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Abstract

Aims Sacubitril/valsartan (sac/val) has shown superior effect compared with blockade of the renin–angiotensin–aldosterone
system in heart failure with reduced ejection fraction. We aimed to investigate effects of sac/val compared with valsartan in a
pressure overload model of heart failure with preserved ejection fraction (HFpEF).
Methods and results Sprague–Dawley rats underwent aortic banding or sham (n = 16) surgery and were randomized to
sac/val (n = 28), valsartan (n = 29), or vehicle (n = 26) treatment for 8 weeks. Sac/val reduced left ventricular weight by
11% compared with vehicle (P = 0.01) and 9% compared with valsartan alone (P = 0.04). Only valsartan reduced blood pressure
compared with sham (P = 0.02). Longitudinal early diastolic strain rate was preserved in sac/val compared with sham, while it
was reduced by 23% in vehicle (P = 0.03) and 24% in valsartan (P = 0.02). Diastolic dysfunction, measured by E/e’SR, increased
by 68% in vehicle (P < 0.01) and 80% in valsartan alone (P < 0.001), while sac/val showed no increase. Neither sac/val nor
valsartan prevented interstitial fibrosis. Although ejection fraction was preserved, we observed mild systolic dysfunction, with
vehicle showing a 28% decrease in longitudinal strain (P < 0.01). Neither sac/val nor valsartan treatment improved this
dysfunction.
Conclusions In a model of HFpEF induced by cardiac pressure overload, sac/val reduced hypertrophy compared with
valsartan alone and ameliorated diastolic dysfunction. These effects were independent of blood pressure. Early systolic
dysfunction was not affected, supporting the notion that sac/val has the largest potential in conditions characterized by
reduced ejection fraction. Observed anti-hypertrophic effects in preserved ejection fraction implicate potential benefit of
sac/val in the clinical setting of hypertrophic remodelling and impaired diastolic function.
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Introduction

Heart failure represents a large unmet medical need due to
high morbidity and mortality. It is divided into three main
forms: heart failure with reduced ejection fraction (HFrEF),
heart failure with mid-range ejection fraction, and heart
failure with preserved ejection fraction (HFpEF).1 Although

several drugs are used for the treatment of heart failure,
the beneficial effect of these medications has mainly been
demonstrated in HFrEF, underscoring differences in aetiology.
Among the newer drugs for heart failure, we find sacubitril/
valsartan (sac/val), a first in class angiotensin receptor
blocker neprilysin inhibitor (ARNi). This drug targets the
renin–angiotensin–aldosterone system (RAAS), while aiming
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to potentiate favourable effects of other endogenous
systems, including the natriuretic peptides (NPs). Sac/val
was included in treatment guidelines for heart failure after
a large trial of HFrEF patients showed 20% reduction in car-
diovascular mortality compared with angiotensin-converting
enzyme inhibition.2,3 The follow-up trial in HFpEF patients,
PARAGON-HF, narrowly missed its primary endpoint, while
sub-analyses indicated a possible treatment effect in the
lower ranges of ejection fraction (EF), leaving uncertainty
regarding the use of ARNi in patients with HFpEF.4 Such lack
of clear treatment benefit has been seen in several previous
HFpEF trials and could be linked to inherent heterogeneity
of the condition. To address this problem, pre-clinical studies
can induce distinct pathological stimuli and thereby help
elucidate drug effects in specific pathological conditions, thus
informing future clinical investigations.

Cardiac pressure overload is one such risk factor for
HFpEF,5 driving development of hypertrophy and fibrosis, as
seen in aortic stenosis6 and hypertension.7 NPs are known
to possess anti-fibrotic and blood pressure-lowering proper-
ties, counteracting the effects of RAAS, suggesting a possible
therapeutic role of NPs in this condition.8 Indeed, previous
pre-clinical trials demonstrated anti-remodelling properties
of sac/val after myocardial infarction,9 providing a backdrop
for investigations by Burke et al. into the effects of sac/val
in a cardiac pressure overload model of HFrEF in mice. They
found that fibrosis, hypertrophy, and systolic dysfunction
were more ameliorated by sac/val compared with valsartan
alone and related these beneficial effects to restoration of
PKG signalling.10 However, Maslov et al. did not find superior
reduction of hypertrophy nor preservation of systolic func-
tion in a supra-renal banding model of pressure overload in
rats,11 highlighting the need for further studies to investigate
the effects of sac/val in the setting of pressure overload.
Therefore, the objective of the current study was to investi-
gate the differential effects of sac/val and valsartan alone
after ascending aortic banding (AB) in rats. Utilizing advanced
magnetic resonance imaging (MRI) techniques, we aimed to
characterize effects on cardiac dysfunction and remodelling.
We hypothesized that combining angiotensin receptor block-
ade and neutral endopeptidase inhibition (NEPi) would yield
superior anti-remodelling effects and positively impact
cardiac function as compared with valsartan alone.

Materials and methods

Surgical induction of pressure overload

A more extensive description of the surgical model can be
found in Supporting Information, Data S1. Cardiac pressure
overload was induced by AB in male Sprague–Dawley rats
through placement of a suture around the ascending aorta.

Sham animals underwent the same procedure, apart from
constriction. All experiments were performed in accordance
with approvals from the Norwegian committee for approval
of animal use in research (FOTS approval number 7644).

Stratification and randomization

Aortic banding induces a pressure gradient, which can be
approximated through measuring trans-stenosis flow velocity.
Therefore, rats underwent echocardiography on the first
post-operative day and were stratified according to estimated
gradient. Approximated stenosis was not different between
treatment groups at randomization (Supporting Information,
Table S1). Animals in acute heart failure after rapidly
increased afterload can exhibit paradoxically low
trans-stenosis flow velocity. These animals were identified
through dilated left atria and allocated in equal numbers to
treatment groups. Animals were randomly assigned to treat-
ment, with 26 animals to vehicle (veh), 29 to valsartan (val),
and 28 to sacubitril/valsartan (sac/val). Sixteen animals were
sham operated and subsequently received vehicle treatment.

Treatment and housing

All rats were housed in a controlled environment with 12 h
light/dark cycle and controlled humidity and temperature,
with free access to food and water. Animals were housed in
pairs when possible. Treatment was delivered by oral gavage,
with drugs dissolved in distilled water. Drugs were dosed
according to manufacturer recommendations: sac/val
68 mg/kg/day and valsartan 31 mg/kg/day. All rats were fed
4 mL/kg of solution once daily, with dose adjusted once per
week. Animals were sacrificed and tissues harvested after
8 weeks of treatment, as previous experience with the model
indicates significant deleterious remodelling at this time
point. Some sham animals were harvested at later time point.

Magnetic resonance imaging

Magnetic resonance imaging was performed in a subset of
animals at endpoint, using a 9.4T MR system (Varian, USA)
(see Supporting Information, Data S1, for further descrip-
tion). Cine MRI images were acquired to calculate left ventric-
ular volumes and EF, as previously described.12 Cine
segmentation was performed using Segment v3.0 R7820
(http://segment.heiberg.se).13 Tissue phase mapping (TPM)
slices were acquired, one mid-ventricular short axis and one
long axis, allowing calculation of systolic and diastolic strains
and strain rates as previously described.14,15 Combination of
TPM with data from echocardiography allowed calculation
of the ratio of early mitral inflow velocity to the global
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diastolic strain rate (E/e’SR). Data were analysed in a blinded
fashion using MATLAB (The MathWorks Inc., USA).

Echocardiography

A more extensive description of the echocardiography proto-
col can be found in Supporting Information, Data S1. Briefly,
echocardiography was performed at randomization and after
8 weeks. Trans-stenosis flow velocity was measured from
long axis using pulsed-wave Doppler. Pulsed-wave Doppler
measurements of mitral flow were performed from an apical
view. M-mode measurements of left ventricle, aorta, and left
atrium were acquired from long axis. Analysis of echocardio-
graphic data was performed by a single, blinded operator,
using Vevo-2100 software (Visualsonics, Canada).

Non-invasive blood pressure readings

We measured arterial blood pressure and heart rate at
endpoint using a CODA High-Throughput non-invasive tail
cuff system with volume–pressure-recording sensors (Kent
Scientific Corporation, Torrington Connecticut). Measure-
ments were performed in awake animals, placed on a heating
platform, with a dark blanket covering animals to facilitate
calm. Acclimatization cycles were performed to accustom
animals to measurements.

Sacrifice

Deep anaesthesia was attained at 4% isoflurane mixed with
O2, and the abdomen was opened. Blood was sampled from
vena cava inferior into pre-chilled EDTA and heparin tubes,
underwent chilled centrifugation, and was put onto ice before
freezing. Samples were stored at �80°C until further analysis.
The diaphragm was opened and the heart, excised while still
beating, put into cold sterile saline before being weighed.
Atria were collected, and the free wall of the right ventricle
dissected off and weighed. Left ventricle was weighed, and a
mid-ventricular cross-sectional slice was taken for histology.
Tissue for histological preparations was fixed in formalin,
and the remaining left ventricular tissue was split into septum
and free wall. All remaining harvested tissues were put into
Eppendorf tubes, snap frozen using liquid nitrogen, and stored
at �80°C.

Polymerase chain reaction

Quantitative real-time polymerase chain reaction (qRT-PCR)
was run as previously described by Melleby et al.16 A more
extensive description can be found in Supporting Informa-
tion, Data S1. Briefly, RNA was isolated by RNeasy mini and

concentration measured with Nanodrop ND-1000 Spectro-
photometer. cDNA was synthesized using iScript cDNA
Synthesis. Gene expression levels were measured by
qRT-PCR using TaqMan assays or ddPCR.

Enzyme-linked immunosorbent assays

Competitive enzyme-linked immunosorbent assay (ELISA) kits
were run on EDTA plasma samples, according to manufac-
turer’s instructions, using commercially available pre-coated
plates. The following kits were used: B-type NP (BNP)
(Abnova, catalognr: KA1861) and atrial NP (ANP) (Abnova,
catalognr: KA1680).

Histological sectioning and staining

A more extensive protocol can be found in Supporting Infor-
mation, Data S1. Briefly, sections were formalin fixed and par-
affin embedded. Sections (4 μm) were stained using
Masson’s trichrome. High-resolution images were acquired
using an automated slide scanner system at ×20 bright field
magnification. Fibrosis was quantified with ZEN blue software
and ImageJ, using custom thresholds for labelling of myocar-
dium and stained collagen fibres. Mask fitting was confirmed
by visual inspection of every slide. All image manipulation
and analyses were performed by a single operator blinded
to treatment group.

Statistical analyses

Statistical analyses were performed in GraphPad Prism
version 8, except survival analyses, which were completed
in R (R Foundation for Statistical Computing, Vienna,
Austria). Results are expressed as mean values with standard
error of the mean, unless otherwise specified. Comparisons
of three or more groups were performed using one-way
ANOVA, with Tukey’s post-hoc test, unless otherwise
specified. Prior to ANOVA, prerequisite of normality was
tested using D’Agostino–Pearson normality test and, in case
of suspected violation of normality, inspection of Q–Q plots.
Where normality presumption was violated, data were
analysed by Kruskal–Wallis test, with subsequent Dunn’s test.

Results

At 8 weeks, there was a non-significant trend towards higher
mortality in vehicle-treated animals (data not shown).
Bodyweight at sacrifice did not differ between groups
(Supporting Information, Table S1).
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Sacubitril/valsartan has superior
anti-hypertrophic effects compared with
valsartan alone

Aortic banding increased left ventricular weight by 45% in ve-
hicle compared with sham (Figure 1A), whereas animals
treated with sac/val had a 29% increase, significantly lower
than vehicle (P = 0.01). Valsartan alone yielded a 42% in-
crease compared with sham, significantly higher than animals
treated with sac/val (P = 0.04), and not significantly different
from vehicle. Left ventricular expression of Myh7 was only
significantly increased in vehicle (Figure 1D). Ventricular

expression of ANP and BNP was increased in all groups
compared with sham.

Blood pressure is not reduced through sacubitril/
valsartan treatment

There was no difference in mean arterial pressure between
treatment groups (Figure 1B). Valsartan treatment was the
only group with significant reduction compared with sham,
with a lowering of 16% (P = 0.02), whereas sac/val did not
show a significant reduction.

Figure 1 Sacubitril/valsartan (sac/val) superiorly prevents myocardial hypertrophy. (A) Sac/val reduces left ventricular hypertrophy compared with
both valsartan and vehicle, as assessed by weighing left ventricle (P = 0.04 vs. val, P = 0.01 vs. veh). Valsartan alone confers no reduction compared
with vehicle (P = 0.92) (n = sham: 16, sac/val: 23, val: 24, veh: 19). (B) Mean peripheral arterial pressure was measured through tail cuff. Only animals
treated with valsartan showed significant reduction compared with sham (P = 0.02), with sac/val and vehicle showing non-significant reduction (sac/val
vs. sham: P = 0.06; veh vs. sham: P = 0.41) (n = sham: 10, sac/val: 21, val: 22, veh: 15). (C) Representative mid-ventricular short axis images from Cine
magnetic resonance imaging: 1. sham; 2, sac/val; 3, val; 4, veh. Scale bar represents 10 mm. (D) Heart rate, measured by tail cuff, was not different
between groups. Myh7 is only significantly up-regulated in vehicle (P = 0.004) (n = sham: 14, sac/val: 22, val: 24, veh: 18), whereas atrial natriuretic
peptide (ANP) and B-type natriuretic peptide (BNP) are up-regulated in all groups (ANP: Kruskal–Wallis test, P < 0.0001; BNP: one-way ANOVA,
P = 0.01) (n = sham: 14, sac/val: 21, val: 23, veh: 18) (• denotes P < 0.05 vs. valsartan, † denotes P < 0.05 vs. vehicle, * denotes P < 0.05 vs. sham.
Boxplots show median, with whiskers covering 2.5–97.5 percentile).
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Diastolic function is preserved in sacubitril/
valsartan

We investigated the rate of ventricular relaxation through
TPM MRI and found longitudinal early diastolic strain rate
to be significantly reduced in valsartan and vehicle compared
with sham, but not reduced in sac/val (Figure 2). There were
no differences in heart rate between groups, as measured by
tail cuff (Figure 1). Both valsartan and vehicle showed
significant elevations in E/e’SR compared with sham, whereas
sac/val did not, suggesting preservation of diastolic function
(Supporting Information, Table S1). Left ventricular expres-
sion of Serca2, as measured by qPCR, was not significantly
altered in any group.

Fibrosis is not affected by treatment

Left ventricular expression of collagens 1 and 3 showed
significant up-regulation in all banded groups compared with
sham, with no difference between treatment groups
(Figure 3). Mmp2 expression followed the same pattern,
whereas TIMP4 was not significantly altered. Histological
quantification after Masson’s staining revealed that banded
animals, as analysed together, had increased left ventricular
collagen content compared with sham (Supporting Informa-
tion, Figure S1), with no difference observed between
treatment groups.

Early systolic dysfunction is not ameliorated

Ejection fraction was not reduced by AB in our model
(Supporting Information, Table S1). We obtained several
additional indices of left ventricular function through TPM
MRI. Circumferential strain was not reduced after banding,
whereas longitudinal strain was reduced in all banded groups
compared with sham, with no difference between treatment
groups (Figure 4). All banded groups showed significant
reductions in both circumferential and longitudinal systolic
strain rate, with neither sac/val nor valsartan providing
significant improvements compared with vehicle (Supporting
Information, Table S1).

Pulmonary congestion is reduced by sacubitril/
valsartan treatment

Lung weight was 41% higher in vehicle compared with sham
(Kruskal–Wallis, P = 0.02), while it was not significantly
different from sham in sac/val nor valsartan (Supporting
Information, Table S1). Vehicle had a 36% higher right
ventricular weight compared with sham (P < 0.001), whereas
the ventricular weights of both sac/val and valsartan were
similar to sham and significantly lower than vehicle
(P = 0.005 and P = 0.01). Right ventricular hypertrophy can
progress to dysfunction over time. We assessed right ventric-
ular systolic strain and strain rate through TPM MRI, finding
no significant difference between groups, indicating
preserved right ventricular systolic function in this model.

Circulating natriuretic peptides

We measured circulating levels of both ANP and BNP in
plasma through ELISA. No increase in either peptide was
found in any treatment group compared with sham, with
no differences between groups (Supporting Information,
Figure S2).

Discussion

In the present study, we showed that treatment with sac/val
has a protective effect on cardiac structure and function in a
rat model of pressure overload and preserved EF. In particu-
lar, we found that sac/val leads to less hypertrophy and
preserves diastolic function.

Aortic banding increased left ventricular weight, and treat-
ment with sac/val reduced the hypertrophic response when
compared with both vehicle treatment and valsartan, indicat-
ing an additional effect from NEPi compared with angiotensin
receptor blocker alone. These findings align with previous
studies by other groups, including Burke et al. who

Figure 2 Sacubitril/valsartan ameliorates diastolic dysfunction. Reduced
early diastolic strain rate is a marker of diastolic dysfunction. Both ani-
mals treated with vehicle and valsartan showed significant decreases
compared with sham (val vs. sham: P = 0.02; veh vs. sham: P = 0.03), in-
dicating impaired relaxation. This decrease was not observed in animals
treated with sacubitril/valsartan (sac/val vs. sham: P = 0.41), indicating
a preservation of relaxation (n = sham: 9, sac/val: 17, val: 16, veh: 13)
(* denotes P < 0.05 vs. sham).
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demonstrated the same effect in a mouse model of HFrEF.
Several factors can drive hypertrophy, among them afterload
on the heart, which is partly determined by arterial blood
pressure. Pre-stenotic pressure measurement is not feasible
in AB without stabbing through the heart. Therefore, we
measured peripheral blood pressure using a tail cuff
system. Our study showed no decrease in mean arterial
pressure with sac/val, indicating that observed superior
anti-hypertrophic effect, compared with angiotensin recep-
tor blocker, is not blood pressure mediated but rather repre-
sents direct cardioprotective actions. The lack of blood
pressure reduction in sac/val could relate to systemic hypo-
tension induced by aortic constriction, resulting in activation

of RAAS, tempering the natriuretic and diuretic effect of
NEP inhibition. Furthermore, NEP is known to degrade
pro-hypertensive factors such as endothelin-1 and
angiotensin.17 Blood pressure-independent effects have
previously been observed in a pre-clinical HFrEF model
by von Lueder et al.9 and in sub-analyses of patients
included in both the PARADIGM (HFrEF) and PARAMOUNT
(HFpEF) trials.18,19 Our study indicates that these blood
pressure-independent effects extend to pressure
overload-induced remodelling. A possible explanation for
these results could lie in the hypothesized main mechanism
of action from NEPi—enhancement of NPs. Activation of
NP receptor-A in cardiomyocytes inherently prevents

Figure 3 Fibrosis is increased in left ventricle of all banded groups. (A) Aortic banding (AB) induced fibrosis as measured by ventricular expression of
Col1 and 3 (Col1: one-way ANOVA of log-transformed data, P = 0.002, n = sham: 14, sac/val: 21, val: 24, veh: 18; Col3: one-way ANOVA of log-trans-
formed data, P = 0.002, n = sham: 14, sac/val: 22, val: 24, veh: 18). Interstitial fibrosis was significantly increased compared with sham when all banded
groups were pooled (unpaired t-test with Welch’s correction, P < 0.0001, n = sham: 14, AB: 66), while mean interstitial fibrosis was similar in all treat-
ment groups (Kruskal–Wallis test, P = 0.92, n = sac/val: 22, val: 25, veh: 19). (B) Representative photomicrographs from 1, Sham; 2, sac/val; 3, val; 4,
veh. Scale bar represents 2000 μm. Adjustment of contrast to match reference image has been applied in all images. (C) Mmp2, a known regulator of
collagen turnover, was increased in all banded groups (one-way ANOVA of log-transformed data, P = 0.002, n = sham: 14, sac/val: 21, val: 24, veh: 18),
while Timp4 showed no significant difference (one-way ANOVA of log-transformed data, P = 0.12, n = sham: 14, sac/val: 22, val: 24, veh: 18) (* denotes
P < 0.05 vs. sham). Boxplots show median, with whiskers covering 2.5–97.5 percentile.
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myocardial hypertrophy,20 thereby leading to blood
pressure-independent cardioprotective effects.

Left ventricular hypertrophy represents part of the adverse
cardiac remodelling during chronic pressure overload.
Another important pathological change lies in alterations of
diastolic function. We therefore measured relaxation of the
heart through TPM MRI, finding that early diastolic strain rate
was depressed in banded animals. E/e’SR is another indicator
of diastolic function, which has been shown to correlate well
with ventricular filling pressures21 and prognosis.22 E/e’SR
was increased in banded animals, indicating diastolic dysfunc-
tion. While treatment with valsartan alone did not impact
these changes, treatment with sac/val ameliorated changes
in both early diastolic strain rate and E/e’SR, suggesting
preservation of diastolic function with NEPi.

Several underlying factors influence diastolic function,
among them the passive stiffness of the heart. Myocardial
deposition of collagen is an important determinant of such
stiffness. Our model was characterized by increased fibrosis,
where neither treatment with sac/val nor valsartan attenu-
ated these adverse changes. Anti-fibrotic effect of sac/val

has been shown in rats previously9,11,23; however, several of
these observations were made in animals with HFrEF, a
condition where beneficial effects of ARNi have been
established in patients. Our model is closer to an HFpEF state,
and the lack of impact on fibrosis could reflect a differential
treatment effect between disease models with reduced and
preserved EF.

While degree of fibrosis influences cardiac relaxation,
several other factors interplay, such as titin phosphorylation
and active removal of calcium from the cytosol.24 We found
no change in the left ventricular expression of Serca2.
Although protein turnover may influence actual tissue levels,
these data suggest that the observed preservation of diastolic
function is not due to higher levels of Serca2. While expres-
sion of Serca2 might not be the explanation, NPs are known
to have positive effects on diastolic function independent of
remodelling.25 Therefore, experiments investigating the
effects of sac/val on live cell calcium handling and titin func-
tion might further elucidate the underlying mechanism.

Aortic banding induced early features of systolic dysfunc-
tion, such as reductions in longitudinal strain and strain rate,

Figure 4 Left ventricular systolic function is depressed in all banded groups. Parameters of overt left ventricular systolic dysfunction showed no
change in response to aortic banding (AB), including ejection fraction (EF) and circumferential strain. More sensitive markers of early left ventricular
systolic dysfunction, such as longitudinal strain, and both longitudinal (not shown) and circumferential strain rate, demonstrated a depressed systolic
function in all banded groups, with no difference between treatments. Cine (n = sham: 12, sac/val: 17, val: 17, veh: 16). Tissue phase mapping (TPM;
circumferential: n = sham: 9, sac/val: 18, val: 17, veh: 16. Longitudinal: n = sham: 9, sac/val: 17, val: 16, veh: 13) (* denotes P < 0.05 vs. sham).
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while EF remained normal. Such subtle dysfunction is often
seen in human HFpEF and is linked to poor prognosis.26,27

These adverse changes were not impacted by treatment
with sac/val. Systolic dysfunction in cardiac pressure
overload is partly caused by remodelling of subendocardial
regions, with deposition of collagen fibres.28 Myocardial
sheets in this region are predominately responsible for longi-
tudinal strain, and as such, the lack of benefit from treat-
ment is in line with lacking anti-fibrotic effect. However,
several previous studies have shown beneficial effects of
sac/val on systolic function in post-infarction heart
failure,9,29 volume overload,23 and pressure overload in
mice,10 but not in rats.11 These studies have been character-
ized by reduced EF, suggesting that effects of sac/val on
systolic function may be lesser before EF falls, a finding that
is in line with results from human trials. PARAGON-HF, a
large multicentre trial of ARNi in humans with HFpEF, was
recently published and did not meet its primary endpoint
of cardiovascular death and total hospitalizations.4 While
generating uncertainty about the role of ARNi in treatment
of HFpEF, sub-analyses of the material gave indication of
treatment effect in lower ranges of normal EF.30 In addition
to EF being a determinant of treatment effect, disease
aetiology may also play a role, and more granular subdivi-
sions might facilitate targeted therapy.31 Although benefit
has been shown in a mouse model of pressure
overload-induced HFrEF, further studies are needed to inves-
tigate whether sac/val confers such benefits in other species
and models of cardiac dysfunction with preserved EF.

Lung weight was increased in vehicle compared with sham,
while both sac/val and valsartan alone showed no increase.
Increase in lung weight can be caused by several factors,
including pulmonary fibrosis, congestion, and remodelling.32

The finding of increased right ventricular weight could reflect
right ventricular hypertrophy as a compensatory change in
response to increased afterload. This increased weight was
ameliorated by both sac/val and valsartan alone, which could
indicate that treatment had beneficial effects on both
afterload of the right side of the heart and pulmonary
remodelling.

We did not find an increase in circulating NPs. Reports
from previous studies are conflicting, where some show in-
creased circulating levels while others do not.11,29,33 A previ-
ous human trial by Kobalava et al. did not find an increase in
circulating ANP with administration of sac/val twice daily,34

while Nougue et al. found an increase in circulating ANP as
measured by MS/MS.35 The lack of an increase in our data
could indicate that circulating levels of ANP and BNP do not
necessarily rise with NEPi in all disease states, depending on
baseline production. Furthermore, neprilysin is expressed
locally in tissues, and therefore, local inhibition of breakdown
might contribute to potentiation of NP signalling without
accompanying increases in circulating levels. Several other
substrates of neprilysin also exist, and their correlation with

hypertrophy and fibrosis represents an interesting avenue
for future investigations.

One of the limitations of our study is how our findings
cannot delineate the effects of sac/val as the disease pheno-
type transitions from preserved EF into overt HFrEF. Further-
more, while our estimations of diastolic function, utilizing
both MRI and echocardiography, have the advantage of being
close to the techniques used in clinical practice, the gold stan-
dard of intraventricular pressure readings was not attainable
in this model without stabbing through the left ventricle.
Future studies could utilize a debanding model to circumvent
this limitation. Our measurements of NPs were performed
with ELISA. Analysis with mass spectrometry would be
needed for exact determination of circulating levels of
peptide fragments, such as performed by Nougue et al.35

Our model of cardiac pressure overload does not reflect the
heterogeneity of human HFpEF but has the advantage of
allowing investigation of sac/val effect in this specific
aetiology and better separation from ARNi effects on
systemic blood pressure.

In summary, our findings show that sac/val, compared with
valsartan alone, better prevents left ventricular hypertrophy
and ameliorates diastolic dysfunction in a pressure overload
model of HFpEF. Previous studies have shown positive effects
in HFrEF, while the early stages of systolic dysfunction in our
model are more similar to the human condition of HFpEF.
Held together with results from the PARAGON trial, these
findings support the notion that sac/val most likely holds
the largest therapeutic potential in HFrEF, while still having
favourable effects in cardiovascular disease with a normal
range EF. Observed anti-hypertrophic effect in preserved EF
furthermore highlights a potential for NEPi use in patient
populations suffering from conditions characterized by exten-
sive hypertrophic remodelling, such as hypertrophic cardio-
myopathy or chronic hypertension.
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Figure S1. Fibrosis is increased in aortic banding: Interstitial
fibrosis, as measured by Masson’s Trichrome, was increased

after aortic banding, compared to sham (Welch’s t test,
P < 0.0001) (n = Sham: 14, AB: 66) (* denotes P < 0.05 vs
Sham. Boxplots show median, with whiskers covering 2.5–
97.5 percentile).
Figure S2. Circulating natriuretic peptides are not increased:
Circulating ANP and BNP was not significantly increased in
any treatment group compared to sham (n = Sham: 16, Sac/
Val: 19, Val: 23, Veh: 19. (· denotes P < 0.05 vs Valsartan, †
denotes P < 0.05 vs Vehicle, * denotes P < 0.05 vs Sham.
Boxplots show median, with whiskers covering 2.5–97.5
percentile).
Data S1. Supporting Information
Table S1. Supporting Information
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