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ORIGINAL ARTICLE

Antiarrhythmic and Anti-Inflammatory Effects 
of Sacubitril/Valsartan on Post-Myocardial 
Infarction Scar
Daina Martínez-Falguera , MSc*; Júlia Aranyó , MD*; Albert Teis , MD, PhD; Gemma Ferrer-Curriu, MSc, PhD; 
Marta Monguió-Tortajada , MSc, PhD; Edgar Fadeuilhe , MD; Oriol Rodríguez-Leor , MD, PhD; Idoia Díaz-Güemes, DVM, PhD; 
Santiago Roura, MSc, PhD; Roger Villuendas , MD, PhD; Axel Sarrias , MD; Victor Bazan , MD, PhD; 
Victoria Delgado , MD, PhD; Antoni Bayes-Genis , Prof., MD, PhD; Felipe Bisbal , MD, PhD†; 
Carolina Gálvez-Montón , DVM, MSc, PhD†

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 
(MI) 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 β-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 MI to 
assess ventricular remodeling. Programmed electrical stimulation and high-density mapping were performed at 30-day post 
MI 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 MI, 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 I content (P=0.049), and collagen I/III 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

Coronary artery disease is the leading cause of heart 
failure (HF).1 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.2 Reparative fibrosis after 

MI produces adverse cardiac remodeling and electrical 
disturbances within the scar, including conduction het-
erogeneity.3 This structural and electrical remodeling 
occuring in ischemic cardiomyopathy, together with neu-
rohormonal, inflammatory, and electrolyte abnormalities 
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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.4

Sacubitril/valsartan (Sac/Val) is an inhibitor of nepri-
lysin and the angiotensin II 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.5,6 The mechanism by which 
Sac/Val reduces mortality seems to be multifactorial and 
includes a reduction in left ventricular (LV) remodeling 
and myocardial fibrosis.7–9 Furthermore, previous studies 

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.10–12

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.13–15 Reduced VA burden may also be 
driven by reduced LV remodeling and neurohormonal 
activity associated with Sac/Val.16,17 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 × Large White pigs (30–35 kg, 
50% females) with nonrevascularized MI. After MI, animals 
were randomly allocated to receive treatment with β-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 II 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 MI procedure 
as previously described.20 MI was induced by percutaneous 

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
Col I collagen I
Col III collagen III
DZ deceleration zone
HDM high-density electroanatomic mapping
HF heart failure
LGE late gadolinium
LV left ventricle
MI myocardial infarction
RV right ventricle
Sac/Val sacubitril/valsartan
VA ventricular arrhythmia
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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 I 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 MI induction procedure.

Systemic Immune Response
To study the evolution of the systemic immune response 
after MI, blood samples were collected at baseline, 2 (the 
first peak of inflammation), 15, and 30 days post MI. Aliquots 
(100 μL) 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 μL of 
unstained whole blood mixed with 20 μL of Perfect Count 
Microspheres (Cytognos). Samples were acquired in an LSR 
Fortessa flow cytometer (BD Biosciences) and analyzed 
using FlowJo (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-γ, interleukin (IL)-1α, IL-1β, 
IL-1ra, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18, and TNF-α 
(tumor necrosis factor-α) 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 

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).21 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 MI 
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.22 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.

Figure 1. Chronogram and workflow of the study.
EPS indicates electrophysiologic study; LGE-CMR, late gadolinium-enhanced cardiac magnetic resonance; and MI, myocardial infarction.
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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 S5 were allowed to increase the likelihood of VT 
induction based on previous studies.23 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 MI 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-μm-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 I (Col I), collagen III (Col III), and the Col I/III ratio. 
At least 4 random fields per sample section were captured 
under polarized light with a DMI6000B 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-μm optimal cutting temperature–embedded tissue 
cryosections with biotinylated Griffonia simplicifolia Lectin 
I IsolectinB4 (IsoB4, 1:25; Vector Labs) and Streptavidin-
Alexa568 (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 (4ʹ,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+, 

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 μg of 
RNA were retrotranscribed to cDNA using the High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems). The 
expression levels of IL-10, TNF-α, CCL2, TGF-β1, TGF-β3, 
LRP1, MMP2, MMP9, TIMP1, and PGK1 were analyzed starting 
from 2 μL of cDNA using the TaqMan Fast Advances Master 
Mix (Thermo Fisher Scientific) and the corresponding porcine 
TaqMan 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 2-ΔCt method24 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 (v.19.0.1; 
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 P<0.05 were consid-
ered significant.

RESULTS
Study Population and MI Induction
Twenty-two animals (34.2±2.3 kg, 50% females) under-
went MI 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 I 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: 1 381 8.97±259 6.56 cells/μL 
versus 2d: 1 089 7.20±253 1.50 cells/μL; control 
group baseline: 1 272 2.10±281 8.73 cells/μL ver-
sus 2d: 1 235 5.58±547 8.23 cells/μL; P=0.009) 
mainly through a decrease in neutrophil count (Sac/
Val group baseline: 654 3.70±213 4.75 cells/μL ver-
sus 2d: 399 0.80±136 3.24 cells/μL; control group 
baseline: 558 2.78±195 0.30 cells/μL versus 2d: 
497 2.16±347 1.32 cells/μL; 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 15d: 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: 71 8.84±24 1.98 pg/mL versus 
2d: 47 0.63±93.74 pg/mL; control group baseline: 
67 2.51±12 4.11 pg/mL versus 2d: 57 9.14±17 4.60 
pg/mL; P=0.024; Figure 2B). Notably, Sac/Val treatment 

maintained the anti-inflammatory IL-10 levels that 
decreased over time in the control group (Sac/Val group 
2d: 73.61±70.00 pg/mL versus 30d: 10 8.27±15 2.85 
pg/mL; control group 2d: 26 2.97±20 3.49 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-α, and CCL2 were similar in the 
2 groups at 30 days post MI (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 MI, 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).

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 mean±SD. 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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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] cm2, 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] cm2, respectively; 
P=0.043) without differences in epicardial dense scar 
mass (16.9 [11.6–20.3] versus 11.1 [3.0–17.52] cm2, 
respectively; P=0.093).

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 117.0±7.9 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=7], 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, 2.5 [95% CI, 1.1–5.6]; P=0.04) and number of BZ 
corridors (odds ratio, 5.1 [95% CI, 1.5–16.9]; P=0.008), 
as well as with the presence of DZ in high-density activa-
tion mapping (odds ratio, 3.0 [95% CI, 1.1–8.4]; P=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 (2177±561 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, 

Table 1. Cardiac Late Gadolinium-Enhanced Cardiac Magnetic Resonance Imaging Data

 Control Sac/Val

P value Baseline, n=8 Follow-up, n=7 Baseline, n=9 Follow-up, n=9 

LVEF, % 33.6±5.3 36.2±8.1 35.7±11.7 42.2±8.0 0.487

iLVEDV, mL/m2 134.1±23.5 124.0±26.5 135.5±21.8 131.9±22.4 0.523

iLVESV, mL/m2 88.4±13.9 79.5±20.1 87.4±23.3 76.3±16.1 0.781

iLV mass, g/m2 84.2±4.9 82.1±5.7 91.2±10.9 82.0±8.8 0.219

RVEF, % 40.5±7.5 50.1±8.2 47.8±7.7 57.0±7.6 0.949

iRVEDV, mL/m2 104.6±17.3 83.2±15.0 102.2±20.6 93.4±21.4 0.175

iRVESV, mL/m2 62.2±13.0 41.1±7.6 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 [3.5–5.9] 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, cm2 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, cm2 14.3 [5.8–16.1] 16.9 [11.6–20.3] 13.6 [2.7–16.2] 11.1 [3.0–17.5] 0.093

Epicardial BZ scar, cm2 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 [Q25-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 P values (<0.05).
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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 5A). 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 I content (5.54±4.92% ver-
sus 15.01±9.85%, respectively; P=0.049) and Col I/III 
ratio in the infarct core (0.28±0.18 versus 0.94±0.66, 

respectively; P=0.040), with no differences in collagen 
volume fraction or Col III (Figure 5D and 5E). Collagen 
volume fraction, Col I, Col III, and the Col I/III 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-β1, TGF-β3, LRP1, MMP2, MMP9, 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 MI is initiated by a severe inflammatory 
response and immune cell infiltration, followed by a repara-
tive phase with resolution of inflammation, scar formation, 

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.
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and collagen deposition. The inflammatory response and 
subsequent ventricular remodeling are directly involved in 
the development of post-MI VA.25 In our study, the early 
increase of inflammatory markers early after MI evolu-
tion was not observed in the control group; the anti- 
inflammatory effects of bisoprolol in this group might have 
driven this attennuation.26 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.18 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.27,28 
Notably, Sac/Val treatment reduced CCR2 expression in 
circulating monocytes at 15 days post MI, 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.18,29 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.30

Arrhythmic Risk
In this study, early treatment with Sac/Val reduced the 
risk of induced VA 30 days post MI by 55%. This find-
ing is consistent with previous studies in patients with 

HF with implantable cardioverger desfibrillator which 
have shown that Sac/Val reduces cardiovascular mor-
tality, sudden cardiac death, and VA.12 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.31,32 In fact, efforts are 
being made to integrate these variables into prognostic 
algorithms.33–35 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 mortality.34,35 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 MI is characterized by 
progressive dilatation and contractile dysfunction and 
is an important determinant of poor outcomes, includ-
ing VA and cardiovascular death.36 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/Eʹ ratio) and 
N-terminal pro-B-type natriuretic peptide quantifica-
tion.8,9 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.37 However, recent work designed to 
determine whether Sac/Val is superior to ACE inhibi-
tors in the postacute MI scenario challenged these 

Table 2. Invasive High-Density Mapping and VT Inducibility 
Parameters

 Control, n=7 Sac/Val, n=9 P value 

Endocardial area 1.5 
mV, cm2

22.3 [10.7–24.4] 20.2 [7.6–25.8] 0.815

Endocardial area 0.5 
mV, cm2

18.9 [14.7–19.8] 13.5 [5.1–20.5] 0.427

Endocardial area 0.5–1.5 
mV, cm2

3.9 [3.5–5.9] 2.2 [1.9–5.8] 0.185

Endocardial abnormal 
EGMs, n (%)

7 (100) 8 (89) 0.861

Epicardial area 0.5 mV, 
cm2

8.3 [6.6–8.7] 6.1 [0.9–8.3] 0.173

Epicardial abnormal 
EGMs, n (%)

5 (100) 4 (50) 0.068

DZ (median [IQR]) 3 [2–3] 1 [0–1] 0.016*

VT inducibility, n (%) 7 (100) 4 (44) 0.034*

VT inducibility+CV death, 
n (%)

8 (100) 4 (44) 0.015*

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 P values (<0.05).
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observations, showing no benefit in terms of cardiovas-
cular outcomes (cardiovascular death or HF episodes) 
and echocardiographic remodeling parameters.38 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 MI 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 I deposition in the myocardial scar, resulting in 
a lower Col I/III ratio, consistent with other preclinical 
studies.39 Post-MI ventricular remodeling involves several 

factors including changes in the composition of the car-
diac extracellular matrix due to the secretion of Col I 
and Col III and an imbalance of the collagen ratio in the 
infarcted and BZ areas. These modifications can eventu-
ally develop into HF, VA, and death.40 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 MI, 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 

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.
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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 MI, 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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