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Abstract

Intramyocardial hemorrhage is an independent predictor of adverse outcomes in ST-segment elevation myocardial infarction
(STEMI). Iron deposition resulting from ischemia—reperfusion injury (I/R) is pro-inflammatory and has been associated with
adverse remodeling. The role of iron chelation in hemorrhagic acute myocardial infarction (AMI) has never been explored.
The purpose of this study was to investigate the cardioprotection offered by the iron-chelating agent deferiprone (DFP) in
a porcine AMI model by evaluating hemorrhage neutralization and subsequent cardiac remodeling. Two groups of animals
underwent a reperfused AMI procedure: control and DFP treated (N="7 each). A comprehensive MRI examination was per-
formed in healthy state and up to week 4 post-AMI, followed by histological assessment. Infarct size was not significantly
different between the two groups; however, the DFP group demonstrated earlier resolution of hemorrhage (by T2* imaging)
and edema (by T2 imaging). Additionally, ventricular enlargement and myocardial hypertrophy (wall thickness and mass)
were significantly smaller with DFP, suggesting reduced adverse remodeling, compared to control. The histologic results
were consistent with the MRI findings. To date, there is no effective targeted therapy for reperfusion hemorrhage. Our proof-
of-concept study is the first to identify hemorrhage-derived iron as a therapeutic target in I/R and exploit the cardioprotective
properties of an iron-chelating drug candidate in the setting of AMI. Iron chelation could potentially serve as an adjunctive
therapy in hemorrhagic AMI.

Keywords Myocardial infarction - Iron chelation - Hemorrhage - Inflammation - Ischemia—reperfusion injury - Myocardial
remodeling
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EDTA Ethylenediaminetetraacetic acid
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Background

Acute myocardial infarction (AMI) is a major contributor to
morbidity and mortality worldwide [77, 80]. In the United
States, about 800,000 people experience AMI [8] and about
25% of post-AMI survivors succumb to heart failure (HF),
a condition with a 5-year mortality rate of ~50% [14, 81].
Although modern medical management has improved the
prognosis for AMI patients, chronic adverse remodeling and
poor outcomes remain unresolved [47]. While post-AMI rep-
erfusion promotes myocardial salvage, ‘ischemia—reperfu-
sion injury’ (I/R) is often an adverse consequence of tissue
reoxygenation following acute myocardial infarction (AMI)
[43, 46, 88]. I/R has been associated with additional myo-
cardial damage beyond the effects of the initial ischemia,
possibly via several major pathways that promote cell mem-
brane disruption and mitochondrial death, reactive oxygen
species (ROS), apoptosis and lipid peroxidation [52, 53, 67,
82]. As part of the I/R-related injury, a phenomenon called
‘no-reflow’, classically observed as a region of microvas-
cular obstruction (MVO) on MRI, has been correlated with
poor patient outcomes [28, 45, 86]. Importantly, intramyo-
cardial hemorrhage (IMH), associated with MVO as a result
of lethal I/R, is now identified as an independent predictor
of adverse outcomes, including mortality [19, 32, 34, 66].
In ST-segment elevation myocardial infarction (STEMI)
patients, the presentation of MVO can be as high as 50%
[7, 25, 32, 66], while IMH can be found in 50-75% of
MVO cases [19, 25, 32, 51, 75]. This is clinically signifi-
cant, since these patients often experience major adverse
cardiovascular events. Although initially thought to repre-
sent coincidental biomarkers of infarct severity, recent work
suggests that iron deposition in infarcted tissue is indeed a
cause for adverse remodeling [17, 19, 41, 56, 57]. Carrick
et al. [19] have demonstrated that the predictive power of
IMH is greater than MVO in terms of adverse remodeling
and N-terminal pro-brain natriuretic peptide (surrogate out-
comes), as well as cardiovascular death and heart failure
(HF) following discharge (health outcomes). Recently, we
have conclusively demonstrated that IMH by itself is pro-
inflammatory (attracts macrophages), can aggravate edema
development and could contribute to MVO formation in the
presence of ischemia [41]. There is further evidence that in
human hearts post-AMI, residual (chronic) iron deposition
as a consequence of hemorrhage is associated with greater
inflammation and adverse remodeling [12, 17, 56]. These
observations from multiple investigators strongly support the
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concept that hemorrhage is not simply a bystander, but an
active driver of maladaptive reparative processes that follow
mechanical reperfusion in AMI.

The current standard-of-care post-AMI, including anti-
platelet agents, statins, ACE inhibitors and p-blockers, has
shown promise in limiting infarct size and adverse remode-
ling [60, 87]. However, in the context of I/R, management of
patients with hemorrhagic infarction is currently unknown; it
is unclear whether hemorrhage is simply a marker of severity
of I/R or whether it offers a novel therapeutic target. Routine
clinical therapeutics are not targeted against hemorrhage,
as evidenced by the chronic presence or persistent nature of
IMH [17, 57]. Thus, to date, IMH remains a challenge for
clinicians and there is no effective therapy to address this
pathophysiological entity in I/R.

Following AMI, hemorrhage in myocardial tissue under-
goes a dynamic transformational process over time as a
result of the degradation of hemoglobin into downstream
iron by-products, culminating in the formation of extracel-
lular ferritin and hemosiderin (ferric iron); this has been
demonstrated in both brain and heart studies [10, 42, 57].
The final form of iron deposition with IMH is very similar
to that found in the liver and heart of patients with iron over-
load syndromes, thalassemia and sickle cell disease [18, 36,
38, 84], where iron chelators like deferoxamine (DFO) and
deferiprone (DFP) can selectively bind to labile iron, render
it chemically inert and allow for its safe excretion [44, 69].
The role of iron chelation in hemorrhagic AMI, where it
would be most suited, has never been evaluated. We hypoth-
esized that sustained treatment with the iron chelator DFP,
until iron was cleared from the infarct zone, would blunt
post-operative edema, concentric hypertrophy and eccentric
remodeling. Our study is the first to investigate this approach
and offers promising evidence that the iron chelator DFP can
offer cardioprotection by mobilizing hemorrhagic iron by-
products. We utilized quantitative MRI techniques, includ-
ing cardiac function, viability and edema- and hemorrhage-
sensitive relaxation parameters—T?2 and T2* [40, 48, 57, 70]
to assess tissue healing and to evaluate therapeutic efficacy
in a porcine model of AMI [13].

Methods
Preclinical protocol

All protocols were approved by the Animal Care Committee
of Sunnybrook Research Institute and the study employed
non-diseased female Yorkshire pigs (20-25 kg, Caughell
Farms, ON) as the model for AMI, as described previously
[39-42]. For imaging and cardiac interventions, animals
were sedated under an anesthetic combination of atropine
(0.05 mg/kg), ketamine (30 mg/kg) and isoflurane (1-5%)
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and supported by mechanical ventilation. Complete coro-
nary occlusion was achieved for 90 min distal to the second
diagonal branch of the left anterior descending (LAD) artery
using a percutaneous balloon dilation catheter (Sprinter
OTW, Medtronic, MN), followed by reperfusion. This model
has been well validated to consistently create transmural
infarction with MVO and hemorrhage [40, 42]. Cardiac
interventions were guided by X-ray fluoroscopy (Veradius
C Arm, Philips Healthcare) and intra-procedure events were
stabilized using antiarrhythmics (amiodarone and lidocaine
drip) and defibrillation as required. A comprehensive MRI
examination was performed in the healthy state and up to
4 weeks post-AMI, prior to animal sacrifice.

Animal groups

Animals were divided into two groups—untreated controls
(N=T) and DFP treated (N="7). Oral DFP (Ferriprox®,
ApoPharma Inc., Toronto) is readily available in tablet form
and is routinely administered to patients with transfusional
iron overload. DFP was fed to pigs 1-2 h before the LAD
occlusion (pre-loading) and oral treatment was continued
daily for 4 weeks until sacrifice. The dose selected, 50 mg/kg,
was administered twice daily, with ca. 7 h between doses
(total dose 100 mg/kg/day) [83]; this is the maximum dose
used in patients with transfusional iron overload [9]. For
ease of consumption, the DFP tablets were crushed and
mixed with jelly cubes prior to the feed; the control infarcted
group was fed with only jelly cubes.

Pharmacokinetic analysis of deferiprone

The pharmacokinetic (PK) analysis of DFP was performed
in healthy pigs (N=23) to assess the systemic availability
of the drug following oral administration. Serial blood
samples (2-3 mL) were obtained after a dose of 50 mg/kg
given orally (Ferriprox® 500 mg tablets, ApoPharma Inc.,
Toronto): at pre-dose (0 min); at 5, 15, 30 min; and 1, 2, 4,
7 and 12 h after dosing. Blood samples were collected in
sodium citrate (3.2%) tubes and immediately centrifuged at
1500¢ for 10 min at 4 °C. The plasma (1.0 mL) was isolated
and stored at — 80 °C for further analysis.

DFP concentration in pig plasma samples was measured
by a validated HPLC method. Samples were deprotein-
ized by mixing plasma with equal volume of 0.4 M HCIO,,
followed by centrifugation at 35,000xg for 15 min. DFP
and DFP-glucuronide in the supernatants were resolved
on a ZORBAX Eclipse XDB C18 column using a gradient
between mobile phase A (10 mM KH,PO,, 4 mM EDTA,
2 mM sodium heptanesulfonate, pH 2.80) and B (100%
methanol). Retention times for DFP and DFP-glucuronide
were 13.4 min (278 nm) and 8.6 min (264 nm), respectively.

Analyte concentration in samples was calculated using cali-
bration curves.

DFP and DFP-glucuronide PK parameters were computed
by non-compartmental analysis applying the linear trapezoi-
dal rule with linear interpolation, using Phoenix WinNonlin
ver. 6.4 (Certara USA, Inc.). C,,,, values were obtained from
concentration vs. time plots. Terminal half-life (T,,) =In
(2)/4, was estimated by linear regression of the time vs. log
concentration curve. Area under the curve (AUC) and appar-

ent clearance (CL) were also determined.
MRI protocol

MRI was performed on a 3 T whole-body scanner (MR
750, GE Healthcare) at baseline (healthy state) and at
day 1, week 1 and week 4 post-AMI. A steady-state free-
precession (SSFP) sequence in cine mode was utilized
for cardiac function assessment: 12—15 short-axis slices,
TR/TE=4/1.7 ms, flip angle=45°, FOV =24x21.6 cm,
matrix =224 x 160, slice thickness=5 mm (no gap), 8
views/segment, 20 phases/slice, in-plane resolution ~ 1 mm.
Hemorrhage was identified with a multi-echo gradient echo
T2* acquisition: 8 echoes (1.4-15.8 ms), TR=16.8 ms,
flip angle =30°, matrix =128 X 128, 10 short-axis slices,
in-plane resolution ~ 1.9 mm. Edema quantification was
performed using a previously validated T2-prepared spi-
ral imaging sequence [40, 41]; 10 spirals (12.3 ms, 3072
points), TE=2.9, 24.3, 45.6, 88.2 and 184.2 ms, in-plane
resolution~ 1 mm. Late gadolinium enhancement (LGE)
imaging was initiated at 8—10 min post-injection of contrast
agent gadolinium—DTPA (0.2 mmol/kg; Magnevist, Bayer
Healthcare). A T1-weighted inversion recovery gradient
echo sequence (IR-GRE) sequence was utilized for infarct
and MVO delineation: TR/TE=4.1/1.9 ms, flip angle=15°,
matrix =224 x 192, 2RR intervals, 12—-15 short-axis slices,
in-plane resolution ~ 1 mm, inversion time was adjusted to
null the myocardium (250-310 ms).

MRI data analysis

All MRI data were analyzed using CVI42 software (Circle
Cardiovascular Imaging, Calgary). Cardiac function parame-
ters evaluated were: ejection fraction (EF), end-diastolic vol-
ume (EDV), end-systolic volume (ESV), end-diastolic mass
and regional end-diastolic wall thickness (EDWT). Infarct
size was quantified from the LGE images using the full-
width half-maximum thresholding technique [2] and regions
of hypoenhancement within the hyperenhanced infarct were
manually identified as MVO. Pixel-wise myocardial T2 and
T2* maps were generated by fitting with an exponential
function. Hemorrhage size was computed from short-axis
T2* maps using the threshold criteria of two standard devia-
tions below the remote myocardial T2* measurement (care
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was taken to avoid artifactual regions at the heart-lung inter-
face) [56]. All volumes were represented as a percentage of
the LV volume. For regional tissue characteristics, mean T2
and EDWT were noted based on AHA 17-segment model
[20]: a) infarct zone consisting of segments 7-8 (mid-ven-
tricular) and 13-14 (apical) corresponding to the LAD ter-
ritory at the level of the occlusion and b) remote myocardial
territories consisting of segments 4—6 on the lateral side. For
T2* regional analysis, only mid-ventricular segments 7—8
were included since the apex is highly prone to susceptibility
artifacts on a 3 T scanner.

Histology

At week 4, all animals were euthanized, and hearts were
resected. Fixed hearts were sliced at approximately 1 cm
intervals along the transverse axis. Slices were processed,
embedded in paraffin, and sectioned at 5 um thickness for
histological slides using standard techniques. Large 2x 3
histology slides were used to accommodate the entire section
on one slide. Masson’s Trichrome and Prussian blue stains,
as well as the Picrosirius Red and Nuclear Fast Red coun-
terstains were done as per standard staining protocols (avail-
able from IHC World: www.ihcworld.com). Antibodies were
used following standard staining techniques. Briefly, slides
were deparaffinized and hydrated through an ethanol series.
Endogenous peroxidase activity was quenched in a 0.3%
hydrogen peroxide solution in methanol, and slides were
blocked using normal goat serum (Jackson ImmunoResearch
Labs, SP15-100). The Mac387 antibody (mouse anti-Cal-
protectin, clone Mac387, Thermo Fisher, cat# Ma5-12213)
was used at 1:100 after trypsin antigen retrieval (Trypsin
Enzymatic Antigen Retrieval Solution, Abcam, ab970). A
biotin-labeled goat anti-mouse secondary antibody (Jackson
ImmunoResearch Labs, 115-065-003) was used at 1:500.
Antibody labeling was amplified using the Vectastain Elite
ABC HRP RTU Reagent (Vector Labs, #PK-7100), and
developed with the ImmPACT SG Peroxidase Substrate
(Vector Labs, #SK-4705). After counterstaining with Pic-
rosirius Red to demarcate scar, all slides were dehydrated
through an ethanol series, washed in xylenes, and mounted
in Permount (Fisher, SP15-100).

Histological quantification was done as follows: slides
were digitized at 20x with a TissueScope LE191 scan-
ner (Huron Digital Pathology). Images were processed
using custom MATLAB scripts (MathWorks Inc.), and
for all images, the right ventricle was manually excluded.
Scar size and edema content were calculated using slides
stained for Masson’s trichrome. Scar tissue (blue colla-
gen staining), edema (non-vascular white space within the
bounds of stained tissue) and total tissue areas in the LV
were calculated using HSV color segmentation (modified
from available code [4]). To measure iron content, images
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of the LV stained for Prussian blue were broken into high-
resolution panels (~400-900 panels per heart). Calcified
regions (which also appear blueish-purple) were manually
removed, and blue punctae were segmented and individu-
ally quantified on every panel using a previously described
method [39]. To assess macrophage infiltration, images of
the LV stained with the Mac387 antibody were similarly
broken into high-resolution panels, and five panels each
from the scar and remote myocardium of each heart were
randomly selected. Mac387 + cells were manually identi-
fied and tallied using Sedeen virtual slide viewer software
(Pathcore, Toronto).

Statistics

All MRI parameters were expressed as mean + standard
deviation (SD). To account for longitudinal data (base-
line to week 4 post-AMI) and multiple groups, a repeated
measures two-way analysis of variance (ANOVA) sta-
tistics with multiple comparisons was carried out using
the Sidak correction factor (GraphPad Prism®, La Jolla,
CA). Within group and across group comparisons were
tested and a p value < 0.05 was used to determine statisti-
cal significance. For the histological analysis, significance
between two groups was tested using an unpaired 7T test.
Multiple groups were compared using one-way ANOVA,
followed by a Tukey’s multiple comparisons post-test; sig-
nificance level was set at 0.05.

Results
Interventional procedure

Four animals died during the acute infarct procedure, two
in each group, resulting in a 28% mortality rate associated
with the ischemic event. These mortality rates are consistent
with our earlier experience with this porcine AMI model
[41]. The remaining animals (N=35 per group) all survived
the procedure and were available for subsequent serial MRI
and histological analysis after 4 weeks of treatment.

DFP pharmacokinetic analysis

For the PK analysis, an oral dose of 50 mg/kg DFP
resulted in a plasma DFP C,,, of 20.3+1.2 uM and AUC

max

55.4+4.9 h*uM. DFP was biotransformed into its metabo-
lite DFP-glucuronide; the C,,,, and AUC for DFP-glucuro-

nide were 147 +£32.1 uM and 370+ 51.0 h*uM, respectively
(glucuronide:parent ratio 6.7). See Table 1 and Fig. 1.
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Table 1 DFP PK parameters in Yorkshire pigs (N=3) after a 50 mg/
kg oral dose

Dose: 50 mg/kg DFP DFP-glucuronide
PK parameter Mean SEM Mean SEM
AUC (h*uM) 554 4.9 370.1 51
Crrax (UM) 20.3 1.2 147 32.1
T, (h) 2.1 0.4 1.3 0.3
CL (mg/(h*uM)/kg) 0.9 0.1 0.1 0

AUC area under the curve, C,,,. peak concentration, T, half-life, CL
apparent clearance, SEM standard error of mean

200
_ —e— DFP
Ei 160+ -=— DFP-Glucuronide
c
S 120
=
£
5 804
o
s
S 404

T T T T T T T TP
01234567 8 910111213
Time (hrs)

Fig. 1 Serum pharmacokinetic profile of orally administered defer-
iprone (50 mg/kg) in three healthy animals. Error bars show standard
error of mean

Infarction and MVO

Figure 2 demonstrates representative images from the con-
trol and DFP groups at day 1 and week 1 post-AMI. All
animals in both groups showed transmural infarction with
hemorrhage and MVO at day 1. T2* images indicated that
hemorrhage was completely resolved in the DFP group
at week 1, but not in the control group. Infarct and MVO
sizes were comparable between the two groups at all time
points, and MVO was significantly resolved by week 1 in
both groups (control: p <0.003; DFP: p=0.001) compared
to day 1 (Fig. 3).

T2* and hemorrhage

Figure 4a shows the LGE and T2* map in a representative
animal indicating the presence and extent of MVO and hem-
orrhage at day 1 post-AMI. The cumulative time course of
T2* in the infarct zone demonstrated a low value at day 1 in
both animal groups (p <0.05), indicative of IMH. However,
at week 1, T2* had normalized to baseline levels (complete
hemorrhage resolution) in the DFP group, but not in the con-
trol group (Fig. 4b) with significantly different T2* values
between the groups (p=0.035); at week 1, only one DFP-
treated animal showed a low T2* value (23 ms vs. 32 ms

remote) in the infarct segment. At week 4, T2* remained
non-significantly below baseline values (p=0.09) in the
control group, suggesting persistence of hemorrhagic by-
products; in contrast, hemorrhage resolution was complete
in the DFP group earlier at week 1. T2* in the remote region
was not significantly different both within groups (compared
to baseline) and across groups for a given time point. IMH
extent (volume) was significantly reduced at week 1 com-
pared to day 1 in the DFP group (p =0.038), in contrast to
the control group, in which IMH remained elevated (Fig. 4c).
By week 4, hemorrhage volume was significantly reduced in
both groups (p <0.01) in comparison to that at day 1.

T2 and edema

Figure 5a shows the LGE and T2 map in a representative
animal identifying infarction and edema, respectively, at
week 1 post-AMI. Infarct T2 was significantly elevated at
week 1 in both groups (p <0.0001), indicative of ongoing
inflammatory processes. In the infarct zone (Fig. 5b) of a
DFP-treated pig, T2 was significantly reduced by week 4
compared to week 1 (p=0.004), suggesting edema resolu-
tion. However, in the control group, T2 remained elevated
at week 4 compared to week 1 (p=NS), indicative of per-
sistent edema. In addition, at week 4, infarct T2 was sig-
nificantly lower in the DFP group compared to the con-
trol group (p=0.032), suggestive of greater resolution of
inflammation with DFP treatment. In the remote myocar-
dium (Fig. 5c), T2 was significantly elevated at week 1 in
the control group compared to baseline (p =0.038) sugges-
tive of either a global inflammatory response or a possible
hyperemic response (increased blood flow) reflected by the
increased T2 blood oxygenation level-dependent (BOLD)
effect [40, 42]. A previous study has demonstrated that blood
flow in the remote myocardium can be significantly elevated
in the first 2 weeks following experimental AMI, which is
restored to normal values thereafter [65]. In contrast, remote
T2 remained unaltered throughout the healing process in the
DFP group.

Regional wall thickness

At day 1, infarct wall thickness was significantly elevated
from baseline (p =0.0027) in the control group, consistent
with edema formation; this was not significant in the DFP-
treated group (Fig. 6a). At week 4, infarct wall thickness
remained significantly higher in the control group suggest-
ing persistent swelling in comparison to the DFP-treated
group (p =0.034). In the control group, remote zone wall
thickness was also significantly elevated throughout the
healing process when compared to baseline (Fig. 6b).
In contrast, remote zone wall thickness was only signif-
icantly increased at week 4 in the DFP group. Overall,
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Fig.2 Short-axis images from
representative animals subjected
to 90 min LAD occlusion
without (top panel) and with
(bottom panel) treatment of iron
chelator deferiprone (DFP). In
the DFP group, hemorrhage,

as indicated by T2* image (red
arrows), was observed only

on day 1 but resolved by week
1, unlike the untreated group
where hemorrhage persisted
even at week 1. The iron
neutralizing capacity of DFP

is apparent from this example.
In both groups, microvascular
obstruction (MVO) was seen on
day 1 that was partially resolved
by week 1. ISinfarct segment,
HEM hemorrhage, MVO micro-
vascular obstruction

Day 1

Control

Week 1

Day 1

DFP

i

Week 1

Fig.3 Plots show the time
course of a infarct and b MVO
size in the control and DFP
groups. A significant reduction
in infarct size was noted at week
4 and in MVO size at weeks

1 and 4, compared to day 1 in
both animal groups. Differences
were not significant between
groups at any given time point.
"p <0.0001, *p <0.005 com-
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pared to day 1 Daly 1

there was a trend toward greater remote zone wall thick-
ness in the control group when compared to DFP group at
each time point, thus pointing toward a beneficial remote
zone remodeling process in DFP-treated animals (p =NS).
These variations in wall thickness agreed well with T2
characteristics in the infarct and remote myocardium
(Fig. 5).
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Global cardiac function

EF was not significantly different between the two groups
(Fig. 7a). In the control group, ED mass was significantly
elevated throughout the healing process (p <0.001).
In contrast, significance was noted only from week 1
onwards in the DFP group (p <0.01). ED mass was also
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Fig.4 a LGE and T2* images from a representative animal in the
DFP group at day 1 post-AMI. Low T2* values indicate the presence
of hemorrhage within the infarct core or region of MVO (arrows).
The region of intramyocardial hemorrhage (IMH) is shown as a color
overlay on T2*-weighted images with TE=12.6 ms. White arrows
identify susceptibility artifacts at the heart—lung interface, which were
manually excluded. b Plot shows the evolution of T2* in the infarct
zone of animals in the control and DFP groups. Observations at

week 1 noted that T2* recovered to baseline values in the DFP group
faster than the control group. ¢ Evolution of hemorrhage extent indi-
cated that the size of hemorrhagic core at week 1 was significantly
reduced in the DFP group compared to day 1, but not in the control
group. *p <0.05, **p <0.005, ***p <0.0005 compared with baseline;
89 <0.05 compared to other group at the same time point; 'p <0.05,
p<0.01 compared with day 1

_
O
L

[=2]
[3,]
[

-e- DFP
==~ Control
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Fig.5 a LGE and T2 images from a representative animal in the
control group at week 1 post-AMI. The elevated T2 signal indicates
the presence of edema within the infarct zone (arrows); color over-
lay shown on T2-weighted images with TE=88 ms. b Plot shows
the evolution of T2 in the infarct zone of animals in the control and
DFP groups. Infarct T2 was significantly elevated post-AMI in both
groups indicative of edematous development. With DFP, inflamma-
tion or edema was significantly reduced by week 4 with T2 values

-~ DFP
=== Control

L] 1 1 1
Baseline Day 1 Week1 Week 4

approaching baseline levels. In the untreated group, edema persisted
at week 4. ¢ Plot shows the evolution of T2 in the remote myocardium
of the control and DFP groups. Remote T2 was significantly elevated
at week 1 in the control group compared to baseline suggestive of
remote myocardial remodeling. Remote T2 remained unchanged in
the DFP group. *p <0.05, **p <0.001, ***p <0.0001 compared with

baseline; %p <0.05 compared with other group at the same time point;
p<0.05 compared with baseline
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Fig.6 Plots show the cumulative time course of end-diastolic wall
thickness (EDWT) in the a infarcted and b remote myocardial ter-
ritories. a In the control group, infarct wall thickness was greater
than that in the DFP group during the 4-week healing, indicative of
reduced edematous swelling with the iron-chelating agent. b In the
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Fig.7 Plots show the cumulative time course of a ejection fraction
(EF), b end-diastolic (ED) mass, ¢ end-diastolic volume (EDV) and
d end-systolic volume (ESV) in the two groups. a EF was not sig-
nificantly different between the two groups at all time points. b In
the DFP group, myocardial enlargement, measured by end-diastolic
(ED) mass, was significantly reduced at weeks 1 and 4 compared

significantly greater in the control group compared to
DFP, indicative of greater compensatory hypertrophy,
at weeks 1 (p=0.031) and 4 (p =0.0003) (Fig. 7b). At
week 4, EDV was significantly elevated in both the con-
trol (56% increase, p <0.0001) and DFP (23% increase,
p=0.016) groups compared to baseline; however, EDV
in the DFP group was significantly lower than control at
week 4 (33% less, p=0.003) (Fig. 7¢). Similar to EDV,
ESV also demonstrated a greater and earlier elevation in
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control group, remote zone wall thickness was significantly elevated
at all time points post-AMI and exhibited a trend towards greater
EDWT than the DFP group. *p<0.01, **p<0.005, ***p<0.0001
compared with baseline; *p <0.05 compared to the other group at the
same time point
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to the control group. ¢ At week 4, end-diastolic ventricular volume
(EDV) was significantly less in the DFP group compared to the con-
trol, suggesting alleviated chronic preload stress with DFP. d Differ-
ences in ESV were similar to that of EDV. *p<0.01, **p<0.001,
##%p <0.0001 compared with baseline; %p <0.05, 3¥p<0.001 com-
pared to the other group at the same time point

the control group at week 1 (39% increase, p=0.0015) and
week 4 (62% increase, p <0.0001) compared to baseline,
as opposed to the DFP group which showed an elevation
only at week 4 (45% increase, p=0.0016) compared to
baseline. These structural changes suggest a beneficial
remodeling process with the iron-chelating agent. EF was
not found to be significantly different across groups or
across time within groups.
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Histology

Animals were killed 4 weeks post-MI, and hearts were
processed for histological examination of the scar, edema,

iron deposition and inflammatory response. Infarct scar

was delineated using Masson’s trichrome stained sections
(Fig. 8a, b). Scar area (as percent of LV area) showed no sig-
nificant difference between control and DFP-treated animals

C

Scar Size
25+
© 20 ®
)
1™
< 15_
>
-~ ™
“ 10 IE.
S)
X
5_
o ©
0 I I
Control DFP

h Edema in i Edema in j Edema in
Whole LV Scar Non-Scar
5.0 30 6
e '® ° g
© 4.5 8 < o
Q ] —
- < 20 - © 4
4.0 u L a
] o i
- (7] o © c %
S 3.5 “— o
p o ® _E O 10 m B Z 2
o~ ) Y @
3.0 B 9
X
[}
2.5 T T 0 T T 0 1 T
Control DFP Control DFP Control DFP

Fig.8 Images show Masson’s trichrome staining to analyze scar
size and extent of edema. a, b Sample histology images of hearts
from saline (a) or DFP (b)-treated animals. Approximate location
of panels d-g are demarcated in panel b. Bars=5 mm. ¢ Histologi-
cal measurement of scar size showed no difference between the two
groups. d—g Zoomed-in areas from the approximate locations demar-

cated in b showing examples of low (d, f) and high (e, g) levels of

edema in both the remote myocardium (d, e) and scar area (f, g).

Edema was evidenced by the increased space between tissue fib-
ers. Bars=100 ym. h—j Quantification of the area of edema within
the whole LV (h), only the scar (i), and the non-scar (j) regions of
myocardium. Black line is mean, and error bars are standard error of
mean. Though none of the comparisons reached statistical signifi-
cance, there was a trend toward decreased edema with DFP treatment
in all tissue regions
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(9.03+7.46% for control, 9.37 + 1.44% for DFP, Fig. 8c),
consistent with observations from LGE imaging (Fig. 3a).
Edema quantification revealed that DFP treatment led to a
trending reduction (p =NS) in edema in the LV as a whole
(Fig. 8h) and also when broken down into scar and remote
regions (Fig. 8i, j) with greater effect in the scar region.
Quantification of blue (ferric iron) punctae observed on
Prussian blue stain (Fig. 9a—d) revealed that they are signifi-
cantly smaller in size (p =0.0002) and visually less intensely
stained (Fig. 9 c—e) in the DFP group. A determination of the
distribution of punctae across the tissue, however, showed no
change in punctae density with DFP treatment (Fig. 9f), and
a count of the total number of punctae present in each entire
heart also showed no difference (Fig. 9g). Characterization
of the inflammatory response revealed a significant increase
in the number of macrophages found in the scar of DFP-
treated group compared to that found in the remote myocar-
dium of DFP treated as well as scar and remote regions of
the control group (p <0.0001, Fig. 10b).

Discussion

This is the first report investigating the cardioprotective
potential of the iron-chelating agent deferiprone in the
context of hemorrhagic myocardial infarction. Our study
demonstrated the following key benefits offered by the
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Fig. 10 a Sample image of Mac387+cells [red=Picrosirius Red
(collagen), black=Mac387 staining (macrophages and monocytes),
bar=50 pm]. b Quantification of Mac387+cells within either the
remote myocardium or scar area. Black line shows mean, and error
bars are standard error of mean. There was a significant increase in
the number of macrophages present in the scar of DFP-treated hearts.
**p <0.01; ****p <0.0001

iron-chelating agent DFP: (1) earlier resolution of hemor-
rhage; (2) evidence suggestive of reduced chronic edema;
(3) less compensatory hypertrophy; and (4) prevention of
LV dilatation (signature of negative remodeling). Overall,
our findings suggest that an iron chelation strategy employed
early in the acute phase of I/R can mitigate hemorrhagic
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Fig.9 Images show histological evaluation of iron within the tis-
sue via Prussian blue staining. a—d Sample images of staining in the
remote myocardium (a, b) or scar (c, d) regions of animals treated
with saline (a, ¢) or DFP (b, d). Blue punctae, indicating the pres-
ence of iron, was rarely present in the remote myocardium. Within
the scar, punctae in the DFP-treated group generally appeared smaller
and less prominent than those in the control group. Bars=50 pm.
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e—g Quantification of Prussian blue punctae. Black line shows mean,
and error bars are standard error of mean. e Punctae across panels
were significantly smaller in DFP-treated animals (p=0.0002). f The
density of punctae throughout the tissue panels did not change with
DFP treatment. g The total number of punctae present in each heart
was equivalent in both groups
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iron deposition and alleviate chronic adverse remodeling
post-AMI.

The current standard-of-care post-AMI has shown prom-
ise in limiting infarct size and adverse remodeling [60, 87];
however, even with modern pharmacotherapies, morbidity
and mortality remain high [77]. Treatment strategies for
IMH patients is currently unavailable. It has particularly
been noted that patients with IMH are prone to exhibit
adverse remodeling and progress toward HF with poor
long-term outcomes, including mortality [12, 17, 19, 25,
32]. Adjunctive protective pathways are being investigated
to improve long-term outcomes of AMI, but these have not
taken IMH into consideration. For example, although anti-
inflammatory strategies have demonstrated benefit in animal
models [63], recent clinical trials (involving anti-CD18, anti-
CD11, anti-C5) have been negative [5, 6, 26]. These failures
could be attributed to the pleiotropic nature of cytokines [30]
and the fact that restricting inflammatory processes during
healing may impair their beneficial effects. It is likely that it
would be essential to first eliminate the “suspected source”
(iron in this case) of the amplified inflammatory response
rather than address its consequences afterward with non-
specific anti-inflammatory agents. In this regard, our study
design was specific in targeting iron species arising from the
degradation by-products of hemorrhage, which are known
to be a source of an inflammatory response [10, 12, 42, 56].
Thus, our findings are suggestive that neutralization of tis-
sue iron deposits following hemorrhagic infarction by iron
chelation can mitigate downstream adverse consequences
(inflammation and remodeling).

Greater initial ischemic insult durations have been associ-
ated with greater degrees of myocardial hemorrhage post-
AMLI, and reperfusion appears to be a prerequisite [35, 49].
Recent studies have demonstrated that hemorrhage is associ-
ated with larger infarctions, reduced salvage, greater MVO
and lower ejection fraction; it was also the strongest inde-
pendent predictor of adverse left ventricular (LV) remod-
eling with an increased risk of arrhythmia, and predictive
power even greater than MVO [19, 66]. Hemorrhage may
also lead to stimulation of the host’s innate immune system
[15] and persistent hemorrhage post-AMI is associated with
a sustained inflammatory response [12, 16, 57]. Our recent
study further confirmed that hemorrhagic by-products, inde-
pendent of ischemia, are inherently pro-inflammatory in I/R
and that greater hemorrhage (lower T2%) is associated with
a heightened inflammatory response (higher T2), including
macrophage infiltration into myocardial tissue.[41]. While
disappearance of iron deposits in tissues is an expected con-
sequence of DFP treatment, it cannot be excluded that DFP
may act through mechanisms others than iron removal in
post-AMI (unknown currently). Nevertheless, prior observa-
tions by various investigators (as mentioned above) strongly
point toward the association between hemorrhage and

inflammation and adverse outcomes, thereby reinforcing the
cause—effect relationship and advancing the rationale for an
iron removal strategy [24]. In support of this hypothesis, our
findings clearly show that early elimination of iron deposits
arising from hemorrhage are associated with a beneficial
remodeling process. While we did not note any significant
differences in ejection fraction between the two groups, our
study was limited to a 4-week observation period, which
might be too early to observe an impact on cardiac function.
Nevertheless, we did see reduced edema, myocardial mass,
ventricular expansion and remote hypertrophy during the
healing phase in the presence of the iron chelator.

The use of iron chelation in I/R is not a new concept.
Deferoxamine (DFO) has been employed in limited experi-
mental and clinical settings of AMI [3, 21, 23, 58], with the
prospect of limiting iron-induced oxidative stress at reperfu-
sion. Canine studies with DFO have demonstrated a reduc-
tion in infarct size and oxidative injury in the acute phase of
AMI [62, 73], but the same investigators have also reported
negative findings. More recently, a small randomized trial
by Chan et al. in 60 patients has indicated that adjunctive
DFO treatment acutely during primary percutaneous coro-
nary intervention (PPCI) can reduce oxidative stress but not
affect infarct size, or improve myocardial salvage or car-
diac function at 3 months post-AMI [21]. Apart from which
iron chelator was employed, there are important design-
related differences between prior studies and our present
study. Firstly, it should be noted that all prior preclinical
and human studies did not account for the presence of IMH.
This is a particularly important point for the human study
where no risk stratification was performed to evaluate maxi-
mal benefit impacted by the therapy.

Secondly, it is important to emphasize that prior studies
(with DFO) have only investigated the effects of a single
dose, but not sustained administration of an iron-chelating
agent during the entire infarct healing process. A single
dose of an iron chelator at reperfusion would be incapa-
ble of eliminating ferric iron by-products as these are only
formed beyond the first few days of hemorrhagic injury [10,
42]; the PK profile of DFP is in the hours time frame. At
day 1, we did not see any significant difference in infarct
size between the two groups, suggesting that the single dose
prior to reperfusion did not influence hemorrhage or MVO
and infarct size. This suggests that a sustained dosing regi-
men would be necessary to access iron deposited by hemor-
rhagic transformation and to subsequently affect the infarct
healing process. Our study has clearly demonstrated that
sustained DFP treatment can resolve hemorrhage faster, alle-
viate inflammation and mitigate chronic adverse remodeling
post-AMI. Although a head-to-head comparison between
DFO and DFP is lacking, the small size of DFP (139 Da
vs. 560 Da for DFO) [44] make is more ideally suited to the
hemorrhagic situation by facilitating better penetration into
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the core infarct region through the MVO; future studies will
need to confirm this.

Recently, the TACT (Trial to Assess Chelation Therapy)
trial in post-AMI patients showed a non-significant reduc-
tion in adverse cardiovascular events at 6 months following
treatment with disodium ethylenediaminetetraacetic acid
(EDTA) [59]. Disodium EDTA is known to predominantly
bind divalent cations and some trivalent cations such as cal-
cium, magnesium, lead, zinc, iron and aluminum [59]. Thus,
EDTA is essentially a broad-spectrum mineral chelator and
not specific to the ferric iron species optimal for targeting
IMH. Thus, the TACT trial only included agents with non-
specific actions and not directly assessed targeted elimina-
tion of IMH. We hypothesize that iron species play a critical
role in I/R and can potentially serve as a new therapeutic
target [41]. Similar to hemorrhagic stroke, to date, there is
no available targeted therapy for reperfusion hemorrhage;
in this light, iron chelation for IMH appears to be an attrac-
tive option.

Oral DFP is readily available in tablet form; however,
published PK data on pigs are currently lacking. In humans,
the reported average DFP AUC (h*uM) and C,,,, (uM) are
660 and 283, respectively, after a 50 mg/kg oral dose [29,
64, 1]. Humans and pigs appear to be similar in that there is
extensive biotransformation of DFP to its metabolite DFP-
glucuronide, although, DFP exposure in pigs was ca. 12-fold
lower than that in humans owing to much higher glucuroni-
dation in pigs. Despite this lower exposure, it is promising
that the evidence of efficacy was still obtained in our pig
model of AMI at a DFP exposure that is readily achievable
in patients. Furthermore, the half-life of DFP in our pig was
determined to be 2.11 h, which is very comparable to 1.77 h
[29, 64, 1] in humans. The half-life profile confirms that a
daily dose separation of 7-8 h should ensure continuity in
the action of the iron chelator.

Improvement in EF is routinely considered the primary
end point for determining the efficacy and successful transla-
tion of new therapeutic options into the clinic for heart fail-
ure patients with reduced EF [50]. In our study, we did not
observe any significant alterations in EF with DFP admin-
istration relative to the control group. A possible reason for
this observation could be that our study interrogated the dis-
ease progression only over a 4-week period post-MI, which
is too early to conclude improvements in global function. A
recent study in AMI patients has indicated that the majority
of improvement in EF occurs within the 1 month time frame
[54]. Thus, in this relatively early phase of MI, it is likely
that the hearts are still capable of functionally overcompen-
sating for the lost myocardium, thus not demonstrating any
perceivable change in EF across groups. Nevertheless, our
findings did demonstrate significantly reduced ventricular
volumes in the DFP group (relative to controls), whose ele-
vation is also considered an important marker of progression
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toward heart failure [55]. To be more conclusive, future stud-
ies will need to evaluate functional improvements in the true
chronic phase post-AMI (> 6 weeks).

It is important to keep in mind the non-specific nature
of the MRI relaxation effects in the presence of multi-fac-
torial tissue pathology. For example, the response and sen-
sitivity of MRI relaxation times T2 and T2* depend on the
pathophysiological state of the tissue matrix [22]. Edema,
comprising free water, imposes an inefficient medium for
T2 relaxation due to short molecular correlation times and
results in elevated T2-weighted signal or long T2 relaxation
times [31, 33, 42, 89]. On the other hand, the presence of
hemorrhage results in the shortening of T2 and T2* relaxa-
tion times due to the breakdown products of the heme iron
(paramagnetic centers) [10]. Hemorrhagic transformation
from deoxyhemoglobin (early acute) to methemoglobin
(acute) to ferritin and hemosiderin (subacute, chronic) pro-
motes a progressive increase in T2 and T2* shortening [10];
T2 signal loss is attributed to a diffusion-mediated mecha-
nism, while T2* to a dephasing mechanism as a result of
these paramagnetic disturbances. Thus, the degree and
extent of both edema and hemorrhage by the T2 parameter
might be underestimated in the presence of hemorrhagic
iron. Nevertheless, the dynamics of edema evolution by the
T2 parameter observed in our study were very similar to that
observed in a recent porcine study by Fernandez-Jiménez
et al. [27]. Using a 40 min I/R model, they noted a T2 eleva-
tion of 42% at day 4 and 70% at week 1 (negligible change
at day 1), compared to 15% change at day 1 and 38% at week
1 in our study. Differences between the observations could
be attributed to the differing pig strains, but trends observed
are identical. T2* is also elevated with edema, but to a lesser
extent than T2 [40] and is considered a more sensitive indi-
cator or tissue iron concentration [37, 42, 57]. A recent study
in a porcine model of AMI by Rossello et al. [78] has shown
that T2* is positively correlated with tissue water content
and that T2* is influenced by both IMH and edema, very
similar to T2. In fact, it was demonstrated that T2’ better
represented histological IMH with little association with
myocardial water content. These combinational effects of
edema and IMH on T2* can help explain why we see a dra-
matic increase in infarct T2* from day 1 to week 1 in the
DFP group relative to control. The identical T2s between
the two groups at week 1 suggests that edema may roughly
be comparable between the groups at this time point, which
offers the strong evidence that the observed T2* elevation
does in fact imply faster hemorrhage resolution at week 1
with DFP, with minimal impact from edema.

It should also be noted that the hypointense region
within hyperenhanced infarct identified on an LGE image
is an indirect measure of no-reflow or microvascular
obstruction as a result of the contrast agent being unable
to diffuse into the infarct core. However, previous studies
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have demonstrated that these hypointense regions are spa-
tially correlated with the region of no-reflow as measured
by thioflavin-S staining (intact endothelium) [76]. These
non-specific responses should be considered when attribut-
ing an MRI marker to a given tissue injury feature as they
can influence interpretation of response to therapy.

Considering these non-specific MRI effects, we per-
formed detailed histological analyses to quantify features
such as infarction, edema and iron and macrophage infil-
tration. Overall, MRI measures were in agreement with
ground truth histological findings at end study (week
4). We noted that although there was no change in the
number or density of iron punctae across the groups, the
average size of iron clusters was significantly less in the
DFP group compared to control, indicating that iron was
indeed removed by DFP. This likely means that there were
possibly equivalent amounts of iron initially deposited in
each group, and treatment with DFP shrank the individ-
ual clusters of iron deposits. This is in agreement with
observations by T2* MRI in the scar region, where low
T2* values at day 2 were comparable between the groups,
indicating similar iron levels, and at weeks 1 and 4, T2*
was significantly elevated in the DFP group suggesting
removal of iron. Furthermore, there was trend toward
less global edematous response in the DFP-treated group
compared to control similar to that indicated by the T2
response; significance was not achieved per heart given the
small sample size. In this light, we speculate that greater
degree of wall thickness observed in the remote zone of
control group (relative to DFP) could be due to both com-
pensatory hypertrophy and persistent edema, although it
is difficult to determine their relative contributions. The
macrophage quantification results were not what we would
have predicted. The evidence of decreased edema (by both
T2 and histology) and decreased wall thickness would sug-
gest that there would be reduced immune response, and
therefore fewer macrophages with treatment. However, our
antibody cannot distinguish between the many roles that
macrophages can have (e.g., reparative vs inflammatory).
At the later 4 week time point post-MI, macrophages are
more likely of the reparative variety, as the inflammatory
ones are generally resolved within the first few days of
the initial injury [68]. Thus, this increase in macrophages
within the scar of DFP-treated hearts is likely to indi-
cate an increase in the reparative mechanisms that occur
post-MI, as a consequence of the DFP treatment. Future
molecular studies interrogating the inflammatory state in
both the acute and chronic phases of MI are warranted to
confirm this.

The consequences of I/R partly negate the benefits offered
by reperfusion. This has initiated a new interest in targeting
the post-reperfusion components for extending the cardio-
protection brought about by reperfusion alone. Thus, I/R

remains a therapeutic challenge and novel adjunctive thera-
pies for IMH could offer an incremental benefit resulting in
better patient outcomes and a further reduction in mortality.

Limitations

This is a proof-of-concept study and hence we acknowledge
several limitations. Animal numbers are small; however, we
have shown previously that porcine groups of four to seven
animals are sufficient to distinguish tissue response and
remodeling processes across animal groups with different
injury patterns via MRI [40, 41]. The study design involved
pre-loading of DFP, i.e., treatment prior to the onset of
ischemia, which is not a realistic clinical scenario. Our study
also cannot determine the relative beneficial contribution
of iron chelation in curbing iron-induced oxidative stress at
the time of reperfusion, compared with the interaction with
hemorrhagic iron in the acute/subacute stage. Nevertheless,
prior studies by Reddy et al. and Lesnefsky et al. [61, 74]
in animals and by Chan et al [21] in AMI patients evaluated
DFO as a single dose therapy and found no significant ben-
eficial effect on chronic remodeling. In contrast, our study
demonstrated that sustained DFP administration is able to
mitigate inflammation and adverse myocardial remodeling.
This suggests that cardioprotection may likely arise from
the neutralization of iron by-products that form in the acute/
subacute stage, rather than of those available at the time of
reperfusion. Importantly, this also supports the premise that
DFP would have shown efficacy if pre-loading were not part
of the study design, i.e., DFP administered post-reperfusion,
as would be the case in clinical use, would still have shown a
beneficial response. Nevertheless, future preclinical studies
focused on human dosing strategies, such as at reperfusion
or after, are warranted to demonstrate the efficacy of DFP in
a clinically translatable situation.

A potential obstacle is the limited access of DFP to the
infarct core, since hemorrhage occurs within the region of
MVO (as seen in a 90 min porcine model) [42, 85]. In this
study we did not perform DFP assays to examine the pen-
etrability of the drug in the infarct core. However, MVO is
also partially resolved by week 1 [42] and hence it might be
reasonable to assume better accessibility of the drug to the
hemorrhagic core beyond this time point (particularly in the
case of sustained treatment as in our study). To bring this
into context, the MR contrast agent gadolinium—-DTPA, a
much larger complex (938 Da) [79], can fill into the MVO
region with late enhancement imaging [85]. Hence, it is rea-
sonable that DFP should be able to get to the infarct site;
importantly, based on the evolution of hemorrhage, ferric
iron begins to appear only after 3-5 days [10, 42], at which
time DFP should be most effective. In our study, IMH was
still present only in one DFP-treated animal at week 1, as
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opposed to complete resolution in the rest of the animals in
that group. A recent study in procine I/R demonstrated that
IMH peaks at day 4 post-AMI, where differences in drug
intervention could be expected to be much larger. Although
the present study missed this time point, we were neverthe-
less able to note statistically significant differences in IMH
between the control and treatment groups.

Future studies examining DFP assays in tissue specimens
will help assess penetrability. The most common side effects
of DFP are gastrointestinal upset, vomiting and diarrhea;
however, the pigs in our study did not suffer from any of
these with the dosing regimen during the 4-week period.
The optimal dose level and dosing frequency for the admin-
istration of iron chelators in AMI is also not known; future
dose-ranging studies will need to be designed to establish
these variables. PK analysis was only performed in healthy
animals; however, it is uncertain whether the profile would
alter or not post-AMI. Future studies would have to address
this aspect.

The 4-week end point is not truly chronic to observe
remodeling, as inflammation is not completely resolved, and
scar is not mature at this phase. This is probably why we did
not observe any significant infarct zone thinning at 4 weeks,
compared to baseline. Nevertheless, this time point was
sufficient to detect significant differences between the two
concerned animal groups. Our histological analysis revealed
interesting information about the tissue state, but also had
some limitations: (a) our animal count was too small to
expect statistical significance when comparing histologi-
cal averages for each whole heart; (b) we were only able to
perform staining and analysis in a single mid-ventricular
section per heart given technical challenges with tissue stor-
age; (c) we measured the space present between cells and
tissue fibers to estimate edema; however, these spaces could
be impacted by artifacts resulting from mechanical handling
of the tissue; we have been careful to manually exclude such
regions from the analysis. Lastly, cardiovascular implica-
tions in males and females can be quite different as evident
from recent reports [11, 71, 72]; however, ours was a proof-
of-concept study that utilized only female pigs and hence
cannot assess sex-related responses to the drug.

Conclusions

Iron deposition as a result of reperfusion hemorrhage pre-
sents a serious condition in STEMI patients, contributing
to increased inflammation and chronic adverse remodeling.
To date, there is no available targeted therapy for reperfu-
sion hemorrhage, which has now been confirmed to be an
independent predictor of adverse outcomes in humans. An
approach targeting the components of I/R early in the acute
phase potentially offers an attractive mechanism to improve
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long-term outcomes. Our proof-of-concept study is the first
to identify hemorrhage-derived iron as a potential therapeu-
tic target in I/R and exploit the cardioprotective properties of
an iron-chelating drug candidate in the setting of AMI. We
have demonstrated that elimination of hemorrhagic iron can
result in faster resolution of inflammation and prevent tissue
hypertrophy and ventricular dilatation (early signatures of
heart failure), thus promoting a beneficial remodeling pro-
cess. The identification of this new therapeutic target in the
appropriate patient population (large myocardial infarctions
that produce IMH) should be considered for future clinical
trials.
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