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Resum tesi doctoral

Impacte de noves estrategies farmacologiques per al tractament de I'infart
agut de miocardi: estudi dels efectes i la sinergia de sacubitril/valsartan i

empagliflozina.

Introduccié: La introduccid de nous farmacs com el sacubitril/valsartan i
I’empagliflozina ha millorat significativament els resultats clinics en pacients
amb insuficiencia cardiaca (IC). El seu paper en la IC esta ben establert; no
obstant, la seva eficiencia després d’un infart agut de miocardi (IAM) roman
en gran mesura inexplorada. Existeix poca evidéncia sobre la seguretat i els
possibles efectes sinergics quan es combinen aquests dos farmacs després

d’un IAM.

Hipotesi: L’administracio primerenca d’empagliflozina i/o
sacubitril/valsartan després d’un IAM pot exercir un paper protector contra
la lesié post-isquemica mitjangant la reduccié de la inflamacio i I'estrés
oxidatiu, la millora del metabolisme cardiac i/o la provisié d’efectes
protectors sobre el remodelat estructural i eléctric cardiac. La combinacid

d’ambdds farmacs podria ser segura i exercir un efecte sinérgic.

Objectius: Avaluar I'impacte de la iniciacié primerenca de I'empagliflozinai/o
el sacubitril/valsartan sobre la inflamacio, I’estrés oxidatiu, el metabolisme,
la fibrosi, la funcié cardiaca, les propietats electrofisiologiques i histologiques
de la cicatriu, i la inducibilitat de taquicardia ventricular (TV) en un model

porci d'IAM.

XIX



Meétodes: Trenta-tres porcs (55% femelles) amb IAM van ser assignats
aleatoriament a rebre tractament amb beta-bloquejants (BB) (grup Control-
IAM; n=8), BB+sacubitril/valsartan (grup Sac/Val; n=9), BB+empagliflozina
(grup Empa; n=8) o BB+empagliflozina+sacubitril/valsartan (grup
Empa+Sac/Val; n=8) durant 30 dies. Es va fer un seguiment longitudinal de la
resposta immune, el perfil metabolic i la funcié cardiaca dels animals. A 30
dies post-IAM, es va utilitzar I'estimulacié eléctrica programada i la
cartografia d’alta densitat per avaluar les propietats electrofisiologiques del
miocardi i la inducibilitat de TV. Posteriorment, es van recollir mostres de
teixit per a I'analisi de la inflamacid cardiaca, I'estrés oxidatiu i del perfil

metabolic.

Resultats principals: El grup tractat amb sacubitril/valsartan va mostrar una
reduccio dels leucocits circulants aguts (p=0.009) i dels nivells d’interleucina-
12 a 2 dies post-IAM (p=0.024), va disminuir I'expressio del receptor CCR2 en
la superficie de monocits a 15 dies post-IAM (p=0.047), i va reduir el contingut
de col-lagen | (Col 1) a la cicatriu miocardiaca (p=0.049), la relacié col-lagen
I/1ll (p=0.040), la massa total de la cicatriu (p=0.046) i la massa de la zona
fronterera (BZ) (p=0.043). També va reduir el nombre i la massa dels
corredors de la BZ (p=0.009 i p=0.026, respectivament) i el nombre de zones
de desacceleracié (p=0.016), cosa que va conduir a una reduccio relativa del
55% de la inducibilitat de TV (p=0.034). No es van detectar efectes
significatius en els parametres de la funcidé cardiaca. El grup tractat amb
empagliflozina presenta una disminucié en el nombre de leucocits circulants
aguts a 2 i 15 dies post-IAM (p=0.010, p=0.050, respectivament) i en el
nombre de monocits circulants CCR2* 15 dies post-IAM (p=0.049). També va

augmentar la biodisponibilitat de I’0xid nitric (NO) al miocardi sa (p=0.059),

XX



els nivells de lipids omega cardioprotectors al fetge, i el contingut de col-lagen
Il a la cicatriu miocardiaca (P=0.023). No es van observar efectes sobre la
funcié cardiaca ni la inducibilitat de TV a 30 dies post-IAM. El tractament
combinat amb empagliflozina i sacubitril/valsartan va reduir el contingut de
Col | a la cicatriu (p=0.082), va millorar la distensibilitat ventricular esquerra
(increment del volum telediastolic indexat, P=0.029; i del volum sistolic,
P=0.044), el remodelat electrofisiologic (reduccié de corredors de BZ i zones
de desacceleracid; p=0.008 i p=0.006, respectivament), i va reduir el criteri
compost de mort cardiovascular o inducibilitat de TV (p=0.025) a 30 dies post-

IAM.

Conclusions: La iniciacié primerenca de sacubitril/valsartan després d’'un IAM
redui la resposta inflamatoria aguda, disminui el contingut de Col | a la cicatriu
miocardiaca, redui la massa total de la cicatriu i de la BZ, i mitiga les propietats
proarritmiques del cor, disminuint finalment la inducibilitat de TV. El
tractament amb empagliflozina redui la inflamacié i I'estres oxidatiu,
augmenta els lipids amb perfil cardioprotector a nivell hepatic, i altera el
contingut de col-lagen de la cicatriu sense afectar la funcié cardiaca ni la
inducibilitat de TV. La combinacié d’empagliflozina i sacubitril/valsartan redui
el contingut de Col | a la cicatriu, millora el remodelat del ventricle esquerre
i disminui la inducibilitat de TV, malgrat que no es va detectar un efecte

sinergic.
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Thesis summary

Impact of new pharmacological strategies for the treatment of acute
myocardial infarction: study of the effects and synergy of

sacubitril/valsartan and empagliflozin.

Introduction: The introduction of new drugs such as sacubitril/valsartan and
empagliflozin has markedly improved clinical outcomes in patients with heart
failure (HF). The role of these drugs in HF is well-established; however, their
efficacy on post-acute myocardial infarction (AMI) remains largely
unexplored. Limited evidence exists on the safety and the potential
synergistic effects when combining empagliflozin with sacubitril/valsartan

post-AMI.

Hypothesis: The early administration of empagliflozin and/or
sacubitril/valsartan after MI may exert a protective role against post-ischemic
injury by reducing inflammation and oxidative stress, enhancing cardiac
metabolism, and/or providing protective effects on post-AMI structural and
electrical remodelling. The combination of both drugs could be safe and may

have a synergistic effect.

Objectives: To evaluate the cardiac impact of early initiation of empagliflozin
and/or sacubitril/valsartan on inflammation, oxidative stress, metabolism,
myocardial fibrosis, cardiac function, electrophysiological and histological
scar properties, and ventricular tachycardia (VT) inducibility in an AMI pig

model.
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Methods: Thirty-three pigs (55% females) with M| were randomly assigned
to receive beta-blocker (BB) treatment alone (Control-MI group; n=8),
BB+sacubitril/valsartan (Sac/Val group; n=9), BB+empagliflozin (Empa group;
n=8) or BB+empagliflozin+sacubitril/valsartan (Empa+Sac/Val group; n=8)
during 30 days. The immune response, metabolic profile, and cardiac
function were longitudinally monitored. At 30 days post-Ml, programmed
electrical stimulation and high-density mapping were employed to evaluate
myocardial electrophysiological properties and the inducibility of VT.
Subsequently, tissue samples were collected for the analysis of cardiac

inflammation, oxidative stress, and metabolic profiles.

Main results: Sacubitril/valsartan reduced acute circulating leukocytes
(p=0.009) and interleukin-12 (p=0.024) levels at 2-days post-Ml, decreased C-
chemokine receptor type 2 (CCR2) expression in monocyte surface at 15-day
post-MI (p=0.047), and reduced myocardial scar collagen | (Col 1) content
(p=0.049), collagen I/Ill ratio (p=0.040), total scar mass (p=0.046) and border
zone (BZ) mass (p=0.043). It also lowered the number and mass of BZ
corridors (p=0.009 and p=0.026, respectively) and the number of
deceleration zones (p=0.016), leading to a relative reduction risk of 55% in VT
inducibility (p=0.034). No effect on cardiac function parameters were
detected. Empagliflozin decreased acute circulating leukocytes count at 2-
and 15-days post-MI (p=0.010, p=0.050, respectively) and activated CCR2*
monocytes at 15 days post-Ml (p=0.049). It also increased the bioavailability
of nitric oxide (NO) in the healthy myocardium (p=0.059), the
cardioprotective omega lipid levels in the liver, and the collagen Il (Col IlI)

content in the myocardial scar (p=0.023). No effect on cardiac function and



VT inducibility was observed at 30 days. The combined treatment with
empagliflozin and sacubitril/valsartan reduced scar Col | deposition
(p=0.082), enhanced left ventricular (LV) compliance (increased iLVEDV,
P=0.029; and LVSV, P=0.044), improved electrophysiological remodelling
(reduced BZ corridors and deceleration zones; p=0.008 and p=0.006,
respectively), and reduced the composite endpoint of cardiovascular death

or VT inducibility (p=0.025) 30 days after MI.

Conclusions: Early initiation of sacubitril/valsartan after Ml reduced the acute
inflammatory response, decreased myocardial scar Col | content, reduced
total scar and BZ mass, and mitigated proarrhythmogenic properties,
ultimately lowering VT inducibility. Empagliflozin treatment reduced
inflammation and oxidative stress, increased cardioprotective liver lipids, and
modified scar collagen without affecting cardiac function or VT inducibility.
Empagliflozin combined with sacubitril/valsartan decreased scar Col |,
enhanced LV remodelling and reduced VT inducibility, although no synergistic

effect was observed.
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Introduction

1. Myocardial Infarction

Cardiovascular diseases (CVDs) are a group of disorders that affect the heart
or blood vessels. The subgroups of CVDs include: coronary heart disease,
cerebrovascular disease, peripheral arterial disease, rheumatic heart disease,
congenital heart disease, deep vein thrombosis, and pulmonary embolism.
Despite current advancements in prevention, detection, treatment, and
control, CVDs remain the leading cause of death globally. In 2019, CVDs
caused an estimated 17.9 million deaths worldwide, representing 32% of all
deaths (1). CVDs also significantly contribute to premature deaths (occurring
before the age of 70) representing more than 38% of all premature deaths in
2019, as well as disability, imposing a substantial burden on communities and
healthcare systems worldwide (1-3).

In terms of total deaths, ischemic heart disease (IHD) is the world's leading
cause, accounting for 16% of all deaths, followed by stroke and chronic
obstructive pulmonary disease, accounting for 11% and 6% of total deaths,
respectively. The global burden of CVDs is increasing as life expectation rises
and population ages. Notably, deaths due to IHD have seen the greatest
increase since 2000, rising by 1.6 million to 8.9 million in 2019 (Figure 1) (4).
Similarly, in Europe, CVDs remain the most common cause of death, resulting
in 4 million deaths annually in the region (44% of all deaths), with IHD and
stroke accounting for nearly 44% and 25% of these CVD-related deaths,
respectively (5).

IHD refers to cardiac problems caused by inadequate blood supply to the
myocardium due to partial or complete blockage of coronary arteries. This
obstruction results in decreased coronary blood flow, leading to inadequate

oxygen and nutrient supply to the heart. When blood flow is completely



blocked, it results in a myocardial infarction (Ml), colloquially referred to as a
heart attack. Artery narrowing is predominantly caused by an atheromatous
plaque, a build-up of lipids (cholesterol), calcium, and inflammatory cells, that
progressively accumulates within the coronary artery wall, reducing the
arterial lumen (stenosis) (6). When an atheromatous plaque ruptures, its
contents become exposed to the arterial lumen, rapidly activating the
coagulation cascade and resulting in thrombus formation. This thrombus may
partially or completely occlude the coronary artery, significantly reducing or
completely obstructing blood flow. Plaque rupture is the most common cause

of Ml (7).
Leading causes of death globally
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Figure 1.Top 10 leading causes of death globally. Comparison between 2000 and 2019.
Font: WHO webpage.
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Even though IHD remains a significant contributor to mortality and morbidity,
it is preventable. The primary goal of health system programs is to prevent
the progression of the atherosclerosis disease via controlling the modifiable
cardiovascular (CV) risks factors. This includes promoting healthy lifestyle
habits, such as maintaining a balanced diet, engaging in regular exercise,
limiting alcohol consumption, avoiding smoking, and effectively managing
conditions such as hypertension, dyslipidaemia, diabetes, and obesity as
needed (8). However, when preventive measures prove ineffective and
coronary obstruction occurs, the Ml pathology begins. The myocardium distal
to the occlusion site becomes ischemic, leading to the necrosis of
cardiomyocytes. Damage-associated molecular patterns (DAMPs) and
chemokines released from resident injured cardiac cells, trigger an acute
inflammatory response, resulting in the infiltration of immune cells into the
injured part of the myocardium (9). This immune response facilitates the
clearance of dead cells and prepares the tissue for repair, the replacement of
the necrotic tissue with a collagen scar (10). The abrupt loss of viable
cardiomyocytes, along with their replacement by non-contractile scar tissue,
activates neurohumoral compensatory mechanisms intended to preserve
cardiac function — the ability of the heart to pump blood in order to meet the
metabolic demand of the body. However, this maladaptive response after
Ml results in molecular and cellular changes in the infarcted, border and the
non-infarcted myocardial tissue —a process known as adverse cardiac
remodelling. These changes alter the structure and function of the heart,
resulting in modifications to wall stress and stiffness, which lead to
progressive cardiac dilatation and thinning of the heart muscle, ultimately
causing cardiac dysfunction and heart failure (HF) —the inability of the heart

to pump enough blood to meet the body's needs. Additionally, the sudden



massive loss of contractile cardiomyocytes triggers an electrophysiological
cardiac remodelling, potentially leading to fatal ventricular arrhythmias

(VAs), and, eventually, sudden cardiac death in the post-Ml period (11).

Currently, the acute management of Ml focuses on the rapid restoration and
maintenance of proper blood circulation to minimize cardiac damage. This
typically involves 1) pharmacological treatment, including antiplatelet
agents, fibrinolytic agents, anticoagulants, and nitrates; and 2) surgical
interventions, such as percutaneous coronary intervention (PCl), and/or,
occasionally, coronary artery bypass grafting (CABG) (12,13). The following
steps in the secondary prevention of Ml include antithrombotic therapy, the
minimization of CV risk factors, and the comorbidities management (12).
These secondary measures can mitigate the risk of future heart attacks and
other CV complications; however, they fail to address issues stemming from
unresolved tissue damage — the initiation of the adverse remodelling and
subsequent cardiac dysfunction. Currently, different treatments have shown
promising results in managing HF symptoms (14), including drugs that inhibit
the renin-angiotensin-aldosterone system (RAAS), combinations of
medicines such as angiotensin receptor/neprilysin inhibitor (ARNi) and
sodium glucose cotransporter 2 (SGLT2) inhibitors. However, there is still the
need to explore new approaches to prevent the progression from Ml to HF,
rather than treat the HF symptoms. Therefore, the aim of the present study
is to evaluate new therapeutic interventions that may limit myocardial
ischemic injury following MI, mitigate the progression of adverse

remodelling, and reduce the risk of developing HF and fatal VAs.
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2. Post-MI Healing and Repair: From Inflammation to

Fibrosis

Ischemic injury causes myocardial cell necrosis, which triggers molecular
signals of damage and the activation of an intense inflammatory response
necessary for the clearance of damaged tissue and the preparation of the
infarct zone for the healing process. However, timely and appropriate
resolution of inflammation is essential in determining the quality of wound

healing and minimizing post-MI remodelling and HF (15).

The healing process after Ml comprises three successive phases that overlap

(Figure 2): 1) the inflammatory phase: orchestrated by cells from the innate

immune response, critical for the removal of extracellular matrix (ECM)

debris and dead cells; 2) the proliferative/reparative phase: during this phase,

pro-inflammatory signals are down-regulated while pro-reparative and pro-
fibrotic factors are up-regulated. Myofibroblasts become activated to initiate
the cardiac healing process, the formation of the collagen-scar; and 3) the

maturation phase: this final stage is marked by the apoptosis of the majority

of inflammatory and reparative cells, along with the cross-linking of the

collagen fibers.

Timely progression and resolution of both the inflammatory and reparative
phases are necessary for proper Ml healing. An overactive or incompletely
resolved inflammatory phase can cause sustained tissue damage and poor
healing, promoting scar expansion, unfavourable remodelling, chamber
dilatation, and contractile dysfunction (10,16), as well as adverse
electrophysiological remodelling, VAs, and sudden cardiac arrest (17).

Therefore, appropriately managing the initial inflammatory phase and



promoting its progression to the reparative stage would protect the

myocardium from excessive inflammatory damage.
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Figure 2. Different phases of the healing process after Ml. Figure adjusted from Scalise RFM
et al., 2021 (18).
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2.1. Inflammatory Response After Ml

2.1.1. Inflammatory Phase

After ischemic injury, necrotic cells release endogenous signals (alarmins)

known as danger-associated molecular patterns (DAMPs) into the
extracellular space (19). Following MIl, common DAMPs include high-mobility
group box-1 (HMGB1), heat shock proteins, adenosine triphosphate (ATP),
nuclear factors, deoxyribonucleic acid (DNA), ribonucleic acid (RNA), reactive
oxygen species (ROS), free radicals and components of degraded ECM,
among others. These molecules alert the body to the myocardial injury and
activate the innate immune system. Surrounding immune cells recognize
DAMPs through pattern recognition receptors (PRRs), triggering down-

stream pro-inflammatory cascades. This activation leads to the release of
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pro-inflammatory mediators such as interleukin (IL)-1fB, IL-6, IL-18 and
tumour necrosis factor-a (TNF-a) (16). Another significant contributor to the
early post-MI inflammatory response is the activation of inflammasomes.
Inflammasomes are large cytoplasmic protein complexes that are activated
in response to DAMPs and trigger the conversion of pro-caspase-1 into its
active form, caspase-1. Active caspase-1 subsequently mediates the
activation and release of pro-inflammatory cytokines, specifically IL-18 and
IL-18, in cardiac fibroblasts and endothelial cells (ECs). Furthermore, caspase-
1 promotes a highly inflammatory form of cellular death called pyroptosis in
cardiac fibroblasts, ECs, and cardiomyocytes (20). Pyroptosis is characterized
by the rupture of the plasma membrane, resulting in cellular swelling and
subsequent lysis. This process results in nuclear condensation and the release
of inflammatory cytokines, as well as intracellular DAMPs. Altogether, this
initiates a powerful pro-inflammatory response that promotes the leukocytes

recruitment to the infarct zone.

Neutrophils

Circulating neutrophils are the first immune cells recruited to the injured
myocardium in response to elevated levels of chemotactic factors, such as
cytokine-induced neutrophil chemoattractant 1 (CXCL1) and IL-8/CXCLS8
(21,22). Once in the necrotic myocardium, neutrophil adherence is promoted
by their adhesion into molecules that are overexpressed on activated
epithelial cells (L- and P-selectin and intracellular adhesion molecule (ICAM)-
1) (Figure 3) (22). Neutrophils develop multiple roles, including the
phagocytosis of cellular debris, degradation of ECM through the release of

proteolytic granules that contain matrix metalloproteinases (MMPs), ROS



generation, and the secretion of factors to attract chemotactic monocytes

(21).

Monocytes/macrophages

Shortly after neutrophils (2-3 days post-Ml), circulating monocytes are
recruited to the infarct zone primarily in response to the secretion of
monocyte chemoattractant protein-1 (MCP-1)/chemokine ligand 2 (CCL2)
(23). This chemokine is rapidly upregulated in the infarcted tissue and acts as
a strong attractant for positive C-C chemokine receptor type 2 (CCR2)
monocytes (15,16,24), activated monocytes that predominate in the first
inflammatory phase. Monocyte binding to the tissue is facilitated by the
interaction between the very late antigen-4 (VLA-4) integrin on monocytes
and the vascular cell adhesion molecule-1 (VCAM-1) on ECs, both of which
are upregulated following Ml (Figure 3) (22). Once in the tissue, monocytes
differentiated into macrophages. The CCR2* monocyte/macrophage
subpopulation promotes the recruitment of leukocytes to the infarcted heart,
whereas  CCR2™  macrophages limit  this  recruitment  (25).
Monocytes/macrophages dominate the cellular infiltration of the infarct zone
for the first 2 weeks after M, playing essential roles in both the inflammatory
and reparative phases. They exhibit two primary phenotypes: M1
(CD14*CD16°), which has pro-inflammatory features, and M2 (CD14*CD16%),
which possesses anti-inflammatory and pro-fibrotic characteristics
(18,26,27). During the acute inflammatory phase, M1 macrophages are
responsible for phagocytosing dead cells, recruiting other leukocytes to the
infarcted area, and producing proteases, including MMP-1, MMP-2, MMP-3,
MMP-7, MMP-9, and MMP-12 (17,23). These proteases contribute to clear

cellular and ECM debris, thus preparing the ground for the granulation tissue
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(18). In contrast, the anti-inflammatory M2 macrophages become
predominant in the subsequent proliferative phase.

Innate immune response after Ml
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Figure 3. Innate immune response after MI. Neutrophils are first recruited into injured tissue
in response to increased levels of CXCL1, IL-8/CXCL8 chemotactic factors. Their adhesion and
subsequent transmigration (extravasation) through the endothelium are facilitated by the up-
regulation of adhesion molecules, including L-/P-selectin and ICAM-1. Shortly after them (48-
72h post-Ml), monocytes are recruited primarily in response to elevated levels of MCP-
1/CCL2. Their extravasation is facilitated by their interaction with adhesion molecules such as
VCAM-1. Both, neutrophils and monocytes play essential functions in the early phase after
M, including the phagocytosis of cellular debris, degradation of ECM through the release of
proteolytic proteins, and promotion of the inflammatory response. Original figure created by
Biorender.com.

T cells

Finally, T cells from the adaptative immune response also play a crucial role
in both the inflammatory and reparative phases after MI. Upon activation by
antigen-presenting cells (APCs), T cells differentiate into various phenotypes.
During the acute inflammatory phase, cytotoxic T cells (CD8+) and T-helper 1
cells (Th1) predominate, driving cytotoxic effects and promoting the release
of the pro-inflammatory cytokine interferon-y (IFN-y), respectively. In
contrast, in the reparative and chronic phases, T-helper 2 cells (Th2) and

regulatory T cells (Tregs) predominate, facilitating tissue repair and

11



modulating the immune response (18,28). The prolonged presence of M1
macrophages and sustained T cell response can prolong the initial
inflammatory phase, exacerbating infarct expansion, adverse remodelling,

and contributing to the progression of HF in later chronic stages.
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Figure 4. Inflammatory phase after MI. Ischemic injury-induced cell death releases damage-
associated molecular patterns (DAMPs) and reactive oxygen species (ROS), which triggers
inflammation by being recognized by pattern recognition receptors (PRRs) on surrounding
cells. This process stimulates the secretion of pro-inflammatory cytokines and chemokines,
leading to an intense influx of neutrophils and inflammatory monocytes into the ischemic
cardiac area. These cells are responsible for the phagocytosis and clearance of necrotic tissue.
Additionally, Th1l and Th17 cells from the adaptative immune response are also implicated.
Original figure created with Biorender.com.
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2.1.2. Proliferative Phase

The proliferative/reparative phase of healing begins around 3-5 days after
MI, when pro-inflammatory signals start to decrease as a result of innate
immune cell death and the upregulation of anti-inflammatory, pro-fibrotic
and pro-angiogenic signals. This phase is marked by the activation of
myofibroblasts, which are the primary cells responsible for collagen scar

formation (Figure 5).

Fibroblasts and Myofibroblasts

Fibroblasts become the predominant cell type in the infarcted area and adopt
a proliferative, migratory, and secretory myofibroblast phenotype (29).
Different stimulus are implicated in the induction of fibroblasts proliferation,
migration to the injured area, and differentiation into myofibroblasts,
including mechanical stress, specific hormones, growth factors, and cytokines
(30).

Myofibroblasts are specialized cells that exhibit characteristics of both
fibroblasts and smooth muscle cells, and are typically absent in healthy
myocardium. Their defining feature is a migratory and contractile nature,
which is driven by the production of contractile proteins such as a-smooth
muscle actin (a-SMA) and non-muscle myosin (31). Myofibroblasts synthesize
large quantities of ECM proteins, including collagen type | (Col I) and Il (Col
[l1), which contribute to the formation of the cardiac scar that strengthens
myocardial tissue and prevents ventricular wall rupture. Additionally,
myofibroblasts secrete fibronectin (FN), particularly extra domain A (EDA)-

FN, along with other matricellular proteins like thrombospondins (TSPs) and
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tenascin C. These secreted factors further promote myofibroblast migration
and play a regulatory role in the healing process (32).

In addition to local fibroblasts, myofibroblasts can also originate from other
cell types, such as bone marrow-derived progenitor cells, pericytes, and

certain epithelial and ECs.

Macrophages

During the reparative phase, macrophages transition from the pro-
inflammatory M1 phenotype to the anti-inflammatory M2 phenotype. This
shift is influenced by different factors, including the engagement of PRRs, the
cytokine profile—particularly IL-4, IL-10, and IL-13, which promote M2
polarization—and the phagocytosis of apoptotic and necrotic cells. M2
macrophages play a crucial role in the secretion of mediators that promote
the suppression of inflammation and the activation of the reparative phase:
transforming growth factor B (TGF-B), IL-10 and vascular endothelial growth
factor (VEGF) (16).

TGF-B

TGF-B stimulates the differentiation of fibroblasts into activated
myofibroblasts and enhances ECM protein synthesis. Additionally, TGF-B
suppresses the activity of proteases that degrade ECM by inhibiting the
expression of MMPs and upregulating the synthesis of tissue inhibitor of
MMPs (TIMPs) and other proteases inhibitors. Activation of the Smad3

signalling pathway appears to be important in mediating TGF-B-induced ECM

protein synthesis and TIMP upregulation (33).
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A properly regulated balance between MMPs and TIMPs is essential for
maintaining ECM homeostasis. However, overactivation of TGF-B has been
associated with an exacerbate fibrotic process and is a negative predictor

factor for HF (18).

IL-10

The anti-inflammatory mediator IL-10 is also upregulated during the
reparative phase. IL-10 is involved in promoting the shift from M1 to M2 in
macrophages, reducing the secretion of proteinases, and enhancing
fibroblast migration and proliferation (18,34). Additionally, IL-10 influences

fibroblast activity by reducing the Col I/Ill ratio, which enhances tissue

compliance and improves myocardial function (18).

VEGF

An increase in the angiogenic factor VEGF is also observed during the
proliferative phase. VEGF promotes the formation of a new vascular network
in the infarcted area by inducing ECs migration and tube formation (16). This

process ensures a sufficient oxygen and nutrients supply to the healing tissue.

T cells

Th2 and Treg cell phenotypes are predominant in the reparative phase. Th2
cells secrete IL-4 and IL-13, which are pro-fibrotic factors that significantly
enhance collagen synthesis and facilitate the transition from M1 to M2
macrophages (35,36). Tregs also contribute to cardiac fibrosis by stimulating
the production of TGF- and IL-10 (37,38), and also aid in promoting M2

macrophage polarization (39).
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Figure 5. Proliferative phase after MI. The inflammatory phase transitions into the
proliferative phase, which is characterized by the resolution of inflammation and the
formation of a collagen scar. Tissue macrophages, whether resident or derived from
recruited monocytes, shift to an M2 anti-inflammatory phenotype and produce TGF-B, IL-
10, and VEGF. Additionally, Th2 and Treg cells from the adaptative immune response
contribute to this anti-inflammatory and pro-fibrotic response. These processes collectively
promote collagen deposition by myofibroblasts, attenuation of inflammation, and the
formation of new blood vessels (neoangiogenesis). Original figure created with
Biorender.com.

2.1.3. Maturation Phase

The proliferative phase of cardiac repair is followed by the scar maturation
phase, during which ECM structures undergo cross-linking to stabilize the
collagen scar tissue, and cells involved in the reparative phase are
deactivated and undergo apoptosis (Figure 6). While still not fully elucidated,
different factors are believed to influence the transition from the

proliferative/reparative phase to the maturation phase. These include STOP
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signals that terminate TGF-B signalling and the clearance of matricellular
proteins, which may suppress proliferation and reduce the matrix synthetic
activity of myofibroblasts. Additionally, the induction and secretion of anti-
fibrotic mediators may also contribute to the conclusion of the matrix

production response (16).
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Figure 6. Maturation phase after MI. During this phase, the scar maturates via ECM cross-
linking. The cellular activity and signaling pathways involved in the reparative phase are
gradually resolved. Original figure created with Biorender.com.

The complex mechanisms involved in controlling the inflammatory and
reparative phases must be strictly well regulated to achieve optimal healing
(18). Inappropriate collagen deposition and excessive fibrotic tissue
contraction can affect cardiac compliance, diastolic and systolic function, scar
stiffness, and lead to VAs. Conversely, insufficient collagen deposition and
cross-linking are associated with a weak scar that could lead to dilatation and

wall rupture.
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2.2. Fibrosis After MI: Replacement and Reactive Fibrosis

Fibrosis is one of the primary mechanisms in the cardiac repair process
following an MI and may manifest as either replacement and/or reactive
fibrosis (Figure 7), both of which are produced by fibroblasts and
myofibroblasts (31). Replacement fibrosis involves the substitution of
necrotic cardiac tissue with fibrotic compact scar tissue, thereby preventing
ventricular wall rupture.

Reactive fibrosis, on the other hand, results in interstitial fibrosis within the
infarct border zone (BZ) and the surrounding myocardium, arising as a
consequence of an incomplete resolution of inflammation or an excessive
pro-fibrotic response, which leads to local fibroblasts activation and
increased collagen deposition in the interstitial compartment (interstitial
fibrosis) and in the adventitia of coronary vessels (perivascular fibrosis) (40).
Both types of fibrosis may alter ventricular structure and systolic-diastolic
function, contributing to the development of HF (31). The composition of the
fibrosis is also important. The major components of the cardiac ECM are
fibrillar collagens, specifically Col | and Col Il (41). The quantity and
distribution of these collagen fibres in the myocardium are crucial for global
cardiac function, and elevated Col I/l ratio can negatively affect myocardial

compliance and diastolic function of both the left and right ventricles (42,43).
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Figure 7. Types of cardiac fibrosis after MI. In the healthy heart (left), the extracellular
matrix (ECM) consists of a 3D collagen fiber network that provides structural support to
cardiac cells. After MI, two types of fibrosis are generated: 1) Reparative/replacement
fibrosis (middle), which refers to collagen-based scar formation that replaces death
cardiomyocytes following ischemic injury; and 2) Reactive/diffuse myocardial fibrosis
(right), which occurs in HF due to pressure overload and is characterized by widespread
collagen deposition in interstitial and perivascular regions. Figure adjusted from K.
Schimmel et al., 2022 (44).

2.2.1 Post-MI Arrhythmias

Both replacement and reactive fibrosis interfere with the propagation of
electrical impulses, producing areas of electric heterogeneity and slow
conduction, facilitating the formation of re-entry circuits, the basic
mechanism of VAs (45,46). The association between fibrosis and increased
risk for VAs has been documented in practically every cardiac pathologic
condition (47). The compact fibrotic scar following Ml is mainly acellular and
electrically inactive, but it can provide a site for re-entrant arrhythmias,
potentially leading to sustained ventricular tachycardia (VT) (48), a wide
complex tachycardia defined as three or more consecutive beats at a rate of
more than 100 per minute, arising from the ventricle (49). However,
interstitial fibrosis is often more arrhythmogenic. By separating myocytes
with non-conductive collagenous septa, it can facilitate focal (ectopic)

activity, slow electrical conduction, and create unidirectional conduction
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blocks, all of which contribute to the development of re-entrant VT (50).
Moreover, interstitial fibrosis can impact conduction by causing wave fronts
to follow a 'zig-zag' pattern, slowing down conduction and increasing
repolarization dispersion, which further supports re-entrant arrhythmias.

Surviving cardiomyocytes in the infarct BZ, on the other hand, undergo
significant electrophysiological remodelling, also contributing to the
development of VAs. Electrophysiological changes in the infarct BZ include a
reduction in repolarizing potassium currents, leading to prolonged action
potential duration (51), decreased expression of connexin 43 which slows
conduction (52), and mishandling of intracellular calcium that can trigger
abnormal activity (53). These alterations collectively set the stage for
malignant VAs . Although post-MlI electrophysiological remodelling has been
extensively studied, the precise upstream mechanisms driving these changes
remain elusive. Elevated levels of pro-inflammatory cytokines and proteases,
such as TNF-a, IL-1B, IL-6, and MMPs, observed in the myocardium following
Ml, induce changes in cardiomyocytes that resemble those occurring in the
infarct BZ. This suggests that inflammation plays a pivotal role in driving
electrophysiological remodelling and the subsequent risk of arrhythmias.
Clinical evidence supports this, showing that post-M| patients with
arrhythmias have higher levels of inflammatory cytokines compared to those
without arrhythmias (54). Additionally, systemic inflammation, even without

Ml or structural heart disease, is associated with a higher risk of VAs (55).
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3. Myocardial Infarction Management

Timely and accurate diagnosis of Ml is crucial for effective treatment and
management of the condition. Ml diagnostic process involves a combination
of symptoms evaluation, clinical history, and conducting several diagnostic
tests. Once Ml is diagnosed, the preferred treatment is the rapid reperfusion
to restore blood flow in the occluded artery. After acute management and
patient stabilization, additional measures are taken to prevent recurring
events and reduce CV risk. These include pharmacological therapy, lifestyle
changes and addressing psychosocial factors.

This section contains the most relevant information regarding the
management of acute coronary syndromes (ACS) described in the latest

guidelines of the European Society of Cardiology (56).

3.1. Fourth Universal Definition of Myocardial Infarction

According to the last universal definition of M1 (57), acute MI (AMI) is clinically
present when there is acute myocardial injury detected by a rise and/or fall
in cardiac biomarker values, preferably cardiac troponin (cTn), with at least
one value above the 99t percentile upper reference limit (URL), and at least
one of the following conditions:

« Symptoms of myocardial ischemia

« New ischemic changes on electrocardiogram (ECG)

. Presence of pathological Q waves on ECG

. Imaging evidence of new loss of viable myocardium or new regional

wall motion abnormality in a pattern consistent with an ischemic

aetiology
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. ldentification of a coronary thrombus by angiography or autopsy

3.2. Diagnosis

3.2.1. Clinical Symptoms Evaluation, Physical Examination and

Clinical History

Myocardial ischemic symptoms commonly include chest pain, described as
discomfort, pressure, tightness, or burning in the chest area, which may
extend to the upper extremities, mandible, or epigastric area. It is also
common to experience general ischemic symptoms such as fatigue or
dyspnoea (56). Other less common signs include palpitations, cardiac arrest,
or even no symptoms at all (58). A prompt assessment of vital signs and a
physical examination are required during the evaluation, including checking
all major pulses, measuring blood pressure in both arms, auscultating the
heart and lungs, and assessing signs of HF or circulatory compromise. This
evaluation is crucial for stratifying CV risk and ruling out other pathologies.
Furthermore, it is essential to review the patient’s medical history to gather

important information about their risk factors and any previous CV events.

3.2.2. Diagnostic Tools

The diagnosis of Ml is confirmed through different tests. The primary
diagnostic tool is an ECG, which records the electrical activity of the heart and
can identify specific patterns indicative of an Ml event. Blood tests also play
a crucial role in diagnosing Ml by measuring levels of specific proteins that
are released into the bloodstream in response to heart muscle injury.
Furthermore, complementary imaging techniques may be employed to help

in diagnosis and assess the extent of myocardial damage.
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Electrocardiogram

ECGis the first required diagnostic test. If Ml is suspected, an 12-lead ECG has

to be acquired and interpreted as soon as possible, within 10 min (59,60). It

should be repeated as necessary. Based on ECG result, patients are initially

categorized into one of the two working diagnosis (Figure 8):

ST-elevation MI patients (STEMI patients): patients with acute pain

and an ECG consistent with persistent ST-segment elevation or
equivalent ECG patterns. Most of these individuals will have elevated
cTn serum levels and myocardial necrosis, fulfilling Ml criteria and
receiving a final diagnosis of STEMI.

Non-ST-elevation MI patients (NSTEMI patients): patients with acute

pain but without persistent ST-segment elevation on ECG. They may
exhibit other ECG abnormalities, such as transient ST-segment
elevation, persistent or transient ST-segment depression, and/or T
wave abnormalities. A normal ECG may also be an option. Patients
who also show a rise and/or fall in cTn levels (meeting Ml criteria) will
receive a final diagnosis of NSTEMI. Otherwise, cTn levels below the

99th centile indicate unstable angina.

The treatment route adopted will differ depending on the initial diagnosis

derived from the ECG and cTn levels.
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The ACS spectrum
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Figure 8. Classification of patients presenting with suspected acute coronary syndrome
(ACS): from working to final diagnosis. ACS, acute coronary syndrome; ECG,
electrocardiogram; hs-cTn, high-sensitivity cardiac troponin; NSTE-ACS NSTE-ACS, non-ST-
elevation acute coronary syndrome; NSTEMI, non-ST-elevation myocardial infarction;
STEMI, ST-elevation myocardial infarction. Figure adjusted from Byrne RA et al., 2023 (56).

Biomarkers

When Ml is suspected, measuring a biomarker of cardiomyocyte damage,
preferably cTn, is essential. cardiac troponin | (cTnl) and cardiac troponin T
(cTnT) are components of the contractile apparatus of myocardial cells and
are almost exclusively present in heart tissue (61,62). Upon onset of Mi
symptoms, circulating levels of cTn increase rapidly, often within an hour, and

remain elevated for a period, typically several days (57,63). cTnl and cTnT are
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the preferred biomarkers for assessing myocardial injury, and high-
sensitivity-cTn assays are recommended for routine clinical use (Figure 8)
(62). Other cardiac biomarkers, such as creatine kinase myoglobin isoform

(CK-MB), can also be assessed but are less sensitive and specific (64).

Non-invasive imaging

Transthoracic echocardiography

A transthoracic echocardiography is a real-time test that uses ultrasound
waves to create visual representations of cardiac chambers, valves and blood
vessels. In case of suspected MI with diagnostic uncertainty, transthoracic
echocardiography is valuable for identifying signs of ongoing myocardial
ischemia, such as wall-motion abnormalities, and for ruling out other causes
associated with chest pain (e.g., acute aortic disease or right ventricular signs

in pulmonary embolism).

Cardiac computed tomography angiography

Cardiac computed tomography angiography (CCTA) usescomputed
tomography scanning technology to create 3D images of the heart and
coronary arteries. This imaging technique helps determine the overall
function and structure of the heart and evaluate the degree of stenosis in
coronary arteries. During the procedure, contrast dye is injected
intravenously to enhance visibility of blood vessels. The patient is then
positioned on a computed tomography scanner that uses X-rays to capture
detailed images. CCTA is commonly employed as an initial diagnostic test to
exclude other potentially life-threatening conditions like pulmonary

embolism or aortic dissection.
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Cardiac magnetic resonance imaging

Cardiac magnetic resonance (CMR) imaging is the gold standard for
evaluating cardiac structure and function, including the assessment of
volumes, mass, and contractility. The incorporation of delayed contrast
enhancement in CMR facilitates direct visualization of infarcted regions,
which provides crucial information on healing. Therefore, CMR enables
differentiation between Ml scars and other types of myocardial injury, such
as myocarditis. CMR is preferred over echocardiography when poor

echocardiographic windows hinder diagnostic examination.

Invasive imaging

Coronary angiography

Coronary angiography is the preferred imaging technique used to identify
blockages within the coronary arteries, essential for subsequent reperfusion
procedures. It is a minimally invasive procedure conducted in a
catheterization laboratory using X-ray equipment. During the procedure, a
catheter is inserted through the radial or femoral artery to access the
coronary arteries. Contrast dye is then injected through the catheter to
enhance visibility of the coronary arteries, while live X-ray capture the

movement of the dye, allowing the detection of any coronary blockages.
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3.3. Acute Management of Patients with Ml

Patients with suspected ACS are categorized based on the preliminary ECG

examination, the clinical context, and hemodynamic stability into (Figure 9):

Patients with a working diagnosis of STEMI: these patients should

be evaluated for immediate reperfusion therapy, either via an
invasive strategy (PCl) or a non-invasive strategy (fibrinolysis
treatment), if an emergent primary percutaneous intervention
(PPCI) cannot be performed within 120 minutes of diagnosis.

Patients with a working diagnosis of NSTEMI: depending on the

stability and the features of the patient:

« Very high-risk patients, characterized by haemodynamic
instability, chest pain resistant to medical treatment, acute HF,
fatal arrhythmias, cardiac arrest or intermittent ST-segment
elevation, are recommended for an immediate coronary
angiography and PCl as necessary.

« High-risk patients, displaying dynamic ST-segment or T wave
changes, transient ST-segment elevation or a Global Registry of
Acute Coronary Events (GRACE) risk score exceeding 140, should
undergo an early PCl within 24 hours. GRACE risk score is a
stratification tool used to estimate the likelihood of mortality or
major adverse cardiac events in patients with ACS, based on
clinical parameters such as age, heart rate, blood pressure, and
renal function (65).

« Patients lacking very high risk or high-risk criteria may receive

personalized management based on clinical suspicion.
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Figure 9. An overview of the initial triage, management and examination of patients
who present signs and symptoms potentially consistent with acute coronary syndrome
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artery bypass grafting; ECG, electrocardiogram; hs-cTn, high-sensitivity cardiac troponin;
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Introduction

3.3.1. Strategies of Reperfusion

3.3.1.1. Invasive Strategies

Percutaneous coronary intervention

PCl is a minimally invasive, non-surgical procedure performed by an
interventional cardiologist to diagnose and treat narrowed or blocked
coronary arteries. The procedure begins with a coronary angiography to
assess the extent of the blockage, followed by the insertion of a catheter with
a balloon at the site of the narrowing. The balloon is then inflated to reopen
the artery, a process known as balloon angioplasty. In most cases, a stent (a
mesh tube) is placed to keep the artery open. Stents are often coated with
drugs to prevent restenosis — the recurrence of artery narrowing. In cases of
suspected MI, emergent PCl, referred to as primary PCI (PPCI), is typically

recommended.

Coronary artery bypass grafting surgery

CABG surgery is a surgical intervention in which a patient’s artery or vein is
grafted onto the coronary artery, bypassing the blocked section and creating
a new pathway for blood flow. The most commonly used vessels in CABG
include the internal thoracic artery, saphenous vein, radial artery and right
gastroepiploic artery (66). Emergency CABG may be considered for Mi
patients with unsuitable anatomy for PCl and a large myocardial ischemic
area. However, CABG involves a delay in reperfusion and is associated with a

relatively low probability of myocardial salvage.
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3.3.1.2. Non-invasive Strategies of Reperfusion

In most cases, Ml is triggered by a thrombus formation, typically resulting
from the rupture or erosion of an atheroma plaque within a coronary artery.
This event initiates platelet adhesion, activation, and aggregation at the site
of injury. Concurrently, activation of clotting factors from the coagulation
cascade leads to the formation of a fibrin network, which stabilizes the
platelet plug and contributes to the development of a mature thrombus.
Therefore, treatments that directly dissolve the thrombus (lytic agents) or
prevent new atherothrombotic events (antithrombotic agents) are widely

used in MI management.

Fibrinolysis treatment

Fibrinolytic therapy is another reperfusion strategy for STEMI patients
presenting within 12 hours of symptom onset when emergent PCl cannot be
performed in a timely manner (<120min from symptoms start). Fibrinolytic
agents convert the inactive proenzyme plasminogen into its active form,
plasmin, which degrades fibrin and dissolves the thrombus. Examples of
fibrinolytic agents include tissue plasminogen activators such as
tenecteplase, alteplase and reteplase, as well as other options like urokinase
or streptokinase (67). When fibrinolytic therapy is indicate, it should be
initiate within 10 min of STEMI diagnosis, in the pre-hospital setting, as
needed (68,69), without waiting for cardiac biomarker testing results. After
initiating fibrinolytic therapy, patients should be immediately transferred to
a PClI centre. Subsequent management steps depend on the response to

fibrinolysis and the patient’s clinical presentation:
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. Patients who have experienced failed fibrinolysis or present

with hemodynamic instability: they should be rapid transfer to PCI

centre for urgent angiography and PCl as necessary.

. Patients with successful fibrinolysis: characterized by ST-

segment resolution >50% at 60-90 min, typical reperfusion
arrhythmia, and resolution of chest pain, may benefit from routine

early angiography, ideally performed within 2-24 hours.

3.3.2. Antithrombotic Therapy

Advanced age, female sex, chronic kidney disease (CKD), diabetes mellitus,
prior HF/revascularization, history of cancer, and frailty or unsuitable
anatomy for revascularization are some common reasons for not performing
diagnostic angiography on Ml patients (56). Although coronary angiography
is generally considered a relatively low-risk, when some of these clinical or
anatomical factors coincide, the risk associated with the revascularization
procedure outweigh the benefits. Additionally, approximately 30% of eligible
patients for revascularization do not receive timely intervention or
experience failed reperfusion strategies (70). Ml patients who do not undergo
reperfusion or experiencing failed reperfusion should receive antithrombotic
treatment.

Antithrombotic treatment is crucial in managing MI since coronary
thrombosis is the primary trigger for Ml. Antithrombotic therapy is initiated
in the acute management of all forms of ACS, including both STEMI and
NSTEMI patients, and is typically continued as part of long-term treatment
(56). Antithrombotic treatments are classified into two main groups based on

their mechanism of action:
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Antiplatelet drugs: therapeutic agents that block platelet activation pathway

in different points to inhibit their stimulation and aggregation, thereby

preventing atherothrombotic progression (Figure 10):

Aspirin (acetylsalicylic acid): selectively blocks cyclo-oxygenase and
the formation of thromboxane A; (TXA;), a potent platelet aggregator.
Consequently, aspirin drastically reduces platelet aggregation
capacity. Additionally, aspirin has a vasodilator effect.

P2Y1, receptor inhibitors: P2Y12 receptor is located on the surface of
platelets and plays a crucial role in platelet activation. By inhibiting
this receptor, these medications prevent platelet aggregation and
reduce the formation of blood clots. This group of drugs includes
clopidogrel, prasugrel, ticagrelor, and cangrelor, which vary in their
efficacy in platelet inhibition, with prasugrel and ticagrelor being the
most potent inhibitors (56,71,72) .

Glycoprotein (GP) llb/llla receptor inhibitors: GP llIb/Illa receptors
are found on the surface of platelets and serve as binding sites for
fibrinogen and von Willebrand factor, both involved in platelet cross-
linking and aggregation. Proper inhibition of these receptors limits
platelet aggregation and thrombus progression. Available GP llb/llla

inhibitors include tirofiban and eptifibatide.

Anticoagulant drugs: these drugs act at distinct points within the coagulation

cascade, thereby reducing the risk of thrombosis. Primarily, they inhibit

thrombin synthesis, which converts soluble fibrinogen into insoluble fibrin

strands. Additionally, thrombin inhibition attenuates other clot-related

processes, such as platelet activation and aggregation. Some of these agents
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work directly by inhibiting the enzyme, while others exert their effects
indirectly by binding to antithrombin or preventing its synthesis in the liver.
Examples of these agents included heparin and low molecular weight heparin
agents, direct thrombin inhibitors like bivalirudin, and direct factor Xa

inhibitors such as fondaparinux.
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Figure 10. Antithrombotic treatments in acute coronary syndrome (ACS) and
pharmacological targets. ADP, adenosine diphosphate; FVlla, Factor Vlla; FXa, Factor Xa;
GP, glycoprotein; TF, tissue factor; TxA2, thromboxane A2; UFH, unfractionated heparin.
Medications for oral administration are indicated in blue, while those with preferred
parenteral administration are highlighted in red. Figure adjusted from Byrne RA et al., 2023
(56).
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3.4. Long Term MI Treatment

Following the acute phase of M, it is essential to implement measures to
prevent recurrent events and optimize CV risk, a process known as secondary
prevention. This involves a combination of lifestyle modifications and medical
therapy, effectively implemented via structured cardiac rehabilitation (CR)
programs. Secondary prevention after Ml is crucial for improving quality of
life and reducing both morbidity and mortality, and it should be initiated as

early as possible (73).

3.4.1. Cardiac Rehabilitation

CR is a comprehensive and multidisciplinary intervention designed for
patients with diverse CV conditions, including MIl. CR programs aim to
educate patients on managing and controlling CV risk factors through lifestyle
modifications and the implementation of pharmacological therapies (Figure
11). One of the main benefits of CR is its ability to improve patient adherence
and persistence to prescribed treatments and lifestyle recommendations. CR
programs have been shown to significantly reduce CV hospitalizations,

recurrent MI, CV mortality and, even all-cause mortality (74,75).

3.4.2. Lifestyle Management

Management of lifestyle habits is one of the cornerstones of CR programs

(Figure 11). It includes:

- Smoking cessation: after ACS, abstinence from tobacco reduces the risk

of re-infarction by 30-40% and death by 35-45% (76).

34



Introduction

- Healthy diet and restriction in alcohol consumption: it is recommended
to adopt a healthy diet, such as the Mediterranean diet (77), and limit

alcohol consumption to a maximum of 100g per week (78).

- Physical activity promotion: it is recommended to engage in physical
activity of any intensity, including light intensity (79). A combination of
regular aerobic exercise and resistance training is considered the most

effective approach.

- Psychological management: psychological and pharmacological
interventions should be considered for MI patients with depression,

anxiety, and stress, as they are associated with worse outcomes.
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Figure 11. Long-term management after acute coronary syndrome (ACS): comprehensive
cardiac rehabilitation and its core components. RAAS, renin angiotensin aldosterone
system. Original figure created with Biorender.com.
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3.4.3. Pharmacological Treatment

Long-term treatment for Ml typically involves the following classes of drugs

(Figure 11):

Antithrombotic therapy

Antithrombotic treatment is a cornerstone in the management of Ml, both
during the acute phase and in the long term. It significantly reduces the risk
of recurrent ischemic events, such as Ml and stent thrombosis, while also
lowering mortality rates. Although anticoagulation therapy after PCI is
typically not required, continued antiplatelet therapy is crucial for effective
long-term management of MI. Standard treatment typically involves a potent
P2Y12 receptor inhibitor (prasugrel or ticagrelor) combined with aspirin,
known as dual antiplatelet therapy, for a duration of 12 months. After the

first year, aspirin monotherapy is usually sufficient for most patients.

Lipid-lowering therapy

Patients with dyslipidaemia—characterized by abnormal levels of blood lipids
such as cholesterol, triglycerides, and lipoproteins—face a heightened risk of
CV events due to lipid accumulation in blood vessels, which can result in
atherosclerosis. Lipid-lowering therapy is designed to prevent atherosclerosis
progression, reduce the risk of recurrent Ml, and enhance overall CV health.
Commonly used medications in this treatment include statins, fibrates, bile

acid sequestrants, and cholesterol absorption inhibitors.

Beta-blockers
Beta-blockers (BBs) work by blocking adrenergic stimulation, leading to a

reduction in heart rate and blood pressure while also providing vasodilatory
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and antiarrhythmic effects. Their long-term use is strongly recommended for
MI patients with reduced left ventricular ejection fraction (LVEF) < 40%
(80,81). The evidence for prescribing BBs in Ml patients with LVEF > 40% is

less robust.

Renin—-angiotensin—aldosterone system inhibitors

RAAS inhibitors are a class of drugs used to manage various CV conditions,
including hypertension, HF and MI. These drugs act on different components
of the RAAS pathway, which plays a key role in regulating blood pressure and
fluid balance. This class includes angiotensin-converting enzyme inhibitors
(ACEis), angiotensin Il receptor blockers (ARBs), and aldosterone antagonists.
ACEis work by blocking the conversion of angiotensin | to angiotensin I, a
potent vasoconstrictor, thereby promoting vasodilation and reducing blood
pressure. Their use is recommended for MI patients with comorbid
conditions such as HF and/or LVEF <40%, diabetes, CKD, and/or hypertension
(82—84). Examples of ACEis include enalapril and ramipril. For patients who

are intolerant to ACEis, ARBs can be prescribed as an alternative treatment.

3.5. Complications from Ml to HF

In summary, the current management of MI focuses on two primary
objectives: 1) the rapid restoration and maintenance of proper blood
circulation to minimize myocardial damage, and 2) the implementation of
long-term measures to reduce the CV risk (secondary prevention). While
current interventions effectively reduce mortality, recurrent MI, and death,
they do not entirely prevent complications arising from the injury/death of

myocardial tissue affected by the ischemia. As detailed in Section 2, post-Ml
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injury or unresolved ischemic tissue triggers different cardiac modifications,
leading to adverse ventricular remodelling. Initially serving as a
compensatory mechanism, ventricular remodelling can eventually impair
cardiac function, increase the risk of VAs, and contribute to HF development.
In fact, IHD and MI remain the leading causes of HF (85). Acute HF resulting
from an Ml significantly increases mortality, morbidity, and re-hospitalization
rates and is associated with other in-hospital complications, such as renal
dysfunction, respiratory failure, and pneumonia (86). These patients require
effective management of both Ml and HF conditions.

In recent years, the introduction of new medications, such as angiotensin
receptor—neprilysin inhibitor (ARNi) and sodium-glucose cotransporter 2
(SGLT2) inhibitors, has significantly improved clinical outcomes for HF
patients and generated considerable research interest. However, rather than
treating HF symptoms, cardiologists aim to prevent the progression from Mi
to HF. This involves strategies to limit ischemic injury post-Ml, mitigate
adverse remodelling, and preserve myocardial function to reduce the risk of
HF development. While the efficacy of these novel drugs in HF management
is well-established, their potential benefits in the post-MI scenario remain

largely unexplored, highlighting the need for further research in this area.
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4. New Era of HF Drugs

The introduction of new medications such as ARNi and SGLT2 inhibitors has
significantly improved HF treatment by reducing re-hospitalization rates and
CV mortality. This advancement represents an important shift in HF
management, providing promising outcomes for these patients. While the
role of these drugs in HF is well established, their efficacy in the post-AMI

scenario remains largely unexplored.

4.1. Angiotensin Receptor/Neprilysin Inhibitor

Sacubitril/valsartan is the first approved agent in a new class of drugs known
as ARNi. It has received approval from both the U.S. Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) for the
treatment of chronic heart failure with reduced ejection fraction (HFrEF; LVEF
< 40%). Interest in sacubitril/valsartan has significantly increased following
the results published from the PARADIGM-HF trial (87). The trial evaluated
the efficacy of sacubitril/valsartan compared with enalapril (ACEi) in patients
with HFrEF. Sacubitril/valsartan significantly reduced the risk of CV death and
hospitalization for HF. Similar results were achieved in a paediatric study of
HFrEF, the PANORAMA-HF trail (88). These outcomes highlighted the
superiority of sacubitril/valsartan over traditional HF therapies. However, in
the case of heart failure with preserved ejection fraction (HFpEF; LVEF > 45%),
sacubitril/valsartan did not significantly reduce the composite endpoint of
total hospitalizations for HF and CV death compared to valsartan (ARB), as
evaluated in the PARAGON-HF trial (89). Currently, sacubitril/valsartan is

recommended as an alternative to ACEi or ARBs for the treatment of HFrEF
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and is typically prescribed alongside other standard HF treatments, such as

BBs and aldosterone antagonists.

4.1.1. Mechanism of Action

HF pathophysiology involves the activation of different compensatory
mechanisms, including the RAAS. In response to different triggers, the RAAS
is activated in the kidneys, leading to renin secretion. Renin initiates a
cascade by acting on angiotensinogen to produce angiotensin |, which is
subsequently converted into angiotensin Il by the angiotensin-converting
enzyme (ACE). Angiotensin Il promotes vasoconstriction and aldosterone
secretion, leading to sodium and water retention, which in turn increases
blood volume and pressure (90). While the RAAS is essential for maintaining
CV balance, its dysregulation can result in vasoconstriction, hypertension,
increased sympathetic tone, and cardiac remodelling, thereby exacerbating
HF. The activation of RAAS is widely recognized as a significant driver of
ventricular remodelling and HF progression following MI. Medications such
as ACEis, ARBs, and aldosterone antagonists target different points in the

RAAS pathway to manage HF progression.

Another compensatory mechanism activated in HF is the natriuretic peptide
system, which functions antagonistically to the RAAS and exerts protective
effects against HF progression. Activation of this system results in elevated
levels of beneficial natriuretic peptides (NPs), including B-type natriuretic
peptide and N-terminal pro B-type natriuretic peptide (NT-proBNP). Through
the generation of cyclic guanosine monophosphate (cGMP) (91), these
peptides promote vasodilation, natriuresis, and diuresis, while also

decreasing blood pressure, sympathetic tone, renin, and aldosterone levels,
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and exerting anti-fibrotic effects. Natriuretic peptides are degraded by the

enzyme neprilysin (92).

Sacubitril/valsartan is a combination medication consisting of a neprilysin
inhibitor prodrug (sacubitril) and an ARB (valsartan). By inhibiting NP
catabolism and the RAAS, this combination drug provides multiple benefits,
including the induction of vasodilation, natriuresis, inhibition of the renin-
angiotensin and sympathetic systems, and reductions in cardiac
inflammation, cell death, fibrosis, and reverse left ventricular (LV)

remodelling (93) (Figure 12).
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Figure 12. Mechanism of action and cardiovascular effects of sacubitril/valsartan. The
active form of sacubitril (sacubitrilat) inhibits the catabolism of natriuretic peptides, while
valsartan blocks the RAAS by antagonizing the angiotensin Il receptor. ProBNP, pro B type
natriuretic peptide; NT-proBNP, N-terminal pro B-type natriuretic peptide; cGMP, cyclic
guanosine monophosphate. Original figure created with Biorender.com.
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4.1.2. Cardiovascular Effects

In the following section, we described the reported effects of
sacubitril/valsartan (Table 1):
Table 1. Cardiovascular effects of sacubitril/valsartan
Cardiovascular effects of sacubitril/valsartan
On Effect Pathology Ref
Blood pressure Reduced systolic and diastolic Human hypertension (94-98)
BP values
Reduced levels of TNF-a, IL-18,
IL-6, and CRP Human HFrEF (99-101)
Reduced levels of TNF-a, IL-6,
IL-1B and CRP; Reduced HF rodent preclinical
expression of ICAM-1 and model (102,103)
VCAM-1
Inflammation Reduced levels of IL-18, IL-6 Ml rodent preclinical (104,105)
and TNF-a model
Ml and diabetic
Increased levels of IL-10 kidney disease rodent (105,106)
preclinical model
Reduced oxidative stress:
reduced intracellular ROS and Ml rat preclinical (107)
MDA; increased levels of model
antioxidant enzymes
Reduced plasma pro-fibrotic
biomarkers (aldosterone, MMP- Human HFrEF and (108,109)

Fibrosis

9, sST2, TIMP-1, PINP, PIIINP)

HFpEF

Reduced fibrosis area and pro-
fibrotic biomarkers Col | and Col
1]

HF rat preclinical
model

(103,110,111)

Reduced fibrosis area and pro-
fibrotic biomarkers Col | and Col
1]

Ml rodent preclinical
model

(112-117)

Reduced expression of TGF-f1

MI, HF and diabetic
rodent preclinical
models

(114,118)

Cardiac function

Increased LVEF, reduced
LVEDV, LVESV, left atrial
volume and/or LV mass

Human HFrEF

(119-124)
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Improved LVEF, LVEDD or =
LVEDV, LVESD and/or LV Mass Human MI (125-127)
Improved LVEF and reduced Ml rodent preclinical
LVEDD model (112,117,118)
Reduced ICD shocks,
oceurrences of VF, VT, PVCs, Human HFrEF (87,128-131)
Arrhythmias cardiac arrest or sudden cardiac
death
Reduced VA inducibility MI rodent preclinical (132,133)
model

BP, blood pressure; TNF-a, tumour necrosis factor alpha; IL, interleukin, CRP, C-reactive
protein, HFrEF, heart failure reduced ejection fraction; HFpEF, heart failure preserved ejection
fraction; ICAM-1, intercellular adhesion molecules; VCAM-1, vascular cell adhesion molecule
1; MI, myocardial infarction; ROS, reactive oxygen species; MDA, malondialdehyde; MMP,
metalloproteinase; sST2, soluble ST2; TIMP-1, tissue inhibitor of metalloproteinase-1; PINP,
N-terminal propeptide of collagen I; PIIINP, N-terminal propeptide of collagen llI; Col,
collagen; TGF-B1, transforming growth factor p1; LV, left ventricle; LVEF, left ventricular
ejection fraction; LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end
systolic volume; LVEDD, left ventricular end diastolic diameter; LVESD, left ventricular end
systolic diameter; ICD, implantable cardioverter-defibrillator; VF, ventricular fibrillation; VT,
ventricular tachycardia; PVC, premature ventricular contraction; VA, ventricular arrhythmia.

Blood pressure

Sacubitril/valsartan is an effective and safe antihypertensive agent (Table 1).
Numerous clinical trials have consistently shown that sacubitril/valsartan
reduces both diastolic and systolic blood pressure values compared to
placebo (94). Impressively, these reductions are evident within 24 hours of
its initiation (95). Furthermore, sacubitril/valsartan has demonstrated
greater efficacy in lowering blood pressure compared to monotherapy with
ARBs in both young and elderly hypertensive patients (96—-98). Additionally,
emerging research suggests that sacubitril/valsartan may also be beneficial

in managing blood pressure in patients with resistant hypertension (134).
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Inflammation

Recent studies indicate that sacubitril/valsartan therapy has anti-
inflammatory effects in patients with both chronic and acute HFrEF (Table 1).
Clinical trials have shown that sacubitril/valsartan reduces levels of pro-
inflammatory cytokines, including TNF-a, IL-18, IL-6, and c-reactive protein
(CRP) (99—-101). These findings are further supported by preclinical models of
HF, where sacubitril/valsartan has been demonstrated to reduce systemic
and local myocardial inflammation, including decreased expression of
adhesion molecules such as ICAM-1 and VCAM-1 (103). Additionally,
sacubitril/valsartan has shown promising results in lowering pro-
inflammatory cytokines (IL-1fB, IL-6 and TNF-a) across various preclinical
models, including diabetic (106,135), atherosclerotic (136), cardiotoxic
(137,138) and Ml (104,105) models. Some of these studies also reported an
increase in levels of the anti-inflammatory cytokine IL-10 (105,106).
Furthermore, sacubitril/valsartan exhibits the potential to reduce
intracellular ROS and oxidative products, such as malondialdehyde (MDA),
while restoring antioxidant enzyme levels in the myocardium of Ml rat model

(107).

Fibrosis

Patients with HFrEF and HFpEF treated with sacubitril/valsartan experienced
a significant reduction in plasma pro-fibrotic biomarkers, such as
aldosterone, metalloproteinase-9 (MMP-9), soluble ST2 (sST2), tissue
inhibitor of metalloproteinase-1 (TIMP-1), N-terminal propeptide of collagen
| (PINP), and N-terminal propeptide of collagen IIl (PIIINP) after 8 and 12

months of treatment (Table 1). Compared to valsartan (ARB) or enalapril
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(ACEi), sacubitril/valsartan demonstrated superior efficacy in modifying these
biomarkers (108,109). In patients with HF with a mildly reduced ejection
fraction (HFmrEF; LVEF 41% - 49%), a reduction in diffuse myocardial fibrosis
content was observed after 12 months of sacubitril/valsartan treatment, as
assessed by magnetic resonance imaging (MRI) (139). Similarly, in various
preclinical models, including HF (103,110,111), hypertensive (140,141),
diabetic (118,142), and MI (112-117), sacubitril/valsartan significantly
reduced fibrosis area and downregulated key pro-fibrotic markers, such as
Col I and Col Ill. The antifibrotic effects of sacubitril/valsartan are believed to
be mediated through the inhibition of two key signalling pathways: TGF-
B1/Smad and Wnt/B-catenin. In animal models of HFpEF (103) and Ml
(114,118), the drug reduced the expression of TGF-f1, Smad proteins such as
Smad2, Smad3, and Smad4, and components of Wnt/B-catenin pathway,
including B-catenin and Dvl-1, while upregulating the pathway inhibitor sFRP-
1 (115). These molecular changes resulted in decreased collagen synthesis
and reduced fibrotic areas in cardiac tissue, underscoring

sacubitril/valsartan's role in mitigating cardiac remodelling and fibrosis.

Cardiac function

Global LV systolic performance is reflected by LV volumes and LVEF, which
are generally impaired in patients with HF. Sacubitril/valsartan therapy has
shown promising results in reversing adverse LV remodelling, leading to
improvements in ventricular volume overload and enhanced LVEF in HF
patients (121-124) (Table 1). Treatment with sacubitril/valsartan has been
shown to reduce left ventricular end-diastolic volume (LVEDV), left

ventricular end-systolic volume (LVESV), left atrial volume index, and/or LV
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mass, with greater efficacy compared to ACEi drugs (127). In preclinical Ml
models, sacubitril/valsartan significantly improved cardiac function, including
better LVEF, reduced LV end-diastolic diameter, improved diastolic wall
strain, and decreased interventricular septal thickness (112,117,118). In AMI
patients, the initiation of sacubitril/valsartan has generally shown promising
results in cardiac function, with improvements observed as early as one week
(125) or at 6 months following treatment initiation (126). However, in some
other trials, such as PARADISE-MI, sacubitril/valsartan did not significantly
improve LVEF compared to ramipril (ACEi) after 8 months, although it

resulted in smaller increase in LVEDV and a greater decline in LV mass (127).

Arrhythmias

Sacubitril/valsartan has demonstrated promising potential in preventing
malignant ventricular arrhythmic events in HFrEF patients compared to ARB
and ACEi agents. These benefits include fewer implantable cardioverter
defibrillator (ICD) shocks, reduced occurrences of ventricular fibrillation (VF)
and VT, fewer premature ventricular contractions (PVCs), and lower rates of
cardiac arrest or sudden cardiac death (87,128-131) (Table 1). However,
sacubitril/valsartan does not appear to affect atrial fibrillation (128,131).
While sacubitril/valsartan’s antiarrhythmic effects in HF are well-established,
rare cases of VAs have been reported in a small subset of high-risk patients,
particularly shortly after the therapy's initiation (143—-145). In such cases,
discontinuing sacubitril/valsartan and switching to conventional medications
may help mitigate VAs (143). There is limited research on the arrhythmogenic
effects of sacubitril/valsartan following MI. To date, only two primary studies

have demonstrated a reduction in VA inducibility in rat and rabbit MI models
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(132,133); however, more studies are needed to elucidate the potential

antiarrhythmic benefits of early initiation of sacubitril/valsartan after Ml.

4.2. Sodium-Glucose Co-Transporter 2 Inhibitors

SGLT2 inhibitors are a new class of anti-hyperglycaemic drugs used to control
blood glucose levels in adults with type Il diabetes mellitus (T2DM). These
drugs work by blocking the SGLT2 receptor in the kidneys, which is
responsible for approximately 90% of glucose reabsorption into the
bloodstream. Currently, there are six SGLT2 inhibitors available, approved by
the U.S. FDA and the European EMA: canagliflozin, dapagliflozin,
empagliflozin, ertugliflozin, sotagliflozin, and bexagliflozin. While initially
developed for T2DM management, SGLT2 inhibitors have demonstrated
significant additional benefits, particularly in CV and renal protection.
Numerous clinical trials, including EMPA-REG (146), DECLARE-TIMI 58 (147),
EMPEROR-Reduced (148), EMPEROR-Preserved (149), DAPA-HF (150), and
DELIVER (151), have shown that empagliflozin and dapagliflozin effectively
reduce the risk of CV death and/or HF hospitalization. These benefits extend
across the full spectrum of ejection fraction categories (HFrEF, HFmrEF, and
HFpEF). Additionally, the EMPA-KIDNEY (152) and DAPA-CKD (153) trials have
demonstrated the efficacy of these medications in slowing the decline in
kidney function in CKD patients, regardless of their diabetes status.
Consequently, empagliflozin and dapagliflozin are now recommended with a
class IA designation as part of the standard treatment regimen for HF
patients, alongside other medications such as ACEi/ARB, ARNi, BBs, and

mineralocorticoid receptor antagonists (MRAs) (154,155).
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4.2.1. Mechanism of Action

The primary mechanism of action of SGLT2 inhibitors is the inhibition of the
SGLT2 cotransporter, a membrane protein responsible for glucose
reabsorption in the kidneys. In healthy individuals, more than 99% of plasma
glucose filtered through the renal glomerulus is reabsorbed. SGLT2
cotransporters, which are almost exclusively expressed in the kidney, handle
90% of this reabsorption in the proximal renal tubule. The remaining 10% is
reabsorbed in more distal parts of the tubule by SGLT1 cotransporters (156).
Glucose enters renal tubular cells through SGTL2 or SGLT1 by coupling with
sodium and exits across the basolateral membrane via GLUT2 (for SGLT2-
expressing cells) and GLUT1 (for SGLT1-expressing cells) transporters,
returning to the bloodstream. This unidirectional transport of glucose and
sodium is maintained by a Na-K-ATPase pump located on the basolateral
membrane (157) (Figure 13). By inhibiting SGLT2, these drugs block glucose
reabsorption in the proximal tubule, resulting in increased glucose excretion
in the urine (glycosuria). This action lowers blood glucose levels while also
contributing to blood pressure reduction. Furthermore, SGLT2 inhibition
promotes sodium excretion (natriuresis), further contributing to their
therapeutic benefits, particularly in managing T2DM. However, these
medications induce greater glycosuria and consequently osmotic diuresis in
individuals with diabetes compared to those without (158). Therefore, their
role in primary HF prevention in non-diabetic patients remains unclear.
Beyond glucose management, multiple mechanisms have been proposed as
major drivers for the direct cardiac benefits of SGLT2 inhibitors (159-162)
(Figure 13), including: (1) improved myocardial contractility through the

inhibition of the cardiac Na+/H+ exchanger (NHE), which is overexpressed in
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HF, helps normalize sodium and calcium imbalances; (2) enhanced metabolic
function in the failing heart; (3) reduction of oxidative stress; (4) energy
production optimization by promoting  autophagy in dysfunctional
mitochondria; (5) anti-inflammatory effects through activation of 5’
adenosine monophosphate-activated protein kinase (AMPK) and suppression
of inflammasome pathways; (6) reduction of apoptosis by inhibiting caspase
activity; (7) anti-fibrotic and anti-remodelling effects due to decreased
inflammation, oxidative stress and apoptosis; and (8) improved cardiac
function.

Mechanism of Action
Sodium glucose co-transporter 2 inhibitor

-

Proposed MoA
scoies. (R iR Inhibition of cardiac NA+/
‘ Rl rosial H+ exchanger (NHE)
le

K

Na
f\f B Glucose GLUT2 m Glucose

3

( 1 Optimization of energy production

Q? ’\ by promoting autophagy

U SGLT2i [ Activation AMPK Supression of

Cardiac metabolism
improvement

reabsorbation pathway ] [ inflammasome ]

Cardiovascular effects

Reduced risk of mortality and

i Reduced inflammation Reduced oxidative stress
HF hospitalization

Reduced fibrosis Reduced apoptosis Reversed cardiac remodelling

Figure 13. Mechanism of action and cardiovascular effects of sodium glucose co-
transporter 2 inhibitors. These drugs function by blocking the sodium glucose co-transporter
2 (SGLT2) receptor in the proximal renal tubule (left), which is responsible for the majority
of glucose reabsorption into the bloodstream. The right panel illustrates the principal
proposed direct cardiac mechanisms of action of these drugs, while the section below
outlines their cardiovascular effects. Original figure created with Biorender.com
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Although all above-mentioned SGLT2 inhibitors have a shared primary
mechanism of action in the kidneys, their CV effects vary significantly.
Therefore, this thesis focuses on the CV effects of empagliflozin, with the

subsequent section dedicated specifically to this compound.

4.2.2. Cardiovascular Effects

In the following section, we described the reported effects of empagliflozin

(Table 2):

Table 2. Cardiovascular effects of empagliflozin

Cardiovascular effects of empagliflozin

On

Effect

Pathology

Ref

Blood pressure

Reduced systolic and/or
diastolic BP values

Human T2DM and/or
HF w/wo hypertension

(149,163-166)

Reduced levels of IL-6, TNF-q,

Human HFrEF, HFpEF,

M2 phenotype

models

CRP T2DM+CAD (167-169)
Reduced NLRP3 Human HFpEF and (162,170)
inflammasome activation T2DM at high CV risk
T2DM, HF, diabetic
Reduced levels of TNF-q, IL-6, nephropathy and
IL-1B, CRP and/or MCP-1 cardiotoxicity rodent (171-173)
preclinical models
HF and cardiotoxicity
Inflammation Reduced NLRP3 .
inflammasome activation rodent preclinical (171,174)
models
Preventloh of M1 monocyte Obese and/or diabetic
accumulation and promotion rodent reclinical
of their polarization towards P (175,176)

Reduced oxidative stress:
reduced MDA, lipid
peroxidation and increased
levels of antioxidant enzymes

Cardiotoxicity and
diabetic nephropathy
rodent preclinical
models

(171,177,178)

Cardiac
metabolism

Improved PCr/ATP and/or
circulating levels of FFA and
KB

Human T2DM w/wo HF

(179-181)
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Improved myocardial

energetics; reduced .
g Ml porcine and rodent

myocardial glucose uptake . (182-185)
. e . preclinical models
and increased utilization of
FFA and KB
Reduced plasma pro-fibrotic Human HFrEF and (186)
biomarkers (PICP, PRO-C3) HFpEF
. N . Human HFrEF
Reduced interstitial fibrosis and T2DM+CAD (187,188)
HF and Ml porcine and
Fibrosis Reduced myocardial fibrosis rodent preclinical (183’3‘1‘;189
models
Reduced expression of '\éllil;tc)ae;?clo?r)::licr::yaanndd
MMP9, TGF-B1, Col | and Col P (171,189,192)

murine preclinical

I
models

Reduced LVEDV, LVESV,

and/or LV mass w/wo Human HFrEF

(189,193-197)

. . . T2DM
Cardiac function improved LVEF w/wo
Improved LVEDV, LVESV and Human Ml (198)
LVEF
Reduced atrial arrhythmic
risk; reduced AF, AF/atrial Human TEESA' HF and (199-202)
X flutter
Arrhythmias - -
Reduced PVB, VF inducibility M rodent oreclinical
and sudden death preclinical P (203,204)

model
model

BP, blood pressure; T2DM, type 2 diabetes mellitus; HF, heart failure; HFrEF, heart failure
reduced ejection fraction; HFpEF, heart failure preserved ejection fraction; CAD, coronary
artery disease; MI, myocardial infarction; IL, interleukin; TNF-a, tumour necrosis factor alpha;
CRP, C-reactive protein, MCP-1, monocyte chemoattractant protein 1; MDA,
malondialdehyde; PCr/ATP, phosphocreatine (PCr)/adenosine triphosphate (ATP) ratio; FFA,
free fatty acids; KB, ketone bodies; PICP, Procollagen type | carboxy-terminal propeptide;
PRO-C3, N-terminal type Ill collagen; MMP, metalloproteinase; TGF-B1, transforming growth
factor B1; Col, collagen; LV, left ventricle; LVEDV, left ventricular end diastolic volume; LVESV,
left ventricular end systolic volume; LVEF, left ventricular ejection fraction; AF, atrial
fibrillation; PVB, premature ventricular beat; VF, ventricular fibrillation; w/wo, with or
without.

Blood pressure

Empagliflozin has been shown to lower both systolic and diastolic blood

pressure in patients with T2DM, regardless of the presence of hypertension
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or the concurrent use of other antihypertensive medications, such as
diuretics or ACEis/ARBs (163,164,205) (Table 2). Regardless of diabetes
status, empagliflozin reduces blood pressure, particularly systolic blood
pressure, in patients with HF, as demonstrated in sub-studies from the
EMPEROR-reduced and EMPEROR-preserved trials (165,166). Blood pressure
reduction is also observed in normotensive non-diabetic subjects. Although
the precise mechanism(s) behind the antihypertensive effects of SGLT2
inhibitors are not fully understood, they seem to be mediated by osmotic
diuretic effects resulting from the inhibition of sodium reabsorption in the

proximal tubules of the kidney (206).

Inflammation

Empagliflozin treatment exhibits anti-inflammatory effects by reducing the
expression of pro-inflammatory cytokines, including TNF-a, IL-6, and IL-18, as
well as CRP and MCP-1 (167-169,171-173) (Table 2). It also prevents the
accumulation of inflammatory M1 macrophages and promotes their
polarization toward the anti-inflammatory M2 phenotype (175,176).
Additionally, empagliflozin decreases oxidative products such as MDA and
lipid peroxidation, while restoring antioxidant enzyme levels like superoxide
dismutase (SOD) (171,177,178). The anti-inflammatory effects of SGLT2
inhibitors are attributed to various mechanisms. A key pathway involves the
activation of AMPK, which regulates cellular energy balance and suppresses
inflammation by inhibiting pro-inflammatory pathways, reducing
inflammatory mediators, inducing autophagy, and modulating glucose and
lipid metabolism (207). This leads to a decreased production of pro-

inflammatory cytokines such as TNF-a, IL-6, and IL-1B by inhibiting Nuclear
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factor kappa B (NF-kB) activity. The activation of AMPK by empagliflozin has
been confirmed in numerous studies (175,208). In addition to AMPK
activation, SGLT2 inhibitors suppresses the activation of nucleotide binding
domain leucin rich repeat and pyrin domain containing 3 (NLRP3)
inflammasome, a key driver of inflammation that releases pro-inflammatory
cytokines like IL-1B and IL-18. By inhibiting the activation of inflammasome,
SGLT2 inhibitors reduces inflammatory processes, contributing to its
cardioprotective effects. This effect of empagliflozin on suppressing
inflammasome has been reported in numerous preclinical (171,174) and

clinical (162,170) studies.

Cardiac metabolism

In a failing heart, there is a metabolic shift from using free fatty acids (FFA),
the preferred energy source in a healthy heart, to glucose, which is a less
energetically efficient substrate. Empagliflozin treatment has been shown to
reverse this shift, improving cardiac metabolism and energy efficiency. In a
small study involving patients with HF and T2DM, 12 weeks of empagliflozin
treatment significantly improved the myocardial phosphocreatine-to-ATP
(PCr/ATP) ratio, an indicator of cellular energetics (179) (Table 2).
Additionally, in T2DM patients, empagliflozin increased circulating levels of
FFA and ketone bodies (KBs), which are recognized as highly efficient fuels for
the heart (180,181). Zannad and colleages identified differential protein
expression associated with improved myocardial mitochondrial health in
serum samples from the EMPEROR-Reduced and EMPEROR-Preserved trials
(209). However, the results were not consistent across all studies (181,210).

For instance, the EMPA-VISION trial, which included patients with HFrEF and
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HFpEF, found no significant impact of empagliflozin on the myocardial
PCr/ATP ratio or circulating KB levels (210). Many of these clinical studies
have involved a limited number of patients, indicating the need of larger
patient cohorts. Preclinical studies generally supports the metabolic shift
hypothesis. In a swine model of MI, empagliflozin reduced myocardial
glucose uptake and increased utilization of FFA and KB, resulting in a higher
myocardial ATP levels (182). Similar findings of improved myocardial
energetics have been reported in rodent models of Ml (183—-185), diabetes
(181), and cardiotoxicity (211). The proposed mechanisms underlying these
effects include the activation of the AMPK and SIRT1/PGC-la/FGF21
pathways (212).

Fibrosis

The effects of SLGT2 inhibitors on myocardial fibrosis has not been
extensively studied in patients, requiring further research. A sub-study of the
EMPEROR-Reduced and EMPEROR-Preserved trials examined the impact of
empagliflozin on serum markers of collagen turnover. Empagliflozin reduced
procollagen type | carboxy-terminal propeptide (PICP) and the fragment of N-
terminal type lll collagen (PRO-C3) compared to placebo over time. However,
it had no effect on other fibrotic markers, including procollagen type | amino-
terminal peptide (PINP), fragment of C-terminal type Vla3 collagen (PRO-C6),
fragment of type | collagen (C1M), and fragment of type Il collagen (C3M)
(186) (Table 2). In contrast, other clinical studies involving T2DM patients,
with or without coronary artery disease (CAD), found no significant impact of
empagliflozin on fibrotic markers such as sST2 or MMP-2. However, these

were small studies with limited sample sizes (188,213). In another study that
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involved patients with HFrEF, empagliflozin reduced interstitial fibrosis, as
assessed through T1 mapping with CMR (187). Similar findings were observed
in patients with T2DM and CAD (188). Nevertheless, these improvements in
myocardial diffuse fibrosis were not replicated in the study by Jung-Chi Hsu
et. al., which also involved T2DM patients (214), suggesting inconsistent and
controversial results. In preclinical models, empagliflozin has consistently
shown efficacy in reducing myocardial fibrosis in HF (183,189,190), Ml
(184,191), diabetes (192,215), and cardiotoxicity (171,216) models.
Empagliflozin has also been reported to decrease the expression of pro-
fibrotic markers such as MMP9, TGF-B1, Col | and Col Ill (189,191,192).
Several mechanisms of action have been proposed including activation of
AMPK pathway (215) and improved energy metabolic efficiency (183).
However, the primary mechanism reported is the inhibition of the TGF-

B1/Smad3 signalling pathway (189-192).

Cardiac function

Several clinical studies have examined the effects of empagliflozin on cardiac
function. Omar and co-workers (193) recently demonstrated that, compared
to placebo, empagliflozin treatment had a modest yet significant positive
effect on LV volumes and mass in patients with HFrEF and T2DM, by reducing
indexed LVESV, indexed LVEDV, and indexed LV Mass, without affecting LVEF
(Table 2). Similar findings were observed in the SUGAR-DM-HF trial, where
Lee and colleagues reported that empagliflozin reduced LV volumes in
patients with HFrEF and T2DM (194). A greater impact on cardiac volumes
was documented in the EMPA-TROPISM trial, which involved non-diabetic

patients with HFrEF (197). In this study, empagliflozin, compared to placebo,
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significantly reduced LVEDV, LVESV, and LVMass, while improving LVEF after
6 months of treatment. Furthermore, the results of two meta-analysis that
evaluated the effects of SGLT2 inhibitors on cardiac remodelling parameters
in patients with T2DM and/or HF concluded that SGLT2 inhibitors improved
LVEF, LV volumes and mass, specifically in HFrEF patients, regardless of the
glycaemic status (195,196). Empagliflozin also shown a significant positive
effect on LV reverse remodelling in pre-clinical studies of HF models,
including those conducted on pigs (182,189) and rodents (183,217,218). In
the context of MI, the EMMY trial, which included 476 patients with AMI,
found that empagliflozin treatment was associated with improved

echocardiographic outcomes, including LV volumes and LVEF (198).

Arrhythmias

To date, limited research has explored the impact of SGLT2 inhibitors on
arrhythmia susceptibility. Among the available studies, three meta-analysis
involving patients with T2DM, HF and CKD concurred on the ability of SGLT2
inhibitors to reduce the risk of atrial arrhythmias, including atrial fibrillation
(AF) and AF/atrial flutter, without significantly affecting VAs (199-201) (Table
2). Furthermore, empagliflozin has demonstrated effectiveness in reducing
atrial tachyarrhythmias in patients with cardiac implantable electronic
devices (202). In the context of MI, Genlong Xue et al. found that
empagliflozin treatment reduced premature ventricular beats (PVBs) and VF
in @ mouse MI model (203). Similarly, in another study led by Zhaoyang Hu,
et al. empagliflozin treatment reduced the vulnerability to sudden death and

ischaemia-reperfusion-injury arrhythmias in a rat model (204). Overall, these
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findings suggest that empagliflozin exerts anti-arrhythmic effects, primarily

on atrial arrhythmias.

4.3. Safety and Synergistic Effects of ARNi and SGLT2

Inhibitors

Since the introduction of ARNi and SGLT2 inhibitors therapies for HFrEF,
several studies have evaluated the safety and the potential synergistic effects
of their co-administration.

In terms of safety, co-treatment with sacubitril/valsartan and SGLT2
inhibitors has been shown to be generally well-tolerated in most patients
with HFrEF (165,219-221), including elderly patients (222). Regarding
efficacy, subgroup analyses from clinical trials revealed that patients who
initiated empagliflozin treatment while already receiving sacubitril/valsartan
experienced improvements in health indicators, such as lower systolic blood
pressure, heart rate, and NT-proBNP levels, compared to those not treated
with sacubitril/valsartan. However, despite these positive effects, co-
treatment with sacubitril/valsartan and empagliflozin did not result in a
statistically significant reduction in CV death or HF hospitalizations (223).
Similarly, the DAPA-HF trial found no significant differences in the benefits of
dapagliflozin when comparing patients taking sacubitril/valsartan with those
who were not, with respect to CV death or worsening HF outcomes (221).
Furthermore, findings from the EMPIRE-HF trial indicated that the effects of
empagliflozin on cardiac structure and function were not influenced by
concomitant sacubitril/valsartan treatment (224). Despite these unexpected

findings, the proportion of patients receiving both medications in these trials

57



was considerably smaller than those receiving SGLT2 inhibitors alone,
highlighting the need for larger-scale studies. Regardless of the limitation of
studies, some preclinical evidence suggests that combining dapagliflozin and
sacubitril/valsartan may offer superior protection against ischemia-

reperfusion injury compared to either drug administered alone (225).

4.4. Early Initiation of Sacubitril/Valsartan and

Empagliflozin After Mi

In recent years, the introduction of ARNi and SGLT2 inhibitor therapies has
significantly improved the prognosis of patients with HF, with notable
reductions in mortality from CV causes and HF hospitalizations. However, the
potential role of these pharmacological therapies in AMI patients remains

uncertain.

Sacubitril/valsartan in AMI

Early initiation of sacubitril/valsartan following Ml has shown benefits in
preclinical and clinical studies, including reductions in inflammation (116) and
fibrosis (112), improvements in cardiac function (126), and decreases in VAs
incidence (132). In the clinical setting, the primary trial investigating this
therapy in the context of Ml is the PARADISE-MI, which aimed to determine
whether sacubitril/valsartan is superior to ramipril (ACEi) in improving
outcomes for AMI patients. The trial included 5661 patients who had
experienced an AMI within seven days, complicated by LV systolic
dysfunction (LVEF < 40%), pulmonary congestion, or both. Participants were
randomized to receive either ramipril (n=2831) or sacubitril/valsartan

(n=2830) and were followed for a median of 22 months (recruitment
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occurred between December 2016 and March 2020). The primary endpoint
was the composite of CV death and HF episodes (226). Results showed that
sacubitril/valsartan was safe and well-tolerated for AMI patients. However,
although it led to a 10% risk reduction in the primary endpoint, this result did
not reach statistical significance. Regarding the secondary outcomes, there
were no significant differences between the two groups in all-cause mortality,
CV mortality, or the incidence of new heart attacks and strokes. However,
sacubitril/valsartan was significantly more effective than ramipril in reducing

recurrences of HF episodes (227,228).

Empagliflozin in AMI

Regarding empagliflozin treatment, limited studies have evaluated the
effects of its early initiation following MI. Some preclinical studies have
demonstrated benefits, including reductions in inflammation (169) and
fibrosis (184), enhancements in cardiac function (198), improvements in
cardiac metabolism (182), and decreased inducibility of VAs (203). Clinically,
the results from the EMPACT-MI trial (229) were recently published, in which
the effects of early initiation of empagliflozin following MI were evaluated.
This trial included 6522 patients hospitalized for AMI who were at high risk
for HF (LVEF < 45% or signs or symptoms of congestion). Patients were
randomized to receive empagliflozin or placebo within 14 days of admission
and were followed for a median of 17.9 months (recruitment occurred
between December 2020 and March 2023). The primary endpoint of the
study was a composite of hospitalization for HF and all-cause of death.
Although the percentage of events was lower in the empagliflozin group
compared to the placebo group, this difference did not result in a statistically

significant reduction in the risk of the primary endpoint. However,
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empagliflozin significantly reduced the risk of time to first hospitalization for
HF by 23% and the total number of hospitalizations for HF by 33%, compared
to placebo (230).

Although the outcomes of these studies have been less impactful as
anticipated, both sacubitril/valsartan and empagliflozin have demonstrated
beneficial effects in the context of MI. Therefore, further research is
necessary to reach more definitive conclusions and identify potential
subgroups of AMI patients who may benefit from the early initiation of these

therapies.
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Hypothesis & Objectives

The heterogeneity of the post-infarction myocardial scar, partially caused by
the inflammatory cascade, establishes the substrate for the initiation of
adverse structural and electrical cardiac remodelling, thereby promoting the
development of HF and fatal VAs. Additionally, metabolic remodelling in a
failing heart further exacerbates HF progression. Empagliflozin and
sacubitril/valsartan, two novel drugs for HF, have demonstrated significant
improvements on clinical outcomes in HF patients by exerting beneficial
effects on inflammation, fibrosis, cardiac metabolism, electrophysiological
properties, and/or cardiac function. Although the roles of empagliflozin and
sacubitril/valsartan in HF management are well established, their efficacy in

the post-acute Ml context remains largely unexplored.

The working hypothesis of this thesis is:

Early administration of empagliflozin and/or sacubitril/valsartan may exert
cardioprotective effects against post-ischemic injury by attenuating
inflammation at both myocardial and systemic levels, enhancing myocardial
metabolism, and mitigating adverse post-MI|  structural and
electrophysiological remodelling. The combination of these drugs could be

safe and may offer synergistic therapeutic effects.
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In order to address this hypothesis, we evaluated the following objectives:

Objective 1: To develop a pre-clinical translational porcine model of MI.

Objective 2: To evaluate the effects of early initiation of empagliflozin and/or
sacubitril/valsartan in a translational porcine model of MI, in terms of
inflammation, myocardial metabolism, and structural and

electrophysiological remodelling.

Objective 3: To assess the safety and potential synergistic therapeutic effects

of combining empagliflozin and sacubitril/valsartan.
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Objective: This article is related to objective 1. The study aimed to describe
the procedure for developing a translational pre-clinical porcine model of Ml

using the permanent coil deployment technique.

Highlights: This approach was feasible, highly reproducible, and accurately
emulated the pathophysiology of human non-revascularized MI, while
avoiding traditional open-chest surgery and its associated postoperative

inflammation.

67






jove

Material, Methods & Results

Myocardial Infarction by Percutaneous Embolization Coil
Deployment in a Swine Model

Daina Martinez-FaIguera"1'2, Edgar Fadeuilhe"s, Albert Teiss, Julia Aranyos, Raquel Adeliﬁo1'3, Felipe Bisbal3'4, Oriol

Rodriguez-Leor3'4, Carolina Galvez-Monton

1,34

1 ICREC Research Program, Germans Trias i Pujol Health Research Institute (IGTP) 2 Faculty of Medicine, University of Barcelona (UB) 3 Heart Institute

(iCOR), Germans Trias i Pujol University Hospital 4 CIBER Cardiovascular, Instituto de Salud Carlos III

‘These authors contributed equally

Corresponding Author

Carolina Galvez-Montén

cgalvez@igtp.cat

Citation

Martinez-Falguera, D., Fadeuilhe, E.,
Teis, A., Aranyo, J., Adelifio, R.,
Bisbal, F., Rodriguez-Leor, O., Galvez-
Monton, C. Myocardial Infarction

by Percutaneous Embolization Coil
Deployment in a Swine Model. J. Vis.
Exp. (177), 63172, doi:10.3791/63172
(2021).

Date Published

November 4, 2021

DOI

10.3791/63172

URL

jove.com/video/63172

Introduction

Myocardial infarction (MI) is the leading cause of mortality worldwide. Despite
the use of evidence-based treatments, including coronary revascularization and
cardiovascular drugs, a significant proportion of patients develop pathological left-
ventricular remodeling and progressive heart failure following MI. Therefore, new
therapeutic options, such as cellular and gene therapies, among others, have been
developed to repair and regenerate injured myocardium. In this context, animal models
of MI are crucial in exploring the safety and efficacy of these experimental therapies
before clinical translation. Large animal models such as swine are preferred over
smaller ones due to the high similarity of swine and human hearts in terms of coronary
artery anatomy, cardiac kinetics, and the post-MI healing process. Here, we aimed
to describe an MI model in pig by permanent coil deployment. Briefly, it comprises
a percutaneous selective coronary artery cannulation through retrograde femoral
access. Following coronary angiography, the coil is deployed at the target branch
under fluoroscopic guidance. Finally, complete occlusion is confirmed by repeated
coronary angiography. This approach is feasible, highly reproducible, and emulates
the pathogenesis of human non-revascularized M, avoiding the traditional open-chest
surgery and the subsequent postoperative inflammation. Depending on the time of

follow-up, the technique is suitable for acute, sub-acute, or chronic Ml models.

Myocardial infarction (MI)

is the most prevalent cause  progressive heart failure following MI, resulting in poor

of mortality, morbidity, and disability worldwide. Despite prognosis due to ventricular dysfunction and sudden

current therapeutic advances, a significant proportion death?:3:4. New therapeutic options to repair and/or

of patients develop adverse ventricular remodeling and regenerate injured myocardium are thus under scrutiny, and
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translational MI animal models are crucial in testing their

safety and efficacy. Although several models have been
7,8

used for cardiovascular research, including rats5'6, mice
dogsg, and sheepm, pigs are one of the best choices for
modeling cardiac ischemia studies because of their high
similarity to humans in terms of heart size, coronary artery
anatomy, cardiac kinetics, physiology, metabolism, and the

post-MI healing process11 112,13,14,15

In this context, many different open-surgical and
percutaneous approaches are available to develop MI
swine models. The open-chest approach involves a left
lateral thoracotomy procedure and is useful in performing

surgical coronary artery Iigation16’ 17

, myocardial cryo-injury,
cauterization12, and coronary artery placement of a hydraulic
occlude™ or an ameroid constrictor19, among others.
Surgical coronary occlusion has been extensively used to test
new therapeutic options such as cardiac tissue engineering
and cell therapy, as it allows wide access and visual
assessment of the heart; however, in contrast to human
MI, it can result in surgical adhesions, adjacent scarring,
and postoperative inflammation'” . Myocardial cryo-injury and
cauterization are easily reproducible techniques but do not
reproduce the pathophysiological Ml progression observed
in humans'2. On the other hand, several percutaneous
techniques have been developed to produce temporary or
permanent coronary blocking. These comprise transcoronary

or intracoronary ethanol ablation20-21

, occlusion by balloon
angioplastyzz, or delivery of thrombogenic materials such
as agarose gel beads?3, fibrinogen mixtures?: or coil
embolization’”24. While balloon angioplasty is better suited
for ischemia/reperfusion studies, coronary coil deployment
is one of the best choices for modeling non-revascularized
MI. This percutaneous approach is feasible, consistently

reproducible, and avoids open-chest surgery. It allows

precise control of the infarct location and results in
pathophysiology similar to that of a human non-reperfused
MI. Moreover, coil embolization is suitable for modeling acute,
sub-acute, or chronic MI; chronic congestive heart failure; or

valvular disease”.

The present protocol aims to describe how to develop an
Ml swine model by permanent coil deployment. Briefly,
it comprises a percutaneous selective coronary artery
cannulation through retrograde femoral access. Following
coronary angiography, a coil is deployed at the target
branch artery under fluoroscopic guidance. Finally, complete

occlusion is confirmed by repeated coronary angiography.

Protocol

This study was approved by the Animal Experimentation
Unit Ethical Committee of the Germans Trias i Pujol
Health Research Institute (IGTP) and Government Authorities
(Generalitat de Catalunya; Code: 10558 and 11208), and
complies with all guidelines concerning the use of animals in
research and teaching as defined by the Guide for the Care

and Use of Laboratory Animals25.

1. Preprocedural preparation of animals

1. Use crossbred Landrace X Large White pigs (30-35 kg)

of either sex.

2. Keep the animals in a fasting state for 12 h prior to the

procedure.
2. Sedation, anesthesia, and analgesia

1. Sedate the animal with an intramuscular (IM) injection
of ketamine (3 mg/kg), midazolam (0.3 mg/kg), and
dexmedetomidine (0.03 mg/kg). Wait for approximately
10-15 min.

Copyright © 2021 JoVE Journal of Visualized Experiments
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Once the pig is sedated, ventilate it with an oxygen
(90-100%)-isoflurane (1-2%) mixture and a face mask to

ensure optimal sedation.

Place vet ointment on the pig's eyes to prevent dryness.

NOTE: Repeat every 20 min.

Place intravenously (IV) a 20 G catheter in a lateral
ear vein. Administer propofol (1-2 mg/kg) to induce

anesthesia.

Once the pig has no swallowing reflex, intubate the
animal using an endotracheal tube (size 6.5-7.0 for 30-35
kg).

NOTE: Adjust the size of the endotracheal tube
according to the size of the pig. Intubation should be
carried out rapidly to prevent a deeper anesthetic plane

and prolonged apnea.

Administer IV buprenorphine (0.01 mg/kg) for intra-
surgical analgesia. Use a fentanyl transdermal patch
(100 pg/h) for post-operative analgesia.

NOTE: The fentanyl patch is applied to the inguinal skin,
and it is active for 72 h to limit postoperative pain. Its
pharmacological effect does not start immediately after

delivery, thus apply it before starting the procedure.

Perform airway mask bag unit-ventilation (20 inflations/
min) during the transport of the pig to the vascular

interventional radiology (VIR) room.

Connect the endotracheal tube to the anesthesia
machine equipped with an airway sensor and

capnography recording.
Start mechanical positive pressure ventilation with FiO2

0.50, using a tidal volume of 10 mL/kg and a frequency
of 16-20 breaths/min. Maintain the anesthesia with

isoflurane (1-3%).

NOTE: To confirm the correct surgical anesthetic plane,
the animal should not be respiring spontaneously nor

have corneal or pupillary light reflexes.

3. Hemodynamic monitoring and preparation of
the surgical area

1. Place the animal on the operating table in the supine
position and fix the limbs to the table with tape or

bandage.

2. Place electrocardiogram (ECG) probes subcutaneously
in the animal's extremities for recording changes
in ST-segment, T-waves, and heart rate during the

experimental procedure.

3. Place a pulse oximeter on the tongue or a corner of the
lip of the animal and the non-invasive pressure cuff on

the forelimb.

4. Measure the rectallesophageal temperature with a

probe.

5. Clean the right femoral area with surgical soap
and antiseptic povidone-iodine solution under sterile

conditions.

6. Ensure that the surgeon performs surgical handwashing

and wears a sterile gown and sterile gloves.
7. Cover the animal with a sterile surgical drape.

8. Prepare and flush with heparinized saline solution the
needle, a 6F vascular sheath, a 0.035-inch J-tipped
wire, a 6F JR4 90-cm guiding catheter, a 0.014-
inch 200-cm guidewire, a 150-cm length/0.017-inch
inner diameter microcatheter, and the contrast medium

injection manifold kit.

Copyright © 2021 JoVE Journal of Visualized Experiments
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4. Vascular access

1. Puncture the right femoral artery via a percutaneous

approach with ultrasound-guided puncture. Locate the 4.

bifurcation between the superficial femoral artery and the

deep femoral artery.

2. Position the transducer 2-3 cm proximal to the
bifurcation, in the common femoral artery, and align the

center of the transducer with the common femoral artery.

3. Position the needle in the center of the transducer and

NOTE: It is important to ensure that the arterial pressure
waveform is not damped before injecting to avoid the risk

of coronary dissection.

Perform angiograms in two orthogonal views: left anterior

oblique 40° and right anterior oblique 30° projections.

Advance a 0.014-inch guidewire pre-assembled on the
microcatheter to the middle left anterior descending
(LAD) or distal left circumflex (LCX) coronary artery under

fluoroscopic guidance.

6. Coil implantation

puncture the artery at an angulation of approximately

45°. Subsequently, insert a 6F vascular sheath usingthe 1.

modified Seldinger techniqueze.
NOTE: In case of significant spasm or hematoma,

crossover to the contralateral femoral artery.

4. Flush the catheters with heparinized saline solution.

(5000 IU unfractionated heparin/1000 mL of 0.9% NaCL).

5. Administer heparin through the sheath (300 IU/kg).

5. Coronary angiography 2.

1. Insert the J-tip wire into the JR4 guide catheter and
advance the wire through the sheath into the ascending
aorta, and then place the catheter up over the valvular

surface.

2. Remove the wire and connect the catheter to the injection

manifold system. Purge the entire system.

3. Under fluoroscopy, engage the catheter into the left main
coronary artery and inject 10 mL of iodinated contrast
medium to visualize the left coronary system (Figure 1A,

c).

Under fluoroscopic guidance, advance the microcatheter
through the wire to the desired location where the
coil implant should be deployed. In the case of LAD
occlusion, place the coil distal to the first diagonal branch,
and for LCX, place the coil distal to the first marginal
branch.

NOTE: Proximal approaches (before the first diagonal or

first marginal branches) have very low survival rates.

Remove the wire and select the coil.

NOTE: It is important to select the optimal coil size and
length. A small or short coil may not position well in the
vessel lumen and has a very high risk of distal migration
due to contrast injections or spontaneous, resulting in
smaller infarct size. A large or long coil may prolapse
proximal to the vessel and produce a larger infarct than
desired. The choice of the correct coil is especially
important if non-detectable coils are used, as they cannot
be removed. The optimal size is 1-2 mm larger than the
lumen of the vessel to be embolized, and the length

between 20-60 mm is usually adequate for 30-40-kg pigs.
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3. Deliver the coil via microcatheter and slowly inject 5 mL of
iodinated contrast medium under fluoroscopy to visualize

the correct position of the coil.

4. Remove the microcatheter inside the guide catheter and
place the guide in a side branch to perform control
injections and to ensure access to the artery in case a

second coil needs to be implanted.

5. Wait for the coil to thrombose and occlude the artery.
NOTE: When the artery is occluded, changes in the
electrocardiogram can be observed. Another way to
check complete arterial occlusion is to perform slow
injections of iodinated contrast every 10 min (Figure
1B, D). If the artery does not occlude within 20-30 min,

another coil implant may be required.
7. End of procedure

1. Once the artery is occluded, administer a continuous IV
infusion of lidocaine (50-100 pg/kg/min) for at least 1 h to

prevent arrhythmic episodes.

2. Perform an angiogram to ensure that there is no flow

distal to the occlusion.
3. Remove the wire, microcatheter, and guiding catheter.
4. Remove the sheath and perform manual compression for
20 min.

8. Postoperative procedure and animal recovery

1. Monitor the animal until it is fully recovered, using ECG,
rectal temperature, pulse oximetry, and capnography.
NOTE: In case of ventricular arrhythmias, administer a

bolus of lidocaine (1.5-3.5 mg/kg).

2. Administer an IM injection of tulathromycin (2.5 mg/

kg) as prophylactic postoperative antibiotic therapy. For

post-surgical analgesia, a transdermal fentanyl patch is

administered before the surgical procedure (step 2.6).

3. Turn off the isoflurane and maintain mechanical

ventilation until the animal begins to breathe

spontaneously.

4.  When the pig recovers the swallowing reflex, remove the
endotracheal tube.NOTE: Check if the animal has a good
SpO2 (more than 95%) before and after extubation.

5. Transport the animal to an individual cage. Position the
animal over a hot water blanket and cover it with a
thermal drape to avoid post-surgical hypothermia.
NOTE: Do not return the pig to the company of other

animals until it has fully recovered.

6. Monitor the animal until it has regained sufficient

consciousness to maintain sternal recumbency.
9. Euthanasia method

1. Under previous sedation and anesthesia, as previously
described, administer an 1V sodium thiopental overdose

(200 mg/kg).

2. Confirm cardiorespiratory arrest and death by

monitoring vital signs (electrocardiogram, blood

pressure, capnography).

Representative Results

MI survival rates and location

Fifty-seven pigs underwent coronary coil implantation in the
LCX marginal branch (n = 25; 12 females and 13 males) or in
the LAD between the first and the second diagonal branches
(n = 32; 16 females and 16 males) of the coronary artery and
were followed up for 30 days. The survival rate of animals
submitted to an MI at the LCX marginal branch was 80%

(n = 20). Three pigs died as a result of fatal complications
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related to atrioventricular (AV) block and asystole before coil
deployment, and 2 pigs died after ventricular fibrillation (VF)
related to transmural Ml after coil placement. The survival rate
of animals submitted to Ml at LAD was 72% (n = 23): 1 pig
died due to an AV block and asystole after coil deployment
and 8 animals after VF (5 after coil deployment, 2 at 12-48 h
post-Ml, and one 26 days post-MI). The survival rates differed
between the LCX marginal branch (2-2.5 mm in diameter) and
middle LAD (2.5-3 mm in diameter) MI, probably due to the

larger infarct extension in the LAD model.

LCX marginal MI

Distal LAD MI

Magnetic resonance imaging (MRI) analysis was performed
in all animals 30 days post-MI. Figure 2 illustrates late
gadolinium-enhanced MRI images of the LCX marginal
branch (Figure 2A,C) and distal LAD (Figure 2B,D) infarct
models. As depicted, coil deployment in the LCX marginal
coronary artery affects the LV lateral wall, while the
interventricular septum is the most affected area in distal LAD

placement. These results were also confirmed after heart

sectioning (Figure 2E,F).

Figure 1: Coronary angiography, anteroposterior projection. Representative images of pre- (A,B) and post-coil (white

arrows) deployment (C,D) in the LCX marginal branch and distal LAD coronary artery. Please click here to view a larger

version of this figure.
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LCX marginal MI

Distal LAD MI

Figure 2: Magnetic resonance imaging and cardiac tissue sections. Representative T1 3-chamber (A,B) and short-axis

(C,D) delayed enhancement images for LCX marginal and distal LAD infarction. Images reveal healthy (black) and infarcted

(white) myocardium. Photographs of heart sections after LCX marginal (E) and distal LAD MI (F). Arrows indicate the location

and extension of the infarcted area. Scale bar = 1 cm Please click here to view a larger version of this figure.

Discussion

A coil deployed in a coronary artery provides a reproducible
and consistent pre-clinical non-reperfused MI model in swine
that can be used to develop and test new cardiovascular

therapeutic strategies.

In our hands, mortality at follow-up was 19% related to
complications of MI, mostly within the first 24 h of the
procedure. All these deaths are related to the natural history
of the non-reperfused MI and were the primary outcomes of
the study. One of the most critical steps in this protocol relies
on the entry of the microcatheter into the coronary arteries.
In some cases, microcatheter advancement caused a vagal
reaction leading to severe hypotension, AV block, and finally
asystole. Nevertheless, this can be avoided by administering

an IV bolus of adrenaline (0.001 mg/kg) before advancing

the microcatheter. Another complication is the occurrence of
malignant arrhythmias that can lead to VF. These episodes
usually occur 30 min after Ml instauration. We recommend
delivering a bolus of lidocaine (1.5-3.5 mg/kg), atropine for
bradycardia (0.01 mg/kg), noradrenaline perfusion (0.05-3
pg/kg/min) for mild or moderate hypotension, and adrenaline
(0.03 mg/kg) for severe hypotension, electromechanical
dissociation, AV block, or asystole. However, when a VF
occurs, a 320J ventricular defibrillation has to be applied
with a monophasic cardiac defibrillator and repeated until the
animal recovers its cardiac rhythm. When several ventricular
defibrillations are needed or asystole occurs, perform manual
chest compressions (80-90 compressions/min), depressing
the ribcage 4 inches, and connect the animal to the

mechanical ventilator under 100% O2.
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Many other occlusion models have been described to
simulate M| based on cessation of coronary flow by
arterial ligation, an ameroid constrictor, or balloon inflation.
However, a deployed coil sets off the coagulation cascade
with thrombus formation that occludes the coronary artery.
This mechanism simulates as closely as possible the
pathophysiology of human MI, compared with other non-
invasive techniques like balloon occlusion. Despite the fact
that non-reperfused MI results in more extensive scarring,
less viable myocardium, and a greater reduction in terms
of cardiac function than ischemia-reperfusion models?’, it
is more suitable for screening anti-inflammatory therapies,
reverse cardiac remodeling, and gene or stem cell therapy for

the treatment of cardiovascular disease?®.
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Objective: This article is related to objective 2. This study aimed to evaluate
the effects of early initiation of sacubitril/valsartan following MI on
inflammation, fibrosis, and structural and electrophysiological myocardial

properties in a translational porcine model of M.

Highlights: Early initiation of sacubitril/valsartan after MI decreased acute
systemic inflammatory response and promoted favourable scar remodelling
by reducing Col | content in the scar, as well as decreasing total scar mass and
border zone (BZ) mass, and the number and mass of BZ corridors. These

effects contributed to a reduced risk of VT inducibility 30 days post-MI.
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Antiarrhythmic and Anti-Inflammatory Effects
of Sacubitril/Valsartan on Post-Myocardial
Infarction Scar

Daina Martinez-Falguera®, MSc*; Julia Arany6®, MD*; Albert Teis®®, MD, PhD; Gemma Ferrer-Curriu, MSc, PhD;

Marta Monguié-Tortajada, MSc, PhD; Edgar Fadeuilhe®, MD; Oriol Rodriguez-Leor, MD, PhD; Idoia Diaz-Gtiemes, DVM, PhD;
Santiago Roura, MSc, PhD; Roger Villuendas®, MD, PhD; Axel Sarrias®, MD; Victor Bazan®, MD, PhD;

Victoria Delgado®®, MD, PhD; Antoni Bayes-Genis(2, Prof, MD, PhD; Felipe Bisbal®>, MD, PhD1;

Carolina Gélvez-Montén, DVM, MSc, PhDt

BACKGROUND: Sacubitril/valsartan (Sac/Val) is superior to angiotensin-converting enzyme inhibitors in reducing the risk of
heart failure hospitalization and cardiovascular death, but its mechanistic data on myocardial scar after myocardial infarction
(M) are lacking. The objective of this work was to assess the effects of Sac/Val on inflammation, fibrosis, electrophysiological
properties, and ventricular tachycardia inducibility in post-MI scar remodeling in swine.

METHODS: After MI, 22 pigs were randomized to receive B-blocker (BB; control, n=8) or BB+Sac/Val (Sac/Val, n=9). The
systemic immune response was monitored. Cardiac magnetic resonance data were acquired at 2-day and 29-day post Ml to
assess ventricular remodeling. Programmed electrical stimulation and high-density mapping were performed at 30-day post
Ml to assess ventricular tachycardia inducibility. Myocardial samples were collected for histological analysis.

RESULTS: Compared with BB, BB+Sac/Val reduced acute circulating leukocytes (P=0.009) and interleukin-12 levels
(P=0.024) at 2-day post M|, decreased C-C chemokine receptor type 2 expression in monocytes (P=0.047) at 15-day post
MI, and reduced scar mass (P=0.046) and border zone mass (P=0.043). It also lowered the number and mass of border
zone corridors (P=0.009 and P=0.026, respectively), scar collagen | content (P=0.049), and collagen I/11l ratio (P=0.040).
Sac/Val reduced ventricular tachycardia inducibility (P=0.034) and the number of deceleration zones (P=0.016).

CONCLUSIONS: After MI, compared with BB, BB+Sac/Val was associated with reduced acute systemic inflammatory markers,
reduced total scar and border zone mass on late gadolinium-enhanced magnetic resonance imaging, and lower ventricular
tachycardia inducibility.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: arrhythmias ® cardiac ® fibrosis ® inflammation ® myocardial infarction ™ sacubitril ® valsartan

failure (HF).! After myocardial infarction (MI), an
intense inflammatory reaction is activated to remove
dead cells and activate the replacement of necrotic tis-
sue by a collagen-based scar? Reparative fibrosis after

COronan/ artery disease is the leading cause of heart

MI produces adverse cardiac remodeling and electrical
disturbances within the scar, including conduction het-
erogeneity.® This structural and electrical remodeling
occuring in ischemic cardiomyopathy, together with neu-
rohormonal, inflammatory, and electrolyte abnormalities
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WHAT IS KNOWN?

* Sacubitril/valsartan is superior to angiotensin-
converting enzyme inhibitors in reducing the risk
of heart failure hospitalization and cardiovascular
death; however, its effects on myocardial scar after
myocardial infarction are lacking.

* The structural and electrical cardiac remodeling
occurring in the post-myocardial infarction scenario
are considered triggers of ventricular arrhythmias.
Treatment targeting inflammatory pathways and tis-
sue remodeling may have the potential to reduce
ventricular arrhythmias and improve patient life
expectancy.

WHAT THE STUDY ADDS

The study highlights the benefits of early initiation
of sacubitril/valsartan after myocardial infarction,
which were associated with reduced acute systemic
inflammatory markers, modified scar composition,
total scar and border zone mass reduction, lower
border zone corridor number and mass, and a 55%
reduction in ventricular tachycardia inducibility.

Nonstandard Abbreviations and Acronyms

BZ border zone

CMR cardiac magnetic resonance
Coll collagen |

Col 1l collagen Il

Dz deceleration zone

HDM high-density electroanatomic mapping
HF heart failure

LGE late gadolinium

Lv left ventricle

Mmi myocardial infarction

RV right ventricle

Sac/Val  sacubitril/valsartan

VA ventricular arrhythmia

are considered an arrhythmogenic substrate of ventricu-
lar arrhythmias (VA). Treatment targeting tissue remod-
eling and neurohormonal/inflammatory pathways may
have the potential to reduce VA and improve patient life
expectancy.*

Sacubitril/valsartan (Sac/Val) is an inhibitor of nepri-
lysin and the angiotensin Il type-1 receptor and has been
demonstrated to be superior to conventional angiotensin-
converting enzyme (ACE) inhibitors in reducing the risk
of HF hospitalization and cardiovascular death, includ-
ing sudden cardiac death.°® The mechanism by which
Sac/Val reduces mortality seems to be multifactorial and
includes a reduction in left ventricular (LV) remodeling
and myocardial fibrosis.””® Furthermore, previous studies

Circ Arrhythm Electrophysiol. 2024;17:e012517.DOI: 10.1161/CIRCER.123.012517
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have suggested a possible antiarrhythmic effect of Sac/
Val based on its association with decreased incidence
of atrial fibrillation, appropriate shocks in patients with
implantable cardioverter defibrillators, and sudden car-
diac death.’0""2

The mechanisms by which Sac/Val modulates car-
diac arrhythmias are unclear, and multiple mechanisms
have been proposed. Sac/Val has been suggested to
modulate cardiomyocyte electrophysiology at a molec-
ular level, leading to increased conduction velocity,
reduced effective refractory period, and suppressed
ectopic activity.®""® Reduced VA burden may also be
driven by reduced LV remodeling and neurohormonal
activity associated with Sac/Val.'®'” Specifically, post-
MI modulation of the immune response that promotes
the resolution of the acute inflammatory stage is a
decisive step in managing fibrosis, limiting adverse
cardiac remodeling, and, likely, reducing the incidence
Of VA.18‘19

The aim of the present study was to assess the effects
of Sac/Val in a translational porcine model of nonrevas-
cularized MI by evaluating scar remodeling in terms of
inflammation, fibrosis, electrophysiological properties,
and inducibility to VA

METHODS

The authors declare that all supporting data are available within
the article and its online supplementary files.

Study Design
This was a randomized, double-blinded, controlled study includ-
ing 22 crossbreed Landrace x Large White pigs (30-35 kg,
50% females) with nonrevascularized MI. After MI, animals
were randomly allocated to receive treatment with @-blocker
(BB) and Sac/Val (Sac/Val group) or BB only (control group)
for 30 days. A diagram of the study design is shown in Figure 1.
Medications were administered orally from 1 day post MI until
the end of the study (30 days post MI) as follows: bisoprolol
0.04 mg/kg daily and Sac/Val 49/51 mg twice a day.
Bisoprolol is a highly selective beta-1 adrenergic receptor
blocker, devoid of intrinsic sympathomimetic activity and having
no relevant membrane-stabilizing effect. Bisoprolol has a bio-
availability of *90% after oral administration, of which 50% is
transformed in the liver and the other 50% is eliminated directly
by the kidneys. Sac/Val exhibits the mechanism of action of
an angiotensin receptor neprilysin inhibitor by simultaneously
inhibiting neprilysin (neutral endopeptidase 24.11) via LBQ657
and by blocking the angiotensin Il type-1 receptor via valsartan.
Sacubitril was predominantly excreted in feces in mice, rats,
and dogs, whereas urinary excretion was minor. In monkeys and
humans, sacubitril- or Sac/Val is excreted to a greater extent
in urine.

Swine MI Model

Animals underwent a nonreperfused anterior M| procedure
as previously described® MI was induced by percutaneous
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Mi Electroanatomical
induction LGE-CMR LGE-CMR  mapping + EPS
4 ﬂ ﬂ Treatment ﬂ ﬂ
) , )
| | N N N ,

Blood Blood Blood Blood

n=22  sampling sampling sampling sampling n=17
Day 0 Day 1 Day 2 Day 15 Day 29 Day 30

Figure 1. Chronogram and workflow of the study.

EPS indicates electrophysiologic study; LGE-CMR, late gadolinium-enhanced cardiac magnetic resonance; and MI, myocardial infarction.

selective coil embolization (VortX-18 Diamond 3-mm/3.3-mm
coil; Boston Scientific/Target, Natick, MA) of the left anterior
descending coronary artery after the first diagonal branch,
under general anesthesia. Complete thrombotic occlusion was
confirmed by persistent ST-segment elevation on the ECG and
by repeating the coronary angiography 10 minutes after coil
implantation (Thrombolysis in Myocardial Infarction flow score
of 0). Serum cardiac troponin | levels were analyzed at baseline
and 2 hours after MI induction to evaluate acute myocardial
damage. Animals recovered and survived for 1 month following
the Ml induction procedure.

Systemic Immune Response

To study the evolution of the systemic immune response
after Ml, blood samples were collected at baseline, 2 (the
first peak of inflammation), 15, and 30 days post MI. Aliquots
(100 pL) were stained with CD172a-PE (1:100, clone 74-22-
15; Southern Biotech) for monocyte detection and CCR2/
CD192-PE-Vio770 (1:20, clone REA624; Miltenyi Biotech),
CD163 (1:100, clone EDHu-1; Novus Biologicals) and CD73
(1:100, polyclonal; Novus Biologicals) to distinguish differ-
ent populations of activated monocytes, with fluorescein iso-
thiocyanate and Cy5 (1:500; Jackson ImmunoResearch) as
secondary antibodies. In parallel, lymphocyte, monocyte, and
neutrophil absolute numbers were quantified in 100 pL of
unstained whole blood mixed with 20 pL of Perfect Count
Microspheres (Cytognos). Samples were acquired in an LSR
Fortessa flow cytometer (BD Biosciences) and analyzed
using FlowdJo (v10.8.1, BD). The gating strategy is detailed
in Figure S1. For circulating inflammatory cytokine response
analysis, serum levels of granulocyte-macrophage colony-
stimulating factor, interferon-y, interleukin (IL)-1a, IL-16,
IL-1ra, IL-2, IL-4, IL-6, IL=8, IL-10, IL-12, IL-18, and TNF-a
(tumor necrosis factor-a)) were measured using the Milliplex
MAP  Porcine Cytokine/Chemokine Magnetic Bead Kit
(PCYTMG-23K-13PX; Millipore) in a Luminex 200 instrument
(Luminex Corporation).

Noninvasive Tissue Characterization

Two late gadolinium-enhanced cardiac magnetic resonance
(LGE-CMR) scans were performed in all animals at 2 and 29
days post MI. Cine and LGE-CMR data were acquired with a
3T MRI scanner (Canon Vantage Galan 3T, Canon Medical
Systems) under general anesthesia, apnea, and continuous
electrocardiographic gating. The image acquisition proto-
col is summarized in the Supplemental Methods. LV ejection

Circ Arrhythm Electrophysiol. 2024;17:e012517.DOI: 10.1161/CIRCER.123.012517

fraction, LV end-diastolic volume, LV end-systolic volume, LV
stroke volume, LV mass, right ventricular (RV) ejection frac-
tion, RV end-diastolic volume, RV end-systolic volume, and
RV stroke volume were measured. Indexed volumes were
also analyzed. Scar analysis was performed offline using the
ADAS 3-dimensional software (Galgo Medical S.L.). The stan-
dard pixel intensity thresholds (>60%, 40%-60%, and <40%
of the maximum pixel intensity) were used to define dense,
heterogeneous/border zone (BZ), and healthy tissue, respec-
tively. LV scar mass, BZ corridors, and scar transmurality were
automatically measured using LGE data. As described else-
where, a BZ corridor was defined as a corridor of BZ connect-
ing 2 areas of healthy myocardium and surrounded by dense
scars (Figure S2).2' The number and mass of LGE-CMR-
detected BZ corridors were quantified. An LV transmurality
study was performed using an automatic analysis in which
total, dense, and BZ endocardial and epicardial scars (mean
of total, dense, and BZ scar in layers 10%-50% and 50%
to 90%, respectively) were displayed (Figure S3). LGE-CMR
analysis was performed by an expert investigator blinded to
the randomization.

Invasive Tissue Characterization

Animals underwent invasive endocardial and epicardial high-
density electroanatomic mapping (HDM) at 30 days post Ml
using the Rhythmia HDx 3-dimensional mapping system and
a 64-pole basket catheter (Intellamap Orion, Boston Scientific,
MA). Retrograde aortic and sub-xiphoid accesses were used
for endocardial and epicardial mapping, respectively. HDM was
performed at a paced cycle length of 400 ms with 1 extra stim-
ulus 20 ms above the ventricular effective refractory period.
The filling threshold was <2 mm in regions of low bipolar volt-
age and <10 mm elsewhere; interpolation between points <2
mm apart was required in all cases. Bipolar electrograms were
recorded with band-pass filters of 30 to 300 Hz.

All electroanatomic maps were analyzed offline. Standard
peak-to-peak bipolar voltage thresholds were used (0.5 and
1.5 mV) to define infarct core, BZ, and healthy tissue. Infarct
core and BZ voltage regions were quantified using the
Rhythmia mapping system’s surface area measurement tool.
The Lumipoint module (Rhythmia, Boston Scientific) was used
to highlight and re-annotate slow and delayed conduction,
including the number of deceleration zones (DZs), as previ-
ously described.?? Local abnormal ventricular activities and late
potentials, defined based on activation timing with respect to
the QRS complex, were considered pathological electrograms
and were annotated.
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VT Burden and Inducibility
At 30 days post MI, after HDM, induction of VT was
attempted. Standard ventricular extra-stimulation at a paced
cycle length of 400 to 500 ms with 1 to 5 extrastimuli down
to the ventricular effective refractory period was performed.
Up to Sb were allowed to increase the likelihood of VT
induction based on previous studies.? Positive electrophysi-
ologic study was considered with the induction of sustained
monomorphic VTs (considered scar-related reentrant tachy-
cardias). Polymorphic VT and ventricular fibrillation, as well
as noninducibility, were considered negative electrophysi-
ologic study.

In addition, following Ml induction, continuous ECG-Holter
monitoring was performed for 2 weeks in a subgroup of 10
animals (5 per group).

Myocardial Tissue Collection

Animals were euthanized with an overdose of pentobarbi-
tal sodium (200 mg/kg, IV; Dolethal, Vetoquinol E.V.S.A)
after 30 days of follow-up. After mid-sternotomy, hearts
were excised and washed in buffered saline solution, then
sliced transversely into three 1 to 1.5 cm sections from the
coil location to the apex and digitally photographed. Next,
tissue transverse samples from the scar (infarct core) and
the septum noninfarcted wall (remote zone) of each section
were obtained, fixed in 10% buffered formalin, and embed-
ded in paraffin; or frozen in an optimal cutting temperature
compound; or snap-frozen in liquid nitrogen for histopatho-
logic, immunohistochemical, and transcriptomic evaluation,
respectively.

Histopathologic Analysis

Masson’s trichrome and modified Movat's pentachrome were
used to stain 4-um-thick paraffin sections of infarct core sam-
ples. Picrosirius red staining of the infarct core and the remote
zone was used to quantify the collagen volume fraction, col-
lagen | (Col 1), collagen Ill (Col III), and the Col I/l ratio.
At least 4 random fields per sample section were captured
under polarized light with a DMIBO00B microscopy (Leica)
and analyzed using Image-Pro Plus software (v.6.2.1; Media
Cybernetics, Inc).

Immunohistochemical Analysis

Vascular density in the infarct core was assessed by stain-
ing 10-pym optimal cutting temperature—embedded tissue
cryosections with biotinylated Griffonia simplicifolia Lectin
| IsolectinB4 (IsoB4, 1:25; Vector Labs) and Streptavidin-
Alexab68 (1:500; Invitrogen). Immune infiltration in the
infarct core was analyzed by staining for CD3 (1:100, clone
CD3-12; BioRad), CD25 (1:100, clone K231.3B2; BioRad),
for total and activated lymphocytes, respectively, and CD163
(1:100; polyclonal, Bioss) for macrophage detection. Alexa
Fluor 488, 647, and Cy3 (1:500; Jackson ImmunoResearch)
were used as secondary antibodies, and DAPI (4',6-
diamidino-2-phenylindole) was used to counterstain nuclei.
Four representative fields per section were acquired with
an Axio-Observer Z1 confocal microscope (Zeiss). Vascular
density was measured by measuring the IsoB4* area with
Image-Pro Plus software. Total CD3*, CD25*, CD25*/CD3",
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and CD163* cell quantification was performed by 2 indepen-
dent investigators.

Transcriptomic Evaluation

Frozen tissue samples from the infarct core (78.21£15.92 mg)
and remote area (77.00+11.28 mg) were mechanically homog-
enized using a TissueRuptor (Qiagen) in a cold TriPure Isolation
reagent (Merck) to isolate RNA, DNA, and protein fractions.
After analyzing the concentration and quality of RNA, 10 ug of
RNA were retrotranscribed to cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). The
expression levels of IL-10, TNF-a, CCL2, TGF-31, TGF33,
LRP1, MMP2, MMP9, TIMP1, and PGK1 were analyzed starting
from 2 pL of cDNA using the TagMan Fast Advances Master
Mix (Thermo Fisher Scientific) and the corresponding porcine
TagMan FAM-MGB probes (Table S1). Data were evaluated
with a LightCycler 480 real-time polymerase chain reaction
system (Roche). The expression of all genes was determined
using the 24% method?* and normalized to endogenous PGK1
gene expression.

Sex Differences

All the above-mentioned analyses were also evaluated based
on the sex of the animals to discern if males and females dif-
fered. All information about sex differences is reported in the
Supplemental Results.

Ethical Implications

This study was approved by the Animal Experimentation
Unit Ethical Committee of the Germans Trias i Pujol Health
Research Institute and Government Authorities (Generalitat de
Catalunya; Code: 11208) and complies with all guidelines con-
cerning the use of animals in research and teaching as defined
by the Guide for the Care and Use of Laboratory Animals.

Statistical Analysis

Statistical analyses were performed with SPSS (v19.0.1;
SPSS, Inc, Chicago, IL) and Graphpad Prism (v.9.3.1) software.
The appropriate statistical test for each dataset is summarized
in the Supplemental Methods. Values of A<0.05 were consid-
ered significant.

RESULTS

Study Population and MI Induction

Twenty-two animals (34.2+2.3 kg, 50% females) under-
went Ml induction, with an acute survival rate of 77%
(n=17; 9 females and 8 males). The causes of death
included atrioventricular block and asystole after coil
deployment (n=1) and ventricular fibrillation (n=4; 3
immediately after coil deployment and one 12 hours post
MI). The surviving animals were allocated to the con-
trol (n=8) or Sac/Val group (n=9). Myocardial damage
according to circulating serum cardiac troponin | levels
were similar in both groups (control group: +821.1£1314
pg/mL versus Sac/Val group: +3821+7998 pg/mL;
P=0.743; Mann-Whitney U test).
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Systemic and Myocardial Immune Response

Sac/Val animals, compared with controls, showed less
systemic immune response after MI by (1) a reduc-
tion in circulating leukocytes at 2 days post MI (Sac/
Val group baseline: 1381897+2696.66 cells/pL
versus 2d: 1089720+2531.50 cells/pL; control
group baseline: 12722.10+2818.73 cells/pL ver-
sus 2d: 12355.58+5478.23 cells/pL; F=0.009)
mainly through a decrease in neutrophil count (Sac/
Val group baseline: 6543.70£2134.75 cells/pL ver-
sus 2d: 3990.80+£1363.24 cells/pL; control group
baseline: 558278+1950.30 cells/yL versus 2d:
4972.161347 1.32 cells/pL; P=0.014) with no acute
increase in neutrophil-recruitment interleukins (IL-6 and
IL-8; Figure 2A; Figure S4); (2) reducing the expres-
sion of the mobilizing receptor CCR2 in circulating
monocytes at 15 days post MI (Sac/Val group base-
line: 57.51£34.80 MFI (Mean Fluorescence Intensity)
versus 1b6d: 31.81+£25.91 MFI; control group base-
line: 46.07+20.47 MFI versus 15d: 4316+3386 MFI;
P=0.047; Figure 2A); and (3) decreasing IL-12 pro-
inflammatory cytokine levels at 2 days post MI (Sac/
Val group baseline: 718.84£241.98 pg/mL versus
2d: 470.631£93.74 pg/mL; control group baseline:
67251112411 pg/mL versus 2d: 579.14£17 4.60
pg/mL; P=0.024; Figure 2B). Notably, Sac/Val treatment

Material, Methods & Results
Scar Remodeling Effects of Sac/Val After MI

maintained the anti-inflammatory /L-70 levels that
decreased over time in the control group (Sac/Val group
2d: 73.61£70.00 pg/mL versus 30d: 108.27+152.85
pg/mL; control group 2d: 262.97+203.49 pg/mL ver-
sus 30d: 52.23+21.17 pg/mL; P=0.072; Figure 2B). Of
note, no differences were found in the monocyte expres-
sion of CD73 or CD163 (data not shown). Gene expres-
sion levels of IL-10, TNF-a, and CCL2 were similar in the
2 groups at 30 days post Ml (Table S2).

At the tissue level, no differences in infarct core T lym-
phocyte (CD3*), activated T lymphocyte (CD25+/CD3%),
or macrophage counts were detected.

Cardiac Magnetic Resonance Imaging

LGE-CMR was performed in 100% (control n=8; Sac/
Val n=9) and 94% (control n=7; Sac/Val n=9) of animals
2 and 29 days post M, respectively.

An extensive scar was detected in all animals at
the 2-day LGE-CMR, without significant differences in
total scar mass, BZ, or core between groups. No base-
line differences were found regarding indexed LV end-
diastolic volume, indexed LV end-systolic volume, indexed
LV mass, indexed RV end-diastolic volume, indexed RV
end-systolic volume, LV ejection fraction, and RV ejection
fraction, or in the number and mass of the BZ corridors
(Table 1).
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Figure 2. Systemic immune response analyses.

A, Total number of leukocytes, neutrophils, and CCR2 expression of monocytes (CD172a) at baseline and at 2, 15, and 30 days of follow-
up. B, Serum levels of IL (interleukin)-12 and IL-10 at baseline and at 2, 15, and 30 days post myocardial infarction. Data are presented
as meantSD. Statistical significance indicated according to modified Tukey post hoc test from a repeated-measures ANOVA. MFI, meal

fluorescence intensity; and Sac/Val, sacubitril/valsartan.
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Table 1. Cardiac Late Gadolinium-Enhanced Cardiac Magnetic Resonance Imaging Data

Control Sac/Val

Baseline, n=8 Follow-up, n=7 Baseline, n=9 Follow-up, n=9 P value
LVEF, % 33.615.3 36.2+8.1 35.7+11.7 42.248.0 0.487
iLVEDV, mL/m? 134.1+23.5 124.0+26.5 135.5+21.8 131.9+22.4 0.523
iLVESV, mL/m? 88.4+13.9 79.5+20.1 87.4+23.3 76.3%£16.1 0.781
iLV mass, g/m? 84.2+4.9 82.1+5.7 91.2+10.9 82.0%8.8 0.219
RVEF, % 40.5+75 50.1+8.2 47.8+7.7 57.0£7.6 0.949
iRVEDV, mL/m? 104.6+17.3 83.2+15.0 102.24+20.6 93.4+21.4 0.175
iRVESV, mL/m? 62.2+13.0 411176 54.6+18.5 40.3+11.8 0.326
Total scar mass, g 9.9 [4.1-12.5] 10.1 [7.8-14.0] 10.8 [9.4-15.5] 6.6 [3.5-9.1] 0.046*
Dense scar mass, g 4.0 [2.0-6.7] 4.1 [0.5-5.6] 6.6 [4.5-7.9] 5.2 [38.56-5.9] 0.210
BZ scar mass, g 4.1[2.1-6.7] 4.8 [3.7-6.7] 4.2 [2.3-6.4] 2.8 [1.4-3.7] 0.043*
No. of corridors 1[0-2] 2 [2-3] 2 [1-3] 0 [0-2] 0.009*
Mass of corridors, g 1.1 [0.3-2.3] 1.5 [0.9-2.8] 1.1 [0.8-1.3] 0.4 [0-1.2] 0.026*
Total epicardial scar, cm? 26.2 [18.2-33.1] 28.8 [18.8-36.1] 25.9 [11.3-32.6] 19.7 [6.7-32.0] 0.007*
Epicardial dense scar, cm? | 14.3 [6.8-16.1] 16.9 [11.6-20.3] 18.6 [2.7-16.2] 11.1 [8.0-17.5] 0.093
Epicardial BZ scar, cm? 13.8 [7.5-18.8] 8.1 [4.9-8.9] 11.4 [6.6-16.8] 4.3 [3.7-6.2] 0.043*

Late gadolinium-enhanced cardiac magnetic resonance data at baseline (2 days post myocardial infarction) and follow-up (29 days post
myocardial infarction) for control and Sac/Val animals. Statistical significance indicated according to repeated-measures ANOVA. Data are
presented as mean+SD or median [025-Q75] as appropriate. BZ indicates border zone; iLV mass, indexed left ventricular mass; iLVEDV,
indexed left ventricular end-diastolic volume; iLVESV, indexed left ventricular end-systolic volume; iRVEDV, indexed right ventricular end-
diastolic volume; iRVESV, indexed right ventricular end-systolic volume; LVEF, left ventricular ejection fraction; RVEF, right ventricular ejection

fraction; and Sac/Val, sacubitril/valsartan.
“Indicates significant Pvalues (<0.05).

At 29-day follow-up, the Sac/Val group in compari-
son with the controls showed a significant reduction in
total scar and BZ mass on LGE-CMR (6.6 [3.5-9.1]
versus 10.1 [7.8-14.0] g, P~=0.046, and 2.8 [1.4-3.7]
versus 4.8 [3.7-6.7] g, respectively, P=0.043), without
differences in dense scar mass. Animals treated with
Sac/Val exhibited fewer and smaller BZ corridors as
compared with controls (number of corridors 0 [0-2]
versus 2 [2-3], P=0.009; corridor mass 0.4 [0-1.2]
versus 1.5 [0.9-2.8] g, respectively, P=0.026; Fig-
ure 3), and a significant reduction in the number and
mass of BZ corridors over time (differences between
baseline and follow-up LGE-CMR for the Sac/Val
group and control group: —1 [=2 to 0] versus 1 [0-2]
corridors, respectively, P=0.020, and —0.9 [-1.3 to
—0.2] versus 0.4 [0-0.8] g, respectively, P=0.050),
whereas the control group remained unchanged. At
follow-up, no differences were found in LV ejection
fraction, RV ejection fraction, indexed LV end-diastolic
volume, indexed LV end-systolic volume, or indexed
LV mass. However, the control group showed larger
transmurality of the scar as compared with the Sac/
Val animals, with a larger total epicardial scar (28.8
[18.8-36.1] versus 19.7 [6.7-32.0] cm? respec-
tively; P=0.007) and a larger epicardial BZ scar mass
(8.1 [4.9-8.9] versus 4.3 [3.7-6.2] cm?, respectively;
P=0.043) without differences in epicardial dense scar
mass (16.9 [11.6—20.3] versus 11.1 [3.0-17.52] cm?,
respectively; P=0.093).
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Spontaneous and Induced VT

No sustained VT was detected during the 15-day post-
MI monitoring period, with similar nonsustained VT epi-
sodes and mean heart rate among control and Sac/Val
animals (117.6+6.7 versus 117.0179 bpm, respectively;
P=0.928). One sudden death occurred in the control
group at 26 days post MI, probably due to malignant
arrhythmia, not monitored.

VT induction with programmed electrical stimulation
was significantly lower in the Sac/Val group than in the
controls (44% [n=4] versus 100% [n=T7], respectively;
P=0.034), representing a relative risk reduction of 55%.

Regardless of the assigned group, induction of VT was
associated with LGE-CMR—-detected BZ scar mass (odds
ratio, 2.6 [95% Cl, 1.1-5.6]; P=0.04) and number of BZ
corridors (odds ratio, 5.1 [95% ClI, 1.5—-16.9]; ”=0.008),
as well as with the presence of DZ in high-density activa-
tion mapping (odds ratio, 3.0 [95% ClI, 1.1-8.4]; ~=0.035).

Electroanatomic High-Density Mapping

Sixteen animals (94%) completed the 30-day survival
period and underwent HDM mapping. HDM was per-
formed endocardially in 16 animals (21774561 data
points) and epicardially in 13 animals (control: n=5, and
Sac/Val: n=8; 5098+1431 points). Table 2 summa-
rizes the HDM data. There were no differences between
groups about the sizes of the total endocardial scar, core,
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MRI-LV-10% MRI-LV-30%

CONTROL

SAC/VAL

MRI-LV-50% MRI-LV-70%

MRI-LV-90%

Figure 3. Noninvasive tissue characterization.

Late gadolinium-enhanced cardiac magnetic resonance at 29 days post myocardial infarction of Sac/Val (bottom) and control (top) animals.
Extent of myocardial scar in successive layers of myocardial wall thickness from the endocardium (LV 10%) to the epicardium (LV 90%). The
animal receiving Sac/Val exhibited extensive homogeneous scarring with a predominant dense (core) component without BZ corridors. The
animal in the control group showed a similarly extensive anterior scar, but with larger heterogeneous/BZ components and multiple BZ corridors.
BZ indicates border zone; LV, left ventricle; MRI, magnetic resonance imaging; and Sac/Val, sacubitril/valsartan.

BZ areas, or epicardial scar. All animals (94%) exhibited
local abnormal ventricular electrograms in the endocar-
dium without differences between groups. However, the
Sac/Val group compared with controls exhibited a trend
toward fewer pathological abnormal epicardial electro-
grams (50% versus 100% of the animals, respectively;
P=0.068) and fewer DZs (1 [0—1] versus 3 [2—3] DZ per
animal, respectively; P=0.016; Figure 4).

Myocardial Fibrosis and Vascular Density

Macroscopically, myocardial scars in the controls
appeared more fibrotic and denser than those in the
Sac/Val group. Myocardial calcium deposits were
detected in all control animals but only in 44% (n=4)
of the Sac/Val animals (P=0.026, Fisher's exact test;
Figure bA). Masson's trichrome (Figure 5B and 5C, left)
and modified Movat's pentachrome (Figure 5C, right)
staining displayed more dense fibrotic deposition in the
infarct core of controls as compared with the Sac/Val
group. Picrosirius red analysis revealed that the Sac/
Val group in comparison with the controls had signifi-
cant reductions in both Col | content (5.54+4.92% ver-
sus 15.01+9.85%, respectively; P=0.049) and Col I/1lI
ratio in the infarct core (0.2840.18 versus 0.94+0.66,

Circ Arrhythm Electrophysiol. 2024;17:e012517.DOI: 10.1161/CIRCER.123.012517

respectively; £=0.040), with no differences in collagen
volume fraction or Col Ill (Figure 5D and 5E). Collagen
volume fraction, Col |, Col Ill, and the Col I/lll ratio in the
remote zone were similar between groups.

Sac/Val-treated animals did not differ from controls
in their expression levels of the fibrotic marker genes
TGF-1, TGF-B3 LRP1, MMP2, MMPS, and TIMP1 in the
infarct and remote zones (Table S2). Vascular density at
the infarct core was similar in both groups.

DISCUSSION

The main findings of the study were that Sac/Val (1)
decreased the acute systemic inflammatory response
post MI, (2) promoted favorable scar remodeling, reduc-
ing the total scar and BZ mass as well as the number and
mass of BZ corridors, (3) reduced the risk of VT induc-
ibility 30 days post MI, and (4) modulated the composi-
tion of the fibrotic scar.

Inflammatory Response Modulation

Cardiac repair after Ml is initiated by a severe inflammatory
response and immune cell infiltration, followed by a repara-
tive phase with resolution of inflammation, scar formation,
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Table 2. Invasive High-Density Mapping and VT Inducibility
Parameters

Control, n=7 Sac/Val, n=9 P value
Endocardial area <1.5 22.3[10.7-24.4] | 20.2 [7.6-25.8] | 0.815
mV, cm?
Endocardial area <0.5 18.9 [14.7-19.8] | 13.5 [5.1-20.5] | 0.427
mV, cm?
Endocardial area 0.5-1.5 | 3.9 [3.5-5.9] 2.2 [1.9-5.8] 0.185
mV, cm?
Endocardial abnormal 7 (100) 8 (89) 0.861
EGMs, n (%)
Epicardial area <0.5 mV, 8.3 [6.6-8.7] 6.1 [0.9-8.3] 0.173
cm?
Epicardial abnormal 5 (100) 4 (50) 0.068
EGMs, n (%)
DZ (median [IQR]) 3 [2-8] 1[0-1] 0.016*
VT inducibility, n (%) 7 (100) 4 (44) 0.034*
VT inducibility+CV death, | 8 (100) 4 (44) 0.015*
n (%)

Statistical significance indicated according to Mann-Withney U test and
Fisher's exact test for numerical and categorical variables, respectively. Data are
presented as median [Q25-Q75]. CV indicates cardiovascular; DZ, deceleration
zone; EGMs, electrograms; IQR, interquartile range; Sac/Val, sacubitril/valsartan;
and VT, ventricular tachycardia.

“Indicates significant Pvalues (<0.05).

and collagen deposition. The inflammatory response and
subsequent ventricular remodeling are directly involved in
the development of post-MI VA In our study, the early
increase of inflammatory markers early after Ml evolu-
tion was not observed in the control group; the anti-
inflammatory effects of bisoprolol in this group might have
driven this attennuation.®® However, compared with BB
treatment alone, the combination of BB+Sac/Val reduced
the post-MI acute inflammatory systemic response by
decreasing the number of circulating leukocytes, specifi-
cally neutrophils. In the first post-MI hours, neutrophils are
recruited into the myocardium to clear up dead cells and
cellular debris.'® During this process, an inflammatory peak
is generated, which leads to an increase in the recruitment
of several types of immune cells. These include circulat-
ing activated CCR2* monocytes, which have been associ-
ated with adverse remodeling and cardiac dysfunction.?”®
Notably, Sac/Val treatment reduced CCR2 expression in
circulating monocytes at 15 days post M, indicating that
fewer activated monocytes would be recruited to the heart.
We also observed a reduction in IL-12, a proinflammatory
interleukin involved in macrophage activation.’®?® Finally,
the sustained circulating levels of anti-inflammatory IL-10
in contrast to their decline in controls suggest that mac-
rophage/monocyte activation was inhibited in Sac/Val
animals.®

Arrhythmic Risk

In this study, early treatment with Sac/Val reduced the
risk of induced VA 30 days post M| by 55%. This find-
ing is consistent with previous studies in patients with
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HF with implantable cardioverger desfibrillator which
have shown that Sac/Val reduces cardiovascular mor-
tality, sudden cardiac death, and VA."? The mechanisms
underlying this effect have been attributed to reverse
remodeling but remain mostly unclear. Our findings sug-
gest that a reduced risk of VA may be driven by favorable
tissue and electrophysiological remodeling caused by an
improved inflammatory profile after MI.

Favorable Scar Remodeling

Treatment with Sac/Val promoted favorable scar remod-
eling, reducing the total scar and BZ mass assessed
by LGE-CMR as well as the number and mass of BZ
corridors.

The mass of the BZ and the amount and mass of BZ
corridors have been strongly associated with VA and
were reduced in the Sac/Val group.®'*? In fact, efforts are
being made to integrate these variables into prognostic
algorithms.3-% In our study, the observed reductions in
BZ mass and corridors in the Sac/Val group could poten-
tially explain the reduction in inducible VT, as animals
with inducible VT had greater BZ mass and BZ corridor
numbers, regardless of the treatment received. Reduc-
tion of BZ mass was only observed in LGE-CMR, not in
electroanatomic mapping. The use of standard voltage
thresholds (1.5 and 0.5 mV) to define the BZ/core area
could potentially explain the discordance.

There is evidence that scar composition and scar
transmurality may determine the electrophysiological
properties of the scar. We found that Sac/Val modulated
scar composition by reducing total scar mass, transmu-
rality, and heterogeneity (BZ mass), which is known to
be an independent predictor of VA and mortality24% In
terms of electrophysiological properties, Sac/Val animals
had fewer conduction abnormalities, as evidenced by
having fewer DZs and abnormal epicardial electrograms
compared with controls.

LV remodeling occurring after Ml is characterized by
progressive dilatation and contractile dysfunction and
is an important determinant of poor outcomes, includ-
ing VA and cardiovascular death.®® The effect of Sac/
Val on the remodeling process may potentially affect
the arrhythmic profile. Previous clinical studies showed
a possible effect of Sac/Val on LV reverse remodel-
ing when assessed by echocardiographic parameters
(LV ejection fraction, LV volumes, and E/E’ ratio) and
N-terminal pro-B-type natriuretic peptide quantifica-
tion.8° Interestingly, patients with HF who manifested
more LV reverse remodeling under Sac/Val treatment
had a more pronounced reduction in VA in terms of
premature ventricular contraction burden and nonsus-
tained VT episodes in comparison with those without
reverse remodeling.®” However, recent work designed to
determine whether Sac/Val is superior to ACE inhibi-
tors in the postacute MI scenario challenged these
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ENDO-EPICARDIAL
MAPPING

PROGRAMMED ELECTRICAL STIMULATION
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VT inducibility: 44%
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Figure 4. Electrophysiological substrate 30 days post myocardial infarction.
High-density mapping showed extensive low voltage areas in both groups. However, the Sac/Val group exhibited smaller deceleration zone and
less abnormal epicardial electrograms than did the controls, with a reduced risk of VT inducibility. Sac/Val indicates sacubitril/valsartan; and VT,

ventricular tachycardia.

observations, showing no benefit in terms of cardiovas-
cular outcomes (cardiovascular death or HF episodes)
and echocardiographic remodeling parameters.®® In our
study, we observed no between-group differences in LV
remodeling as assessed by LGE-CMR. We hypothesize
that treatment with Sac/Val did not affect LV volumes
and ejection fraction at short follow-up, likely due to
the extensive, nonrevascularized scars at baseline. In
contrast, Sac/Val showed beneficial effects in reducing
the heterogeneous tissue component of the scar, which
led to lesser and smaller corridors. Although we did not
find differences in cardiovascular outcomes at short-
term follow-up, we observed a significant reduction in
the propensity for VT induction. Programmed electrical
stimulation shortly after Ml could unmask potential clini-
cal arrhythmic events, which otherwise would require
long-term follow-up to be detected. However, the clinical
benefit of Sac/Val in terms of arrhythmic events in the
long term needs to be further investigated.

At the histological level, Sac/Val animals displayed
less Col | deposition in the myocardial scar, resulting in
a lower Col I/1ll ratio, consistent with other preclinical
studies.®® Post-MI ventricular remodeling involves several

Circ Arrhythm Electrophysiol. 2024;17:e012517.DOI: 10.1161/CIRCER.123.012517

factors including changes in the composition of the car-
diac extracellular matrix due to the secretion of Col |
and Col Ill and an imbalance of the collagen ratio in the
infarcted and BZ areas. These modifications can eventu-
ally develop into HF, VA, and death.”® Thus, the limited
scar fibrosis found in Sac/Val-treated animals could be
partially responsible for the observed attenuation of ven-
tricular remodeling.

Taken together, these results suggest that BB+Sac/
Val, compared with BB only, modulates the systemic
inflammatory response after Ml attenuates ventricular
remodeling, reduces collagen deposition, and improves
the electrophysiological properties of the myocardial
scar.

Limitations

Animals received only BB as a baseline HF treatment.
Whether the addition of other HF medications would
have influenced the results is unknown and requires
further investigation. The lack of PK/PD data for Sac/
Val applicable to the porcine model is a significant limi-
tation and should be considered when interpreting the
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Figure 5. Descriptive anatomopathological analysis and myocardial fibrosis.

A, Representative photographs of heart sections from control and Sac/Val-treated animals. B, Masson'’s trichrome staining of cardiac slices
showing the infarct area with fibrosis (light green), myocardium/inflammatory infiltration (pink), and their respective zoomed images (C,

left). C (right), Photomicrographs after modified Movat's pentachrome staining revealing dense fibrosis (red; scale bar = 50 pm). D (top),
Representative picrosirius red staining images under polarized light microscopy showing fibrils of collagen (Col) | (red/yellow) and Col IlI
(green) in the infarct core. D (bottom), Same sections under bright field distinguishing collagen (red) and cardiac muscle (yellow; scale bar
=25 pm). E, Col | in percentage and Col I/l ratio in the infarct zone as measured from polarized light images. Statistical significance was

calculated with a Welch t test. Sac/Val indicates sacubitril/valsartan.

measurements on inflammatory state on day 2. The
follow-up was rather short and might have underesti-
mated the occurrence of spontaneous VT or sudden
death. Reduction of the BZ scar mass was only observed
in LGE-CMR, not in the electroanatomic mapping.

Conclusions

After M|, treatment with BB+Sac/Val, compared with
BB, reduced the propensity for VT induction and the
acute inflammatory response and modulated the scar tis-
sue composition. Sac/Val treatment was associated with
decreased total scar mass, BZ mass and corridor num-
bers, collagen content, scar transmurality, and improved
conduction properties.
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SUPPLEMENTAL MATERIAL

Supplemental Methods

Sedation and anesthesia

Myocardial infarction (MI) induction and late gadolinium-enhanced cardiac magnetic resonance
(LGE-CMR) analyses were carried out under general anesthesia and endotracheal intubation.
Animals were pre-anesthetized with an intramuscular (IM) injection of dexmedetomidine (0.03
mg/kg; Dexdor, Orion Pharma, Espoo, Finland), midazolam (0.3 mg/kg; Laboratorios Normon,
Barcelona, Spain), and butorphanol (0.3 mg/kg; Butomidor, Richter Pharma AG, Wels, Austria).
Anesthetic induction was then performed with an intravenous (IV) bolus of propofol (1-2 mg/kg;
Propovet, Zoetis, Barcelona, Spain). Animals underwent endotracheal intubation, and anesthesia
was maintained by 2-2.5% isoflurane (IsoVet, BBraun) inhalation. Fentanyl (0.075 mg/kg/45
minutes, IV; Fentadon, Dechra, Bladel, the Netherlands) was used as intra-operative analgesia.
Finally, a tulathromycin IM injection (2.5 mg/kg, IM; Draxxin, Pfizer Animal Health) was
administered as antibiotic therapy, and a transdermal fentanyl patch was delivered to allow
analgesic postoperative care (Fentanilo Matrix STADA, STADA).

Noninvasive cardiac magnetic resonance imaging

All images were performed in a 3T state-of-the-art imaging system (Vantage Galan 3T, Canon
Medical Systems) with all animals in prone position using a 16-element phased array coil (Atlas
SPEEDER Body Coil) placed over the chest. Images were acquired during breath-holds with
electrocardiographic gating. We used a segmented k-space steady state precession (SSFP) cine
sequence (typically TR/TE 3.0/1.5 ms; 65° flip angle; 291 x 265 mm field of view (FOV); 352 x

320 pixel matrix, 8-mm slice thickness, 1302 Hz/pixel bandwidth) at 2, 3, and 4 chamber views
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and short axis from base to apex with no gap. Phase-contrast sequences (typically TR/TE 5.4/2.6
ms; 10° flip angle; 350 x 350 mm FOV; 8-mm slice thickness; 130-200 cm/sec VENC) were
performed at the sinotubular junction to calculate the aortic forward flow. Delayed enhancement
images were acquired 10 to 20 min after IV injection of gadolinium-based contrast (Gd-DTPA;
0.2 mmol/kg) using a phase-sensitive inversion recovery sequence (TR/TE 8.9/3.4 ms; 20° flip
angle; 180-250 ms inversion time; 340 x 340 mm FOV; 572 x 448 pixel matrix; 8-mm slice
thickness, 140 Hz/pixel bandwidth) matching cine images positions. Inversion time was
optimized to null the normal myocardium.

All images were reviewed and analyzed off-line using CMR dedicated analysis software
(Medis) by a level 3 CMR expert blinded to the clinical data. Left and right ventricular (LV and
RV, respectively) endocardial borders (papillary muscles were excluded) were manually traced in
all short-axis cine images at the end-diastolic and end-systolic frames to determine end-diastolic
and end-systolic volumes (EDV and ESV), respectively, using QMass (Medis). LV mass was
calculated by subtracting the endocardial volume from the epicardial volume at end diastole and
then multiplying by tissue density (1.05 g/mL). Left and right ejection fraction (LVEF and RVEF,
respectively) were calculated. Calculation of forward aortic volume was performed using QFlow
(Medis) tracing ROIs at the aorta in phase-contrast sequences. Background noise correction was
performed on all images. The endocardial and epicardial contours on delayed enhancement
images were also outlined manually. ROIs were then manually traced in the hyperenhanced area
at the place of maximum signal intensity and in the normal-appearing remote myocardium. As
previously described, the areas of hyperenhanced myocardium were then automatically
segmented by using a full-width at half-maximum (FWHM) algorithm with QMass. Two

corrections were required for all automated ROIs. First, microvascular obstruction (defined as
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hypointensity within a hyperintense region in subjects with infarctions) was adjusted to be
included as LGE if present. Second, any obvious blood pool or pericardial partial volume and
artifacts were further removed. Scar volume for each slice was calculated as scar area x slice
thickness. The scar mass was expressed as total scar volume x1.05 g. Scar size was also
expressed as a percentage of the total myocardial volume: (scar volume / myocardium volume) x
100.

The height, weight, and heart rate of each pig were recorded at every LGE-CMR scan.
Body surface area (BSA) was calculated as previously described.*! Cardiac index was calculated
as (forward aortic volume X heart rate)/ BSA.
Statistical analysis
The appropriate statistical test for each dataset was applied after exploring the normal
distribution of continuous data with QQ plots. Continuous variables are expressed as
mean + standard deviation or median with interquartile range, as appropriate; categorical
variables are expressed as numbers and percentages. Continuous variables were compared with a
paired Student t-test or nonparametric test, as appropriate; categorical variables were compared
using the chi-square or Fisher exact test, as needed. Repeated measures analysis of variance
(RM-ANOVA) with the Greenhouse-Geisser correction and Tukey’s post hoc test were used to
assess changes in a continuous variable across time and within subjects. Univariate logistic
regression was used to evaluate potential associations between scar properties and VT

inducibility.
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Supplemental Results

Sex differences

Statistical differences according to modified Tukey post-hoc test from repeated-measures
ANOVA showed a significant decrease in monocyte count 2 days post MI in the Sac/Val group
only in females (baseline: 577.65+£182.57% vs. 2 days post MI: 346.43+141.34%; p = 0.029)
while this decrease was not detected in males (baseline: 884.46 £ 617.74 vs. 2 days post MI:
806.00 + 202.76) (Supplementary Figure 5). No sex-related effect was observed in the rest of the

studied variables.
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Supplemental Table 1. TagMan probes (Thermo Fisher) used in RT-PCR analysis.

Gene transcript TagMan Probe Amplicon Length Exon boundary
IL10 Ss03382372 ul 87 3-3
TNF Ss03391318 gl 73 3-4

CCL2/MCP-1 Ss03394377_ml 58 1-2
TGFBI Ss04955543 ml 57 5-6
TGFB3 Ss03394351 ml 104 -

LRPI Ss06917026_m1 57 4-5
MMP2 Ss03394318 ml 77 4-5
MMP9 Ss03392100_ml1 58 12-13
TIMP1 Ss03381944 ul 105 5-5
PGK1 Ss03389144 ml 66 4-5

IL10 = interleukin 10; TNF = tumor necrosis factor alpha; CCL2/MCP1 = chemokine (C-C motif) ligand
2 or monocyte chemoattractant protein 1; TGFB1/3 = transforming growth factor beta 1/3; LRP1 = LDL
receptor—related protein 1; MMP2/9 = matrix metalloproteinase 2/9; TIMP1 = tissue inhibitor of

metallopeptidase-1; PGK1 = phosphoglycerate kinase 1.
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Supplemental Table 2. Gene expression levels of fibrotic and inflammatory drivers in infarct

and remote zone. Gene expression was calculated using the AACt method relative to the

endogenous gene PGK /. Differences between the control and Sac/Val groups were calculated

with a Student t-test (+) or Mann-Whitney U test (#), as appropriate.

INFARCT ZONE CO(?PS{)O L S‘?fi‘;?]" P value
TGFBI 0.49+0.21 0.48+0.18 0.885+
TGFB3 0.68+0.49 0.69+0.36 0.940+

LRPI 1.07+0.55 1.06+0.47 0.970+
MMP2 12.15+8.85 10.42+5.33 0.680+
MMP9 0.03+0.05 0.60+0.92 >0.999#
TIMP1 5.46+5.48 1.84+1.55 0.218+
IL10 0.01+0.007 0.009+0.005 0.742+
TNF 0.002+0.001 0.004+0.001 0.063+
CCL2/MCP-1 3.49+1.03 3.43+2.61 0.968+

REMOTE ZONE C(zgzlg) L S?HCLV;?L P value
TGFBI 0.14+0.026 0.14+0.03 0.859+
TGFB3 0.027+0.01 0.025+0.01 0.639#
LRPI 0.10+0.03 0.12+0.03 0.345+
MMP2 0.72+0.24 0.63+0.14 0.460+
MMP9 0.0005+0.0002 0.0007+0.0003 0.189+
TIMP1 0.11+0.08 0.07+0.02 0.347+

IL10 0.0014+0.001 0.0014+0.0004 0.432#
TNF 0.0008+0.0003 0.0013+0.007 0.180+
CCL2/MCP-1 0.22+0.05 0.20+0.11 0.850+
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Supplemental Table 3. Invasive blood pressure. Blood pressure data (mmHg) at baseline (at the
beginning of MI procedure) and follow-up (30 days post MI; before starting mapping procedure)

for control and Sac/Val animals. P values according to repeated-measures ANOVA.

Control SAC/VAL
Pvalue
Baseline Follow-up Baseline Follow-up
ISBP 105.1+1047 | 86.25+1.77 | 98.33+11.14 | 88.75+8.02 0.343
IDBP 78.75+19.45 | 51.25+530 | 74.17+15.06 | 53.33+5.63 0.582
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Supplemental Figure 1. Cytometry gating strategy. (A) Singlets were gated according to FSC-A/FSC-H. Monocytes, leukocytes, and
neutrophils were gated according to their complexity and size from the singlet/leukocyte population. For cell absolute number
quantification, Perfect Count Microspheres beads (Cytognos) were used. They were gated as a Boolean “OR” gate of the two bead
populations defined by their FITC (B530-A channel) and PE (G575-A channel) signal, and a 50:50 ratio (45:55 maximum difference)
was ensured in every assay, according to the manufacturer’s instructions. (B) Monocytes were gated according to their distinctive
FSC-A/SSC-A appearance from the singlet/leukocyte population. Then, the different percentages of cells expressing each marker and
the median fluorescence intensity (MFI) in each channel were calculated.
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Supplemental Figure 2. LGE-CMR and BZ corridor detection. In vivo high-resolution LGE-
CMR and 3D LV volume reconstruction with automatic detection of arrhythmic substrate
(ADAS) 3D software is shown. Three-dimensional LV scar reconstruction using the standard
pixel intensity cut-offs (>60%, 40-60%, and <40%) to define dense (red), BZ (yellow), and
healthy tissue (blue) is shown. Note the large anterior endocardial (layer 30%) MI, with large
dense and BZ scar. A BZ central corridor (white) is defined as a BZ region connecting two areas

of healthy myocardium and protected by the core scar region.

TISSUE
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Supplemental Figure 3. LGE-CMR of LV scar transmurality. LV transmurality analysis was
performed using the automatic tool of the software ADAS-3D. Total, dense, and BZ endocardial

and epicardial scar were automatically reconstructed, calculated, and annotated.
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Supplemental Figure 4. Cytokine profile. Serum levels of IL-6 and IL-8 at baseline and at 2, 15, and 30 days post MI. Data are
presented as mean + SD.
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Supplemental Figure 5. Sex differences in systemic inflammation. Histogram representing differences in total number of
monocytes at baseline and at 2, 15, and 30 days of follow-up: males on the left (control: n = 2; Sac/Val: n = 5) and females on the right

(control n = 6; Sac/Val: n = 4). Statistical significance indicated according to modified Tukey post-hoc test from a repeated-measures

ANOVA.
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ARTICLE 3

Initiating Empagliflozin and Sacubitril/Valsartan Early
Post-Acute Myocardial Infarction: Mechanistic Study

Martinez-Falguera D, Aranyé J, Ferrer-Curriu G, Teis A, Revuelta-Lopez E,
Diaz-Gliemes |, Monguid-Tortajada M, Fadeuilhe E, Rodriguez-Leor O,
Poblador F, Montejo B, Roura S, Villuendas R, Sarrias A, Bazan V, Jorge E,
Delgado V, Jimenez Trinidad FR, Rigol M, Martinez-Micaelo N, Amigd N,
Bayes-Genis A, Bisbal F, Galvez-Montén C.

Status: Under review

Objective: This article is related to objectives 2 and 3. This study aimed to
assess the effects of early initiation of empagliflozin, with or without
sacubitril/valsartan, after Ml on inflammation, oxidative stress, metabolism,
fibrosis, and the structural and electrophysiological properties of the

myocardium in a translational porcine model of Ml.

Highlights: Early initiation of empagliflozin after Ml reduced acute systemic
inflammatory response, modulated nitride oxide (NO) bioavailability, altered
scar collagen composition, and elevated levels of cardioprotective liver lipid.
When combined with sacubitril/valsartan, it promoted favourable scar
remodelling by decreasing Col | deposition in the scar and reducing the
number of BZ corridors and deceleration zones (DZs), which led to improved

LV compliance and a reduced risk of VT inducibility.
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Abstract

Aims: The benefits of empagliflozin and sacubitril/valsartan (sac/val) in
managing heart failure are well-established, but their effects on post-acute
myocardial infarction (MI) are not as well understood. Given the limited
evidence on relevant mechanisms, we evaluated how early initiation of
empagliflozin with or without sac/val affects inflammation, oxidative stress,
metabolism, fibrosis, cardiac function, electrophysiological and histological
scar properties, and ventricular tachycardia (VT) inducibility in an acute Ml
pig model.

Methods and Results: Twenty-four pigs with Ml were randomly assigned to
receive beta-blocker  treatment alone (as control), beta-
blocker+empagliflozin, or beta-blocker+empagliflozin+sac/val. Immune
response, metabolomic profile, and cardiac function were monitored. At 30
days post-MlI, programmed electrical stimulation and high-density mapping
were performed to assess VT inducibility. Tissue samples were collected for
cardiac inflammatory, oxidative stress, and metabolomic analyses. With
empagliflozin, acute circulating leukocytes decreased at 2 and 15 days post-
Ml (P = 0.010, P = 0.050, respectively), and CCR2* activated monocytes also
declined at 15 days post-MI (P = 0.049). Nitric oxide bioavailability increased
in the remote myocardium (P = 0.059), as did cardioprotective omega lipid
levels in the liver and collagen (Col) Il content in the myocardial scar (P =
0.023). No effect on cardiac function or VT inducibility was observed at 30
days. With empagliflozin+sac/val treatment, at one month post-Ml, scar Col |
deposition decreased (P = 0.082), left ventricular compliance increased (P =
0.044), electrophysiological remodelling improved (reduced border-zone
corridors and deceleration zones; P = 0.008 and P = 0.006, respectively), and

VT inducibility decreased (P = 0.025).
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Conclusion: In this pig model, early post-MI empagliflozin initiation reduced
inflammation and oxidative stress, increased cardioprotective liver lipids, and
altered scar collagen without affecting cardiac function or VT inducibility.
With empagliflozin and sac/val combined, scar Col | and VT inducibility

declined and LV remodelling was enhanced.

Short Title: Empagliflozin and Sac/Val for Myocardial Infarction
Key words: empagliflozin, sacubitril/valsartan, myocardial infarction,
inflammation, oxidative stress, metabolism, fibrosis, cardiac function,

ventricular arrhythmia
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Introduction

Despite improvements in reperfusion strategies and pharmacological
advancements, morbidity and mortality remain significant after myocardial
infarction (MI). Mortality during the chronic phase of MI is primarily
associated with left ventricular (LV) adverse remodelling and the
development of heart failure (HF) and ventricular arrhythmias (VAs).%?
Post-MlI cardiac remodelling is a complex process. Following MI, the injured
myocardium triggers an acute inflammatory reaction, characterized by the
release of pro-inflammatory cytokines and the subsequent infiltration of
leukocytes into the myocardium.? The first inflammatory peak evolves into a
reparatory phase characterized by collagen deposition and scar formation.
Although the scar maintains cardiac structural integrity, it also leads to
adverse structural and electrical cardiac remodelling, contributing to cardiac
dysfunction and VA.#

Recently, the introduction of new drugs such as sacubitril/valsartan (sac/val)
and empagliflozin has markedly improved clinical outcomes in patients with
HF.> Sac/val inhibits the renin—angiotensin—aldosterone system and
preserves endogenous natriuretic peptides from degradation, modulating
systemic inflammation and enhancing favourable LV remodelling and
myocardial fibrosis.®® Empagliflozin is a sodium/glucose co-transporter
inhibitor (SGLT2i) and has demonstrated cardiovascular (CV) benefits,
including reductions in CV death and recurrent HF hospitalizations in patients
with HF.>'0 These effects are attributed to modulating inflammation,
reducing oxidative stress, altering cardiac metabolism, and improving LV
remodelling.11?

Both drugs have the potential to prevent arrhythmic events, with a reduction

in sudden cardiac death and VA burden with sac/val*** and in atrial
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fibrillation with the SGLT2i.'> The role of empagliflozin and sac/val in HF thus
is already established, but their efficacy in post-acute MI remains largely
unexplored. Recently published results of the EMPACT-MI trial indicate that
compared to placebo, empagliflozin after Ml decreased the risk of first and
total hospitalizations for HF, although it did not reduce the combined primary
endpoint of HF hospitalization and all-cause mortality.*®'” Furthermore, the
mechanism of action of empagliflozin following Ml is understudied, and its
potential synergistic effect with sac/val remains unknown.

The aim of this post-MI model study was to evaluate the impact of early
administration of empagliflozin, with or without sac/val, on inflammation,
oxidative stress, metabolic changes, cardiac structural and electrical

remodelling, and the likelihood of VA.
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Methods

Experimental animal design

The design for inclusion of study animals is shown in Figure 1. Thirty
crossbreed Landrace X Large White pigs (50% females) underwent a non-
revascularized Ml and were then randomized to receive treatment with beta-
blocker (BB) as control (bisoprolol, 0.04 mg/kg daily) or with
BB+empagliflozin (empagliflozin, 0.27 mg/kg daily) or
BB+empagliflozin+sac/val (sac/val, 1.25/1.30 mg/kg twice per day) during 30
days after MI.

M induction Treatments
Day 0 Day 1 Day 2 Day 15 Day 29 Day 30
Blood & Strthestments (e Blood MRI Blood & MRI Blood Electrophysiological
Control-MI (n = 8) = g study
Empa(n=8) ¢ ¢ X

Empa+Sac/Val (n = 8)

ECG monitoring by Holter

Figure 1. Chronogram and workflow of the animal study. MRI, magnetic resonance
imaging; ECG, electrocardiogram.

MI porcine model

All experimental animal protocols were approved by the Animal
Experimentation Ethical Committee Unit of the Germans Trias i Pujol Health
Research Institute and Government Authorities (Generalitat de Catalunya;
Code: 11208), in accordance with the guidelines outlined in the Guide for the
Care and Use of Laboratory Animals'® and Directive 2010/63/EU of the
European Parliament on the protection of animals used for scientific
purposes, as well as the NIH Guide for the Care and Use of Laboratory

Animals.
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Material, Methods & Results

As previously described,® the left anterior descending coronary artery of the
animals was permanently occluded by percutaneous deployment of 1-3 coils
(VortX-18 Diamond 3-4-5 mm/3.3 mm coil, Boston Scientific, Marlborough,
Massachusetts, USA). Complete occlusion (TIMI flow score = 0) was
confirmed by repeated coronary angiography. Acute myocardial damage was
evaluated by analysing serum cardiac troponin | at baseline and 2 h after Ml
induction. Finally, animals were randomized to the control, empagliflozin, or

empagliflozin+sac/val groups and followed up for 30 days.

Cardiac magnetic resonance imaging

Late gadolinium-enhanced (LGE) cardiac magnetic resonance (CMR) imaging
was performed at 2 and 30 days post-Ml in a 3T imaging system (Vantage
Galan 3T, Canon Medical Systems, Otawara, Tochigi, Japan). Cardiac structure
and function data were analysed with Medis Medical Imaging software
(Leiden, Netherlands), including LV ejection fraction (LVEF), LV stroke volume
(LVSV), indexed LV (iLV) end-diastolic volume (iLVEDV), iLV end-systolic
volume (iLVESV), iLV mass, right ventricular (RV) ejection fraction, RV stroke
volume, indexed RV end-diastolic volume, indexed RV end-systolic volume,
and cardiac index parameters.

LGE images were post-processed using ADAS software (Galgo Medical S.L,
Barcelona, Spain).2%2! Standard pixel intensity thresholds were used to define
dense (>60% of the maximum pixel intensity), border-zone (BZ; 40%—60%),
and healthy tissue (<40%). Mass (grams) of total, dense, and BZ scar were
quantified. Percentage of fibrosis was calculated as the scar area divided by
total LV mass. The number of BZ corridors was identified automatically by the
software and quantified. A BZ corridor was defined as a channel of BZ tissue

connecting two areas of healthy myocardium and surrounded by core areas
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on both sides or by a core area on one side and a valve annulus on the other.??
LV transmurality analysis was also performed, and total, dense, and BZ

epicardial scar values were calculated and annotated.

Sedation and anaesthesia

Ml induction and CMR analyses were carried out with animals under general
anaesthesia and endotracheal intubation. Animals were pre-anesthetized
with an intramuscular (IM) injection of dexmedetomidine (0.03 mg/kg;
Dexdor®, Orion Pharma, Espoo, Finland), midazolam (0.3 mg/kg; Laboratorios
Normon, Barcelona, Spain), and butorphanol (0.3 mg/kg; Butomidor®, Richter
Pharma AG, Wels, Austria). Anaesthetic induction was then performed with
an intravenous (IV) bolus of propofol (1-2 mg/kg; Propovet®, Zoetis,
Barcelona, Spain). Animals underwent endotracheal intubation, and
anaesthesia was maintained with 2%-2.5% isoflurane (IsoVet®, BBraun,
Melsungen, Germany) inhalation. Fentanyl (0.075 mg/kg/45 min, 1V;
Fentadon®, Dechra, Bladel, The Netherlands) was used as intra-operative
analgesia. Finally, a tulathromycin injection (2.5 mg/kg, IM; Draxxin®, Pfizer
Animal Health) was administered as anti-biotherapy, and a transdermal
fentanyl patch was delivered to allow for analgesic post-operative care

(Fentanilo Matrix STADA®, STADA, Bad Vilbel, Germany).

Electroanatomic high-density mapping

Invasive endo-epicardial LV high-density mapping (HDM) was performed 30
days post-MI via retrograde aortic access for the endocardium and sub-
xiphoid puncture for the epicardium, using the Rhythmia HDx 3D Mapping

System (Boston Scientific, Marlborough, Massachusetts, USA) and a 64-pole
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Material, Methods & Results

basket catheter (INTELLAMAP ORION, Boston Scientific, Marlborough,
Massachusetts, USA). HDM was performed at a paced cycle length of 400 ms
with 1 extrastimuli 20 ms above the ventricular effective refractory period.
Filling threshold was <2 mm in regions of low bipolar voltage and <10 mm
elsewhere; interpolation between points £2 mm was required in all cases.
Bandpass filters were set at 30 to 300 Hz for bipolar signals and 1 to 300 Hz
for unipolar signals.

Voltage and activation maps were analysed off-line with the Rhythmia
system. Conventional voltage cut-offs were used (0.5 and 1.5 mV) to define
core, BZ, and healthy tissue. Core and BZ voltage regions were quantified
using the mapping system’s surface area measurement utility. The
LUMIPOINT™ module was used to determine areas of slow and delayed
conduction, including the number of deceleration zones (DZs, defined as >3
isochrones within 1 cm out of 8 isochrones comprising the entire ventricular
activation window) and pathologic activation (local abnormal ventricular

activities or late potentials).

Ventricular tachycardia inducibility

Following HDM, inducibility of ventricular tachycardia (VT) was tested by
programmed ventricular stimulation from the RV. LV stimulation was
attempted in case of non-inducibility from the RV. Ventricular extra-
stimulation at a paced cycle length of 400, 350, and 300 ms with 1 to 5

extrastimuli down to the ventricular refractory period was performed.
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Electrocardiography monitoring
Following MI, continuous heart rhythm monitoring using a 15-day Holter
monitor was conducted in 5 animals/group. The number and length of

sustained and non-sustained VT episodes were quantified.

CV deaths

Deaths in the first 96 h after Ml induction were considered related to the M.
After this period, deaths were associated with chronic ischemic
cardiomyopathy and were considered for the survival analysis. We measured

a composite endpoint of CV death or VT induction.

Systemic immune response

Whole blood samples were collected at baseline and at 2, 15, and 30 days
after MI. Samples were stained with monocyte marker CD172a-PE (1:100;
Southern Biotech, Birmingham, Alabama, USA). and the activated monocyte
markers CCR2/CD192-PE-Vio770 (1:20; Miltenyi Biotech, Bergisch Gladbach,
Germany), CD163 (1:100; Novus Biologicals, Centennial, Colorando, USA),
and CD73 (1:100; Novus Biologicals, Centennial, Colorando, USA), with FITC
and Cy5 as secondary antibodies (1:500; Jackson ImmunoResearch, West
Grove, PA and Cambridge, U.K.). Unstained samples were left for absolute
number quantification of lymphocytes, monocytes, and neutrophils. Samples
were acquired in an LSRFortessa cytometer (BD Biosciences, Franklin Lakes,
New lJersey, USA) and analysed with FlowJo software (v10.8.1, BD
Biosciences, Franklin Lakes, New Jersey, USA). The gate strategy is detailed in
Supplementary Figure 1. Serum levels of circulating cytokines, i.e.,
granulocyte macrophage colony-stimulating factor, interferon-y, interleukin

(IL)-1a, IL-1B, IL-1ra, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18, and tumour
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Material, Methods & Results

necrosis factor (TNF)-a, were analysed using the MILLIPLEX MAP Porcine
Cytokine/Chemokine Magnetic Bead Kit (PCYTMG-23K-13PX; Millipore,
Burlington, Massachusetts, USA) in a Luminex 200 instrument (Luminex

Corporation, Austin, Texas, USA).

Histopathological and immunohistochemical analysis

Thirty days post-MI, animals were euthanized with an overdose of
pentobarbital sodium (200 mg/kg, IV; Dolethal®, Vetoquinol E.V.S.A.). Infarct
core and remote myocardial samples were collected. To characterize the
myocardial scar, histopathological evaluations were conducted using
Masson’s trichrome staining. Collagen (Col) types | and llI, Col I/1ll ratio, and
Col volume fraction (CVF) in the infarcted and remote myocardium were
assessed using Picrosirius Red staining. Vessel density in the infarct was
assessed using biotinylated Griffonia simplicifolia Lectin | IsolectinB4 (1:25;
Vector Labs, Newark, California, USA) and Streptavidin-Alexa 568 (1:500;
Invitrogen, Waltham, Massachusetts, USA). Immune infiltration into the
infarct core was quantified via immunofluorescence staining for CD3 (for
total lymphocytes, 1:100; Bio-Rad, Hercules, California, USA), CD25 (for
activated lymphocytes, 1:100; Bio-Rad, Hercules, California, USA), and CD163
(for macrophages, 1:100; Bioss, Woburn, Massachusetts, USA).
Mitochondrial activity in the preserved myocardium within the infarct zone
was assessed by immunofluorescence expression of translocase of outer
mitochondrial membrane 20 (Tom20; 1:200; Proteintech, Rosemont, lllinois,
USA) and sarcoplasmic/endoplasmic reticulum Ca?*-ATPase (SERCA2, 1:50;
Santa Cruz, Dallas, Texas, USA). Details of quantification are provided in the

Supplementary Methods.
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Myocardial oxidative stress analyses

As markers of oxidative stress, we used the following: malondialdehyde
(MDA) protein levels, evaluated using a commercial enzyme-linked
immunosorbent assay in tissue homogenates from the infarct and remote
zones (Abbexa, Cambridge, UK) and in serum samples taken at baseline, 15
and 30 days post-MI (OxiSelect™ MDA Adduct Competitive ELISA Kit, Cell
Biolabs, San Diego, California, USA); nitric oxide (NO) levels, evaluated with a
colorimetric assay kit (Cayman, Ann Arbor, Michigan, USA) in myocardial
homogenates and in serum samples; and expression of inducible NO synthase
(iNOS), endothelial NOS (eNOS), and activated phosphorylated eNOS
(peNOS), evaluated by western blot. Detailed information on these assays is

provided in the Supplementary Methods.

Gene expression analyses for myocardial inflammation, oxidative stress,
metabolism, and fibrosis

Expression levels of genes associated with inflammation (/L-10, TNF-a, CCL2),
antioxidants (NOS2, NOS3, SOD2, PRDX2, NOX4), metabolism (GLUT4, PDK4),
and fibrosis (TGF-61, TGF-83, LRP1, MMP2, MMP9, TIMP1) were analysed
from 2 pL of cDNA of the infarcted and remote myocardium tissue collected
at follow-up, using the TagMan” Fast Advanced Master Mix (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) and the corresponding porcine
TagMan® FAM-MGB probes (Supplementary Table 1). Detailed information

is provided in the Supplementary Methods.

Metabolism assessment
Protein levels of Sirtuin 1 (SIRT1), peroxisome proliferator-activated receptor

y co-activator 1 a (PGCla), and fibroblast growth factor 21 (FGF21) from the
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infarct and remote zones were evaluated by western blot. The lipoprotein,
glycoprotein, lipid, and low-molecular-weight metabolite profiles of the
animals were analysed by proton nuclear magnetic resonance spectroscopy
technology in serum samples collected at baseline and at 2, 15, and 30 days
post-MI and in tissue samples from the infarcted myocardium and liver,
collected at follow-up. Detailed procedural information is provided in the

Supplementary Methods.

In vitro H,0; model: reactive oxygen species and cell viability studies

A model of oxidative stress induced by hydrogen peroxide (H.0;) was
developed using the cardiomyocyte cell line AC16. Oxidative stress injury was
prompted with 300 uM of H,0, (Sigma Aldrich, Burlington, Massachusetts,
USA).23 Cells not subjected to H,0, were used as negative control. Before or
after H,0; injury, cells were treated for 20 h (T1, T4) or 1 h (T2, T3) with
empagliflozin (low dose: 0.5 uM; or high dose: 1 uM) or empagliflozin +
LBQ657 (the active metabolite of sacubitril) + valsartan (low dose: 0.5 uM, 20
UM, and 20 uM; or high dose: 1 uM, 40 uM, and 40 uM, respectively).
Determination of reactive oxygen species (ROS) was performed immediately
after H,0O; treatment for 1 h via measuring intracellular ROS, including H,0,
hydroxyl radical (OH), and intracellular superoxide radical anion (0,°") levels.
Cell viability was assessed at 24 h post-H,0, treatment with the alamarBlue
Assay (Thermo Fisher Scientific, Waltham, Massachusetts, USA). More

information is detailed in Supplementary Methods.

Statistical analysis
Data were described using mean and standard deviation or median and

interquartile range, as appropriate. Normality was assessed using quantile
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plots, and a logarithmic transformation was carried out needed. The
appropriate statistical test for each dataset was applied. Continuous variables
among the three groups were compared using analysis of variance (ANOVA)
with a Tukey post-hoc test or the non-parametric Kruskal Wallis test with
Dunn's post-hoc test, as appropriate. Pairwise group comparisons were also
performed in some cases and are noted in the text. In these cases, either
Student's t test or the appropriate non-parametric test was used; Categorical
variables were compared using the chi-square or Fisher's exact test, as
needed. Repeated-measures analysis of variance (RM-ANOVA) with the
Greenhouse-Geisser correction or a modified Tukey post hoc test was used
to assess changes in continuous variables over time and within subjects.
Univariate logistic regression was used to evaluate potential associations
between CV death and VT inducibility. Sub-analyses based on the sex of the
animals were also performed to discern if males and females differed.
Statistical analyses were performed using GraphPad Prism (version 9.5.1),
SPSS (version 21.0.0.0, SPSS, Inc.), and R Bioconductor (version 4.1.1)

software. Statistical significance was inferred when P < 0.05.
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Results

MI swine model

A total of 30 animals (34.8 + 6.8 kg) underwent Ml induction. Six animals (5
males) died from ventricular fibrillation during Ml induction. The 24 surviving
pigs (14 female and 10 male) completed 35 + 7 days of follow-up. Then,
animals were randomized to the control (n = 8; 75% females), empagliflozin
(n =8; 50% females), and empagliflozin+sac/val (n = 8; 50% females) groups.
One animal died at day 26 of follow-up (control group, female) and was
excluded from LGE-CMR and HDM analyses. No significant differences in
circulating cardiac troponin | levels were found between groups, indicating
that the magnitude of acute myocardial injury was similar among them (P =

0.547; Supplementary Table 2).

Systemic and tissue immune inflammatory response

Compared with the other groups, the empagliflozin group exhibited a
reduced inflammatory systemic response after Ml (Figure 2A), with a block
of the acute surge of circulating leukocytes at 2 days (P = 0.010) and 15 days
post-MI (P = 0.050) compared to baseline; a reduced presence of CCR2*
activated monocytes at 15 days post-MI compared to baseline (P = 0.049);
and a trend towards reduced CCR2 expression on the monocyte surface at 15
days compared to baseline (P = 0.072). The empagliflozin group also had
nonsignificant trends towards decreased levels of IL-1 and IL-18 and
increased levels of IL-1ra, which are associated with inflammasome activation
(Supplementary Figure 2). With combined treatment, circulating monocyte
counts increased at 30 days post-MIl compared to values at 15 days (P =

0.003), but CCR2* monocyte count did not increase (Figure 2A).
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Immunohistochemical (CD3, CD25, and CD25/CD3) and gene expression (/L-
10, TNF-o, and CCL2) analyses of the infarcted and remote myocardium tissue
collected at follow-up indicated that all groups showed a similar tissue

inflammatory response (Supplementary Table 3).

Myocardial oxidative stress

In infarct samples, MDA, NO, eNOS, phosphorylated eNOS, and iNOS levels
were similar among the groups. In the remote zone, the empagliflozin group
showed a trend towards increased total NO levels compared to the control
(P = 0.084) and empagliflozin+sac/val groups (P = 0.059). Additionally,
empagliflozin animals had increased levels of eNOS compared to controls (P
= 0.013) and elevated peNOS concentrations compared to controls (P =
0.026) and to the empagliflozin+sac/val group (P = 0.044; Figure 2B;
Supplementary Figure 3A; Supplementary Table 4). No significant
differences in iNOS and MDA concentrations were observed among groups
(Supplementary Figure 4A). In both the empagliflozin and
empagliflozin+sac/val groups, eNOS levels were diminished in the infarct
compared to respective remote myocardium (P = 0.001 and P = 0.039,
respectively; Figure 2B). Expression of NOS2, NOS3, SOD2, PRDX2, and NOX4
in the infarct core and remote zones was similar among the three groups

(Supplementary Table 3).

Mitochondrial analysis

Immunohistochemical analysis showed no changes among groups in the
quantification of mitochondrial activity proteins Tom20 and SERCA2 within
the infarct zone of preserved myocardium taken at 30 days post-Mi

(Supplementary Figure 3B).
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Figure 2. Systemic immune response and NO analysis. (A) Histograms representing
total number of leukocytes, lymphocytes, neutrophils, monocytes, CCR2*
monocytes, and expression of CCR2 (mean fluorescence intensity; MFI), at baseline
and at 2, 15, and 30 days of follow-up of animals from control (Control-Ml; n=8),
empagliflozin (Empa; n=8), and Empa+Sac/Val (n=8) groups. Statistical differences
according to the modified Tukey post-hoc test from repeated-measures ANOVA. (B)
Histograms showing NO availability and quantification of eNOS and phosphorylated
eNOS in remote and infarct zones of animals from the control (Control-Ml; n=7),
empagliflozin (Empa; n=8), and Empa+Sac/Val (n=8) groups. Statistical differences
according to Tukey post-hoc test from ANOVA or paired t-test, as appropriate.

Metabolic analysis

In the infarct zone, the empagliflozin group had significantly increased levels
of SIRT1 protein compared to control animals (P = 0.042; Figure 3A;
Supplementary Figure 3B), but PGCla and FGF21 protein expression was
similar among the groups (data not shown). SIRT1, PGCla, and FGF21 protein
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levels in the remote zone also did not differ among groups. The empagliflozin
group showed no differences in serum content evolution compared to the
other groups or in the expression of metabolic genes related to substrate use
(GLUT4, PDK4), either in the infarct or in the remote zones (Supplementary
Table 3). From baseline to 30 days post-Ml, however, empagliflozin+sac/val
animals had progressively increasing total triglyceride values (P < 0.001) and
values for triglycerides transported by lipoproteins (Figure 3B). These
increases in triglyceride metabolism were not associated with an increase in
inflammatory (glycoprotein) profile (data not shown). Compared with
controls, in the infarcted myocardial tissue, empagliflozin-only or
empagliflozin+sac/val animals showed a significant decrease in free
cholesterol (empagliflozin+sac/val group: P = 0.042), phosphatidylcholine
(empagliflozin group: P = 0.041; empagliflozin+sac/val group: P = 0.029),
saturated fatty acids (empagliflozin+sac/val group: P = 0.049), and
arachidonic acid + eicosapentaenoic acid (ARA + EPA) (empagliflozin group: P
= 0.038) (Figure 3C). In the liver, the empagliflozin group in comparison to
controls had significantly increased levels of glycerophospholipids (P=0.012),
phosphatidylcholine (P = 0.009), phosphatidylethanolamine (P = 0.019),
polyunsaturated fatty acids (P = 0.020), the omega (w)3 (P = 0.042), w6 + w7
(P =0.045), and w9 (P = 0.011) fatty acids, docosahexaenoic acid (DHA) (P =
0.032), ARA + EPA (P =0.016), and plasmalogen (P = 0.012) (Figure 3D).
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Figure 3. Metabolomic analysis. (A) SIRT1 quantification in remote and infarct
zones. Statistical differences according to Tukey post-hoc test from ANOVA. Control-
M, controls (n=7); Empa, empagliflozin (n=8); Empa+Sac/Val (n=8). (B) Lipoprotein
profile of animals at baseline and at 2, 15, and 30 days post-MI. Statistical differences
according to modified Tukey post-hoc test from repeated-measures ANOVA. TG,
triglycerides; VLDL, very low-density lipoprotein; IDL, intermediate-density
lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein. (C and D)
Association analyses of odds ratios (ORs) from comparing controls (Control-MI) vs.
empagliflozin (Empa) and controls vs. Empa+Sac/Val in the infarct myocardium and
liver tissue, respectively. Variables with a filled circle indicate P < 0.05. PUFA,
polyunsaturated fatty acids; SFA, saturated fatty acids; ARA+EPA, arachidonic acid +
eicosapentaenoic acid; DHA, docosahexaenoic acid; Cl, confidence interval. Control-
M, controls (n=8); Empa, empagliflozin (n=8); Empa+Sac/Val (n=8).
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Myocardial fibrosis and vascular density

Masson’s trichrome staining revealed qualitative differences in Ml scar
composition, with controls displaying higher levels of fibrosis deposition
compared to the other groups (Figure 4A, top). In line with this finding,
analysis of Picrosirius Red—stained infarct samples (Figure 4A, bottom)
revealed a significant increase in Col Ill content in the empagliflozin group
compared with controls (20.5% + 3.5% vs. 16.5% * 2.3%, P = 0.023) and
empagliflozin+sac/val animals (20.5% + 3.5% vs. 16.5% + 4.1%, P = 0.054),
along with a tendency to a reduced Col I/Ill ratio compared with control
animals (0.5 £ 0.3 vs. 0.9 £ 0.7; P = 0.095) (Figure 4B). In addition, the
empagliflozin+sac/val group, compared with controls, displayed a tendency
towards reduced Col | content (7.1% + 3.9% vs. 15.0% + 9.8%; P = 0.082), Col
I/l ratio (0.4 £ 0.2 vs. 0.9% £ 0.7%; P = 0.085), and CVF (23.5% + 7.3% vs.
31.5% + 9.6%; P = 0.092) (Figure 4B). No differences in CVF, Col I, Col Ill, or
Col I/l ratio were observed in the remote zone among groups. The
expression of fibrotic genes (TGF-81, TGF-83, LRP1, MMP2, MMP9, TIMP1) in
either the infarct or remote zones was similar between the groups
(Supplementary Table 3). Immunohistochemical analysis of IsoB4 revealed a
similar vascular density in the infarct core among the three groups (data not

shown).
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Figure 4. Fibrosis analysis. (A) Top: microphotographs of Masson’s trichrome
staining from the infarct core; collagen, light green; muscle, dark pink; cytoplasm,
pink; nuclei, black (scale bar = 100 um). Bottom: polarized light microscopy images
of Picrosirius Red staining in infarct core samples, showing Col fibrils type |
(red/yellow) and type Ill (green) (scale bar = 25 um). Control-Ml, controls (n=8);
Empa, empagliflozin (n=8); Empa+Sac/Val (n=7). (B) Percentage of Col | and Col IlI,
Col I/Col 1lI ratio, and CVF in the infarct core. Statistical differences according to
Welch t-test or t-test, as appropriate.

Cardiac function and myocardial scar analysis

Cardiac function parameters are summarized in Table 1. At 2 days post-Ml,
CMR data were similar among the groups. At the end of the study (30 £ 6 days
post-MI) compared with 2 days post-Ml, the empagliflozin group showed no
changes in any cardiac function parameters. In contrast, the
empagliflozin+sac/val group, compared with control animals, had increases

in LV compliance with no changes in iLVESV, along with increased iLVEDV (P
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= 0.029) and LVSV (P = 0.044). Although LVEF increased the most in the
empagliflozin+sac/val group compared with the other groups, this change did
not reach statistical significance (Table 1). LGE-CMR analyses 2 days post-Ml
and at follow-up showed similar scar mass across groups (Table 1). The
empagliflozin and empagliflozin+sac/val groups had fewer BZ corridors at
follow-up (30 days post-MI) compared with 2 days post-MI CMR and
compared with controls, that showed an increase in median [interquartile
range] counts between 2 and 30 days post-MI (2 days vs. follow-up; controls:
1 [0-2] vs. 2 [2-3]; empagliflozin: 2 [2-3] vs. 2 [1-2], P = 0.063;
empagliflozin+sac/val: 2 [2-3] vs. 1 [0-2], P = 0.006; Table 1).

Table 1. CMR imaging data at baseline (2 days post-Ml) and 30 days of

follow-up
Empagliflozin+sac/va
Control (n=7) Empagliflozin (n=8) I (n=8)
P P
Post-MI Follow- Post-MI Follow- Post-MI Follow-
up up up
LVEF (%) 336t 36.2 + 33.1¢ 369+ 27.2 38.0+
0.831 0.104
5.3 8.1 9.8 6.8 6.3 6.1
LVSV (mL) 346+ 40.7 + 333+¢ 434+ 25.0+ 459 +
0.654 0.044*
10.6 10.3 11.4 9.7 6.1 10.1
iLVEDV 1341+ 1240+ 130.5+ 126.5 123.6 138.8 =
0.638 0.029*
(mL/m?) 23.5 26.5 17.3 16.7 15.8 20.5
iLVESV 88.4 t 79.5+ 86.9 + 79.6 £ 90.3 86.0 t
0.776 0.570
(mL/m?) 13.9 20.1 14.2 12.5 17.2 14.0
iLV mass 84.2 + 82.2 86.9 + 80.0 £ 82.6 ¢ 77.1+
0.358 0.564
(g/m?) 4.9 5.7 9.6 10.1 9.2 10.1
RVEF (%) 40.5 50.1+ 43.8 + 44.4 + 39.8+ 46.4 +
0.131 0.608
7.5 8.1 8.3 6.4 1.7 10.1
RVSV (mL) 320+ 383+ 30.7 ¢ 341+ 28.0 ¢ 42,5+
0.650 0.304
8.4 8.9 7.8 6.9 11.8 10.1
iRVEDV 104.6 £ 83.2 ¢ 92.8 ¢ 823+ 95.2 ¢ 101.7 £
0.323 0.123
(mL/m?) 17.3 15.0 21.5 8.9 40.9 15.5
iRVESV 62.2 + 41.1+ 52.7 455 + 573+ 53.0+%
0.067 0.131
(mL/m?) 13.0 7.6 16.1 4.9 24.6 13.0
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Cardiac
index 4.0+1.0 46+1.1 41+1.2 43+0.8 0.700 34+0.7  4.6+0.9 0.470
(L*min/m?)
LGE (%) 243+ 132+ 27.7 £ 139+ 23.2 ¢ 125+
0.454 0.911
7.4 2.9 8.9 3.4 7.4 3.3
Total scar 10.1 135 10.3
9.9 [4.1- 7.9[6.3- 7.8 [6.3—
mass (g) [7.8- [12.2- 0.069 [7.7- 0.217
12.5] 10.0] 8.1]
14.0] 14.8] 11.5]
Dense scar 4.0 [2.0- 4.1[0.5- 6.0 [5.5— 5.1[3.1- 5.4[2.5- 4.6[2.6—
0.126 0.231
mass (g) 6.7] 5.6] 7.6] 5.4] 6.5] 5.3]
BZ scar 4.1[2.1-  4.8[3.7- 6.5 [5.0— 3.2 [2.6— 49[4.1-  3.2[2.9-
0.077 0.246
mass (g) 6.7] 6.7] 8.1] 5.3] 5.4] 4.0]
Number of
1[0-2] 2 [2-3] 2 [2-3] 2[1-2] 0.06 2 [2-3] 1[0-2] 0.006*
corridors

Data are presented as mean + standard deviation or median [interquartile range] as
appropriate. P value according to repeated-ANOVA test with Green-house Geisser
correction.

Abbreviations: LVEF, left ventricular ejection fraction; LVSV, left ventricular stroke
volume; iLVEDV, indexed left ventricular end-diastolic volume; iLVESV, indexed left
ventricular end-systolic volume; iLV mass, indexed left ventricular mass; RVEF, right
ventricular ejection fraction; RVSV, right ventricular stroke volume; iRVEDV, indexed
right ventricular end-diastolic volume; iRVESV, indexed right ventricular end-systolic
volume; LGE, late-gadolinium enhancement (full width at half maximum); BZ, border
zone.
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Invasive tissue characterization and programmed ventricular stimulation

Endocardial HDM was performed in 23 animals (controls = 7, empagliflozin =
8, empagliflozin+sac/val = 8; 2605 + 526 points) and epicardial HDM in 18
animals (controls = 5, empagliflozin = 6, empagliflozin+sac/val = 7; 5312 +
1816 points). In all pigs, left anterior descending occlusion resulted in an
anterior wall infarction with an extensive area of low endocardial (1.5 mv
median area: 22.1 [16.7-28.4] cm? and <0.5 mV median area: 18.4 [14.2—
21.7] cm?) and epicardial (<0.5mV median area: 22.1 [16.6—-28.4] cm?) bipolar
voltage The controls and empagliflozin-treated animals did not differ in size
of total endocardial scar, core, or BZ, or in the size of the epicardial scar
(Supplementary Table 5). Almost all animals had pathological electrograms
in the endocardium and epicardium, with no differences among groups. A
total of 30 DZs were found in 19 animals (median 1 [0-2]), with a lower
proportion in the empagliflozin+sac/val group compared to controls (1 [0-1]

vs. 3 [2-3]; P =0.008; Supplementary Table 5).

Arrhythmia burden

Controls had a higher median value for non-sustained VT compared to the
two treatment groups (5 [3—124] vs. 0 [0-3] for empagliflozin [P = 0.019] and
vs. 2 [0-19] for empagliflozin+sac/val [P = 0.046]). No sustained VT was
detected.

The composite endpoint of CV death or VT induction occurred in 100% (8/8
animals) in the control group, 75% (6/8 animals) in the empagliflozin group
(not significant vs. controls), and 50% (4/8 animals) in the

empagliflozin+sac/val group (P = 0.025 vs. to controls).
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Sex differences

No sex-dependent difference was detected for any studied parameters.

In vitro H20; model: ROS generation and cell viability analyses

To investigate ~ whether  treatment  with empagliflozin or
empagliflozin+sac/val could offer protective effects against tissue damage,
we used a model of oxidative stress induced by H,0, with the human AC16
cardiomyocyte cell line. ROS levels (H202 and OH) significantly increased
under the pretreatment 20-h condition with low doses of
empagliflozin+sac/val, in comparison to the equivalent untreated control
cells (P = 0.023) (Supplementary Figure 5A, left). O, levels significantly
increased under the pretreatment 1-h condition with low and high doses of
empagliflozin (P = 0.012 and P = 0.023, respectively) (Supplementary Figure
5A, right). Cell viability was preserved under the pre- and post-treatment 20-
h condition with low doses of empagliflozin+sac/val compared with control
cells (pretreatment: P = 0.004; post-treatment: P = 0.011) (Supplementary
Figure 5B).
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Discussion

The main findings of the present study are that empagliflozin reduced the
immune inflammatory response, increased NO bioavailability after Ml, raised
cardioprotective lipid levels in the liver, and modified collagen composition
of the scar without affecting cardiac function and VT inducibility; and that
empagliflozin+sac/val decreased scar Col | deposition, improved LV
compliance, promoted favourable electrical scar remodelling, and reduced

the composite endpoint of CV death or VT inducibility at 30 days post-MI.

Anti-inflammatory effect of empagliflozin

In the present study, empagliflozin modulated the immune inflammatory
response after Ml by reducing the total number of circulating leukocytes and
CCR2* activated monocytes. Following MI, danger signals released by dead
cells trigger an intense immune reaction aimed at clearing cellular and matrix
debris and initiating tissue repair and scar formation. Initially, injured
myocardium releases pro-inflammatory cytokines such as IL-1, IL-6, IL-8, TNF,
and CCL2, which promote the recruitment of neutrophils and monocytes into
the myocardium. Monocyte infiltration is crucial for both the inflammatory
and reparative phases. However, excessive inflammation can adversely affect
LV remodelling, potentially leading to HF.2* CCR2* monocytes are activated
monocytes that abound during the first inflammatory peak after Ml. They are
recruited by the heart, where they differentiate into pro-inflammatory CCR2*
macrophages that resemble classically M1 macrophages®®> and promote
pathogenic adverse cardiac remodelling and dysfunction post-MI.262” Qur
study is the first to suggest that empagliflozin could decrease circulating
inflammatory CCR2* monocytes after MI, potentially leading to a better

prognosis regarding its progression. In line with this inference, previous
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studies have shown that empagliflozin decreases expression of the CCR2
ligand (monocyte-chemotactic protein-1/CCL2), 262° as well as reducing the
presence of pro-inflammatory M1 macrophages and promoting a shift to the
anti-inflammatory M2 phenotype in white adipose tissue in a mouse model

of obesity and in a macrophage cell line.3%31

Inflammasomes are large multiprotein cytoplasmic complexes that play a
crucial role in the acute MI inflammation process, activating release of pro-
inflammatory cytokines such as IL-18 and IL-18, which are involved in IL-1
receptor activation. IL-1 receptor activation is linked to inflammation and
results in cardiomyocyte apoptosis via caspase-l-dependent death
(pyroptosis), contributing to adverse cardiac remodelling and post-MI HF
development.3? The IL-1 pathway represents a potential target for
interventions to modulate the post-MI inflammatory response. Different
recombinant IL-1 receptor antagonists have been developed that vyield
improvements in post-MI healing and prevent adverse remodelling, as well
as HF progression.3® Our results suggest that empagliflozin could attenuate
inflammasome activation, with a remarkable trend towards reduced IL-1f3
and IL-18 and increased secretion of an antagonist of IL-1R (IL-1Ra). This
effect also has been reported in other preclinical®*3> and clinical®® studies, in
HF and cardiotoxicity scenarios, constituting one of the proposed
mechanisms of action of empagliflozin in inflammatory pathways. Although
we did not observe further immunomodulatory effects in our swine
experimental model, other studies have shown additional anti-inflammatory
effects of empagliflozin, including the reduction of inflammatory C-reactive
protein, IL-6, TNF-a, monocyte-chemotactic protein-1, and interferon-y

expression.?837
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The reason for the lack of these anti-inflammatory effects in the combined
treatment group (empagliflozin+sac/val) is unclear. In a previous study,** we
found that sac/val exerted an acute anti-inflammatory response after Ml, and
we thus predicted a more powerful anti-inflammatory effect in the combined
group. Given that empagliflozin and sac/val target different pathways, a
negative synergistic effect between them seems unlikely. Future studies are

needed to elucidate this finding.

Empagliflozin and cardiac oxidative stress

Empagliflozin is postulated to have antioxidant actions. Different sources give
rise to NO, including iNOS, which is controlled by inflammatory mediators and
cytokines, has pro-inflammatory properties, and plays an important role in
chronic inflammatory diseases. Another NO source is eNOS, which is
constitutively expressed in endothelium and preserves homeostasis between
the endothelium and immune cells. Several studies have shown that NO
derived from eNOS plays a protective role in MI, possibly by promoting
angiogenesis, together with inhibiting inflammatory pathways.3® In our study,
compared to controls, the empagliflozin group showed reduced systemic
inflammation, increased levels of NO, and increased expression of the
activated form of eNOS (phosphorylated eNOS). The increased eNOS levels in
the myocardium with empagliflozin could be partially related to the reduced
leukocyte diapedesis,® leading to lower circulating leukocytes in these

animals.
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Empagliflozin and sac/val effects on cardiometabolism

Empagliflozin is suggested to influence cardiac metabolism by activating
nutrient deprivation pathways such as gluconeogenesis and ketogenesis.*° In
energy surplus conditions, such as type 2 diabetes mellitus and chronic HF,
nutrient deprivation sensors are typically suppressed. SGLT2is stimulate
them via the SIRT1/PGC-1a/FGF21 signalling pathway, showing significant
cardioprotective effects across different experimental models.** Their
actions are linked to a reduction in oxidative stress and promotion of
autophagy, a process that eliminates dysfunctional organelles, thereby
mitigating cellular damage. In our study, empagliflozin-treated animals
showed increased levels of SIRT1 protein in the infarct zone. However, there
was no subsequent increase in the downstream mediators PGCla and FGF21,
indicating that the SIRT1/PGC-1a/FGF21 metabolic pathway was not
activated. SIRT1 not only control genes and proteins involved in metabolism
but also serves as a master regulator for numerous genes, including in
inflammatory pathways. In addition, SIRT1 has been associated with anti-
inflammatory actions in macrophages* via suppression of the NF-«kB

43 3s well as with inflammasome

signalling pathway in Ml-injured hearts,
activation in ischemic stroke.** The fact that the empagliflozin group
exhibited more SIRT1 in the infarct core could be partially associated with the
reduced inflammation in this group. Empagliflozin is also postulated to
normalize myocardial substrate metabolism from the pathological use of
glucose to the normal use of free fatty acids.?? In contrast to these findings,
our study showed no effect of empagliflozin with or without sac/val on

systemic free fatty acid or ketone body levels, as assessed by proton nuclear

magnetic resonance. Additionally, we did not detect any changes in the
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expression of genes associated with substrate use, including GLUT4 and

PDK4, in either the infarcted or remote heart zones.

In the present study, though, empagliflozin-treated animals presented
increased cardioprotective lipid levels in the liver, including omega w3 and
wb+w7, DHA, and ARA+EPA. The liver regulates energy metabolism and
serves as a central hub for metabolic interactions with different tissues.*®
Omega lipids have been linked to anti-inflammatory, anti-fibrotic, and anti-
arrhythmic properties.*® In particular, several studies have shown that w3
suppresses inflammasome activation.*” EPA and DHA, different types of w3
lipids, are associated with anti-fibrotic properties and seem to enhance the
production of beneficial NO from eNOS.*8 At the systemic level, we observed
a clear effect of empagliflozin+sac/val treatment on modulating triglyceride
metabolism, which progressively increased in terms of total triglycerides and
triglycerides transported by lipoproteins. Although elevated triglyceride
levels are often linked to an increased CV risk, they can be a sign of a greater
dietary intake. Our study involved animals in the growth stage (3 months of
age) and, furthermore, the increased triglyceride metabolism was not
associated with a rise in the inflammatory (glycoprotein) profile of the
animals that typically is present in the atherosclerotic condition. For these
reasons, at least in part, we attribute the observed triglyceride increase to
improved dietary intake, so that it could have been a positive indicator of

animal well-being and quality of life.
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Empagliflozin and sac/val effects on fibrosis, cardiac function, VT substrate,
and arrhythmic risk

In contrast to previous studies,* we found no significant improvements in
cardiac function parameters in the empagliflozin group, as assessed by CMR.
However, in the combined treatment group, we observed improved LV
compliance properties (iLVEDV and LVSV), which may be linked to the
reduced fibrotic response in this group (lower Col | and Col I/Ill ratio).
Although LVEF improved the most in this group, the increase was not

statistically significant, suggesting the need for a larger sample size.

Imaging has a key role in arrhythmic risk stratification. Factors such as scar
size, BZ mass, and BZ corridors (representing heterogeneous scarring with
dissimilar conduction and excitability, promoting re-entry) have been
associated with an increased incidence of VA.>%5! Invasive mapping provides
relevant information regarding arrhythmic risk, and BZ area and the presence
of pathological electrograms and DZ have been associated with VA. Our study
showed no impact of empagliflozin in any of these parameters, with no
modification of 30-day induced VA risk after Ml. In contrast, clinical studies
have shown a trend towards reduced incident VA in HF patients treated with
SGLT2is.>® It seems plausible that empagliflozin could modulate the
arrhythmogenic substrate through its anti-inflammatory properties, and

larger studies are needed to confirm this hypothesis.

The combination of empagliflozin with sac/val reduced the composite
endpoint of CV death or VT inducibility at 30 days post-MI. Multiple factors
may underlie this finding, including favourable electrical scar remodelling

with fewer conduction abnormalities (fewer CMR-BZ corridors and DZ) and
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less myocardial fibrosis (less Col I, lower Col I/1ll ratio and CVF). These findings
were not reproduced in the empagliflozin group, suggesting that the effects
are attributable to the sac/val treatment. In a previous pre-clinical study with
a porcine model of MI, we found that sac/val reduced VT induction after Ml,
total scar mass, BZ corridors, and DZs, suggesting that this drug may have
powerful anti-arrhythmic properties.’* These findings were ascribed to
multiple mechanisms, including reduced acute systemic inflammation and

lower collagen deposition.

The scar formation process and collagen composition are important in
modulating LV remodelling. Previous data suggest that an increased Col I/Ill
ratio promotes reduced elasticity of the LV wall ratio and contributes to LV
adverse remodelling, affecting cardiac function.>® Our results are consistent
with several clinical studies demonstrating an effect of sac/val on reverse
cardiac remodelling, VA events, and implantable cardioverter defibrillator
shocks in HF patients despite no impact on LVEF.? Other studies have shown
improved cardiac function parameters with sac/val treatment in a post-Ml

scenario.® Given these mixed findings, further studies are needed.

Our results from the in vitro sub-study suggest that combined treatment with
empagliflozin and sac/val, administered both before and after H,O; injury,
preserves cell viability. These findings open the door to further research into
whether these medications could have a protective effect when administered

before and after an ischemic event.

In summary, we found that empagliflozin played an important role in

modulating the acute inflammatory response post-MIl, NO bioavailability,
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metabolomic content in the liver, and changes in collagen composition of the
scar, but not sufficiently to improve cardiac function and reduce the
propensity to VA at 30 days post-MIl. However, the combination of
empagliflozin treatment with sac/val showed greater therapeutic potential,
resulting in improvements in myocardial fibrosis, LV remodelling, and

reduced VA inducibility.

Conclusions

Early initiation of empagliflozin after Ml exerts an acute immunomodulatory
effect, modulates NO bioavailability and collagen composition of the scar,
and increases cardioprotective lipid levels in the liver, without affecting
cardiac function and VA inducibility. Combined treatment with empagliflozin
and sac/val promotes a reduction in Col | and the Col I/Ill ratio in the scar,
stimulates favourable electrical and structural remodelling, and leads to

reduced VT inducibility post-Ml.

Study limitations

Animals received only BB as the baseline HF treatment. Whether the addition
of other HF medication would have affected the results is unclear and
requires further investigation. The sex subgroup analysis was limited by the

total number of the animals per group.
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Supplementary material

METHODS

Histopathological and immunohistochemical analysis

Olympus CKX41, Leica DMI6000B, and Axio-Observer Z1 confocal (Zeiss,
Oberkochen, Baden-Wirttemberg, Germany) microscopes were used for
anatomopathological, histological, and immunofluorescence analyses,
respectively. Interstitial collagen, vascular density, and TOM20- and SERCA2-
positive areas were quantified using Image-Pro Plus software (Media
Cybernetics, Rockville, Maryland, United States). CD3+, CD25+/CD3+, and
CD163+ cell quantification was performed manually by two independent

investigators.

Myocardial oxidative stress analyses

For western blot analysis, 50 ug of protein from the infarct and remote zones
was electrophorized in 7.5% gels and transferred to nitrocellulose
membranes (Amersham). Membranes were incubated with the following
antibodies: anti-inducible NOS (iNOS) (NOS2, 1:1000, Novus Biologicals,
Centennial, Colorado, USA), anti-endothelial NOS (eNOS) (NOS3, 1:1000; Cell
Signalling, Danvers, Massachusetts, USA), activated phosphorylated eNOS
(51177,1:1000; Cell Signalling, Danvers, Massachusetts, USA), anti- Sirtl
(1:1000; Proteintech, Rosemont, lllinois, USA), anti-PGCla (1:10000;
Proteintech, Rosemont, lllinois, USA), anti-FGF21 (1:500; Abyntek, Zamudio,
Bizkaia, Spain), and anti a-tubulin (1:1000; Sigma Aldrich, Burlington,
Massachusetts, USA). Images were acquired with a LI-COR Odyssey (Li-Cor
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Biosciences, Lincoln, Nebraska, USA) and analysed with Image J software,

using a-tubulin as endogenous reference.

Gene expression analyses of myocardial inflammation, oxidative stress,
metabolism, and fibrosis

Myocardial frozen tissue samples from the infarct core (74.67 + 14.96 mg)
and remote area (75.82 + 14.25 mg) were mechanically homogenized using
the TissueRuptor (Qiagen, Venlo, The Netherlands) in cold TriPure Isolation
reagent (Merck, Rahway, New Jersey, USA). One microgram of RNA was then
retrotranscribed to cDNA using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Waltham, Massachusetts, USA). Data
were evaluated in a LightCycler® 480 Real-Time PCR System (Roche, Basel,
Switzerland). Gene expression levels were determined using the 22¢
method,* normalizing to PGK1 (TagMan® FAM-MGB probes; Thermo Fisher

Scientific, Waltham, Massachusetts, USA) as the endogenous gene.

IH-NMR Metabolomic characterization of pig serum samples

Frozen pig serum samples were shipped on dry ice to Biosfer Teslab (Reus,
Spain) for the proton nuclear magnetic resonance (*H-[NMR]) spectrometry
analysis. Briefly, 50 uL of each serum sample was added to a standardized
150 pL humanized serum buffer and diluted with 50 pL deuterated water
(D20) and 300 pL of 50 mM phosphate-buffered saline (PBS) at pH 7.4 into a
5-mm @ NMR glass tube. *H-NMR spectra were recorded at 306 K on an
Avance I11-500 Bruker spectrometer (Bruker BioSciences Espafiola S.A., Rivas
Vaciamadrid, Madrid, Spain) operating at a proton frequency of 500.13 MHz
(11.7 7).
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Lipoprotein analysis by NMR spectroscopy (advanced lipoprotein profile)

The lipoprotein profile was analysed using the NMR-based Liposcale® test.
The lipid concentrations (i.e., triglycerides and cholesterol), size, and particle
number of the four main classes of lipoproteins (intermediate-density
lipoprotein [IDL], very low-density lipoprotein [VLDL], low-density lipoprotein
[LDL], high-density lipoprotein [HDL]), as well as the particle number of nine
subclasses (large, medium, and small VLDL, LDL, and HDL) were determined
as previously reported.? Each subclass particle concentration was calculated
by dividing the lipid volume by the particle volume of a given class. Lipid
volumes were determined using common conversion factors to convert
concentration units into volume units.? Finally, weighted average VLDL, LDL,
and HDL particle sizes were calculated from various subclass concentrations
by summing the known diameter of each subclass multiplied by its relative

percentage of subclass particle number.

Glycoprotein profiling by using *H-NMR spectroscopy

The glycoprotein profile was determined by analysing the region of the H-
NMR spectrum where the glycoproteins resonated (2.15-1.90 ppm) using
several analytical functions according to a previously published procedure.*
H/W ratios of GlycA and GlycB were also reported as parameters associated
with the aggregation state of the sugar—protein bonds.> Height was

calculated as the difference from baseline to maximum of the corresponding

NMR peaks, and the width value corresponds to the peak width at half height.

Low-molecular-weight metabolites analysis
Low-molecular-weight metabolites (LMWMs) were identified and quantified

in the 1D Carr-Purcell-Meiboom-Gill spectra using an adaptation of Dolphin.®
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Each metabolite was identified by checking for all its resonances along the
spectra, and then quantified using line—shape fitting methods on one of its

signals.”

Lipid extraction

After *H-NMR metabolomic characterization, the diluted pig serum samples
were lyophilized and then diluted with 100 uL of 50 mM PBS at pH 7.4 before
lipid extraction using the BUME® method with slight modifications. BUME was
optimized for each batch of extractions with di-isopropyl ether replacing
heptane as the organic solvent. This procedure was performed with a BRAVO
liquid handling robot with the capacity to extract 96 samples at once. The
upper lipophilic phase was completely dried in a Speedvac until evaporation
of organic solvents and frozen at -80 °C until NMR analysis. Lipid extracts
were reconstituted in a solution of CDCl3:CDsOD:D,0 (16:7:1, v/v/v)
containing tetramethylsilane at 1.18 mM as a chemical shift reference and
transferred into 5-mm @ NMR glass tubes. *H-NMR spectra were recorded at
286 K operating at a proton frequency of 600.20 MHz using an Avance Il1-600
Bruker spectrometer. A 90° pulse with a water pre-saturation sequence was
used. Quantification of lipid signals in the *H-NMR spectra was carried out
with LipSpin,® an in-house software based on MATLAB. Resonance

assignments were done on the basis of literature values.'°

1H-NMR characterization of pig liver and heart tissues

Aqueous and lipid extracts were obtained from pig liver or heart tissues using
the Folch method with slight modifications.!! Briefly, 950 uL of
dichloromethane:methanol (2:1, v/v) was added to 20 mg of previously

lyophilized tissue followed by three 5-min sonication steps with one shaking
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step in between. Next, 395 uL of ultrapure water was added, mixed and
centrifuged at 25,100 g during 5 min at 4 °C. Aqueous and lipid extracts were
recovered and completely dried in a Speedvac to achieve solvent evaporation

and frozen at -80 °C until *H-NMR analysis.

Aqueous extracts were reconstituted in a solution of 45 mM PBS containing
2.32 mM of trimethylsilylpropanoic acid (as a chemical shift reference) and
transferred into 5-mm @ NMR glass tubes. *H-NMR spectra were recorded at
300 K operating at a proton frequency of 600.20 MHz using an Avance IlI-600
Bruker spectrometer. LMWMs were identified and quantified in the 1D
nuclear Overhauser effect spectroscopy with presaturation (NOESYPR1D).

Resonance assignments were done on the basis of literature values.'°

Lipid extracts were reconstituted in a solution of CDCl3:CD30D:D,0 (16:7:1,
v/v/v) containing tetramethylsilane and transferred into 5-mm @ NMR glass
tubes. Quantification of lipid signals was performed as described above for

pig serum samples.

Non-invasive CMR imaging

All imaging was performed in a 3T state-of-the-art imaging system (Vantage
Galan 3T, Canon Medical Systems, Otawara, Tochigi, Japan) with all animals
in prone position using a 16-element phased array coil (Atlas SPEEDER Body
Coil) placed over the chest. Images were acquired during breath-holds with
electrocardiographic gating. We used a segmented k-space steady state
precession cine sequence (typically TR/TE 3.0/1.5 ms, 652 flip angle, field of
view (FOV) 291 x 265 mm, pixel matrix 352 x 320, slice thickness 8 mm, 1302
Hz/pixel bandwidth) at 2, 3, and 4 chamber views and short axis from base to

apex with no gap. Phase-contrast sequences (typically TR/TE 5.4/2.6 ms, 102
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flip angle, FOV 350 x 350 mm, slice thickness 8 mm, 130-200 cm/s VENC)
were performed at the sino-tubular junction to calculate the aortic forward
flow. Delayed enhancement images were acquired 10 to 20 min after IV
injection of gadolinium-based contrast (Gd-DTPA; 0.2 mmol/kg) using a
phase-sensitive inversion recovery sequence (TR/TE 8.9/3.4 ms, 209 flip
angle, inversion time 180-250 ms, FOV 340 x 340 mm, pixel matrix 572 x 448,
slice thickness 8 mm, 140 Hz/pixel bandwidth) matching cine image positions.

Inversion time was optimized to null the normal myocardium.

Allimages were reviewed and analysed off-line using the CMR imaging (cMRI)
dedicated analysis software (Medis) by a level 3 cMRI expert blinded to the
clinical data. Left ventricular (LV) and right ventricular (RV) endocardial
borders (papillary muscles excluded) were manually traced in all short-axis
cine images at the end-diastolic and end-systolic frames to determine end-
diastolic and end-systolic volumes (EDV and ESV, respectively), using QMass
(Medis). LV mass was calculated by subtracting the endocardial volume from
the epicardial volume at end diastole and then multiplying by tissue density
(1.05 g/mL). Left and right ventricular ejection fractions (LVEF and RVEF,
respectively) were calculated. Background noise correction was performed
on all images. The endocardial and epicardial contours on delayed
enhancement images were also outlined manually. Regions of interest were
then manually traced in the hyperenhanced area at the place of maximum
signal intensity and in the normal-appearing remote myocardium. As
previously described, the areas of hyperenhanced myocardium were then
automatically segmented by using a full-width at half-maximum algorithm
with QMass. Two corrections were required for all automated regions of
interest. First, microvascular obstruction (defined as hypointensity within a

hyperintense region in subjects with infarctions) was adjusted to be included
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as late gadolinium enhancement (LGE) if present. Second, any obvious blood
pool or pericardial partial voluming and artefacts were further removed. Scar
volume for each slice was calculated as scar area x slice thickness.

Height, weight, and heart rate of the pigs was recorded at every cMRI scan.
Volumes and mass were indexed by body surface area (BSA) of the animals
calculated as previously described.'? The cardiac index was calculated as

(forward aortic volume x heart rate)/BSA.

Cell culture, H0; model, ROS, and cell viability studies

AC16 cardiomyocytes were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM)/Nutrient F-12 Ham (Thermo Fisher Scientific,c, Waltham,
Massachusetts, USA) supplemented with 12% foetal bovine serum (FBS;
Thermo Fisher Scientific, Waltham, Massachusetts, USA) and 100 U/mL
penicillin/100 mg/mL streptomycin (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) in a humidified incubator at 37 °C with 21% O, and 5%
CO,. To induce oxidative stress, cells were treated for 1 h with 300 uM
hydrogen peroxide (H.0,, Sigma Aldrich, Burlington, Massachusetts, USA)
diluted in DMEM/F-12 without phenol red (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) and without FBS.

ROS production was evaluated using fluorescent probes: 2,7-
dichlorofluorescein diacetate (DCFHDA) for measuring intracellular ROS,
including H,0; and OH, and dihydroethidium (DHE) for detecting intracellular
superoxide radical anion (02°"). Immediately after H,O; treatment, cells were
washed twice with PBS and incubated with DCFHDA (50 uM; Sigma-Aldrich,
Burlington, Massachusetts, USA), DHE (50 uM; Thermo Fisher Scientific,
Waltham, Massachusetts, USA), and Hoechst (0.03 nM; Thermo Fisher

Scientific, Waltham, Massachusetts, USA), diluted in fresh supplemented
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DMEM/F12 with 0.04% FBS without phenol red, for 1 h in the dark.
Fluorescence signals were measured using a Varioska™ Flash microplate
reader (Thermo Fisher Scientific, Waltham, Massachusetts, USA) at the
following excitation/emission wavelengths: 495/520 nm for DCFHDA,
518/606 nm for DHE, and 350/461 nm for Hoechst. The fluorescence signals
of DCFHDA and DHE were standardized by Hoechst fluorescence, and the
results were presented as fold change of fluorescence compared to control
(untreated cells). For cell viability analysis, following the manufacturer’s
instructions, cells were incubated in alamarBlue reagent diluted 1:10 in
DMEM/F12 supplemented with 0.04% FBS without phenol red, for 2 h at 37
°C in the dark. Fluorescence signal was then read at 560 nm with a
Varioskan™ Flash microplate reader (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Data were presented as fold change of fluorescence

intensity relative to the negative control (non-treated cells).
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Supplementary Tables

Supplementary Table 1. TagMan probes (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) used in RT-PCR analysis

Gene transcript TagMan Probe Amplicon Length Exon boundary
IL-10 Ss03382372_ul 87 3-3
TNF-a Ss03391318_gl1 73 3-4
CCL2/MCP-1 $s03394377_m1 58 1-2
NOS2 Ss03374608_ul 65 9-10
NOS3 $s03383840_ul 77 -
SOD2 Ss03374828_m1 56 2-3
PRDX2 Ss04327514_gl 85 4-5
NOX4 Ss06909549_m1 79 -
GLUT4 Ss03373325_g1 75 -
PDK4 $s03822089_s1 103 -
TGF-B1 S$s04955543_m1 57 5-6
TGF-B3 $s03394351_m1 104 -
LRP1 $s06917026_m1 57 4-5
MMP2 $s03394318_m1 77 4-5
MMP9 $s03392100_m1 58 12-13
TIMP1 Ss03381944_u1l 105 5-5
PGK1 S$s03389144_m1 66 4-5

Abbreviations: IL-10, interleukin 10; TNF-a, tumour necrosis factor alpha;
CCL2/MCP-1, chemokine (C-C motif) ligand 2 or monocyte chemoattractant protein
1; NOS2, nitric oxide synthase 2; NOS3, nitric oxide synthase 3; SOD2, superoxide
dismutase 2; PRDX2, peroxiredoxin 2; NOX4, NADPH oxidase 4; GLUT4, glucose
transporter 4; PDK4, pyruvate dehydrogenase kinase 4; TGF-f1, transforming
growth factor beta 1; TGF-B3, transforming growth factor beta 3; LRP1, LDL
receptor—related protein 1, MMP2, matrix metalloproteinase 2; MMP9, matrix
metalloproteinase 9; TIMP1, tissue inhibitor of metallopeptidase 1; PGK1,
phosphoglycerate kinase 1.
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Supplementary Figures

Supplementary Figure 1. Cytometry gating strategy. (A) Singlets were gated
according to FSC-A/FSC-H. Monocytes, leukocytes, and neutrophils were gated
according to their complexity and size from the singlet/leukocyte population. For
absolute cell number quantification, we used Perfect Count Microspheres beads
(Cytognos, Santa Marta de Tormes, Salamanca, Spain). Cells were gated as a Boolean
“OR” gate of the two beads populations defined by their FITC (B530-A channel) and
phycoerythrin (G575-A channel) signal. A 50:50 ratio (45:55 maximum difference)
was ensured in every assay, according to the manufacturer’s instructions. (B)
Monocytes were gated according to their distinctive FSC-A/SSC-A appearance from
the singlet/leukocyte population. Subsequently, the percentages of cells expressing
each marker and the median fluorescence intensity in each channel were computed.
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RESULTS
Supplementary Tables
Supplementary Table 2. Serum cardiac troponin | levels (pg/mL) in animals at

baseline and 2 h after MI induction. Data are presented as mean + standard
deviation. Statistical differences according to Kruskal-Wallis test of differential (2 h

post-Ml value — baseline value).
Group Baseline 2 h post-MI | Differential P
39.28 + 860.4 + 821.1+ 0.547
Control (n=8) 45.86 1309 1314
33.51+ 2317 + 2284 + 5072
Empagliflozin (n=8) 35.25 5067
Empagliflozin+sac/val 3149+ 1177 1146 + 2518
(n=8) 26.18 2517
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Supplementary Table 3. Gene expression levels of fibrotic and inflammatory
drivers and oxidative markers in the infarct and remote zones. Gene expression
was calculated using the AACt method relative to the endogenous gene PGKI.
Differences between groups were calculated with a one-way ANOVA with Tukey
post-hoc or Kruskal-Wallis with Dunn’s post-hoc, as appropriate. In the table, P
values correspond to the P value from the ANOVA (+) or Kruskal-Wallis (#) test.

Infarct zone Control (n=7) Empagliflozin (n=8) Empagliflozin+ P
sac/val (n=8)

TGF-p1 0.49+0.21 0.58 +0.20 0.61+0.23 0.664*
TGF-B3 0.68 +0.49 0.76 £0.32 0.84 +0.40 0.785*
LRP1 1.07 +£0.55 1.59+0.89 1.46 +0.60 0.463*
MMP2 12.15+8.85 14.65 £ 6.87 12.87 £5.55 0.812*
MMP9 0.03 +0.05 0.83+1.05 0.12+0.21 0.835%
TIMP1 5.46 +5.48 2.29+0.96 1.89+0.73 0.928%
IL10 0.01 +0.007 0.01 +0.004 0.01 +0.005 0.851*
TNFa 0.002 +0.001 0.005 +0.003 0.004 +0.001 0.164*
CCL2/MCP-1 3.49+1.03 3.54 +1.55 3.20+1.69 0.907*
CPT1A 0.24 +0.15 0.20+0.78 0.33+0.14 0.161*
mTOR 0.20 +0.08 0.19 +0.09 0.24 +0.08 0.589%
PRKAA2 0.17+0.13 0.18+0.18 0.19+0.11 0.985*
GLUT4 0.18 +0.04 0.20+0.04 0.23 +0.08 0.350*
PDK4 3.14 +2.37 2.30*1.46 2.46 +2.62 0.794*
NOS2 0.046 +0.02 0.057 £0.02 0.05+0.01 0.505*
NOS3 0.19 +0.09 0.18 +0.06 0.20+0.1 0.860"
SOD2 1.02+0.46 0.91+0.45 0.76 +0.41 0.613*
PRDX2 1.20+0.28 1.24+0.26 1.34+0.24 0.603*
NOX4 0.17+0.13 0.14 +0.07 0.18 +0.070 0.700*

Remote zone Control (n=7) Empagliflozin (n=8) Empagliflozin+ P

sac/val (n=8)

TGF-p1 0.14 +0.03 0.15+0.03 0.17 +0.04 0.221%
TGF-B3 0.03+0.01 0.03+0.01 0.04 +0.02 0.434*
LRP1 0.10+0.03 0.12 +0.02 0.15+0.08 0.242*
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MMP2 0.72+0.24 0.87 +£0.23 0.73+0.22 0.439*
MMP9 0.001 +0.0002 0.001 £ 0.0003 0.001 £0.001 0.765"
TIMP1 0.11+0.08 0.11 +£0.05 0.12+0.09 0.724*
IL10 0.001 £0.001 0.001 £0.001 0.002 £0.001 0.335*
TNFa 0.001 £ 0.0003 0.001 £0.001 0.001 +0.0002 0.888"
CCL2/MCP-1 0.22 £0.054 0.64+0.84 0.43+0.51 0.736"
CPT1A 0.05+0.01 0.05+0.01 0.07+0.03 0.149*
mTOR 0.13+0.05 0.11+0.04 0.14+0.04 0.387*
PRKAA2 0.38 £0.089 0.38+0.10 0.39+0.08 0.980"
GLUT4 0.08 £0.02 0.10+0.01 0.10+0.01 0.182*
PDK4 3.68+1.32 3.00+1.73 3.24+1.90 0.794*
NOS2 0.042 £0.019 0.047 £0.014 0.042 £ 0.009 0.711*
NOS3 0.07+0.01 0.08 £ 0.005 0.09+£0.04 0.552*
SOD2 1.65+0.62 1.47+0.16 1.30+£0.55 0.462*
PRDX2 1.09+0.13 1.12+0.14 1.29+0.21 0.116*
NOX4 0.052 £0.01 0.051+0.01 0.057 £0.02 0.955*

Data are presented as mean * standard deviation.

Abbreviations: TGF-B1, transforming growth factor beta 1; TGF-B3, transforming
growth factor beta 3; LRP1, LDL receptor-related protein 1; MMP2, matrix
metalloproteinase 2; MMP9, matrix metalloproteinase 9; TIMP1, tissue inhibitor of
metallopeptidase 1; IL-10, interleukin 10; TNF-a, tumour necrosis factor alpha;
CCL2/MCP-1, chemokine (C-C motif) ligand 2 or monocyte chemoattractant protein
1; NOS2, nitric oxide synthase 2; NOS3, nitric oxide synthase 3; SOD2, superoxide
dismutase 2; PRDX2, peroxiredoxin 2; NOX4, NADPH oxidase 4.
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Supplementary Table 4. Cardiac oxidative stress analysis at 30 days of follow-up.

Empagliflozin

Empagliflozin

Remote zone Control (n=7) P
(n=8) +sac/val (n=8)
0.08 *
NO 109.8 £ 19.49 162.1 + 56.04 110.4 £24.91 0.99°
0.05*
0.01 *
eNOS 0.32+0.12 0.55 +£0.08 0.41+0.15 0.46°
0.09*
0.02 *
Phosphorylate
0.05 +£0.02 0.25+0.15 0.07 £0.02 0.93°
d eNOS

0.04*

Data are presented as mean * standard deviation. Statistical differences according
to one-way ANOVA with Tukey post-hoc.

*Control vs. empagliflozin

SControl vs. empagliflozin+sac/val

#Empagliflozin vs. empagliflozin+sac/val

NO, nitric oxide; eNOS, endothelial nitric oxide.
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Supplementary Table 5. Invasive high-density mapping parameters.

Empagliflozin+ |
Control (n=7) Empagliflozin (n=8) pvalue
sac/Val (n=8)
Endocardial area < 0.382%*
22.3[10.7-24.4] 19.4[9.2-22.7] 22.5[17.1-30.2]
1.5mV, cm?2 0.431%
Endocardial area < 0.867*
18.9[14.7-19.8] 13.5 [5.1-20.5] 18.1[13.0-23.2]
0.5mV, cm2 0.817%
Endocardial area 0.152%*
3.9[3.5-5.9] 2.9[1.6-3.9] 3.9[3.3-4.8]
0.5-1.5mV, cm2 0.907%
Epicardial area < 0.762*
8.3 [6.6-8.7] 9.9 [6.6-14.1] 9.5[8.8-11.6]
0.5mV, cm2 0.665%
0.073%*
DZ (median [IQR]) 3[2-3] 1[0-2] 1[0-1]
0.008%

Data are presented as median [interquartile range]. Statistical differences according
to one-way ANOVA with Tukey post-hoc.

*Control vs. empagliflozin
*Control vs. empagliflozin+sac/val

DZ: Deceleration zones
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Supplementary Figures

Supplementary Figure 2. Cytokine evaluation. (B) Evolution of IL-1[3, IL-18, and IL-
1Ra at baseline and 2, 15, and 30 days of follow-up. Control-Ml, controls (n=8);

Empa, empagliflozin (n=8); Empa+Sac/Val (n=8).
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Material, Methods & Results

Supplementary Figure 3. Western blot analysis. (A) Membrane images of eNOS and
phosphorylated eNOS protein levels in the remote zone at 30 days post-Ml control
(Control-MI; n=7), empagliflozin (Empa; n=8), and Empa+Sac/Val (n=8) animals.
Human umbilical vein endothelial cells (HUVEC) were used as a positive control for
eNOS expression. (B) Membrane images of SIRT1 protein levels in infarct zone at 30
days post-Ml in treated animals. a-tubulin was used as a loading control.
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Supplementary Figure 4. Oxidative stress and mitochondrial analysis. (A)
Histograms showing the iNOS and MDA quantification in remote and infarct zone of
control (Control-Ml; n=7), empagliflozin (Empa; n=8), and Empa+Sac/Val animals
(n=8). (B) TOM20 and SERCA2 quantification in the preserved myocardium within
the infarct core of control (Control-Ml; n=8), empagliflozin (Empa; n=8), and
Empa+Sac/Val animals (n=8).
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Material, Methods & Results

Supplementary Figure 5. ROS and cell viability analyses. (A) ROS levels. Histograms
presenting intracellular ROS levels (determined by DCFHDA fluorescence) and
intracellular O, levels (determined by DHE fluorescence) in the 300 uM H,0,
model, under different conditions of low or high doses of empagliflozin (Empa;
orange) or Empa+Sac/Val (green); T1: pretreatment 20 h; T2: pretreatment 1 h; T3:
post-treatment 1 h. Data are presented as fold change of fluorescence compared to
control cells not treated with the drugs. (B) Cellular viability. Histograms showing
cell viability (determined by alamarBlue assay) in the 300 uM H,0, model, under
different conditions of low or high doses of (Empa; orange) or Empa+Sac/Val (green);
T1: pretreatment 20 h; T2: pretreatment 1 h; T3: post-treatment 1 h; T4: post-
treatment 20 h. Data are presented as fold change of fluorescence compared to
control cells not treated with the drugs. Statistical differences according to one-
sample t-test comparing with value 1 (control). n=5 experiments; n=3 technical
replicates.
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Discussion
Animal models of Ml constitute a highly valuable experimental resource for
the assessment and development of novel therapeutic strategies. These
models provide critical insights into drug efficacy, mechanisms of action, and
safety, often serving as the foundational steps in the translational research
process.
In translational CV research, pigs are one of the preferred animal models due
to the remarkable similarity of their CV system to that of humans, in terms of
anatomical, physiological, and metabolic properties (231).
In the present thesis, we developed a porcine model of Ml using the coil
deployment technique. This model offers the advantages of a closed-chest
approach, including high reproducibility, minimal trauma and infection risks,
low mortality, cost- and time- efficiency, and strong clinical relevance
(232,233). Compared to the balloon occlusion model, the coil deployment
method more accurately simulates the pathophysiology of a human Ml, as
the coil interferes with blood flow, thereby initiating the coagulation cascade
and the subsequent thrombus formation (234). However, this approach
models a non-reperfused MI, whereas current clinical practice prioritizes the
rapid restoration of blood flow in the affected artery as the primary
treatment for MI. Although this divergence represents a significant limitation,
non-reperfused M|l models yield a more stable, permanent myocardial scar
with consistent and reproducible infarct area, as they avoid the variability
introduced by occlusion duration, reperfusion timing, and reperfusion injury.
As reperfusion injury is not a component of the coil-deployment procedure,
the focus of this research is directed toward the primary tissue injury
response (235,236). These consistent scars make non-reperfusion models
particularly suitable for studying myocardial tissue injury, wound healing,
long-term adverse cardiac remodelling, and the subsequent pathologies,
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including the development of VAs and the progression to HF (237). One of
the primary endpoints of our study was to assess the long-term effects of the
drugs on fibrosis, cardiac function, and VAs. Consequently, we developed a
permanent coronary occlusion model in swine and shared the protocol with
the scientific community to provide a reproducible and robust model for
future research.

Despite advancements in the management of MI, morbidity and mortality
remain significant. The primary causes of death during the chronic phase of
Ml are attributed to adverse LV remodelling, which leads to HF and VAs. The
post-MI inflammatory response plays a crucial role in subsequent cardiac
repair and remodelling. Furthermore, metabolic remodelling occurring in a
failing heart further contributes to HF progression.

Over the past few years, several therapies effective for chronic HF, such as
BBs, MRAs, and RAAS inhibitors, have also demonstrated benefits for patients
with LV systolic dysfunction, pulmonary congestion, or both following an AMI
(238). The recent introduction of novel HF drugs, such as ARNi and SGLT2
inhibitors, has opened the door for exploring their potential effectiveness in
the MI setting. These drugs have shown beneficial effects by modulating
inflammation, reducing oxidative stress, improving cardiac metabolism,
and/or enhancing LV remodelling across various cardiac pathologies.
However, the recently published results of the PARADISE-MI and EMPACT-MI
trials have not been as impactful as anticipated. Although early initiation of
sacubitril/valsartan and empagliflozin after Ml reduced the incidence of CV
death/all-cause of death and HF hospitalizations, these reductions did not
achieve statistical significance. Nonetheless, it is important to note that these
studies may have been influenced by potential design bias, such as the
assessment of all-cause death during the COVID-19 pandemic period.

170



Discussion
Consequently, further research is required to reach more definitive
conclusions and determine whether specific subgroups of AMI patients may
benefit from the early initiation of these treatments. To address these gaps,
the present thesis evaluates the effects of early initiation of empagliflozin
and/or sacubitril/valsartan, as well as their potential synergistic effects, in a
translational porcine model of non-reperfused MI. The following section

discusses the main findings.

Inflammation

In response to MI, the heart undergoes a complex repair process beginning
with a robust inflammatory response and immune cell infiltration into the
ischemic myocardium. This is followed by a reparative phase characterized
by the resolution of inflammation, scar tissue formation, and collagen
deposition. The initial inflammatory response is critical in the subsequent
structural and electrical remodelling of the ventricles, significantly
contributing to the development of HF and VAs (17). Proper resolution of this
inflammatory response after an MI may protect against adverse cardiac
remodelling.

In our study, all animal groups were treated with bisoprolol, a BB
recommended for long-term treatment in AMI patients with impaired LV
function (56). Our objective was to assess whether empagliflozin and/or
sacubitril/valsartan could provide superior therapeutic effects compared to
bisoprolol alone.

The control group in our study did not exhibit the typical early increase in
inflammatory markers post-Ml. This attenuation can likely be attributed to
bisoprolol treatment, which is known to have anti-inflammatory properties
(239). However, sacubitril/valsartan treatment demonstrated superior anti-
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inflammatory effects compared to BB treatment alone. This was evidenced
by a reduction in circulating leukocytes, particularly neutrophils, during the
acute phase post-Ml, decreased CCR2 expression on monocytes, reduced
secretion of the pro-inflammatory IL-12, and sustained levels of the anti-
inflammatory IL-10 over time compared to controls.

To profile monocytes following MI, we excluded the classical evaluation of
CD14 and CD16 markers, as previous studies reported no significant
expression of these markers in porcine blood (240). Instead, we focused on
alternative markers of monocyte activation, specifically CCR2 and CD163.
CCR2* monocytes are activated monocytes that predominate during the
initial peak of inflammation after MI. These cells are recruited to the
myocardium in response to the cytokine MCP-1/CCL2, which is rapidly
upregulated in the infarcted tissue following an MI. Upon arrival in the heart,
CCR2* monocytes differentiate into pro-inflammatory macrophages that
closely resemble the classical M1 phenotype (241), and enhance leukocyte
recruitment, thereby intensifying the inflammatory response. Notably, an
increase presence of CCR2* macrophages has been associated with adverse
cardiac remodelling and impaired cardiac function following Ml (25,242).

In our study, the Sac/Val group exhibited reduced CCR2 expression on the
surface of circulating monocytes 15 days after MI, suggesting decreased
monocyte activation. However, the overall number of circulating CCR2*
monocytes did not significantly decline over time in this group. Previous
studies have demonstrated the anti-inflammatory properties of
sacubitril/valsartan, primarily through the reduction of pro-inflammatory
cytokines in conditions such as HF and M1 (99,101,103,104,116). In contrast,
in our study, we did not observe reductions in cytokines associated with
inflammasome activation, such as IL-1 and IL-18, or in other pro-
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inflammatory cytokines like IL-6 or TNF- a, either systemically or within
myocardial tissue. Nonetheless, a notable reduction in the pro-inflammatory
cytokine IL-12 was observed. IL-12 family cytokines play a critical role in
regulating inflammatory disorders, including rheumatoid arthritis, multiple
sclerosis, as well as CVDs (243). Specifically, IL-12 promotes inflammation by
stimulating Th1 cell differentiation (244). The decreased IL-12 levels observed
in the Sac/Val group suggest a mitigated inflammatory response following Ml.
Additionally, animals in the Sac/Val group consistently maintained elevated
levels of the anti-inflammatory cytokine IL-10, which is known to play a key
role in the transition from inflammation to tissue repair. IL-10 promotes the
shift from the pro-inflammatory M1 macrophage phenotype to the
reparative M2 phenotype and modulates fibroblast activity by reducing the
Col I/1ll ratio, thereby enhancing tissue elasticity, and improving myocardial
function (18,34). The effect of sacubitril/valsartan on maintaining IL-10 levels
has also been confirmed in previous studies (105,106).

The Empa group also exhibited anti-inflammatory effects. Similar to
sacubitril/valsartan, empagliflozin attenuated the typical inflammatory peak
following M, as evidenced by a reduction in leukocyte count 2 days post-MI.
Empagliflozin also reduced the number of circulating CCR2* monocytes and
decreased their surface expression. To the best of our knowledge, this is the
first study to suggest that empagliflozin could reduce circulating CCR2*
monocytes after MI, potentially leading to better MI outcomes. These
findings align with previous research in which empagliflozin reduced CCR2
ligand secretion (MCP-1/CCL2) (172,173), limited the accumulation of pro-
inflammatory M1 macrophages, and promoted a shift toward the anti-
inflammatory M2 macrophage phenotype (175,176). On the other hand, one
of the primary reported effects of SGLT2 inhibitors in inflammation is the
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attenuation of NLRP3 inflammasome activation (162,170). Our results
support this, as they suggest that empagliflozin could attenuate
inflammasome activation after Ml, with a remarkable trend toward reduced
IL-1B and IL-18, alongside increased secretion of the IL-1R antagonist (IL-1Ra).
Although we did not observe additional immunomodulatory effects, other
studies have reported further anti-inflammatory actions of empagliflozin,
such as reductions in inflammatory markers like CRP, IL-6, TNFa, and IFN-y
expression (169,172). These effects may be more pronounced in the
myocardial tissue during the early inflammatory phase, which occurs in the
days immediately following MI. However, as our samples were collected at
the end of the study (30 days post-Ml), our analysis reflects the resolution
phase rather than the peak inflammatory response.

On the other hand, it is well stablished that empagliflozin decreases cardiac
oxidative products such as MDA and lipid peroxidation, while restoring
antioxidant enzyme levels like SOD in the heart (171,177,178). Consistent
with this, in our study, we observed an increase in endogenous nitric oxide
levels (NO) derived from the activation of endothelial nitric oxide synthase
(eNOS) activity in the non-infarcted tissue of the Empa group. This form of
NO has beneficial effects, including promoting angiogenesis, inhibiting
inflammatory pathways, maintaining endothelial function, reducing oxidative
stress, inducing vasodilatation, and exerting anti-apoptotic effects (245).
Unexpectedly, the combination of empagliflozin and sacubitril/valsartan did
not exhibit any anti-inflammatory effects. Instead, animals in the combined
group showed an increase in the number of monocytes at 30 days post-Ml,
although there was no corresponding increase in CCR2* monocytes. This
inflammatory response of the combination therapy has not been reported in
previous studies. The absence of anti-inflammatory effects from the
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individual drugs in the combined group remains unexplained, and a negative
synergistic interaction between the two drugs seems unlikely, given that they
act through distinct pathways. Importantly, this observed mild inflammatory
response does not appear to adversely impact fibrosis, cardiac function, or
arrhythmogenic risk in the post-MI progression. In fact, the combination
group demonstrated reduced Col | levels, smaller scar mass, and improved
anti-arrhythmic properties. Nonetheless, further studies with larger sample
sizes are needed to determine whether this effect is reproducible and to

clarify its potential clinical implications.

Cardiac metabolism

In a failing heart, there is a metabolic shift from using FFA to glucose, which
is a less energetically efficient substrate, contributing to the progression of
HF. Empagliflozin has been shown to reverse this shift, improving cardiac
metabolism and energy efficiency, particularly in the context of metabolic
disorders such as T2DM (180,181). However, results in non-metabolic
scenarios, such as HF, are mixed (210), suggesting that the effects of
empagliflozin may vary depending on the metabolic status of the patient.
Nonetheless, some preclinical studies in non-diabetic Ml models support this
metabolic hypothesis, showing reduced glucose uptake and increased FFA
and KB utilization following empagliflozin treatment, leading to elevated
myocardial ATP levels (182,185). In our study, however, we did not observe
an impact of empagliflozin, with or without sacubitril/valsartan, on systemic
FFA or KB levels, as evaluated by NMR. Additionally, we found no changes in
the expression of genes related to substrate utilization, such as glucose

transporter type 4 (GLUT4) and pyruvate dehydrogenase kinase 4 (PDK4), in
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either the infarcted or remote myocardium. Overall, these findings suggest
that improved metabolic status was not observed in our study.

On the other hand, empagliflozin appears to offer other cardiac benefits by
reducing oxidative stress and promoting autophagy, thereby enhancing
cardiac cell functionality. One of the pathways underlying these effects is the
SIRT1/PGC-10/FGF21 pathway (212). In our study, we observed increased
levels of SIRT1 protein in the infarct zone but did not detect increases in the
downstream mediators PGCla and FGF21, suggesting that this pathway was
not activated. However, SIRT1 is also known to regulate genes involved in
inflammatory pathways, exerting anti-inflammatory effects by suppressing
the NF-kB signalling pathway and inhibiting inflammasome activation
(246,247). Therefore, the elevated SIRT1 levels in empagliflozin-treated
animals might be associated with reduced inflammation in this group.

We also assessed the impact of empagliflozin and/or sacubitril/valsartan on
metabolite profiles in the liver, infarct core, and serum of the animals.
Empagliflozin-treated animals exhibited increased levels of cardioprotective
lipids, such as omega-3, omega-6 and -7, docosahexaenoic acid (DHA), and
arachidonic acid + eicosapentaenoic acid (ARA+EPA) in the liver. These omega
fatty acids are known to have anti-inflammatory, anti-fibrotic, and anti-
arrhythmic properties (248). However, no corresponding increases in these
cardioprotective lipid levels were observed in the serum or infarcted tissue.
Considering the liver's essential role in energy regulation and its central
involvement in metabolic interactions across tissues, it is plausible to suggest
that hepatic lipid modulation may have significant cardiac implications. This
effect could be particularly relevant to the non-infarcted myocardium, the

viable region of the heart that remains responsive to metabolic adaptation.
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Fibrosis
Sacubitril/valsartan has demonstrated anti-fibrotic properties in multiple
studies. Patients with HFrEF and HFpEF who were treated with
sacubitril/valsartan exhibited significant reductions in plasma pro-fibrotic
biomarkers (108,109). Additionally, in various preclinical models, including
MI, sacubitril/valsartan effectively reduced fibrosis area and downregulated
pro-fibrotic markers such as Col I, Col lll, and a-SMA (112—-117). Our findings
are consistent with the published studies, as we observed a reduction in Col
I and Col I/Ill ratio in the infarct core of Sac/Val animals. However, we did not
observe significant differences in total collagen volume fraction (CVF) or Col
1l levels.
The structural cardiac remodelling occurring after Ml also involves changes in
the composition of collagen matrix. Col | and Col Il are the primary ECM
structural proteins in the CV system, crucial for maintaining the balance
between elasticity, resilience, and rigidity that is necessary for normal cardiac
function. In pathological CV conditions, the ratios of these ECM proteins are
often altered, impacting the mechanical and structural functionality of the
heart (249). Col | fibrils are stiff and provide structural rigidity and strength,
whereas Col lll fibrils are thinner, offering less tensile strength but greater
elasticity, which enhances tissue resilience (249). After MI, scar formation
and its collagen composition play an important role in modulating the LV
remodelling process. For instance, an increased Col I/1ll ratio reduces wall
elasticity, contributing to adverse remodelling, impaired cardiac function,
and the potential development of HF, VAs, and death (250,251). In our study,
Sac/Val-treated animals displayed reduced Col | deposition within the
myocardial scar, resulting in a lower Col I/1ll ratio and consequently limiting
scar fibrosis. Furthermore, we observed reductions in total scar mass and scar
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transmurality, as evaluated by late gadolinium enhancement cardiac
magnetic resonance (LGE-CMR). However, despite these beneficial anti-
fibrotic effects, cardiac function did not significantly improve in this group.
Previous studies suggest that the anti-fibrotic effects of sacubitril/valsartan
are mediated through the inhibition of the TGF-B1/Smad3 and Wnt/B-catenin
signalling pathways (114,115,118). However, we did not observe significant
changes in the expression levels of fibrotic genes such as TGF-B1, TGF-B3,
LRP1, MMP2, MMP9, and TIMP1 in either infarct or remote zones at 30 days
post-MI. It is possible that these effects may be more pronounced in
myocardial tissue during the inflammatory-reparative phases that occur
within the first week after MI. Our analysis focused on tissue samples
collected at the end of the study, 30 days post-Ml, suggesting that shorter-
term studies may provide a more accurate assessment of these molecular
pathways as they manifest during the acute post-Ml phase.

Regarding empagliflozin treatment, some studies have suggested anti-
fibrotic effects of this drug in various CV conditions such as HF and Mi
(184,186,187,189), although results have been inconsistent. In our study, no
differences were detected in CVF or Col | levels. However, we observed an
increase in Col Il in the myocardial scar, along with a trend toward a
decreased Col I/1ll ratio, suggesting a potentially more flexible scar. These
anti-fibrotic effects could be attributed to the reduced inflammatory
response observed in the Empa group post-Ml. On the other hand,
empagliflozin has been shown to reduce the expression of pro-fibrotic
markers, including MMP9, TGF-B1, Col I, and Col 111 (171,189,192). However,
in our study, we did not find differential expression levels of fibrotic genes in
this group, which may be attributed to the timing of our analysis (30 days
post-Ml).
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The combined treatment group showed similar results to the Sac/Val group,
including a reduction in Col | levels and the Col I/1ll ratio. This suggests that
the anti-fibrotic effect of sacubitril/valsartan operates independently of any
anti-inflammatory action, as no anti-inflammatory response was observed in
the combined group. Previous studies indicate that the anti-fibrotic effects of
sacubitril/valsartan are likely linked to the inhibition of TGF-B1/Smad3 and
Wnt/B-catenin signalling pathways. Shorter follow-up studies would be more
appropriate to confirm whether these pathways are indeed involved in the
anti-fibrotic action of sacubitril/valsartan in the early stages following MI.
In the non-infarcted zone, no differences were observed between groups in
terms of Col I, Col lll, CVF and Col I/Ill. While it is reasonable to expect that
these treatments could improve overall heart remodelling, including in the
remote zone, such changes typically occur later in the post-MI progression.
Therefore, a longer study duration may be more appropriate to examine

these potential long-term remodelling effects.

Cardiac function
In the context of HF, sacubitril/valsartan has demonstrated beneficial results
in reversing adverse LV remodelling, including improvements in ventricular
volumes (LVEDV and LVESV), which lead to enhanced LVEF, among other
parameters (119,120). Regarding AMI patients, despite the limited number
of studies, sacubitril/valsartan initiation has also been associated with
improvements in cardiac function, albeit with mixed outcomes. Rezq and
colleagues reported higher LVEF values and improved LV remodelling (LVEDV
and LVESV) after 6 months of sacubitril/valsartan treatment compared to
enalapril (ACEi) (126). However, in the PARADISE-MI trial, sacubitril/valsartan
did not significantly improve LVEF compared to ramipril (ACEi) after 8
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months, although it did result in a smaller increase in LVEDV and a greater
decline in LV mass (127). It is reasonable to suggest that sacubitril/valsartan
could improve cardiac function after Ml due to its anti-fibrotic properties.
However, we did not observe a superior effect on cardiac function compared
to the control group treated with BBs alone.

Regarding empagliflozin treatment, previous studies involving HF patients
with or without T2DM have shown improvements in LVEDV, LVESV, and LV
mass, following the initiation of the treatment (193). The effects were more
pronounced, particularly in improving LVEF, when baseline cardiac function
was impaired (197). Additionally, in the context of AMI, empagliflozin has
been shown to improve echocardiographic parameters (198). In our study,
we found no significant improvements in cardiac function in the Sac/Val and
Empa groups, as assessed by LGE-CMR. Despite these groups exhibited
beneficial effects on the inflammatory response after MI and enhanced
fibrotic characteristics of the myocardial scar, these improvements appeared
insufficient to significantly improve cardiac function parameters.
Nevertheless, in the combined treatment group, we observed improved LV
compliance, as evidenced by an increase in indexed LVEDV, which led to a
greater LVSV — the volume of blood pumped out in each systolic cardiac
contraction. However, the observed improvement in LVEF did not reach
statistical significance. This outcome should be linked to the results regarding
fibrosis in this group (lower Col | and Col I/Ill ratio), mainly attributed to
sacubitril/valsartan treatment, as they reproduced the findings observed in
the Sac/Val group. It remains unclear why the cardiac function benefits
observed in the combined treatment group were not evident in the Sac/Val
group. One possible explanation could be the limited sample size of our

study. Alternatively, the addition of empagliflozin may have provided an
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additional therapeutic effect, potentially influencing other fibrotic and
remodelling pathways. For instance, the observed Col Il increment in the
myocardial scar could contribute to improve cardiac compliance. However,

this hypothesis requires further validation through additional research.

Arrhythmias

Non-invasive and invasive techniques are crucial for arrhythmic risk
stratification. LGE-CMR imaging facilitates the assessment of factors such as
scar size, BZ mass, and the number and mass of BZ corridors—channels of BZ
tissue connecting healthy myocardium and surrounded by non-excitable
areas such as dense scar (252). These factors reflect heterogeneous scar
areas with diverse conduction and excitability properties, which are
favourable for re-entry circuits, thereby increasing the incidence of VAs
(253,254). Invasive electroanatomical mapping provides additional insights,
enabling the characterization of BZ and scar tissue, pathological
electrograms, and deceleration zones (DZs), all of which are associated with
VAs.

In our study, the Sac/Val group exhibited favourable electrophysiological
properties of the scar, as indicated by reductions in total scar mass, BZ mass,
and the number and mass of BZ corridors. As a result, there was a significant
55% reduction in the relative risk of VT inducibility at 30 days post-Mi
compared to the control group, which received BB treatment alone—a
treatment recognized for its anti-arrhythmic effects (255). This suggests that
sacubitril/valsartan may provide an important additional anti-arrhythmic
benefit beyond what BB treatment provides, in the post-MI context. These
results align with prior studies, where sacubitril/valsartan has demonstrated
potential in preventing severe ventricular arrhythmic events in HF patients,
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including reductions in the number of ICD shocks, episodes of VF and VT,
PVCs, and the incidence of cardiac arrest or sudden cardiac death (87,128
131). In the context of MI, besides our study, sacubitril/valsartan has also
demonstrated anti-arrhythmic effects in two primary preclinical studies by
reducing VA inducibility (132,133). The mechanisms behind this anti-
arrhythmic effects are largely attributed to the reversal or prevention of
adverse cardiac remodelling, although further investigation is necessary. Our
findings suggest that the decreased risk of VAs is likely mediated by improved
post-Ml fibrosis and the associated electrophysiological remodelling. Despite
these promising results, there is limited evidence on the specific arrhythmic
effects of early sacubitril/valsartan administration in AMI patients. The only
relevant clinical trial, involving 131 AMI patients receiving sacubitril/valsartan
or enalapril (ACEi) after PCI, reported a reduction in the secondary endpoint
of combined adverse events, including malignant arrhythmias (256). While
the sacubitril/valsartan group experienced fewer malignant arrhythmias, the
small sample size underscores the need for larger clinical trials to confirm
these findings.

Regarding the Empa group, we found no impact of empagliflozin in any of the
evaluated electrophysiological parameters, resulting in no modification of
the risk of VT inducibility 30 days post-MI compared to controls. Research on
the effects of SGLT2 inhibitors on VAs susceptibility remains limited. Among
these studies, three meta-analyses involving patients with T2DM, HF, and
CKD concurred on the ability of SGLT2 inhibitors to reduce the risk of atrial
arrhythmias (199-201), but no impact on VAs was reported. However, a
recent study involving 150 patients with T2DM treated with an ICDs showed
that empagliflozin reduced the number of VAs episodes compared to placebo

(257). In preclinical studies of MI, empagliflozin has been shown to reduce
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Discussion
premature ventricular beats (PVBs), VF (203), and sudden death (204). It is
reasonable to suggest that empagliflozin might influence the arrhythmogenic
substrate due to its anti-inflammatory and anti-fibrotic properties.
Nonetheless, more extensive studies are required to validate this hypothesis.
The combined treatment group (Empa+Sac/Val) also exhibited a reduced risk
of VT inducibility 30 days post-MI. This reduction may be attributed to several
factors observed in this group, including beneficial electrical scar
remodelling, characterized by fewer conduction abnormalities (fewer BZ
corridors and DZs), and reduced myocardial fibrosis, evidenced by lower
levels of Col I, Col I/1ll ratio, and CVF. Notably, these effects were absent in
the Empa-only group, suggesting that they are primarily driven by the anti-

fibrotic properties of sacubitril/valsartan.

Empagliflozin and sacubitril/valsartan safe and synergistic effects

Previous studies have demonstrated that the combination of ARNi and SGLT2
inhibitors is safe and well-tolerated in HF patients, including older
populations (222,223). Although specific data on the safety of this
combination following Ml are lacking, our study showed that it was well-
tolerated in pigs, with no observed adverse effects.

Regarding the efficacy of the co-treatment, previous sub-studies evaluating
the potential synergistic effects of these two drugs did not show a significant
reduction in the risk of CV death or hospitalization for HF in the combination
group compared to the group treated with empagliflozin alone. However,
patients receiving both medications exhibited improvements in several
clinical indicators such as systolic pressure, heart rates, and NT-proBNP levels
(223), compared to those patients that were treated with empagliflozin
alone. It is important to note that the number of patients receiving both
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medications in these studies was considerably smaller than those receiving
only SGLT2 inhibitors. The results of our Ml study suggest that co-treatment
with empagliflozin and sacubitril/valsartan did not provide significant
additional therapeutic benefits. Surprisingly, this combined group did not
exhibit the anti-inflammatory effects observed when the drugs were
administered individually in the Empa and Sac/Val groups. However, similar
to the Sac/Val group, the Empa+Sac/Val group showed reduced fibrosis, as
evidenced by lower Col | levels and a reduced Col I/Ill ratio. This reduction in
fibrosis translated into significant anti-arrhythmic effects, such as fewer BZ
corridors and DZs, which contributed to a notable reduction in VT inducibility
30 days post-MlI. Although the exact mechanisms underlying these anti-
arrhythmic benefits remain unclear, the anti-fibrotic effect appears to be a
crucial factor in reducing arrhythmogenic risk in both the Sac/Val and
Empa+Sac/Val groups. In contrast, while a moderate anti-fibrotic effect was
observed in the Empa group, it did not result in any anti-arrhythmic benefit.
The primary advantage of the combined treatment seems to lie in improved
LV compliance, as evidenced by an increased LVSV. The fibrosis-related
characteristics of the combined treatment group closely resembled those of
the Sac/Val group, with lower Col | levels and a reduced Col I/Ill ratio. Taken
together, these findings suggest that sacubitril/valsartan exerts a more
pronounced effect on reducing fibrosis and arrhythmias compared to

empagliflozin.
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Figure 14. Graphical summary of results: effects of early initiation of
sacubitril/valsartan and/or empagliflozin after MI. Sacubitril/valsartan reduced
systemic inflammation and promoted favourable scar remodelling by reducing Col |
content in the scar, total scar mass, BZ mass, and the number and mass of BZ corridors,
leading to a reduced risk of VT inducibility. Empagliflozin reduced systemic
inflammation, improved cardiac oxidative stress, modified the collagen composition of
the scar, and increased cardioprotective lipid levels in the liver. The combination of
empagliflozin and sacubitril/valsartan decreased Col | in the scar, increased triglyceride
metabolism (intake), and promoted favourable structural and electrical remodelling,
leading to an improved LV compliance and a reduced risk of VT inducibility. Original
figure created with Biorender.com.
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Conclusions

The conclusions derived from this thesis project are:

1. The coil deployment method in swine successfully provided a highly
reproducible, consistent, and translational pre-clinical MI model

suitable for testing new CV therapeutic strategies.

2. Early initiation of sacubitril/valsartan after M| decreased the acute
systemic inflammatory response, Col | content in the scar, total scar
and border zone mass, the number and mass of border zone corridors,
as well as the number of deceleration zones. These effects led to a
reduced risk of ventricular tachycardia inducibility 30 days post-Ml,

without significantly affecting cardiac function.

3. Early initiation of empagliflozin after MI reduced the acute systemic
inflammatory response, modulated NO bioavailability, altered scar
collagen composition, and increased cardioprotective liver lipid levels.
However, empagliflozin showed no impact on electrophysiological

properties, ventricular tachycardia inducibility, or cardiac function.

4. Early initiation of combined empagliflozin and sacubitril/valsartan
treatments after MI promoted favourable scar remodelling by
decreasing Col | deposition in the scar and the number of border zone
corridors and deceleration zones. These effects contributed to a lower
risk of ventricular tachycardia inducibility 30 days post-MI and

improved left ventricular compliance.
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5. Co-treatment with empagliflozin and sacubitril/valsartan after Ml was
safe but did not provide significant additional therapeutic benefits

compared to individual treatments.
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