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Abstract

Background: Hypertensive left ventricular hypertrophy is associated 
with the risk of heart failure, coronary heart disease and cerebrovascu-
lar disease. Although sacubitril/valsartan (SAC/VAL), a first-in-class 
angiotensin receptor neprilysin inhibitor, reduces the risks of death 
and hospitalization for patients with heart failure, its mechanism of 
action is not fully understood. We hypothesized that SAC/VAL is su-
perior to other conventional drugs in reducing cardiac hypertrophy.

Methods: Male C57BL/6J mice were implanted with an osmotic 
pump containing angiotensin II (Ang II). After 7 days of Ang II infu-
sion, mice were also treated with either SAC/VAL, valsartan, enal-
april or vehicle alone each day for 2 weeks. Blood pressure measure-
ment was done weekly, and echocardiography was performed before 
and 3 weeks after infusion of Ang II. Histological analyses were done 
using extracted heart to investigate cardiac hypertrophy and fibrosis.

Results: Ang II markedly elevated blood pressures in all of the treat-
ment groups, and there were no differences in the degree of blood 
pressure reduction among the SAC/VAL-, valsartan- and enalapril-
treated groups. Echocardiography showed that SAC/VAL signifi-
cantly suppressed the increase in left ventricular (LV) wall thickness 
and tended to decrease LV mass. In a histological analysis, SAC/VAL 
inhibited Ang II-induced cardiomyocyte hypertrophy, and individual 
cardiomyocytes in the SAC/VAL group were smaller than those in 
the valsartan and enalapril groups. Although previous studies using 
animal models of heart failure have indicated that SAC/VAL attenu-
ates cardiac fibrosis, we found no supporting evidence in this setting.

Conclusions: SAC/VAL, valsartan and enalapril all attenuated 

cardiomyocyte hypertrophy in a mouse model of Ang II-induced 
cardiac hypertrophy. Of note, SAC/VAL most strongly suppressed 
hypertrophy in spite of similar blood pressure-lowering effects as 
valsartan and enalapril. The present study suggests that SAC/VAL 
may have a beneficial effect on the early stage of hypertensive heart 
disease.
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Introduction

Despite the availability of effective anti-hypertensive drugs, 
hypertension is still a major risk factor for heart failure, myo-
cardial infarction, stroke and kidney disease [1]. Indeed, more 
than 40% of patients with hypertension are not controlled even 
when they receive two or more drugs [2]. Continuous arterial 
hypertension results in increased cardiac afterload and leads 
to left ventricular (LV) wall thickening. LV hypertrophy has 
been associated with increased cardiovascular (CV) risk even 
though it initially occurs as a compensatory mechanism to 
minimize wall stress [3]. The renin-angiotensin system (RAS) 
plays an important role not only in the systemic regulation of 
arterial pressure and blood volume, but also in regulation of 
the growth of cardiomyocytes as an autocrine/paracrine fac-
tor [4], leading to LV hypertrophy. In fact, chronic infusion 
of a subpressor dose of angiotensin II (Ang II) into mice in-
duced cardiac hypertrophy and fibrosis [5], and angiotensin-
converting enzyme inhibitors (ACEis) and Ang II receptor 
blockers (ARBs) can reverse LV hypertrophy independent 
of their effect on blood pressure [6-8]. Natriuretic peptides, 
including atrial natriuretic peptide (ANP) and B-type natriu-
retic peptide (BNP), also counteract RAS activation through 
their diuretic, vasodilatory and anti-mitogenic properties [9]. 
Inhibition of neprilysin augments the protective effect against 
RAS through an increase in natriuretic peptides; thus, simul-
taneous neprilysin inhibition and angiotensin receptor block-
ade can theoretically provide beneficial effects against RAS 
activation. Sacubitril/valsartan (SAC/VAL), a first-in-class 
angiotensin receptor neprilysin inhibitor (ARNI), has been 
shown to reduce the risks of death and hospitalization for 
patients with heart failure [10]. Although patients receiving 
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SAC/VAL had significantly lower blood pressure than those 
in the ACEi enalapril group in the Prospective Comparison 
of ARNI with ACEI to Determine Impact on Global Mortal-
ity and Morbidity in Heart Failure (PARADIGM-HF) study, 
it did not affect the differences in event rates. It has also been 
shown that SAC/VAL leads to sustained reduction in myo-
cardial wall stress and injury in surviving patients with heart 
failure [11]. These clinical findings suggest that SAC/VAL 
may reduce LV hypertrophy independent of any lowering of 
blood pressure. Therefore, we investigated the effect of SAC/
VAL on LV remodeling in a mouse model of Ang II-induced 
cardiac hypertrophy.

Materials and Methods

Animal care

Animal experiments were performed according to institutional 
and governmental guidelines. The protocol was approved by 
the Animal Care and Use Committee of Fukuoka University. 
All procedures were in accordance with the Guide for the Care 
and Use of Laboratory Animals of the Institute of Laboratory 
Animal Resources.

Experimental protocol in vivo

Male C57BL/6J mice were purchased from Charles River Lab-
oratories Japan, Inc. (Kanagawa, Japan). Eight-week-old mice 
were weighed and anesthetized by the inhalation of 1.5% iso-
flurane. An incision was made in the mid-scapular region, and 
mini-osmotic pumps (Alzet, CA, USA) were implanted into 
each animal. The experimental groups received Ang II-loaded 
pumps that were delivered at a rate of 3.2 mg/kg/day continu-
ously for 3 weeks. Ang II infusion at a rate of 0.5 mg/kg/day 
is sufficient to increase blood pressure in C57BL6 mice [12], 
while Ang II is widely used at higher doses (1.4 - 3.2 mg/kg/
day) to examine cardiac hypertrophy [13, 14]. Sham-operated 
animals underwent identical procedures, except that an os-
motic pump with saline was implanted. On the seventh day of 
Ang II infusion, mice were treated with either 60 mg/kg SAC/
VAL (salt complex at a 1:1 molar ratio), 30 mg/kg valsartan, or 
12mg/kg enalapril dissolved in corn oil, or only corn oil every 
day for 2 weeks by oral gavage. The dosage of SAC/VAL was 
determined from previous studies in rodents, all of which used 
around 60 mg/kg/day of SAC/VAL [15-17]. In addition, it has 
been reported that drug toxicity was observed at 114 mg/kg/
day SAC/VAL [18].

Measurement of blood pressure

Blood pressures were measured by a tail cuff-based MK-2000 
(Muromachi Kikai Co., Ltd., Tokyo, Japan) before surgery 
and before death. Weekly blood pressures were also obtained 
throughout the experiment to examine the time course of blood 
pressure elevation in response to Ang II.

Echocardiographic analysis

All mice underwent blinded echocardiography before implan-
tation of the osmotic mini-pump and at the end of the experi-
ment. Echocardiographic analysis was performed using an 
NEMIO SSA-550A (Toshiba, Tokyo, Japan). Interventricular 
septum thickness diameter (IVSTd), left ventricular posterior 
wall thickness diameter (LVPWd), left ventricular internal di-
mension in diastole (LVDd) and heart rate (HR) were meas-
ured in M-mode at the level of the papillary muscle. Echocar-
diographic LV mass was calculated (mg) as ((left ventricular 
end-diastolic dimension (LVDEd) + interventricular septal 
thickness (IVSWTh) + posterior wall thickness (PWTh))3 - 
LVDd3) × 1.055, where 1.055 (mg/mm3) is the density of the 
myocardium [19]. LV mass was corrected for body weight and 
expressed as LV mass index (LVMI).

Histological analysis

At the end of the experiment, all mice were euthanized under an-
esthesia. The heart tissue was perfused with phosphate-buffered 
saline (PBS), and then fixed with 4% paraformaldehyde and 
paraffin embedding. Sliced samples were stained with hematox-
ylin-eosin and picro-sirius red. For measurement, four random 
high-power fields from each section were chosen and quantified 
in a blinded manner using Image J software (National Institutes 
of Health, MD, USA). The cross-sectional area of individual 
cardiomyocytes was analyzed quantitatively by morphometry of 
hematoxylin-eosin stained sections. Four sections for each heart 
(the mean number of cardiomyocytes was 42 cells per section) 
were counted. The extent of fibrosis was expressed as the ratio 
of picro-sirius red stained area to LV wall area.

Quantitative polymerase chain reaction (qPCR) analysis

LV apical regions were frozen in liquid nitrogen and stored 
at -80 °C. Total RNA was extracted using a RiboPure RNA 
Purification Kit (Thermo Fisher Scientific Inc., MA, USA). 
cDNA was produced using a RiverTra Ace qPCR RT Mas-
ter Mix (TOYOBO Co., Ltd., Osaka, Japan). qPCR was per-
formed with a 7500 Fast Real-Time PCR System (Applied Bi-
osystems, MA, USA) using a THUNDERBIRD SYBR qPCR 
Mix (TOYOBO, Japan). ANP, BNP and transforming growth 
factor-β (TGF-β) were investigated. The primers used were 
forward primer GGGGGTAGGATTGACAGGAT and reverse 
primer ACACACCACAAGGGCTTAGG for mouse ANP, 
forward primer TCCTAGCCAGTCTCCAGAGC and reverse 
primer CCTTGGTCCTTCAAGAGCTG for mouse BNP, and 
forward primer GCTTCTAGTGCTGACGCCG and reverse 
primer GACTGGCGAGCCTTAGTTTG for mouse TGF-β.

Statistical analysis

The statistical analysis was performed using SAS software, 
version 9.4 (SAS Institute, Cary, NC, USA). The values are ex-
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pressed as the mean and standard deviation. Group differences 
were analyzed by using the unpaired t-test and the analysis of 
variance (ANOVA) test. Statistical significance was defined as 
P value < 0.05.

Results

Changes in blood pressure by Ang II infusion

Ang II infusion (3.2 mg/kg/day) gradually increased both sys-
tolic and diastolic blood pressures compared with those in the 
saline-infused sham group, and these increases were signifi-
cant at 3 weeks (Fig. 1). Mice treated with SAC/VAL (60 mg/
kg/day), valsartan (30 mg/kg/day) or enalapril (12 mg/kg/day) 
had similar levels of blood pressure throughout the experi-
ment. Ang II induced increases in blood pressures in all of the 
three treatment groups, and the blood pressure values tended 
to be lower than those in the vehicle-treated control group, al-
though these differences were not significant.

Impact of SAC/VAL treatment on echocardiographic LV 
hypertrophy in Ang II-induced hypertensive mice

We performed an echocardiographic analysis before Ang II 
infusion and immediately before we euthanized the animals 
(Fig. 2). Three weeks of Ang II infusion significantly in-
creased IVSTd and LVPWd, but did not alter LVDd. This sug-
gests that Ang II led to concentric “pathological” hypertrophy 
[20]. Treatment with SAC/VAL, but not valsartan or enalapril, 
suppressed the Ang II-induced increase in LV wall thickness. 
There were also significant differences in IVSTd and LVPWd 
between the vehicle control group and the SAC/VAL group at 

the end of the experiment. Ang II infusion increased LV mass, 
and only treatment with SAC/VAL tended to inhibit this in-
crease (post LVMI; control group 5.6 ± 1.0 mg/g vs. SAC/VAL 
group 4.7 ± 0.6 mg/g, P = 0.07).

Impact of SAC/VAL treatment on cardiomyocyte size and 
cardiac fibrosis evaluated by a histological analysis

To investigate the effect of SAC/VAL administration on Ang 
II-induced echocardiographic hypertrophy, we assessed cellu-
lar growth, proliferation and fibrosis in the myocardium with 
hematoxylin-eosin staining and picro-sirius red staining. The 
mean cross-sectional area of individual cardiomyocytes was 
enlarged after 3 weeks of Ang II infusion in the vehicle-treated 
control group (Fig. 3a). The increases in cardiomyocyte size 
induced by Ang II were significantly attenuated by all three 
treatments, and the inhibitory effect in the SAC/VAL group was 
significantly greater than those in the valsartan and enalapril 
groups (Fig. 3b, the mean area of individual myocytes was 
249.5 ± 18.4, 304.8 ± 34.3 and 340.6 ± 41.2 µm2, respectively). 
In the vast majority of disease processes, cardiac hypertrophy 
coincides with fibrosis [21]. Therefore, we also examined the 
extent of cardiac fibrosis by picro-sirius red staining (Fig. 4a). 
Interstitial and perivascular fibrosis at the mid-transverse sec-
tion area of the LV wall was modestly increased by Ang II infu-
sion compared to that in sham-treated mice. Remarkably, we 
found no differences in the extent of fibrosis among the vehicle-
control, SAC/VAL, valsartan and enalapril groups (Fig. 4b).

Effects of SAC/VAL treatment on hypertrophic and profi-
brotic gene expression induced by Ang II

Transcriptional activation of several genes, including ANP and 

Figure 1. Time course of systolic and diastolic blood pressures. Data are expressed as mean ± SD (n = 6 - 8 each). SD: standard 
deviation. *P < 0.05 vs. sham-operated group.
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Figure 2. Echocardiographic analysis pre-Ang II infusion and post-3 weeks of Ang II infusion. Data are expressed as mean ± SD 
(n = 6 - 8 each). IVSTd: interventricular septum thickness diameter; LVPWd: left ventricular posterior wall thickness diameter; 
LVMI: left ventricular mass index. *P < 0.05 vs. sham-operated group; †P < 0.05.
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BNP, is one of the hypertrophic responses to pressure overload 
[22, 23]. Therefore, we analyzed the mRNA levels of ANP and 
BNP in the hearts after 3 weeks of Ang II infusion (Fig. 5). 
Ang II significantly upregulated the expression levels of the 
ANP gene compared with those in the sham-treated group. The 
mRNA levels of BNP were also significantly upregulated by 
Ang II in the vehicle-control, valsartan and enalapril groups, 

but not in the SAC/VAL group. TGF-β is known as a master 
regulator of pro-fibrotic signaling, and the mRNA levels of 
TGF-β were upregulated by Ang II in all of the groups. This is 
consistent with the finding at the cellular level (Fig. 4) that the 
expression levels of the pro-fibrotic TGF-β gene were similar 
among the vehicle-control, SAC/VAL, valsartan and enalapril 
groups.

Figure 3. Histological analyses for the cardiomyocytes of left ventricle. (a) Representative photographs of higher magnification 
views of hematoxylin-eosin-stained heart sections. (b) Quantitative analysis for the cross-sectional area of individual cardiomyo-
cytes. Data are expressed as mean ± SD. SD: standard deviation; SAC/VAL: sacubitril/valsartan-treated group. *P < 0.05 vs. 
sham-operated group; †P < 0.05 vs. vehicle-treated control group.
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Figure 4. Histological analyses for the cardiac fibrosis. (a) Representative photographs of the picro-sirius red-stained whole 
heart sections. (b) Quantitative analyses for the left ventricular fibrosis. Data are expressed as mean ± SD. SAC/VAL: sacubitril/
valsartan-treated group; SD: standard deviation.
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Figure 5. Relative expression of genes of interest by the quantitative polymerase chain reaction. Data are expressed as mean ± 
SD (n = 6 - 8 each). SD: standard deviation; ANP: atrial natriuretic peptide; BNP: B-type natriuretic peptide; TGF-β: transforming 
growth factor-β; SAC/VAL: sacubitril/valsartan-treated group. *P < 0.05 vs. sham-operated group.
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Discussion

The present study demonstrated that SAC/VAL, a first-
in-class ARNI, prevented cardiac hypertrophy in a mouse 
model of Ang II-induced cardiac hypertrophy. Regardless 
of similar blood pressure levels, treatment with SAC/VAL 
significantly inhibited ventricular wall thickening and car-
diomyocyte enlargement compared with conventional ther-
apy (ACEi enalapril and ARB valsartan). Furthermore, the 
anti-hypertrophic effect of SAC/VAL was uncoupled from 
cardiac fibrosis.

Echocardiographic LV hypertrophy is an independent 
predictor of CV events, including CV death, coronary events, 
stroke and heart failure in patients with hypertension [24-26]. 
Endomyocardial biopsy analysis also showed that cardiomyo-
cyte hypertrophy was an independent predictor of mortality 
for patients with heart failure, and more than 50% of patients 
with a cardiomyocyte diameter over 17.7 µm died within 3 
years [27]. Meanwhile, meta-analyses reported that LV mass 
reduction with pharmacological control of blood pressure 
was associated with a 46% reduction in CV events for hy-
pertension patients [28], and ACEis were the most powerful 
anti-hypertensive drugs for reducing LV mass, compared to 
beta blockers, calcium channel blockers and diuretics [29]. In 
this study, attenuation of cardiac hypertrophy by SAC/VAL 
was confirmed echocardiographically and histologically, over 
ACEi or ARB treatment. Therefore, our results support the 
notion that SAC/VAL has the potential to be the treatment of 
choice in terms of CV protection for patients with hyperten-
sion.

Although the detailed molecular mechanism by which 
this drug combination confers CV protection is not fully char-
acterized, the present study provides several interesting find-
ings. First, SAC/VAL significantly inhibited LV hypertrophy 
independent of blood pressure, suggesting a direct rather than 
indirect effect on cardiac tissue. TGF-β has been proposed to 
act in an autocrine/paracrine fashion between cardiomyocytes 
and fibroblasts to stimulate cardiac remodeling [30], and the 
inhibition of Ang II/TGF-β signaling is a pivotal direct mecha-
nism of the anti-hypertrophic effect of ARBs [31]. In addition, 
natriuretic peptides also have some direct effects on counter-
acting RAS signaling [9]. Thus, SAC/VAL may provide an 
augmented inhibitory effect on ANG II/TGF-β signaling. On 
the other hand, the concomitant use of ARB with either ACEi 
or direct renin inhibitor did not further decrease LV hypertro-
phy, which suggests that simultaneous blocking of RAS sign-
aling for cardiac hypertrophy might reach a plateau [32, 33]. 
Interestingly, in this study, TGF-β mRNA levels were similar 
among the three treatment groups, although significant differ-
ences were found in cardiac remodeling. This suggests that 
SAC/VAL might affect LV remodeling not only by blocking 
Ang II/TGF-β signaling, but also via different pathways. A re-
cent in silico analysis to clarify the details of the mechanism of 
action of SAC/VAL may support our findings; specifically, sa-
cubitril might attenuate hypertrophy by inhibiting phosphatase 
and tensin homolog deleted on chromosome ten (PTEN) [34]. 
In fact, loss of PTEN prevents the development of LV remod-
eling in response to pressure overload, but not in response to 

Ang II [35]. Further studies are required to clarify the associa-
tion between SAC/VAL and PTEN.

Another intriguing finding of this report is that SAC/
VAL administration prevented the emergence of hypertrophy, 
which did not result from the attenuation of cardiac fibrosis. 
Unlike previous reports in various rodent models of heart fail-
ure, which showed that ARNI ameliorates LV remodeling by 
reducing cardiac fibrosis [15-18], we found significant differ-
ences in LV hypertrophy along with a similar degree of car-
diac fibrosis among the SAC/VAL, valsartan and enalapril 
groups. Although 60 mg/kg/day SAC/VAL was not enough to 
decrease blood pressures in this experiment, the dosing was 
based on previously published doses of SAC/VAL in rodents. 
Therefore, this new finding can probably be attributed to the 
different animal model used. Less interstitial and perivascular 
cardiac fibrosis (1-2% of the total LV area) was observed in 
our experiment, perhaps because of the relatively short-term 
exposure to Ang II. However, validated hypertrophic markers, 
such as ANP and BNP [23], are significantly upregulated by 
Ang II infusion, indicating that cardiomyocyte hypertrophy 
was pathological rather than physiological. Therefore, our re-
sults suggest that SAC/VAL may have beneficial effects on the 
early stage of cardiac remodeling, as well as in patients with 
chronic stable heart failure with reduced ejection fraction [10]. 
Meanwhile, the upcoming TRANSITION trial will compare 
in-hospital initiation of SAC/VAL to post-discharge initiation 
in patients with acute heart failure occurring as either de novo 
heart failure or deterioration of chronic heart failure [36], and 
will hopefully shed some light on the timing for when to initi-
ate SAC/VAL.

In conclusion, SAC/VAL, valsartan and enalapril all at-
tenuated cardiomyocyte hypertrophy induced by Ang II in 
mice. Of note, SAC/VAL had the strongest inhibitory prop-
erties independent of blood pressure-lowering effect and the 
progression of cardiac fibrosis. To the best of our knowledge, 
our investigation is the first study to show that SAC/VAL has 
a beneficial effect on the early stage of hypertensive heart dis-
ease.
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