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The angiotensin II type 1 receptor-neprilysin inhibitor
LCZ696 blocked aldosterone synthesis in a human
adrenocortical cell line

Shin-Ichiro Miura1,2, Yasunori Suematsu1, Yoshino Matsuo1, Sayo Tomita1, Asuka Nakayama1, Masaki Goto1,
Tadaaki Arimura1, Takashi Kuwano1, Eiji Yahiro1 and Keijiro Saku1,2

A recent clinical study indicated that an angiotensin II (Ang II) type 1 (AT1) receptor-neprilysin inhibitor (ARNi) designated

LCZ696 (sacubitril/valsartan, as combined sodium complex) was superior to enalapril at reducing the risks of death and

hospitalization due to heart failure. Therefore, we investigated the possible mechanisms of the beneficial effect of LCZ696, in

which the inhibition of neprilysin enhances atrial natriuretic peptide (NP) or brain NP (ANP or BNP)-evoked signals that can

block Ang II/AT1 receptor-induced aldosterone (Ald) synthesis in human adrenocortical cells. The binding affinity of valsartan

+LBQ657 (active moiety of sacubitril) to the AT1 receptor was greater than that of valsartan alone in an AT1 receptor-expressing

human embryonic kidney cell-based assay. There was no difference in the dissociation from the AT1 receptor between valsartan

+LBQ657 and valsartan alone. In Ang II-sensitized human adrenocortical cells, ANP or BNP alone, but not LBQ657 or valsartan

alone, significantly decreased Ald synthesis. The level of suppression of Ald synthesis by ANP or BNP with LBQ657 was greater

than that by ANP or BNP without LBQ657. The suppression of ANP was blocked by inhibitors of regulator of G-protein signaling

proteins and cyclic GMP-dependent protein kinase. The inhibition of neprilysin did not change the mRNA levels of the AT1
receptor, ANP receptor A, regulator of G-protein signaling protein, renin or 3β-hydroxysteroid dehydrogenases. In conclusion,

the inhibition of neprilysin by LBQ657 enhances the NP-evoked signals that can block Ang II/AT1 receptor-induced Ald synthesis

in human adrenocortical cells.
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INTRODUCTION

Heart failure (HF) is the end stage of all types of heart disease.
The mortality due to HF can be reduced by optimal medical therapies
including inhibitors of the renin–angiotensin aldosterone system and
β-blockers.1,2 The Prospective Comparison of ARNi (an angiotensin II
(Ang II) type 1 (AT1) receptor-neprilysin inhibitor) with ARB on the
Management of Heart Failure with Preserved Ejection Fraction
(PARAMOUNT) trial compared the use of ARNi (LCZ696)
(sacubitril/valsartan, as combined sodium complex) in HF patients
with valsartan in a parallel group study of patients with HF with a
preserved ejection fraction.3 At 36 weeks, there was a reduction in left
atrial volume and improvement in the New York Heart Association
functional class in the LCZ696 group compared with the valsartan
group. Moreover, the Prospective Comparison of ARNi with
ACE Inhibitor to Determine the Impact on Global Mortality and
Morbidity in Heart Failure (PARADIGM-HF) trial randomized 8442
patients in a double-blind manner to receive either 200 mg LCZ696 or
10 mg enalapril twice-daily in addition to the standard of care for a
median follow-up of 27 months.4 In that study, LCZ696 was superior

to enalapril at reducing the risks of death and hospitalization due to
HF. LCZ696 was generally safe and well tolerated and showed effective
blood pressure (BP) reduction in Japanese patients with hypertension
and renal dysfunction without a decline in renal function.5

In addition, we recently reported that LCZ696 improved cardiac
function with the reduction of fibrosis in a model of HFrEF (HF with
reduced ejection fraction) in diabetic mice.6

Neprilysin is responsible for the degradation of several vasoactive
peptides including atrial and brain natriuretic peptides (NPs)
(ANP and BNP).7 These peptides block the negative cardiovascular
effects of Ang II and aldosterone (Ald) in HF patients, including
sodium retention, vasoconstriction, hypertrophy and endothelial
dysfunction.8–11 In addition, ANP has been shown to attenuate Ang
II-induced Ald synthesis, and this ANP-mediated attenuation of Ald
synthesis was blocked by inhibitors of regulator of G-protein signaling
subtype 4 (RGS4) and of cyclic GMP-dependent protein kinase
(PKG).12 Ald antagonism reduced both the risk of death and the risk
of hospitalization among patients with systolic HF and mild
symptoms.13 Thus, we hypothesized that the beneficial effects of
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LCZ696 observed in a clinical study may be at least partly due to the
reduction of Ald synthesis through the inhibition of neprilysin
independent of any blockade of the AT1 receptor.
Therefore, using human adrenocortical cells as a cell model, we

investigated whether the inhibition of neprilysin enhances ANP or
BNP-evoked signals that can block Ang II/AT1 receptor-induced Ald
synthesis in these cells.

MATERIALS AND METHODS

Materials
The following reagents were purchased: Ang II and [Sar1, Ile8] Ang II (Peptide
Institute, Osaka, Japan); ANP and BNP (Sigma-Aldrich, St Louis, MO, USA);
CCG63802 (RGS4 inhibitor) (Santa Cruz Biotechnology, Dallas, TX, USA);
KT5823 (PKG inhibitor) (Cayman Chemical Company, Ann Arbor, MI, USA)
and 125I-[Sar1, Ile8]Ang II (PerkinElmer Japan, Tokyo, Japan). LBQ657 (an
active form of sacubitril) and valsartan were kindly provided by Novartis
Pharma, Basel, Switzerland.

Competition binding study
The Kd values of receptor binding were determined by 125I-[Sar1, Ile8]Ang
II-binding experiments under equilibrium conditions. The AT1 receptor gene
was transfected by the calcium phosphate method into HEK293 cells, and stably
expressing AT1 receptor cells were selected by the addition of hygromycin B to
the cells after transfection.14 Live HEK293 cells expressing the AT1 receptor
were incubated with 125I-[Sar1, Ile8]Ang II and valsartan with or
without LBQ657 at 37 °C in 5% CO2. Non-specific binding in the cells was
determined from 125I-[Sar1, Ile8]Ang II binding in the presence of 10 μM
[Sar1, Ile8]Ang II. After equilibrium was reached, the binding experiments
were stopped by wash-out. The bound ligand fraction was determined from
the counts per minute remaining on the cells. Equilibrium binding kinetics
were determined.

Dissociation of valsartan, with or without LBQ657, and ANP from
the AT1 receptor
Live HEK293 cells expressing AT1 receptors were preincubated for 90 min with
each compound and further incubated with 125I-[Sar1, Ile8]Ang II in the
presence of compounds or after wash-out of compounds for 30 and 90 min. %
Inhibition of 125I-[Sar1, Ile8]Ang II binding to AT1 receptors was calculated for
the various compounds.

Measurement of Ald synthesis
Human adrenocortical cells (NCI-H295R, American Type Culture Collection
(ATCC) CRL-10296) (ATCC, Manassas, VA, USA) were grown for 24 h under
serum-free conditions with or without 0.1 μM Ang II (Ang II-sensitized or
-non-sensitized condition, respectively) at 37 °C in 5% CO2. After wash-out of
the added Ang II, the adrenocortical cells were then incubated with or without
various compounds for an additional 24 h under serum-free conditions. The
levels of Ald in the cell-culture medium (Ald synthesis) after various treatments
were measured in duplicate by an enzyme immunoassay (Cayman Chemical).12

Reverse transcriptase-PCR analysis
Gene expression levels were quantified by real-time PCR. In adrenocortical
cells, total RNA was extracted using a RiboPure RNA Purification Kit
(Life Technologies, Carlsbad, CA, USA). cDNA was synthesized using a
QuantiTect Reverse Transcription Kit (Qiagen, Germantown, MD, USA).
Real-time PCR was performed with a 7500 Fast Real-Time PCR System
(Applied Biosystems, Waltham, MA, USA) using a QuantiTect SYBR Green
PCR Kit (Qiagen). The mRNA levels of the AT1 receptor, RGS4, ANP receptor
A (NPR1), renin, two different 3β-hydroxysteroid dehydrogenases (HSDs)
known as HSD3B1 and HSD3B215 and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were investigated. The mRNA level of each factor (AU,
arbitrary units) was determined as the ratio of each factor to GAPDH. Primer
sequences are listed with the 5′ to 3′ direction written as left to right. The
primers used were forward primer AGCTATGGAATACCGCTGGC and
reverse primer GCGGGACTTCATTGGGTGAA for the human AT1 receptor,

forward primer CAGCTGGGTTGGTATGGAGT and reverse primer GCCC
TCACTCAGCCAGTAAC for human RGS4, forward primer AGTGGTGGGAC
TGAAGATGC and reverse primer TCGAAACCACCAAACTCCTC for human
NPR1, forward primer CTCTTCGATGCTTCGGATTC and reverse primer
GATGTCCTGGCTGAGAAAGC for human renin, forward primer AGAAG
AGCCTCTGGAAAACACATG and reverse primer TAAGGCACAAGTG
TACAGGGTGC for human HSD3B1, forward primer AGAAGAGCCTC
TGGAAAACACATG and reverse primer CGCACAAGTGTACAAGGTA
TCACCA for human HSD3B2, forward primer CCCATGTTCGTCA
TGGGTGT and reverse primer TGGTCATGAGTCCTTCCACGATA for
human GAPDH.

Statistical analysis
The results are expressed as the mean± s.d. of three or more independent
determinations. The significance of differences among measured values was
evaluated with an analysis of variance using Fisher’s t-test and an unpaired or
paired Student’s t-test, as appropriate. Statistical significance was set at o0.05.

RESULTS

Binding affinities of valsartan and valsartan+LBQ657 in an AT1
receptor-expressing HEK cell-based living assay
The binding affinity of valsartan+LBQ657 was greater than that of
valsartan alone in an AT1 receptor-expressing HEK cell-based assay
using live cells (Figure 1a). The difference in Kd values between
valsartan+LBQ657 (4.8± 0.7 nM) and valsartan alone (6.9± 0.7 nM)
was small.

Dissociation of valsartan, with or without LBQ657, and ANP from
the AT1 receptor
Figure 1b shows the dissociation of valsartan, with or without
LBQ657, and ANP from the AT1 receptor. There were no differences
in the dissociation from the AT1 receptor among valsartan alone,
valsartan+LBQ657, valsartan+ANP and valsartan+LBQ657+ANP.

Percentages (%) of Ald synthesis in Ang II-sensitized and -non-
sensitized adrenocortical cells with or without treatment with
LBQ657, ANP and valsartan
The percent Ald synthesis in Ang II-sensitized and -non-sensitized
adrenocortical cells is shown in Figure 2. In this figure, 100% Ald
synthesis indicates the basal level of Ang II-sensitized cells without any
treatment. The basal level of Ald synthesis in Ang II-non-sensitized
cells was approximately 70%. ANP+valsartan both with and without
LBQ657 significantly suppressed the basal level of Ald synthesis in Ang
II-non-sensitized cells. In Ang II-sensitized cells, ANP both with and
without valsartan significantly suppressed Ald synthesis. In addition,
comparing results in Ang II-sensitized cells, ANP+valsartan with
LBQ657 significantly suppressed Ald synthesis compared with ANP
+valsartan without LBQ657.

Percentages (%) of Ald synthesis in Ang II-sensitized adrenocortical
cells with or without various concentrations of LBQ657 and
valsartan
There were no differences in the % Ald synthesis under various
concentrations of LBQ657 and valsartan in Ang II-sensitized cells
(Figure 3a).

Percentages (%) of Ald synthesis in Ang II-sensitized adrenocortical
cells with or without LBQ657 or ANP and BNP
In Ang II-sensitized cells, both ANP and BNP alone, but not LBQ657
or valsartan alone, significantly decreased Ald synthesis (Figure 3b).
The suppression of Ald synthesis by ANP or BNP combined with
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Figure 1 (a) Binding affinities (Kd) of valsartan with and without LBQ657 to the AT1 receptor. *Po0.05 vs. valsartan. (b) Dissociation of valsartan, valsartan
+LBQ657, valsartan+ANP and valsartan+LBQ657+ANP from the AT1 receptor.

Figure 2 Percentages (%) of aldosterone (Ald) synthesis from adrenocortical cells with or without LBQ657, ANP and valsartan. In this figure, 100% Ald
synthesis indicates the basal level of Ang II-sensitized cells without treatment. Ang II-sensitized or -non-sensitized cells were grown for 24 h under serum-free
conditions with or without 0.1 μM Ang II before various treatments, respectively. *Po0.05 vs. Ang II-non-sensitized cells with no treatment; tpo0.05 vs. Ang
II-sensitized cells with no treatment; #Po0.05 vs. Ang II-sensitized cells with ANP+valsartan.
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LBQ657 was greater than the suppression observed for ANP or BNP
without LBQ657.

Percentages (%) of Ald synthesis in Ang II-sensitized adrenocortical
cells with or without KT5823 and CCG63802
In Ang II-sensitized cells, ANP alone significantly suppressed Ald
synthesis. The suppression of ANP was blocked by inhibitors of RGS
proteins (CCG63802) and of PKG (KT5823) (Figure 4).

mRNA levels in Ang II-sensitized adrenocortical cells with or
without various treatments
The inhibition of neprilysin by LBQ657, ANP and BNP did not
change the mRNA levels of the AT1 receptor, RGS4, NPR1, renin,
HSD3B1 and HSD3B2 (Figure 5).

DISCUSSION

In the present study, we confirmed that the inhibition of neprilysin by
LBQ657 enhanced the NP-evoked signals that can block Ang II/AT1
receptor-induced Ald synthesis in human adrenocortical cells.
We hypothesized that the beneficial effects of LCZ696 in a clinical

study could be at least partly due to the reduction of Ald synthesis
through the inhibition of neprilysin independent of any blockade of
the AT1 receptor. In addition, we previously indicated that
LCZ696-induced improvement of cardiac function in the HFrEF
model in diabetic mice may be due to the specific inhibition of
neprilysin, beyond the ARB effect of LCZ696.6 In this study, we found
that the suppression of Ald synthesis by ANP or BNP with LBQ657
was greater than that by ANP or BNP without LBQ657. The inhibition
of the degradation of NPs has been evaluated for potential therapeutic
benefits. Neprilysin is the major enzyme that contributes to
extracellular degradation.16 Because LBQ657 is a specific inhibitor of
neprilysin, it has beneficial effects. In humans, omapatrilat inhibits

Figure 3 (a) Percentages (%) of aldosterone (Ald) synthesis in Ang II-sensitized adrenocortical cells with or without various concentrations of LBQ657 and
valsartan. In this figure, 100% Ald synthesis indicates the basal level of Ang II-sensitized cells without treatment. (b) Percentages (%) of aldosterone (Ald)
synthesis in Ang II-sensitized adrenocortical cells with or without LBQ657 or ANP and BNP. In this figure, 100% Ald synthesis indicates the basal level of
Ang II-non-sensitized cells without treatment. *Po0.05 vs. Ang II-sensitized cells with no treatment. #Po0.05. Ang II-sensitized or -non-sensitized cells
were grown for 24 h under serum-free conditions with or without 0.1 μM Ang II before various treatments, respectively.

Figure 4 Percentages (%) of aldosterone (Ald) synthesis from
Ang II-sensitized adrenocortical cells with or without KT5823 and
CCG63802. In this figure, 100% Ald synthesis indicates the basal
level of Ang II-non-sensitized cells without treatment. Ang II-sensitized
or -non-sensitized cells were grown for 24 h under serum-free
conditions with or without 0.1 μM Ang II before various treatments,
respectively. *Po0.05 vs. Ang II-sensitized cells with no treatment;
#Po0.05.
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both neprilysin and angiotensin-converting enzyme and increases
urinary levels of ANP.17 In a preclinical study, AHU377, which is a
prodrug for active LBQ657, increased cyclic GMP levels, natriuresis
and diuresis in response to exogenous administration of ANP.18

Oral administration of LCZ696 increased ANP levels in a dose-
dependent manner.18 Thus, the elevation or maintenance of ANP
levels through the inhibition of neprilysin could also decrease Ald
synthesis in vivo because the present in vitro study found that LBQ657
with either ANP or BNP suppressed Ald synthesis as a beneficial effect.
On the other hand, other vasoactive peptides in addition to NPs have
been identified as neprilysin substrates, including Ang I and II.19

The inhibition of neprilysin increases the levels of Ang I and II and
this increase has undesirable effects, such as vasoconstriction.20 In
our experiment, we obtained Ang II-sensitized adrenocortical cells by
pre-incubating the cells with Ang II for 24 h. The level of Ald in
cell-culture medium (Ald synthesis) after various treatments for 24 h
was measured after wash-out of the cells. As a result of the wash-out,
the undesirable effects alluded to earlier may not occur. Even if the
inhibition of neprilysin increases the level of Ang II, with the use of
LCZ696, the undesirable effects of Ang II may be simultaneously
prevented by valsartan.
There are several possible mechanisms by which NPs can block Ald

synthesis. We found that the ANP-mediated attenuation of Ald
synthesis was blocked by CCG63802 (RGS4 inhibitor) and KT5823
(PKG inhibitor). Guanylyl cyclase-A, an NP receptor, activates a
PKG-RGS4 pathway, which attenuates a Galpha(q)-dependent
pathway.21 In this study, we found that Ang II-sensitized
Gq-dependent Ald synthesis was blocked by ANP-induced activation
of a PKG-RGS4 pathway. To confirm the mechanism, we need to
measure Ald synthesis using RGS4-transfected or knockdown cells and
RGS4-transgenic or knockout mice. Another possible mechanism for
the attenuation of Ald synthesis by ANP is that ANP may block
Ald synthesis in the biosynthetic pathway from cholesterol to
pregnenolone and from corticosterone to Ald.22,23 Although
there were no significant changes in mRNA levels of HSD3B1 or

HSD3B2 in this study, we did not analyze all of the enzymes in
the relevant steroid hormone pathway. Further studies will be needed
to resolve these issues.
The binding affinity of valsartan+LBQ657 was greater than that of

valsartan alone. Although we do not know the mechanisms at this
time, we used an AT1 receptor-expressing HEK cell-based live
assay. LBQ657, a neprilysin inhibitor, sustains biologically-active
NPs in addition to endothelin and calcitonin gene-related
peptides.24 These factors might affect the changes in the structure
and function of the AT1 receptor.
In conclusion, this study demonstrated that the inhibition of

neprilysin by LBQ657 enhances NP-evoked signals that can block
Ang II/AT1 receptor-induced Ald synthesis in human adrenocortical
cells. Although our findings are based on basic research, they may lead
to exciting insights into the beneficial effects of LCZ696 in the
reduction of Ald synthesis through the inhibition of neprilysin in a
clinical setting.
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