0.085, 0.047]
Coronary vascular resistance
Variable Estimate [95% CI] p value
Exenatide [ref: control] -0.023 [-0.109, 0.064] 0.30
Minutes of reperfusion [ref: 30 minutes] 0.36
60 minutes -0.017 [-0.064, 0.030]
90 minutes 0.026 [-0.021, 0.073]
120 minutes 0.018 [-0.028, 0.065]
Treatment group and minutes of reperfusion
interaction 0.51

Treatment group and 60 minutes interaction
Treatment group and 90 minutes interaction
Treatment group and 120 minutes interaction

-0.010 [-0.077, 0.056]
-0.052 [-0.118, 0.015]
-0.019 [-0.085, 0.047]



Figure S1. Terminal deoxynecleotidyl transferase biotin-dUTP nick end labeling assays.
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(a) Quantification of % positive nuclei. Representative pictures of stained sections in the

control and exenatide group are in (b) and (c), respectively.
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