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Abstract Selective stimulation of 3 adrenergic-receptor
(B3AR) has been shown to reduce infarct size in a mouse
model of myocardial ischemia/reperfusion. However, its
functional long-term effect and the cardioprotective
mechanisms at the level of cardiomyocytes have not been
elucidated, and the impact of B3AR stimulation has not
been evaluated in a more translational large animal model.
This study aimed at evaluating pre-perfusion administra-
tion of BRL37344 both in small and large animal models
of myocardial ischemia/reperfusion. Pre-reperfusion
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administration of the B3AR agonist BRL37344 (5 pg/kg)
reduced infarct size at 2-and 24-h reperfusion in wild-type
mice. Long-term (12-weeks) left ventricular (LV) function
assessed by echocardiography and cardiac magnetic reso-
nance (CMR) was significantly improved in B3AR agonist-
treated mice. Incubation with B3AR agonist (BRL37344,
7 pmol/L) significantly reduced cell death in isolated adult
mouse cardiomyocytes during hypoxia/reoxygenation and
decreased susceptibility to deleterious opening of the
mitochondrial permeability transition pore (mPTP), via a
mechanism dependent on the Akt-NO signaling pathway.
Pre-reperfusion BRL37344 administration had no effect on
infarct size in cyclophilin-D KO mice, further implicating
mPTP in the mechanism of protection. Large-white pigs
underwent percutaneous coronary ischemia/reperfusion
and 3-T CMR at 7 and 45 days post-infarction. Pre-per-
fusion administration of BRL37344 (5 pg/kg) decreased
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infarct size and improved long-term LV contractile func-
tion. A single-dose administration of B3AR agonist before
reperfusion decreased infarct size and resulted in a con-
sistent and long-term improvement in cardiac function,
both in small and large animal models of myocardial
ischemia/reperfusion. This protection appears to be exe-

cuted through inhibition of mPTP opening in
cardiomyocytes.
Keywords [3; adrenergic receptor - Magnetic resonance

imaging - Myocardial infarction - Beta-adrenergic receptor
blocker - Ischemia/reperfusion - Mitochondrial
permeability transition pore

Introduction

Acute myocardial infarction (AMI) is a leading cause of
mortality and morbidity worldwide. Early coronary reper-
fusion has been established as the best therapeutic strategy
to limit infarct size and improve prognosis; however,
reperfusion itself induces additional damage to the myo-
cardium, known as ischemia/reperfusion injury (IRI) [20,
42, 49].

Evidence gathered over the past 40 years indicates that
myocardial injury can be attenuated by manipulation of the
response to IRI. In 1971 Braunwald et al. [38] demon-
strated that the severity of myocardial necrosis due to
coronary occlusion could be attenuated by appropriate
interventions during ischemia. Since then, multiple strate-
gies and interventions have been proposed as capable of
limiting infarct size by reducing IRI in different animal
models [5]. Despite these promising preclinical studies,
attempts to translate them to the clinic have not been
successful [23, 29, 47, 49] partly because of the lack of
studies confirming results obtained in small animals in
clinically relevant large animal models [10, 26]. The pos-
sibility of reducing the extent of cell death during an AMI
is of great importance, since infarct size is the main
determinant of post-infarction mortality [13]. Conse-
quently, there is a clear need to develop therapies for
reducing infarct size that go beyond early reperfusion.

The B; adrenergic-receptor (B3AR) is a G-protein-cou-
pled receptor preferentially expressed in adipose tissue.
The identification of B3AR expression in the myocardium
[22] prompted suggestions that it might be a therapeutic
target in cardiovascular diseases, and B3AR-selective
stimulation has been consistently beneficial in animal
models of heart failure [12, 39]. More recently, B3AR
agonists have been shown to reduce infarct size in mice
undergoing regional myocardial ischemia/reperfusion [3].
However, it remains unknown whether B3AR stimulation
during AMI results in long-term benefits on cardiac
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function and, more importantly, if this strategy is cardio-
protective in a more clinically relevant large-animal model
[28, 32]. Confirmation of an infarct-limiting effect and
long-term benefits from this new therapeutic strategy
would have a significant translational impact.

The fate of cardiomyocytes upon IRI is critically
dependent on mitochondria [21, 30, 31, 49]. Irreversible
and pathological opening of the mitochondrial permeability
transition pore (mPTP) at the onset of reperfusion is well
established as a major determinant of cardiomyocyte cell
death [19, 30, 31]. A key regulator of mPTP opening is
mitochondrial cyclophilin-D (CypD) and its pharmaco-
logical inhibition with cyclosporin-A (CsA) has been
shown to reduce infarct size both in animal models and in
clinics [4, 8, 18, 41, 48]. The effect of B3AR modulators on
cardiomyocyte mPTP opening remains to be established.

The aims of this study were (1) to analyze the effect of
pre-reperfusion B3AR agonist therapy on infarct size and
long-term myocardial performance in a mouse model of
IRI, (2) to study the cardioprotective mechanisms involved
in B3AR stimulation at the cardiomyocyte level, and (3) to
confirm the beneficial effect of B3AR agonist therapy in a
large preclinical animal model of AMI.

Materials and methods
Study design

Two sets of mice were subjected to temporal left anterior
descending (LAD) coronary artery occlusion and random-
ized to receive a single bolus of the PB3AR agonist
BRL37344 or vehicle before reperfusion. In the first set,
late IRI was evaluated by quantification of infarct size at
24 h reperfusion. In a second set, serial left ventricular
(LV) function was assessed by echocardiography and high
field (7-T) cardiac magnetic resonance (CMR) at short- (1
and 4 weeks) and long-term (12 weeks) follow-up. To
confirm PB3AR agonism implication, FVB/N [B3AR-
knockout (KO) mice were subjected to the same myocar-
dial IRI procedure and infarct size evaluated at 24 h of
reperfusion.

To study whether the protective effect of pre-reperfusion
B3AR stimulation derives from a direct effect on cardio-
myocytes, isolated adult mouse cardiomyocytes were
subjected to simulated ischemia/reperfusion (hypoxia/
reoxygenation; H/R), and cell viability evaluated in the
presence or absence of BRL37344. The role of nitric oxide
(NO) production as an intracellular signaling mediator was
tested by co-incubation with BRL37344 and the nitric
oxide synthase (NOS) inhibitor L-NAME. In addition, the
H/R procedure was applied to adult cardiomyocytes from
mice lacking endothelial-NOS (eNOS-KO). NO signaling
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pathway activation was evaluated by western blot in iso-
lated cardiomyocytes subjected to H/R. Susceptibility to
mPTP opening during B3AR stimulation was evaluated in
isolated cardiomyocytes in the presence of BRL37344,
saline, or the CypD inhibitor cyclosporine-A (CsA). The
implication of mPTP opening in B3AR-agonist-mediated
cardioprotection was tested in vivo in CypD-KO mice
subjected to the myocardial IRI procedure and randomized
to receive BRLL37344 or vehicle before 2 h if reperfusion.

The translational impact of PB3AR-agonist-mediated
cardioprotection was tested in a pig model of AMI by
60 min of percutaneous angioplasty followed by reperfu-
sion [33, 35] and randomized to receive either BRL37344
or vehicle at the onset reperfusion. Infarct size was eval-
uated by 3-T CMR at 7 days post-infarction, and LV
function was evaluated, also by CMR, at long-term follow-

up.

Mouse model of myocardial ischemia/reperfusion
injury (IRI)

Male 8- to 12-week-old mice were subjected to 45 min of
left anterior descending (LAD) coronary artery occlusion
followed by reperfusion. For infarct size evaluation,
reperfusion was maintained for 2 or 24 h; for assessment of
long-term left ventricular (LV) function, reperfusion was
maintained for 12 weeks. For the LAD procedure, mice
were intra-peritoneal anesthetized with ketamine (60 mg/
kg), xylacine (20 mg/kg), and atropine (9 mg/kg). Once
deeply asleep, and under direct visualization of the trachea,
animals were orally intubated using a blunted 22G cannula
and mechanically ventilated throughout the entire proce-
dure (SAR-830. CWE Inc.). Temperature was controlled
(BAT-12, Physitemp Instruments) and kept constant at
37 °C with a heated operating table (V500VStat, Peco
Services) to prevent hypothermic cardioprotection [2]. As
previously described by Gomez et al. [24], a nylon 8/0
monofilament suture was passed beneath the LAD
approximately 2 mm below the tip of the left atrium
appendage. After stabilization for 5 min, regional ischemia
was induced by tightening a simple snare to stop coronary
blood flow. A short segment of PE-10 tubing was placed
between the tissue and the suture to minimize damage and
allow for complete reperfusion after the ischemic period.
Successful LAD occlusion was confirmed by ST-segment
elevation on ECG (MP36R, Biopac Systems Inc.) and the
appearance of myocardial pallor. During ischemia, the
thorax was covered with parafilm to prevent dehydration.
Anesthetic mixture was injected intra-peritoneally when
needed. Five minutes before the onset of reperfusion, mice
were randomized to receive a single bolus injection (50 pL,
with an insulin syringe) of the B3AR agonist BRL37344
(5 pg/kg) or saline into the femoral vein. The BRL37344

dose was selected on the basis of dose—response studies
performed before the initiation of the IRI procedure (data
not shown). The thoraxes of animals designated for infarct-
size evaluation at 24 h reperfusion were closed with a 6/0
silk thread, and animals were recovered with 100 % O, and
analgesized with buprenorphine (S.C., 0.1 mg/kg) until the
end of the procedure. Animals designated to early IRI
evaluation (2 h reperfusion) were maintained completely
asleep and under mechanical ventilation until the end of the
procedure.

Infarct size quantification

Mice reperfused for 24 h were briefly re-anesthetized at the
end of the reperfusion period, and were then intubated and
the LAD re-occluded by ligating the suture in the same
position as the original infarction. Animals were then killed
and 1 mL of 1 % (w/v) Evans Blue dye infused i.v. to
delineate the Area at Risk (AAR: myocardium lacking
blood flow, i.e. negative to blue dye staining). The heart
was then excised, the left ventricle (LV) was isolated and
cut into seven 1-mm-thick transverse slices, and pictures
were taken from both sides. In order to differentiate
infarcted from viable tissue, slices were incubated in tri-
phenyltetrazolium chloride (TTC, 1 % (w/v) diluted in
PBS) at 37 °C for 15 min. The slices were then re-photo-
graphed and weighed. Regions negative for Evans Blue
staining (AAR) and negative for TTC (infarcted myocar-
dium) were calculated by a blinded observer using the
computer-assisted planimetry function in ImageJ 6.0 (NIH,
Bethesda, MD). Infarct size for each slice was calculated as
the average percentage of infarcted myocardium from both
sides of each section. Following a previously described
method [9], percentile values for AAR and IS were cor-
rected to mg independently for each slice. Finally, absolute
infarct size was determined as the ratio >_mg of IS/> mg
of AAR. This methodology takes into account individual
AAR variability [11]. The full set of LV images is shown in
supplemental Fig. 2.

Echocardiography functional examination in mice

Echocardiographic evaluations to determine cardiac vol-
ume and LV contractility were performed by an experi-
enced observer blinded to the study allocation in mice at 1,
4 and 12 weeks post-infarction. Mice were anesthetized by
inhalation of isoflurane/oxygen and examined with a
30-MHz transthoracic echocardiography probe and a Vevo
2100 ultrasound system (VisualSonics, Toronto, Canada).
From short-axis and long-axis B-mode views, end-systolic
and end-diastolic LV volumes and LV ejection fraction
(LVEF) were calculated using the area-length method [16].
LV regional function was evaluated in a 13-segment model
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(basal, middle and apical segments of the septum, anterior,
lateral, postero-inferior walls and the apex) and scored as
follows: normal (0), hypo/akinesis (1), dyskinesis/aneu-
rysm (2). A segmental LV wall motion score was defined
as the sum of the individual segment scores in each animal.

High field CMR protocol in mice

Myocardial volumes and function were assessed by CMR
12 weeks post-AMI. Mice were anesthetized by inhalation
of isoflurane/oxygen (5 %/95 %) and examined with a 7-T
field preclinical CMR system (BioSpec 70/20 USR, Bruker
BioSpin) with a maximum gradient of 750 mT/m. A vol-
ume resonator (72 mm inner diameter) operating in quad-
rature mode was used for excitation and a four-element
phased array surface mouse heart coil (Rapid Biomedical)
was used for signal reception. After standard cardiac lo-
calizers, cine images were acquired using fast low-angle
shot (Intragate-FLASH) sequences in 67 short-axis planes
to cover the whole LV with a field of view (FOV) of
2.7 x 3cm, a 1-mm slice thickness without gaps, TE
24 ms, TR 8 ms, cardiac phases 10, and matrix of
256 x 256 pixels. Cine images were reconstructed using
retrospective ECG-gating performed with IntraGate, which
is included in the CMR Paravision Bruker software. ECG
and breathing rhythm were monitored with a CMR-com-
patible system for small animals (Model 1025, S.A.
Instruments, Inc., New York, USA).

Isolation of adult mouse cardiomyocytes

The protocol for mouse adult cardiomyocyte isolation was
adapted from several studies [36, 44, 50]. Briefly, 10- to
12-week-old C57BL/6J WT or eNOS-KO mice were hep-
arinized (50 USP units) and anesthetized with a mixture of
ketamine (140 mg/kg), xylazine (33 mg/kg), and atropine
(9 mg/kg). Once pedal pinch reflexes were completely
inhibited, animals were placed in a supine position, ventral
thoracic regions were wiped with 70 % alcohol, and ani-
mals were euthanized. The heart was quickly removed,
cannulated through the ascending aorta, and mounted on a
modified Langendorff perfusion apparatus. The heart was
then retrogradely perfused (3 mL/min) for 5 min at room
temperature (RT) with pre-filtered Ca®"-free Perfusion-
Buffer [NaCl (113 mmol/L); KCI (4.7 mmol/L); KH,PO,
(0.6 mmol/L); Na,HPO, (0.6 mmol/L); MgSO,-7H,O
(1.2 mmol/L); NaHCO;3 (12 mmol/L); KHCO3; (10 mmol/
L); Phenol Red (0.032 mmol/L); HEPES-Na salt
(0.922 mmol/L); taurine (30 mmol/L); glucose (5.5 mmol/
L); 2,3-butanedione-monoxime (10 mmol/L), pH 7.4].
Enzymatic digestion was performed with digestion-buffer
[perfusion-buffer with Liberase™ (0.2 mg/mL), Trypsin
2.5 % (5.5 mmol/L); DNase (5 x 1073 U/mL) and CaCl,
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(12.5 umol/L)] for 20 min at 37 °C. At the end of enzy-
matic digestion, both ventricles were isolated and gently
disaggregated in 5 mL of Digestion Buffer. The resulting
cell suspension was filtered through a 100-pum sterile mesh
(SEFAR-Nitex) and transferred for enzymatic inactivation
to a tube with 10 mL of stopping-buffer-1 [perfusion-buf-
fer supplemented with fetal bovine serum (FBS, 10 % v/v)
and CaCl, (12.5 pmol/L)]. After gravity sedimentation for
20 min, cardiomyocytes were resuspended in stopping-
buffer-2 containing lower FBS (5 % v/v) for another
20 min. Cardiomyocyte Ca®'-reintroduction was per-
formed in stopping-buffer-2 with five progressively
increased CaCl, concentrations (62 umol/L, 112 pumol/L,
212 pmol/L, 500 pmol/L. and 1 mmol/L). Cells were
resuspended and allowed to decant for 10 min in each step,
contributing to the purification of the cardiomyocyte sus-
pension. The homogeneous suspension of rod-shaped
cardiomyocytes was then resuspended in M199 supple-
mented with Earle’s salts and L-glutamine, penicillin—
streptomycin (1 %), insulin—transferin—selenium-A (0.1 x),
bovine serum albumin (BSA, 2 g/L), blebbistatin
(25 pmol/L) and FBS (5 %). Cells were plated in single
drops onto 22-mm? glass coverslips precoated with 200 pL
of mouse laminin (10 mg/mL) in phosphate-buffered saline
(PBS) for 1 h.

Hypoxia/reoxygenation in adult mouse cardiomyocytes

Prior to being subjected to induced hypoxia/reoxygenation,
plated isolated adult mouse cardiomyocytes were washed
and stabilized for 30 min at 37 °C with normoxic-buffer
(NB) [NaCl (113 mmol/L); KCI1 (4.7 mmol/L); KH,PO,
(0.6 mmol/L); Na,HPO, (0.6 mmol/L); MgSO,-7H,0
(1.2 mmol/L); NaHCO;5 (12 mmol/L); KHCO5; (10 mmol/
L); HEPES-Na Salt (0.922 mmol/L); Glucose (10 mmol/
L); CaCl, (1 mmol/L) and pH 7.4]. Hoechst 33342 (H42,
1 pg/mL) was added for cell recognition, and propidium
iodide (PI, 1 pg/mL) was added to evaluate cell viability.
Simulated ischemia was induced at 1 % O, by placing cells
in a H35 Hypoxystation chamber (Don Whitley Scientific
Limited, UK) in ischemic-buffer (IB), in which glucose
and HEPES were replaced with lactate-Na (10 mmol/L)
and PIPES (10 mmol/L), at pH 6.8 for 30 min (IB was pre-
equilibrated at 1 % O, for 2 h prior to use). After the
hypoxia incubation, IB was replaced with NB for 1 h to
simulate reperfusion. Duplicate wells were randomized to
receive (1) control: NaCl (0.9 %), (2) insulin as positive
control (2 nmol/L), (3) BRL37344 (7 pmol/L), or (4) NG-
nitro-L-arginine methyl ester (L-NAME (10 pmol/L).
Fluorescent images were acquired with a Nikon Time-lapse
confocal microscope after 15, 30, 45 and 60 min of
reoxygenation. An average of 350 rod-shaped cells/well
from 6 independent experiments was analyzed by a blinded
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observer using ImageJ 6.0 (NIH, Bethesda, MD, USA).
Cell death, indicated by internalization of red fluorescence
(Red, PI positive) was expressed as a percentage of the
total number of cardiomyocytes at each point (Blue, H42
positive) and normalized to saline treatment.

Western blot

For protein isolation, cardiomyocytes were maintained in
suspension in 1 mL of IB for 30 min at 1 % O, in a H35
Hypoxystation chamber (Don Whitley Scientific Limited,
UK) followed by 15 min of simulated reoxygention in NB
in the CO, incubator. Cardiomyocytes were spun down and
proteins isolated in RIPA lysis buffer (150 mmol/L NaCl,
1.0 % IGEPAL, 0.5 % sodium deoxycholate, 0.1 % SDS,
50 mmol/L. Tris, pH 8.0) supplemented with protease/
phosphatase inhibitors. After quantification (Pierce BCA
Protein Assay Kit) 30 pg of protein was loaded on 10 and
7 % SDS polyacrylamide gels. After electrophoresis, pro-
teins were transferred to a polyvinylidene fluoride (PVDF)
membrane. Primary antibodies specific for total Akt and
phospho-Akt (Ser473) (Cell Signaling Technology, USA)
were incubated with the PVDF membranes overnight in
Tris Buffered Saline containing 0.1 % Tween and 5 %
bovine serum albumin. After HRP-secondary antibody
incubation blots were developed by chemiluminescence
using Luminata Forte substrate (Millipore, USA). Densi-
tometry of bands was analyzed with Image] 6.0 (NIH,
Bethesda, MD, USA). The ratio between the phospho-
specific and total protein densitometry signals was
calculated.

Induction and detection of mPTP opening

To determine the effect of beta-3-adrenoceptor stimulation
on the susceptibility to mPTP opening, we used a well-
characterized model that simulates the deleterious effect of
mitochondrial reactive oxygen species (ROS) production
upon reperfusion [6, 15, 17]. Maintained confocal laser-
stimulation of the fluorescent mitotraker tetramethyl-rho-
damine methyl ester (TMRM) produces ROS within the
mitochondria, which results in mPTP opening as indicated
by mitochondrial membrane depolarization [51]. Suscep-
tibility to mPTP opening was defined as the time taken to
induce mitochondrial membrane depolarization, visualized
as dequenching of TMRM fluorescence upon its translo-
cation to the cytoplasm. Isolated adult cardiomyocytes,
freshly plated on laminin-precoated (10 mg/mL) cover-
slips, were loaded with TMRM (3 pumol/L) in Hank’s
buffered saline solution (1.2 mmol/LL CaCl,, 15 min at
37 °C). Before induction and detection of mPTP opening,
cardiomyocytes were randomly assigned to the following
treatment groups and loaded for 10 min with (1) vehicle

control: DMSO (0.02 %) + NaCl (0.9 %); (2) CsA posi-
tive control (0.4 umol/L); (3) BRL37344 (7 umol/L); (4)
Both treatments in combination (CsA + BRL37344). An
average of 200 rod-shaped cells was analyzed per group in
9 different experiments. Cells were monitored with a Leica
confocal microscope (SP5), and images were acquired at
2.63-s intervals with simultaneous excitation at 543 nm.
The gain was adjusted to achieve maximum signal intensity
without saturation. All time values were normalized against
the mean time for cardiomyocytes maintained in vehicle.

Pig model of AMI

A re-perfused anterior wall AMI was experimentally
induced in 3-month-old castrated male Large-white pigs
bred at the CNIC’s farm. The protocol for AMI induction is
detailed elsewhere [33, 35]. In brief, anesthesia was induced
by intramuscular injection of ketamine (15 mg/kg), xyla-
zine (2 mg/kg), and midazolam (0.5 mg/kg). buprenorphine
(0.03 mg/kg) was used as an analgesic during the inter-
vention. All animals were intubated and mechanically
ventilated with oxygen (fraction of inspired O,, 28 %) and
anesthesia was maintained by intravenous administration of
midazolam (0.2 mg/kg/h). A continuous infusion of amio-
darone (300 mg, 150 mg/h) was maintained during the
procedure in all pigs as prophylaxis for malignant ventric-
ular arrhythmias. The LAD immediately distal to the origin
of the first diagonal branch was occluded for 60 min with an
angioplasty balloon inserted via the percutaneous femoral
route. Animals were allocated 1:1 by a restricted randomi-
zation (Efron’s biased coin randomization) to receive the
B3AR agonist (BRL37344, 5 pg/kg) or vehicle via marginal
vein of the ear 5 min before reperfusion. The treatment
(BRL37344 or vehicle) was prepared in non-labeled
syringes before the AMI induction and administered by
operators blinded to the randomization. After balloon
deflation, a coronary angiogram was obtained to confirm
appropriate coronary reperfusion. Animals were recovered
thereafter and cared by dedicated veterinarians and tech-
nicians at the CNIC Comparative Medicine Unit.

CMR protocol in pigs

Cardiac magnetic resonance studies were performed 7 and
45 days after AMI to assess infarct size and LV perfor-
mance. Pigs were anesthetized by intramuscular injection
of ketamine, xylacine and midazolam as described above,
and anesthesia was maintained by continuous intravenous
infusion of midazolam. All studies were performed using a
Philips 3-T Achieva Tx whole body scanner (Philips
Medical Systems, Best, The Netherlands) equipped with a
32-element cardiac phased-array surface coil. Images were
acquired with the use of ECG gating by operators blinded
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to the study arm. Segmented cine steady-state free pre-
cession (SSFP) was performed to acquire 11-13 contiguous
short-axis slices covering the heart from the base to the
apex to evaluate global and regional LV motion (FOV of
280 x 280 mm; slice thickness of 8 mm without gap; TR
2.8 ms; TE 1.4 ms, flip angle 45; cardiac phases 25; voxel
size 1.8 x 1.8 mm; 3 NEX). Edema imaging (for AAR
quantification) was performed with a T2-weighted, triple
inversion-recovery fast spin-echo (T2W-STIR) sequence

Fig. 1 Long-term
cardioprotective effect in mice a 60+
subjected to ischemia/ ns
reperfusion after pre-reperfusion
administration of the B3AR
agonist BRL37344. a AAR
(%LV) and IS (%AAR) in
C57BL/6] WT mice subjected
to myocardial IRI and treated
with the B3AR agonist
BRL37344 (BRL, 5 pg/kg) or
vehicle before reperfusion.

b Representative histological
images of 1-mm-thick

40 1

20 -

% of AAR or IS

(FOV of 280 x 280; 11-13 short-axis slices with thickness
of 8 mm and no gap; TR 2-3 heartbeats; TE 80 ms; voxel
size 1.4 x 1.4 mm; STIR delay 210 ms; trigger delay
longest; echo-train length 16; 2 NEX). A coil sensitivity
correction algorithm for all T2W images was implemented
in the scan acquisition. Finally, late gadolinium enhance-
ment imaging was performed 15 min after the adminis-
tration of 0.2 mmol/kg gadopentate dimeglumine using an
inversion-recovery fast gradient-echo sequence to

Vehicle BRL37344

AAR

Control BRL
n=9 n=9

transverse ventricular slices of
mice treated with BRL37344 or

Control BRL

Necrosis

n=9 n=9

vehicle. Upper images show the

AAR (negative for Evans Blue

staining). Lower images show

the extent of necrosis (paler 'y
area) in the same sections after
incubation in TTC. ¢ LVEF
evaluated by serial
echocardiography at 1, 4 and
12 weeks post-infarction in
mice treated with BRL37344 or
vehicle before reperfusion.

d Representative short-axis
echocardiography images at
mid-ventricular level,
illustrating left-ventricular
contractility defects (red 0

AAR (%LV)

80

60 -

40 1

LVEF (%)

20

O Control (n=9)
©® BRL (n=9)

IS (%AAR)

BRL37344

*

arrows). e LVEF evaluated by 1 4
serial CMR at 12 weeks post-

infarction in mice treated with

BRL.37344 or vehicle before

reperfusion. f Representative

short-axis CMR images at mid- €
ventricular level, illustrating LV
contractility defects (red
arrows). LV motion videos
obtained by echocardiography
and CMR are available in
Supplemental material online.
Data are presented as

mean £ SEM. *p < 0.05
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40

LVEF (%)

20

Control
n=9
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determine MI size (FOV of 280 x 280 mm; 11-13 short-
axis slices with a thickness of 8 mm and no gap; TR
5.6 ms; TE 2.8 ms; voxel size 1.6 x 1.6 mm; time interval
optimized to null normal myocardium; trigger delay lon-
gest; bandwidth, 304 Hz per pixel; 2 NEX).

CMR data analysis

All CMR images were analyzed using dedicated software
(QMass MR v.7.6, Medis, Leiden, The Netherlands). Images
were analyzed by two experienced observers with vast
experience in CMR analysis and blinded to the study allo-
cation. The analysis protocol has been detailed elsewhere
[34]. In brief, LV cardiac borders were traced in each cine
image to obtain LV end-diastolic volume (LVEDYV), end-
systolic volume (LVESV) and LVEF. LV volumes normal-
ized to the body surface area were calculated with Brody’s
formula [37]. The left ventricle was divided into 16 segments
based on the American Heart Association (AHA) segmented
model. Fractional wall systolic thickening was quantified
from endocardial and epicardial tracings using a centerline
analysis and expressed as the mean of the segmental thick-
enings. A wall systolic thickening index was calculated in
each animal as the number of segments of LV with fractional
wall systolic thickening higher than 30 % [40]. The area of
myocardium AAR was defined as the extent of the LV
demonstrating high signal intensity on T2W-STIR images
[1]. Infarct size (necrosis) was quantified from the extent of
abnormal delayed gadolinium enhancement. AAR and
necrosis were identified as hyperintense regions, defined as
>50 % of the peak myocardial signal intensity (full width
half maximum) with manual adjustment when needed. If
present, a central hypointense core within the area of
increased signal was included in the T2W-STIR or late
gadolinium enhancement analysis. As described above,
infarct size was expressed as a percentage of the AAR. In
addition, three short-axis slices (basal, mid-cavity and api-
cal) from the SSFP sequence of each animal were selected for
deformation analysis using CMR-based feature tracking
[45]. Circumferential strain was assessed with ad hoc soft-
ware (2D Cardiac Performance Analysis MR, TomTec
Imaging System, Germany). Endocardial borders were
manually drawn in all analyzed slices and then the automatic
computation was triggered. Finally, the global circumfer-
ential strain (GCS) in each animal was calculated as the
median of all segmental circumferential strains.

All animal studies conducted at the CNIC were approved
by the local ethics committee, and all animal procedures
conformed to EU Directive 2010/63EU and Recommen-
dation 2007/526/EC regarding the protection of animals
used for experimental and other scientific purposes,
enforced in Spanish law under Real Decreto 1201/2005.
Procedures carried out at the Hatter Cardiovascular Institute

(UCL) were conducted in accordance with the UK National
Institute of Health Guidelines for the Care and Use of
Laboratory Animals. Authors had full access to and take full
responsibility for the integrity of the data. All authors have
read and agree to the manuscript as written.

Drugs

Reagents were purchased from Sigma-Aldrich Co. LLC.,
Thermo Fisher Scientific Inc., and Tocris Bioscience.

Statistical analysis

The distribution of continuous variables was analyzed with
graphical methods. For normally distributed variables,
results are expressed as mean (SD) and compared either by

Table 1 Echocardiography-derived parameters from the mouse
model of myocardial IRI

Follow-up post-I’/R  Vehicle BRL37344 p value
n=29 (n=11)

1-week echo
HR (bpm) 457 (58) 456 (54) 0.956
LVEDV (uL) 53.3 (13.2) 51.5 (15.7) 0.787
LVESV (uL) 30.9 (14.6) 24.9 (11.3) 0.312
LVEF (%) 44.2 (13.8) 52.7 (11.3) 0.148
SV (uL) 22.4 (6.3) 26.6 (8.8) 0.244
CO (mL/min) 10.2 (2.8) 12.0 (4.0) 0.264
SWMS 2.0 [2.5] 2.0 [2.0] 0.583

4-week echo
HR (bpm) 506 (55) 474 (46) 0.171
LVEDV (uL) 66.9 (19.4) 54.7 (9.4) 0.111
LVESV (uL) 459 (18.4) 33.4 (8.8) 0.090
LVEF (%) 33.0 (10.7) 39.6 (10.7) 0.188
SV (uL) 21.0 (5.4) 21.2 (4.8) 0.920
CO (mL/min) 10.5 (2.3) 10.1 (2.4) 0.686
SWMS 3.0 [2.0] 2.0 [2.0] 0.073

12-week echo
HR (bpm) 487 (40) 505 (52) 0.417
LVEDV (uL) 75.4 (22.4) 61.2 (12.4) 0.089
LVESV (uL) 54.4 (18.5) 35.9 (10.7) 0.012
LVEF (%) 28.4 (5.7) 41.7 (8.5) 0.001
SV (uL) 20.9 (5.1) 25.3 (6.2) 0.108
CO (mL/min) 10.2 (2.6) 12.7 (3.4) 0.080
SWMS 3.0 [0.5] 1.0 [1.0] 0.005

Bold values indicate statistical significance according to the pre-
specified threshold of significance (p < 0.05). For a more detailed
information, the actual p values are provided

Values are expressed as mean (SD) or median [IQR] as appropriate
CO cardiac output, HR heart rate, I/R ischemia/reperfusion, LVEDV
LV end-diastolic volume, LVEF LV ejection fraction, LVESV LV
end-systolic volume, SV stroke volume, SWMS segmental LV wall
motion score
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Student’s unpaired ¢ test (with Welch’s correction when

Results

appropriate) or one-way ANOVA. When repeated mea-

surements were performed, two-way repeated-measures
ANOVA were applied followed by Bonferroni correction
for post hoc analysis. Non-normal data are reported as

median (IQR) and compared by Mann—Whitney U test.

Differences were considered statistically significant at

p value <0.05 (two-tailed).

Fig. 2 B3 adrenergic receptor
stimulation protects isolated
cardiomyocytes against
hypoxia/reoxygenation through
NO-dependent signaling.
Isolated adult mouse
cardiomyocytes were subjected
to 30-min hypoxia followed by
reoxygenation in the presence of
vehicle (0.9 % NaCl),
BRL37344 (BRL, 7 uM),
L-NAME (10 uM) or insulin
(2 nM; positive control).

a Representative fluorescent
microscopical images of
isolated cardiomyocytes before
H/R during (1) normoxia:
showing Pl-negative rod-shaped
fresh cardiomyocytes and (2)
reoxygenation: showing a high
% of Pl-positive
hypercontracted rounded cells.
b BRL37344 (BRL) treatment
significantly reduces cell death
while co-incubation with
L-NAME abrogates the
protective effect, detected as the
% of Pl-positive cells. Data are
mean £ SEM of % PI scores in
images taken at 15 min intervals
up to 1 h. Groups were
compared by two-way repeated
measures ANOVA with the
Bonferroni correction for post
hoc analysis. ¢ Percentage of
cell death in adult
cardiomyocytes isolated from
eNOS-KO mice and subjected
to H/R with or without
pretreatment with BRL37344.
The protective effect of
BRL37344 is abrogated in the
absence of eNOS. d Phospho-
serine 473 AKT [pAKT(473)]
levels detected after 15 min of
reoxygenation in untreated and
BRL37344-treated WT
cardiomyocytes. Data are
presented as mean + SEM.

*p < 0.05
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Pre-reperfusion administration with B3AR agonist
reduces infarct size and improves long-term cardiac
function in mice

Administration of the B3AR agonist BRL37344 before

reperfusion induced a significant reduction in infarct size
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(27.1 (13.0) % of area at risk (AAR) in B3AR-treated mice
vs. 41.1 (10.7) % with vehicle; p = 0.025) (Fig. 1a). AAR
was similar in both groups. Consistent with the reduced
infarct size, pre-reperfusion BRL37344 led to a long-term
improvement in LV contractile function, as assessed by
echocardiography at sequential follow-up evaluations
(Fig. 1c; Table 1). Similarly, CMR evaluation revealed
that LV ejection fraction (LVEF) was significantly higher
in BRL37344-treated mice than controls after 12 weeks
(46.5 (6.3) vs. 37.7 (6.0) %; p = 0.004; Fig le; Table 1).
The cardioprotection afforded by BRL37344 administra-
tion was absent in B3AR-KO mice: (31.5 (9.5) % of AAR

<«Fig. 3 B; adrenergic receptor stimulation delays mPTP opening in

TMRM-preloaded adult cardiomyocytes subjected to laser-mediated
oxidative stress. a Time-lapse confocal images showing progressive
loss of mitochondrial membrane potential after induction of oxidative
stress by sustained confocal laser scanning. Arrows indicate sites of
incipient mPTP opening and consequent dequenching of the dye in
the cytoplasm. b Detailed view of mitochondrial membrane depolar-
ization: mPTP opening triggers rapid TMRM release from mitochon-
dria, resulting in locally increased fluorescence intensity due to dye
dequenching. mPTP opening proceeds in a wave across the cell in a
polarized manner and of the phenomenon of cardiomyocyte hyper-
contractility, caused by mitochondrial membrane depolarization after
sustained exposure to oxidative stress. ¢ Normalized mean values of
the time to mPTP opening in cardiomyocytes after addition of vehicle
(DMSO, 0.02 %), cyclosporine-A (positive control; CsA, 0.4 pM),
BRL37344 (BRL, 7 uM) and BRL + CsA. n independent experi-
ments, with 150-200 cells analyzed per treatment. Data are presented
as mean = SEM. *p < 0.05

vs. 24.1 (6.7) %; p = 0.112; Supplemental Fig 1). Echo-
cardiographic and CMR videos are available in the sup-
plemental material online.

Selective B3AR stimulation with BRL37344 increases
survival of isolated adult cardiomyocytes undergoing
hypoxia/reoxygenation (H/R)

Isolated adult cardiomyocytes from WT mice were sub-
jected to simulated ischemia/reperfusion in the presence
of BRL37344 or saline. Analysis of PI exclusion showed
significant reduction of cell death in the presence of
BRL37344. Co-incubation with the NOS inhibitor
L-NAME abrogated the cardioprotection shown by
BRL37344 (Fig. 2a). When we repeated the procedure in
eNOS-KO cardiomyocytes no differences were found
between BRL37344-treated and non-treated cells. These
results confirm the key role of NO in the protection
exerted by B3AR-selective stimulation (Fig. 2c). Due to
the importance of Akt in cardioprotection [27], we
assessed the activation of AKT by western blot. Densi-
tometric analysis showed a significant increase of Akt
phosphorylation at serine 473 in BRL37344-treated cells
(Fig. 2d).

The cardioprotective effect of B3AR-selective
stimulation involves mPTP

To determine whether selective B3AR stimulation has a
direct pharmacological effect on mPTP, TMRM-preloaded
adult cardiomyocytes were incubated with BRL37344,
saline, or CsA, alone or in combination, and subjected to
oxidative-stress-induced mPTP opening. BRL37344 treat-
ment delayed the time to mPTP opening by 1.26 (0.67)-
fold compared with vehicle values (p < 0.001; Fig. 3c).
Interestingly, combined treatment with BRL37344 and

@ Springer
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Fig. 4 Pre-reperfusion
administration of BRL37344 60 4
does not provide an additional

cardioprotective effect in CypD

o

KO mice. a AAR (%LV) in WT T T

and CypD KO mice treated with 401

vehicle or BRLL37344 (BRL,

5 pg/kg) (p = ns). b Infarct size
(% of AAR) at 2 h reperfusion.
Data presented as

mean = SEM. ¢ Representative
histological images of heart

AAR (% LV)

20

slices after staining to delineate 0

the AAR (negative for Evans Control BRL

Control BRL
n=6 n=8 n=8

=n
*
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40 ne

20 1

Infarct size (% AAR)
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n=10 n=6 n=8 n=8 n=10

Blue) and infarcted area (paler
region on TTC staining) for all WT
groups. *p < 0.05

Control

CypD KO wT

CypD KO

BRL Control BRL

WT

CsA did not further delay mPTP opening compared with
each treatment independently.

To confirm the implication of mPTP in B3AR-mediated
cardioprotection in vivo, we tested the effect of pre-
reperfusion BRL37344 on early IRI in WT and CypD KO
mice. In WT mice, B3AR stimulation significantly reduced
infarct size at 2 h reperfusion (28.1 (12.3) % of AAR vs.
45.8 (12.1) % in vehicle-treated mice; p = 0.020; Fig. 4b).
Consistent with the in vitro cardiomyocyte experiments,
B3AR stimulation did not reduce infarct size in animals
lacking mitochondrial CypD (30.9 (14.7) % vs. 30.0
(7.9) % of AAR in BRL37344- and vehicle-treated CypD
KO mice, respectively; p = 0.884; Fig. 4b).

Pre-reperfusion B3AR agonist administration reduces
infarct size and improves long-term cardiac function
in a swine model of myocardial I/R

Acute myocardial infarction was induced in Large-white
pigs (40.1 (6.2) kg) by percutaneous angioplasty (60 min
balloon-mediated LAD coronary occlusion) followed by
reperfusion. No pigs died during AMI induction, but seven
died within the first week after infarction and, therefore,
did not undergo day-7 CMR (3 allocated to BRLL37344 and
4 to vehicle). Two pigs (one per treatment group) died
suddenly before completing the day 45 CMR. Final num-
bers of animals are noted in the figures.

Pre-reperfusion administration of BRL37344 provoked a
transient increase in heart rate compared with vehicle (10.0

@ Springer

CypD KO

(9.5) vs. —1.2 (2.3) change from baseline bpm; p = 0.013);
heart rate returned to baseline after 10 min. Conversely,
pre-reperfusion BRL37344 had no significant effect on
mean blood pressure (—0.13 (7.4) vs. —0.83 (2.8) mmHg;
p = 0.78). Full data in Supplemental Table 1.

On day 7 CMR, infarct size was significantly smaller in
the B3AR-agonist-treated group (80.0 (21.4) % of AAR,
vs. 93.5 (16.8) % in vehicle-treated pigs; p = 0.044;
Fig. 5a). Consistent with this, BRL37344-treated pigs had
improved LV contractile performance on day 45 CMR:
pigs receiving BRL37344 showed a better regional myo-
cardial contractile function than pigs treated with vehicle,
as evidenced by higher fractional systolic thickening (45.4
(5.8) % vs. 36.4 (9.0) %; p = 0.032; Table 2) and systolic
thickening index (11.0 (1.0) vs. 9.0 (2.0) segments;
p = 0.026; Fig. 5c). BRL37344-treated pigs also showed a
trend on day 45 CMR toward a higher LVEF (41.4 (6.3) %
vs. 37.0 (4.6) %; p = 0.119; Fig. 5b). Finally, myocardial
deformation analyses showed that pigs receiving the B3AR
agonist had a better global circumferential strain (—20.1
(1.7) vs. —17.0 (2.8) %; p = 0.018; Fig. 5e). Full CMR is
presented in Table 2.

Discussion
This study presents the first evidence for long-term ben-

efits from pre-reperfusion IV administration of a B3AR-
selective agonist in AMI. In a mouse model, these
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Fig. 5 Pre-reperfusion

treatment of the B3AR agonist a *
BRL37344 reduces infarct size _ 100, ——
and exerts a long-term E 80

beneficial effect in a pig model <

of AMI. a Infarct size (%AAR) g\i 60 -
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(5 pg/kg). b Evolution of LVEF ‘E 20 1

in vehicle- and BRL37344- £

treated pigs, assessed by CMR
at 7 and 45 days post-infarction;
LVEEF tends to improve in
BRL37344-treated pigs while it d
tends to worsen in vehicle-
treated pigs. ¢ LV systolic wall
thickening index assessed by
CMR at long-term follow-up.

d Representative short-axis
CMR images at the same level
of the LV, showing the extent of
area at risk (AAR: hyper-intense
area in T2-weighted CMR
sequence), myocardial necrosis
[delayed enhancement (DE)
after gadolinium injection], and
the merged view of both in one
animal receiving pre-
reperfusion BRL37344 and in
another receiving vehicle.

e Global circumferential strain
assessed by CMR-based feature
tracking. f Representative
segmental circumferential strain
images evaluated by CMR-
based feature tracking in a pig
receiving pre-reperfusion $3AR
agonist treatment. Data are
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beneficial effects are evident both at very early (2 h
reperfusion) and late (24 h reperfusion) stages of IRI and
in isolated cardiomyocytes. Analysis with CMR shows
that B3AR agonism with BRL37344 limits infarct size
and improves cardiac function several weeks post AMI in
mice and pigs. This cardioprotective effect is mediated by

LV basal

LV segments: Anterior (===); anteroseptal (===); inferoseptal (~);
inferior (==); inferolateral (===); anterolateral (===).

a delay in mPTP opening dependent on the Akt-NO sig-
naling pathway. To our knowledge, this is the first dem-
onstration of reduced IRI and associated long-term
functional benefits after a single i.v. administration of a
B3AR agonist in a clinically relevant large animal model
of AML.
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Table 2 CMR-derived parameters from the large animal (pig) model
of AMI

Vehicle BRL37344 p value
7-day CMR n=10 n=29
LVEDV (mL/m?) 129.1 (18.2) 120.9 (18.4) 0.344
LVESV (mL/m?) 78.0 (15.3) 72.4 (15.6) 0.440
LVEF (%) 39.8 (6.3) 40.6 (4.8) 0.766
AAR (% LV) 282 (5.2) 29.0 (4.2) 0.718
Infarct size (% AAR) 93.5 [16.8] 80.0 [21.4] 0.044
45-day CMR n=9 n=3_8
LVEDV (mL/m?) 147.6 (26.6) 139.3 (20.4) 0.487
LVESV (mL/m?) 93.3 (19.8) 82.3 (19.3) 0.269
LVEF (%) 37.0 (4.6) 41.4 (6.3) 0.119
SWT (%) 36.4 (9.0 45.4 (5.8) 0.032
SWT index 9.0 [2.0] 11.0 [1.0] 0.026
GCS (%) —17.0 (2.8) —20.1 (1.7) 0.018

Values are expressed as mean (SD) or median [IQR] as appropriate

AAR area at risk, GCS global circumferential strain, LVEDV LV end-
diastolic volume, LVESV LV end-systolic volume, SWT systolic wall
thickening

B3AR agonist administration before reperfusion
reduces infarct size, resulting in a long-term beneficial
effect

B3AR-selective stimulation has recently been proposed as
a new therapy for several myocardial diseases [3, 12, 39].
Aragon et al. [3] recently demonstrated a reduction in
infarct size (evaluated 24 h after IRT) when a B3AR agonist
was administered before reperfusion but reported no
improvement in cardiac function after B3AR agonist
treatment in mice assessed by echocardiography at short-
term follow-up (1 week), raising doubts about whether
evidence of cardioprotection from histological evaluation
translates to functional benefits. Our present data confirm
the beneficial pre-reperfusion B3AR agonist administration
effect when evaluated at early stages (2 h reperfusion),
suggesting that the cardioprotection afforded by this ther-
apy takes place within the first minutes of reperfusion.
Similar to Aragon’s results, our data show that L'V function
1 week after AMI did not differ significantly between
B3AR-agonist- and vehicle-treated animals. However, the
longer follow-up period in our study allowed us to dem-
onstrate a clear association of the infarct-limiting effects of
pre-reperfusion B3AR-agonist treatment with improved
cardiac function shown by both echocardiography and
CMR. The most likely reason for the late appearance of
improved cardiac function is that at early stages the sal-
vaged myocardium is in a stunned, non-contractile, state
and that full contractile recovery is, therefore, seen only
after longer follow-up. This interpretation is supported by
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the gradual recovery of segmental LV wall motion scores
after 1-week follow-up in PB3AR-agonist-treated mice
(Table 1). These results thus highlight the importance of
long-term follow-up for evaluation of the functional ben-
efits of a cardioprotective intervention.

It is noteworthy that infarcts in B3AR KO mice appear
to be smaller than those in wild-type mice. A similar
effect is apparent in previous works by other groups [3]. In
this regard, it should be noted that the B3AR KO mice
used here were in the FVB/N genetic background, which
has been reported to confer innate cardioprotection against
IRI [25]. Another potential explanation for this effect
could be that the absence of B3AR results in a redistri-
bution of the other two types of BAR. If BAR redistribu-
tion would result in an upregulation of B2AR, this might
explain the spontaneous protection of these mice, since
signaling via B2AR during IRI has been shown to reduce
infarct size [7], and its upregulation by gene therapy
results in an incremental protective cardiac phenotype
[43]. However, this alternative protective scenario in
B3AR KO mice is speculative since the actual redistribu-
tion of B1AR and B2AR in the absence of B3AR has not
been studied in the heart.

Cardiomyocyte B3AR-Akt-eNOS-NO-mPTP signaling
pathway is implicated in the cardioprotection afforded
by B3AR-selective stimulation

Previous studies into the protective effect of B3AR-selec-
tive stimulation in cardiac diseases [3, 14, 39] did not
address whether the mechanism involves an action in
cardiomyocytes [28]. In our analysis, PB3AR-selective
stimulation significantly increased the viability of isolated
adult cardiomyocytes in response to hypoxia/reoxygena-
tion, indicating that the cardioprotection associated with
B3AR-agonist stimulation occurs in the early phases of IRI
through an effect at the cardiomyocyte level. We further
demonstrate that serine 473 phosphorylation of Akt and
NO-dependent signaling are both critical mediators of this
protection.

Moreover, BRL37344 significantly delays the opening
of the mPTP, which plays a central role in cardiomyocyte
death upon IRI [4, 18]. Interestingly, the co-incubation of
cardiomyocytes with BRL37344 and a known inhibitor of
mPTP opening, CsA, did not significantly increase the
delay in mPTP opening, suggesting that the two agents act
on the same cardioprotective pathway. Finally, we have
documented that B3AR stimulation had no additional
infarct-limiting effect in CypD-KO mice [4], which have
been shown to be protected against IRI [4, 6], again sug-
gesting action on the same pathway. Although CypD KO
mice are strongly protected against IRI, further reductions
in infarct size in these animals can be obtained with
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Fig. 6 Schematic mechanism through B3AR stimulation and the
increase of cell viability by the inhibition of the opening of the mPTP.
Following ischemia, reperfusion triggers accumulation reactive
oxygen species (ROS). Excessive accumulation of ROS induces
mitochondrial collapse, subsequent opening of the mPTP and the
ultimate cell death. Here we report that a B3 selective agonist
BRL37344 (BRL) exerts an Akt-eNOS-NO dependent effect on the
cardiomyocytes which is translated into a delay in the opening of the
mPTP and thus an increase in cell survival. Inhibition of bioavail-
ability of NO with L-NAME abrogates the effect of BRL. eNOS
endothelial nitric oxide synthase, NO nitric oxide, Akt-P Akt
phosphorylation at ser473 during reperfusion

protective strategies affecting targets other than the mPTP
[6]. Altogether, these data indicate that the protection
exerted by B3AR selective stimulation involves the mPTP.

Pre-reperfusion B3AR agonist administration provides
cardioprotection in a preclinical large animal model
of AMI

A key finding of the present study is that pre-reperfusion
B3AR-agonist administration reduces infarct size and
improves long-term cardiac function in a more translational
large animal (pig) model of AMI. Several novel therapies
have demonstrated beneficial effects in preclinical studies
but subsequently failed in the clinical arena. This poor
translation between preclinical findings and clinical studies
is in part due to the absence of randomized studies showing
robust beneficial outcomes in large-animal models [46].
The pig model was selected because of its anatomical and
physiological similarities to humans. To mimic a potential

clinical scenario, we administered BRL37344 before cor-
onary reperfusion and quantified infarct size by CMR,
assessing the myocardial AAR to better define the protec-
tive effect of the intervention.

Taken together, our results show that a single i.v.
administration of a B3AR agonist before reperfusion pro-
vides a powerful and highly translational cardioprotective
therapy for AMI, and this beneficial effect is translated into
long-term improvement in cardiac contractile function. In
addition, we show that B3AR selective stimulation during
IRI is associated with an increase in Akt phosphorylation
and bioavailability of NO and ultimately in inhibition of
lethal mitochondrial collapse upon restoration of blood
flow (see Fig. 6).
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