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A B S T R A C T

Background: Sacubitril/valsartan has been demonstrated to promote let ventricular (LV) reverse remodelling and
improve outcomes in patients with heart ailure (HF) with reduced ejection raction (EF). Its molecular and tissue
eects have not been ully elucidated yet, due to the paucity o preclinical studies, mostly based on ischaemic
models. We aimed to evaluate the eects o sacubitril/valsartan on LV remodelling, myocardial brosis and
mitochondrial biology in a murine model o non-ischaemic LV dysunction.
Methods: Adult transgenic male mice with cardiac-specic hyperaldosteronism (AS mice) received subcutaneous
isoproterenol injections to induce LV systolic dysunction. Ater 7 days, mice were randomized to a 2-week
treatment with saline (ISO-AS n = 15), valsartan (ISO + V n = 12) or sacubitril/valsartan (ISO + S/V n =
12). Echocardiography was perormed at baseline, at day 7, and ater each o the 2 weeks o treatment. Ater
sacrice at day 21, histological and immunochemical assays were perormed. A control group o AS mice was
also obtained (Ctrl-AS n = 8).
Results: Treatment with sacubitril/valsartan, but not with valsartan, induced a signicant improvement in LVEF
(p = 0.009 vs ISO-AS) and ractional shortening (p = 0.032 vs ISO-AS) ater 2- week treatment. In both ISO + V
and ISO + S/V groups, a trend toward reduction o the cardiac collagen 1/3 expression ratio was detected. ISO +
V and ISO + S/V groups showed a signicant recovery o mitochondrial morphology and inner membrane
unction meant or oxidative phosphorylation.
Conclusion: In a murine model o non-ischaemic HF, sacubitril/valsartan proved to have benecial eects on LV
systolic unction, and on cardiac energetics, by improving mitochondrial activity.

1. Introduction

Activation o renin-angiotensin-aldosterone system is one o the
main pathways involved in cardiovascular remodelling because o its

vasoconstrictor, probrotic and proinfammatory eects [1]. Pharma-
cological antagonism o renin-angiotensin-aldosterone system improves
morbidity and mortality o patients with heart ailure (HF) [2]. None-
theless, a persistent activation o pro-infammatory and neurohormonal

Abbreviations: AS, Aldosterone synthase; BNP, Brain natriuretic peptide; Ctrl-AS, Aldosterone synthase mice without treatment; DE, Dierentially expressed; HF,
Heart ailure; EF, Ejection raction; ISO + S/V, Aldosterone synthase mice with sacubitril/valsartan treatment; ISO + V, Aldosterone synthase mice with valsartan
treatment; ISO-AS, Aldosterone synthase mice with isoproterenol injections; LV, Let ventricular.
* Corresponding author at: Health Science Interdisciplinary Center, Scuola Superiore Sant’Anna, Pisa, Division o Cardiology and Cardiovascular Medicine,

Fondazione Toscana Gabriele Monasterio, Via Giuseppe Moruzzi 1, 56127 Pisa, Italy.
E-mail address: vergaro@tgm.it (G. Vergaro).

1 Equally contributed.

Contents lists available at ScienceDirect

International Journal o Cardiology
journal homepage: www.elsevier.com/locate/ijcard 

https://doi.org/10.1016/j.ijcard.2024.132203
Received 22 February 2024; Received in revised orm 2 April 2024; Accepted 22 May 2024



International Journal of Cardiology 409 (2024) 132203

2

axes, with elevation o plasma renin activity [3–5] and aldosterone [6,7]
can be observed despite therapeutic optimization. In a murine model o
cardiac-specic hyperaldosteronism and isoproterenol-induced let
ventricular (LV) dysunction, canrenoate, a specic mineralocorticoid
receptor antagonist, reduced - but did not suppress - infammation and
myocardial brosis [8].

Sacubitril/valsartan, a combined neprilysin and angiotensin receptor
inhibitor [9] reduces mortality and HF hospitalizations compared to
enalapril, in symptomatic patients with HF with reduced ejection rac-
tion (EF <40%) [10]. Neprilysin represents the main mechanism o
enzymatic clearance o natriuretic peptides, but also acts on other sub-
strates, such as endothelin-1, substance P, angiotensin I and β -amyloid
protein [11,12].

Benecial eects o sacubitril/valsartan on myocardial brosis have
been reported ater 4 week-treatment in a murine model o post-
ischaemic LV dysunction [13], and on myocardial hypertrophy and
infammatory damage in spontaneously hypertensive rats [14]. Indeed,
the positive eects on myocardial remodelling prove to be more evident

in the subset oHF with a non-ischaemic aetiology [15]. Still, despite the
overwhelming evidence on clinical ecacy o sacubitril/valsartan [16],
its molecular eects have not been ully elucidated. Moreover, whether
sacubitril/valsartan improves myocardial energetics has never been
investigated.

We aimed to evaluate the eects o sacubitril/valsartan on LV
remodelling, myocardial brosis and mitochondrial biology in a murine
model o non-ischaemic LV dysunction.

2. Methods

2.1. Animals

Adult transgenic male mice with cardiac-specic overexpression o
the aldosterone synthase gene (α-MHC-AS mice on FVB background,
hereinater AS mice) and adult wild-type FVB male mice were used or
the experimental protocol. As previously reported, AS mice overexpress
the aldosterone synthase gene at the cardiac level and have a 2-old
increased cardiac aldosterone concentration [17]. Cardiac hyper-
aldosteronism results in an increased susceptibility to myocardial
damage induced by isoproterenol inusion, thus leading to a decrease in
LV ractional shortening and to a diuse brosis [8].

2.2. Induction o LV systolic dysunction and treatment

AS mice were treated with subcutaneous isoproterenol injections
(300 mg/kg BID or 2 consecutive days D1-D2) to induce LV systolic
dysunction. The day beore (D0) and ve days ater (D7) the last
isoproterenol injection, a 2D-echocardiography was perormed. At D8,
mice were randomly assigned to a 2 week-treatment with saline (0.2 mL
BID) (ISO-AS n = 15), valsartan (26 mg/kg by oral gavage) (ISO + V n =
12) or sacubitril/valsartan (57 mg/kg by oral gavage) (ISO + S/V n =
12). Echocardiography was repeated ater the rst week (D14) and at
the end o treatment (D21). Mice were sacriced at D21. As a control, a
group o AS mice did not receive isoproterenol injection nor pharma-
cological treatment was obtained (Ctrl-AS n = 8) (Supplemental Fig. 1).

Fig. 1. Echocardiographic parameters at baseline-D0, treatment start-D1, in-
termediate evaluation-D2, treatment end-D3. AS mice were shown as: (Ctrl-AS)
control n = 8; (ISO-AS) isoproterenol alone n = 15; (ISO + V) isoproterenol +
valsartan n = 12; (ISO + S/V) isoproterenol + valsartan/sacubitril n = 12.
(EDLVD) end diastolic let ventricular diameter; (EF) ejection raction; (FS)
ractional shortening; (ESLVD) end systolic let ventricular diameter. *p ≤ 0.05
vs ISO-AS.

Fig. 2. Gene expression omarkers cardiac stress, brosis and infammation. Values were normalized to a control (Ctrl-AS) group composed omice not induced with
isoproterenol. Data are presented as mean ± SEM. * p < 0.05, # p < 0.01, § p < 0.001 vs ISO-AS, n ≥ 8 animals per group.
(BNP) Brain natriuretic peptide; (CD68) Cluster o dierentiation 68; (COL1–3) Collagen Type 1–3; (Mcp1) Monocyte chemoattractant protein 1; (TGF-β1) Trans-
orming growth actor β1.
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2.3. Echocardiography

Mice underwent bidimensional transthoracic echocardiography
using a high-resolution ultrasound imaging system (Vevo 3100 - FUJI-
FILM - VisualSonics Inc., Toronto, ON, Canada). Echocardiographic
protocol required animal anesthetization with isofurane (IsoFlo, Abbott
Laboratories, Maidenhead, UK) by employing an induction chamber
connected with a scavenger canister. Ater induction, each animal was
located on a temperature-controlled board and let under anaesthesia
during the examination (1–2% isofurane in 1 L/min o pure oxygen),
regulated to obtain heart rate (>400 bpm) comparable or every animal.
Heart and respiratory rate, as well as body temperature, were constantly
controlled by Advancing Physiological Monitoring Unit available with
the imaging station (Vevo Imaging Station, FUJIFILM VisualSonics Inc.,
Toronto, Canada).

2D cardiac images were obtained in parasternal long and short axis
view, while M-mode image was recorded at the papillary muscle level in
short axis view. M-mode images were analysed with the sotware pro-
vided with the ultrasound equipment (VEVOLab, FUJIFILM Visual-
Sonics Inc., Toronto, Canada), in order to measure LV ractional
shortening, EF, LV mass, end-diastolic LV diameter, end-systolic LV
diameter. All measurements were perormed by two independent op-
erators, in a blinded ashion.

2.4. Organ weight and tissue analysis

Mice were euthanized by means o an anaesthetic overdose (Sevo-
furane Piramal 100%). Body weight, heart weight, and tibia lengths
were determined. The heart was transversally divided into two parts: the
basal part was xed in ormalin, embedded in paran and then stained
with Masson’s trichrome; the apex was urther divided into two parts:
one was xed or electron microscope observation, the other was snap
rozen in liquid nitrogen and stored at 80 ◦C or molecular biology
analysis. Evaluation o brosis was perormed using a semiquantitative
method. Total area o myocardial biopsy specimen was calculated or
each sample. Interstitial brosis (on Masson’s trichrome) areas were
expressed as percentages o total sample area: 0 (absent), 1 (1%–5%), 2
(6%–15%), 3 (16%–30%) and 4 (>30%).

2.5. RNA extraction and cDNA synthesis

Total RNA was extracted rom about 20 mg pulverized cardiac tissue
using the miRNeasy Mini Kit (Qiagen) according to the manuacturer’s
instructions. To avoid DNA contamination, an on-column DNase diges-
tion step was perormed during the RNA extraction procedure by using
the Invitrogen DNase reagent. A quantity o 1 μg RNA was reversed
transcribed by using the QuantiTect Reverse Transcription Kit (Qiagen)

Fig. 3. Valsartan and sacubitril/valsartan counter-modulated genes involved in mitochondrial activity. A) Heat map examination o DE genes involved in the
mitochondrial organization, distribution, and morphogenesis: values (old change with respect to Ctrl-AS) were shown using colors and intensity o shading (blue =
down-regulated, red = up-regulated). B) Signicantly enriched biological processes and signalling pathways assessed by over-representation o gene ontology and
KEGG pathways terms using the DE transcripts o the mitochondrial proler array as input list. C) Histograms o DE genes involved in mitochondrial organization
with n ≥ 3 dierent animals per group. * p ≤ 0.03, # p ≤ 0.002, § p < 0.0001 vs ISO-AS.
(Dnm1l) Dynamin 1 Like; (Mn1–2) Mitousin 1–2; (Opa1) Optic atrophy type 1; (Rhot1–2) Ras Homolog Family Member T1–2. (For interpretation o the reerences
to color in this gure legend, the reader is reerred to the web version o this article.)
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or the RT2 rst strand Kit (Qiagen) or rt-PCR and PCR-array proling
respectively. Resulting cDNAs were stored rozen at 20 ◦C until
assayed.

2.6. Quantitative reverse transcription - polymerase chain reaction

The quantitative reverse transcription - polymerase chain reaction
was perormed in triplicate in a total reaction volume o 20 μL in a Rotor-
Gene Q real-time machine (Qiagen). The reaction mixture consisted o
3.5 μL H2O, 0.75 μL primers (10 μmol/L), 5 μL cDNA (2 ng/μL) and 10
μL Quantiast SYBR Green Mix (Qiagen). PCR was perormed with 5 min
o initial denaturation and then 40 cycles (or mRNA: 95 ◦C 10 s, 58 ◦C
20 s, 72 ◦C 10 s). Ater amplication, a melting curve analysis rom 65 ◦C
to 95 ◦C with a heating rate o 0.1 ◦C/s with a continuous fuorescence
acquisition was constructed. The relative quantication o samples was
perormed by Rotor Gene Q-Series Sotware. Data were normalized
against the mean o hydroxymethylbilane synthase and hypoxanthine
guanine phosphoribosyltranserase housekeeping genes using the ΔΔ 
quantication cycle (ΔΔCq) method.

The primer sequences used were: brain natriuretic peptide (BNP)
orward (5′- AGACCCAGGCAGAGTCAGAA 3′) and reverse (5′-
CAGCTCTTGAAGGACCAAGG 3′); transorming growth actor β1 or-
ward (5′- GTCAGCAGCCGGTTACCA 3′) and reverse (5′- GTCAG-
CAGCCGGTTACCA 3′); collagen type 1 orward (5′-
GCAGGTTCACCTACTCTGTCCT 3′) and reverse (5′- CTTGCCCCATT-
CATTTGTCT 3′); collagen type 3 (Col3) orward (5′-
TCCCCTGGAATCTGTGAATC -3′) and reverse (5′- TGAGTC-
GAATTGGGGAGAAT 3′); monocyte chemoattractant protein 1

orward (5′- AGGTCCCTGTCATGCTTCTG 3′) and reverse (5′-
TCTGGACCCATTCCTTCTTG 3′); cluster o dierentiation 68 orward
(5′- TTCTGCTGTGGAAATGCAAG 3′) and reverse (5′-
AGAGGGGCTGGTAGGTTGAT 3′); hydroxymethylbilane synthase or-
ward (5′- TCTAGATGGCTCAGATAGCATGCA-3′) and reverse (5′-
TGGACCATCTTCTTGCTGAACA-3′); phosphoribosyltranserase orward
(5′- AAGGACCTCTCGAAGTGTTGGATA 3′) and reverse (5′- CATT-
TAAAAGGAACTGTTGACAACG -3′).

2.7. PCR array profling

The PCR-array gene expression proling was perormed using the
RT2 Proler™ PCR Array mouse plates dedicated to mitochondria gene
panel (GeneGlobe ID - PARN-087Z), according to the manuacturer’s
instruction. Expression levels were quantied by SYBR Green chemistry
in 96 well plates with a Biorad CFX96 Real-Time System. Each PCR-
array plate contained quality control wells or assaying RNA quality,
reverse transcription quality, PCR quality and DNA contamination. Cq
analysis was perormed by the BioRad CFX Manager sotware with a
constant baseline adjustment o the relative fuorescent units or all
array runs. Data were normalized against the mean o actine β, β2-
microglobulin, glyceraldehyde 3-phosphate dehydrogenase, β-glucor-
onidase and phosphoribosyltranserase housekeeping genes using the
ΔΔCq method.

2.8. Gene ontology and pathways analysis

To elucidate mechanisms underlying mitochondrial homeostasis, we

Fig. 4. Valsartan and sacubitril/valsartan counter modulated genes relevant to mitochondria protein transport. A) Heat map examination o DE genes involved in the
mitochondrial protein transport, olding and maturation. Values (old change with respect to Ctrl-AS) are shown using the same color legend o Fig. 6. B) Signicantly
enriched biological processes assessed by over-representation o gene ontology terms using the DE transcripts o the mitochondrial proler array as input list. C)
Histogram o DE genes involved in mitochondria protein import with n ≥ 3 dierent animals per group. * p < 0.04, # p ≤ 0.01, § p ≤ 0.02 vs ISO-AS.
(Hsp90aa1) Heat Shock Protein 90 Alpha Family Class A Member 1; (Hspd1) Heat Shock Protein Family D Member 1; (Mipep) Mitochondrial Intermediate Peptidase;
(Mtx2) Metaxin 2; (Timm9-17a-17b-44-50) Translocase O Inner Mitochondrial Membrane 9-17a-17b-44-50; (Tomm22–34-70) Translocase O Outer Mitochondrial
Membrane22–34-70.
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compared the expression o genes involved in the dierent cellular
unctions o mitochondria. To identiy gene groups with similar bio-
logical unction, we thereore perormed an in-silico analysis o the main
enriched biological processes and pathways using the dierentially
expressed (DE) genes implicated: 1) regulation o mitochondrial
morphogenesis, dynamic and intracellular distribution (mitousin 1–2,
Ras homolog amily member T1–2, optic atrophy type 1 and dynamin 1
like); 2) genes involved in the transport, maturation and insertion o
mitochondrial proteins into the inner mitochondrial membrane (heat
shock protein 90 alpha amily class A member 1, heat shock protein
amily D member, mitochondrial intermediate peptidase, metaxin 2,
translocase o inner mitochondrial membrane 9-17a-17b-44-50, trans-
locase o outer mitochondrial membrane22–34-70); 3) mitochondrial
transport o organic and inorganic compounds, as well as ometabolism
(solute carrier amily 25 member 3–12–13-15-16-17-20-23, taazzin); 4)
cardiac muscle cell death, apoptotic processes, autophagy and response
to the superoxide (aryl hydrocarbon receptor interacting protein, B-cell
lymphoma 2, B-cell lymphoma 2 L1, B-cell lymphoma 2 interacting
protein 3, SH3 domain-containing GRB2-like protein B1, uncoupling
protein 2–3).

Functional enrichment analysis o the biological processes (gene
ontology terms), KEGG pathways and Reactome pathways was con-
ducted in STRING database (https://string-db.org/) using as input the
list o DE genes.

2.9. Electron microscopy

Freshly isolated cardiac samples extracted rom LV were rinsed
quickly in cold phosphate-buered saline or the rst hours, and then
xed with a glutaraldehyde–paraormaldehyde solution containing
cacodylate buer. Ater xation, samples underwent a solvent-based
dehydration step ollowed by embedding in epoxy resin, prior to ultra-
ne sectioning and post-staining with heavy metal stains. The ultra-
ne sectioning was perormed using a ultramicrotome, obtaining sec-
tions o 1 μm that were cut and stained with toluidine blue. The samples
were then cut urther using a diamond knie in order to achieve sections
o 50–70 nm, that were then placed onto a metal grid. Finally, a
descriptive analysis was done with the examination o the cardiac ultra-
structures and the description o the visual dierences between samples.

2.10. Statistical analysis

Continuous variables were shown as mean ± standard error o the
mean, whereas categorical variables as percentage. Data are also re-
ported as mean and standard deviation in Supplemental Tables 1–5.
Comparison between groups (Crtl-AS, ISO-AS, ISO+ V, ISO+ S/V) were
perormed using Kolmogorov-Smirnov test, χ square test and Kruskal-
Wallis test, as appropriate. All gene expression data were normalized
to control. Dierences among groups were evaluated with one-way

Fig. 5. Valsartan and sacubitril/valsartan counter modulated mitochondrial transport o organic/inorganic compounds. A) Heat map examination o DE genes
involved in the mitochondrial transport o dierent solutes. Values (old change with respect to Ctrl-AS) are shown using the same color legend o Fig. 6. B)
Signicantly enriched biological processes and signalling pathways assessed by over-representation o gene ontology and reactome pathways terms using the DE
transcripts o the mitochondrial proler array as input list. C) Histogram o DE genes involved in mitochondrial transport with n ≥ 3 dierent animals per group. * p
< 0.05, # p < 0.05, § p < 0.05 vs ISO-AS.
(Slc25a3-a12-a13-a15-a16-a17-a20-a23) Solute Carrier Family 25 Member 3–12–13-15-16-17-20-23; (Taz) Taazzin.
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Fig. 6. Valsartan and sacubitril/valsartan regulated cell death/survival. A) Heat map examination o DE genes involved in the regulation omitochondrial dependent
cell death and autophagy. Values (old change with respect to Ctrl-AS) are shown using the same color legend o Fig. 6. B) Signicantly enriched biological processes
assessed by over-representation o gene ontology terms using the DE transcripts o the mitochondrial proler array as input list. C) Histogram o DE genes involved in
cell death/autophagy with n ≥ 3 dierent animals per group. * p ≤ 0.04, # p ≤ 0.01, § p < 0.02 vs ISO-AS. + p < 0.05 vs ISO + V.
(Aip) Aryl Hydrocarbon Receptor Interacting Protein; (Bcl2) B-cell lymphoma 2; (Bcl2L1) B-cell lymphoma 2 L1; (Bnip3) B-cell lymphoma 2 Interacting Protein 3;
(Sh3glb1) SH3 domain-containing growth actor receptor-bound protein 2-like protein B1; (UCP2–3) Uncoupling protein 2–3.

Fig. 7. Ultrastructural characteristics o mitochondria at transmission electron microscopy. (a) ISO-AS cardiomyocytes with very dilated mitochondria, ragmented
cristae, dilated sarcoplasmic reticulum and disorganization o myobrillar complex. (b) ISO + V: Cardiomyocytes with predominantly regular ultrastructure. Spe-
cically, [A] Sporadic cardiomyocytes [B] with alterations similar to ISO-AS: very dilated mitochondria presenting dispersed matrix and ragmented cristae, dilated
sarcoplasmic reticulum. (c) ISO + S/V: cardiomyocytes with regular ultrastructure.
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ANOVA, ollowed by Bonerroni post hoc correction. Dierences were
considered statistically signicant at a value o p < 0.05.

3. Results

3.1. Sacubitril/valsartan improves isoproterenol-induced let ventricular
systolic unction and remodelling

ISO + S/V mice showed a higher LVEF (p = 0.009) and ractional
shortening (p= 0.032) at the end o the observation period, compared to
ISO-AS mice. These results matched with a reduction o end-systolic LV
diameter at day 21 (p = 0.032) in mice with ISO + S/V (Fig. 1). Heart
weight/tibia length ratio tended to be lower in the ISO+ V and ISO+ S/
V compared the ISO-AS group, although this dierence was not statis-
tically signicant (Supplemental Fig. 2). Data on heart rate during
echocardiography are reported in Supplemental Table 6.

3.2. Eects o sacubitril/valsartan on myocardial fbrosis

Sacubitril/valsartan and valsartan treatments did not aect the
extent o interstitial brosis at histological evaluation ater 2 weeks o
treatment (p = 0.86) (Supplemental Fig. 3). Collagen type 1/ collagen
type 3 ratio was signicantly higher in the ISO-AS mice compared to
Crtl-AS (p = 0.036); only sacubitril/valsartan was associated with a
trend in the reduction o collagen type 1/ collagen type 3 ratio (p =
0.098 ISO + S/V vs ISO-AS; p = 0.24 ISO + V vs ISO-AS). BNP gene
expression was also lower in ISO+ S/V and ISO+ V groups compared to
ISO-AS (p < 0.01). Further, biomarkers o infammation (monocyte
chemoattractant protein 1 and cluster o dierentiation 68) were less
expressed in ISO + S/V and in ISO + V than Ctrl-AS group (p < 0.01), as
shown in Fig. 2.

3.3. Rescue o mitochondrial activity with sacubitril/valsartan

Compared to Ctrl-AS group, ISO-AS mice showed altered expression
o 28 transcripts out o 53 total genes that gave an evaluable signal in the
mitochondria proler array (Figs. 3–6). Treatment with isoproterenol
was associated with a dysregulation o the expression o genes linked to
mitochondrial activity. This alteration was similarly rescued by valsar-
tan or sacubitril/valsartan.

To predict the biological and unctional implications o the observed
gene expression changes, we perormed a unctional enrichment anal-
ysis o the 28 DE genes using the String annotation tool. DE genes were
enriched into our main groups o biological processes o key relevance
to mitochondrial quality control, metabolism and mitochondrial
dependent death. The rst group includes genes involved in the regu-
lation o mitochondrial morphogenesis, dynamic and intracellular dis-
tribution such as: mitousin 1–2, optic atrophy type 1, dynamin 1 like
(essential or mitochondrial usion and maintenance o mitochondrial
morphology), and Ras homolog amily member T1–2 (acilitating
mitochondrial transport by attaching the mitochondria to the motor/
adaptor complex) (Fig. 3).

Valsartan and sacubitril/valsartan also counter modulated genes
involved in the transport, maturation and insertion o mitochondrial
proteins into the inner mitochondrial membrane including: heat shock
protein 90 alpha amily class A member 1 and heat shock protein amily
D member (essential or the olding and assembly o newly imported
proteins in the mitochondria), mitochondrial intermediate peptidase
(involved in the maturation o oxidative phosphorylation - OXPHOS-
related proteins), metaxin 2 (involved in the import o proteins into
the mitochondrion), translocase o inner mitochondrial membrane 9-
17a-17b-44-50 and translocase o outer mitochondrial membrane
22–34-70 (translocases located respectively in the inner, and outer
mitochondrial membrane) (Fig. 4). A third group o DE genes with
similar unction is relevant to mitochondrial transport o organic and
inorganic compounds, as well as to metabolism, including some

members o solute carrier amily 25 (solute carrier amily 25 member
3–12–13-15-16-17-20-23) and taazzin, a novel stimulator or mito-
chondrial biogenesis (Fig. 5). Finally, valsartan and sacubitril/valsartan
regulated genes relevant to cardiac muscle cell death and survival,
apoptotic processes, autophagy and response to the superoxide such as:
the anti-apoptotic aryl hydrocarbon receptor interacting protein and B-
cell lymphoma 2, the proapoptotic B-cell lymphoma 2 interacting pro-
tein 3, SH3 domain-containing growth actor receptor-bound protein 2-
like protein B1 (also involved in autophagosome ormation), and
uncoupling protein 2–3 (implicated in response to oxidative stress and in
dissociating oxidative phosphorylation rom ATP synthesis) (Fig. 6).

3.4. Restoration o ultrastructural characteristics o mitochondria with
sacubitril/valsartan treatment

In ISO-AS group, cardiomyocytes showed markedly dilated mito-
chondria associated with dispersed matrix, ragmented cristae and
dilated sarcoplasmic reticulum; the myobrillar complex appeared
disorganized, in part due to the encumbrance related to mitochondrial
dilatation (Fig. 7a). Samples obtained rom ISO + V mice showed a
partial recovery o mitochondrial morphology, while samples rom ISO
+ S/V mice exhibited a ull recovery (Fig. 7b-c). Specically, in the ISO
+ V and ISO + S/V groups, cardiomyocytes displayed regular ultra-
structure, and their mitochondria showed physiological sizes and
morphology, except ew cases (almost 1% o mitochondria in a single
cardiomyocyte) that were so dilated as to appear as giant mitochondria.

4. Discussion

In our study we analysed the eects o treatment with sacubitril/
valsartan or valsartan in reverting cardiac remodelling and mitochon-
drial biology in a murine model o non-ischaemic HF. Sacubitril/val-
sartan was superior to valsartan in ameliorating LV systolic unction
ater 2-week treatment, while sacubitril/valsartan and valsartan simi-
larly remodulated the expression o genes relevant to mitochondrial
unction and morphology, which may anticipate the eects on LV
structure and unction and possibly contribute to their clinical eec-
tiveness [18].

In patients with HF with reduced EF, sacubitril/valsartan has been
shown to reduce both end-diastolic and end-systolic volume [16].
Reverse remodelling is indeed oten a result o neurohormonal antago-
nism, and is correlated with a more avourable outcome [19]. In our
model, treatment with sacubitril/valsartan was associated with an
improvement in LV systolic unction, that was mainly related to a
decrease o end-systolic LV diameter. Modications o systolic di-
ameters, usually precede other changes in a context o reduced aterload
[20], thus a reduction in diastolic diameters may be expected with
longer treatment periods. The more pronounced eects o sacubitril/
valsartan compared to valsartan on cardiac remodelling may be likely
due to neprilysin inhibition [19].

The benecial eects o sacubitril/valsartan also include the reduc-
tion o cardiac hypertrophy and brosis, in non-ischaemic HF [21].
Although a trend toward reduction was observed both or myocardial
brosis at histology and or collagen gene expression ater valsartan/
sacubitril treatment, we could not nd conclusive results or myocardial
brosis. The initiation o pharmacological treatment 1-week ater
isoproterenol injections may explain these ndings, as nor valsartan nor
sacubitril-valsartan may revert established brosis.

According to the energy starvation hypothesis [22], the altered
myocardial metabolism anticipates, triggers, and supports the contrac-
tile dysunction o the heart [23], and has gained importance as one o
the primary goals o HF therapies. Patients with HF show a reduction o
mitochondrial unction in cardiac tissue, as indicated by the low ca-
pacity in mitochondrial oxygen consumption [24]. Moreover, mito-
chondrial abnormalities in HF lead not only to a reduced capacity to
generate adenosine triphosphate, but also to cardiomyocyte injury and
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death [25]. Mitochondrial biology represents, thereore, an important
potential therapeutic target in patients with HF. In particular, thera-
peutic strategies may be ocused on “mitoprotection”, restoring the
homeostasis in mitochondrial ssion and usion, in particular in acute
settings, such as post-acute myocardial inarction HF [26]. In our paper,
we perormed a dedicated analysis o the eects o sacubitril/valsartan
on cardiac mitochondrial unction. We report that sacubitril/valsartan
and valsartan treatment proved to revert the adverse morphological
alterations induced by isoproterenol and to ameliorate mitochondrial
homeostasis at various levels. Mice treated with sacubitril/valsartan or
valsartan showed a recovery o mitochondrial size, cristae, and matrix
aspect. Further, they showed a rescue o expression o the genes
involved in maintenance o mitochondrial morphology and unction.
With this regard, isoproterenol injection induces an altered expression o
the genes involved in mitochondrial distribution, transport o organic
and inorganic compounds, myocardial cell death, and response to su-
peroxide. All these negative eects were partially reverted by both
sacubitril/valsartan or valsartan treatment. Our results are in agreement
with ndings o a recent study [27], reporting that valsartan or sacu-
bitril/valsartan treatment contribute to the normalization o mito-
chondrial homeostasis and gets along with the well-known decrease o
oxidative stress associated with sacubitril/valsartan treatment in HF
[28]. Exploration o other indices o mitochondrial unction in uture
experimental studies to directly investigate the impact o sacubitril/
valsartan treatment on mitochondrial unction about cardioprotection:
in particular, as sacubitril/valsartan has demonstrated to regulate the
expression o genes involved in dierent mitochondrial activities, it
could be interesting to analyze the eect o this drug on the unction o
oxidative phosphorylation by high-resolution fuorespirometry [28] or
mitochondrial complex I-IV respiration with a Clark type electrode, ATP
production with ATP assays mix, ROS ormation measured with the
amplex red hydrogen peroxide assays, calcium retention capacity and
extramitochondrial calcium concentration [29], and the aggregation
state o the respiratory complexes [30]. This analysis can be perormed
using dierent substrates, such as isolated mitochondria, tissue ho-
mogenates, intact cells [28] or permealized cells [31,32], The conr-
mation o the benecial eects o sacubitril/valsartan on cardiac
energetics in our murine models should be promoted in a human cohort.

There are limitations to be disclosed. First, the short observation
period may not be sucient to demonstrate the eects o sacubitril/
valsartan on myocardial remodelling. However, we ocused on early
eects on pharmacological treatment, and on possible additional value
o sacubitril/valsartan over valsartan. Further, the shortest treatment
period reasonably associated to an eect on remodelling was chosen to
minimize the suering o animals. Second, we did not explore unctional
activity omitochondria, since we analysed the activation o the various
pathways in which mitochondria are involved without evaluating en-
ergy production in terms o adenosine triphosphate.

5. Conclusion

Sacubitril/valsartan treatment proves to early induce an ameliora-
tion o LV systolic unction and to counteract detrimental changes in
mitochondrial morphology and altered transcriptional signature rele-
vant to mitochondrial biology in a murine model o non-ischaemic
dilated cardiomyopathy. Our results provide evidence that the bene-
cial eects o sacubitril/valsartan may be participated by an improve-
ment o mitochondrial biology.

Supplementary data to this article can be ound online at https://doi.
org/10.1016/j.ijcard.2024.132203.
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