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Abstract

Although patients with chronic kidney disease (CKD) are at increased risk for

end-stage renal disease and cardiovascular events, adequate drug therapies for

preventing the deterioration of these conditions are still not established. This

study was undertaken to evaluate a preventive effect of an angiotensin receptor-

neprilysin inhibitor sacubitril/valsartan (LCZ696), which is converted to sacubi-

tril and valsartan in the body, against the progression of renal disease in rats

with subtotal nephrectomy, an animal model of human CKD. Mean survival

time after subtotal nephrectomy was about 100 days in Wistar rats with vehicle.

LCZ696-(30 mg/kg) and valsartan-(15 mg/kg) prolonged the survival of these

animals, and the effect of LCZ696 on survival was significantly greater than that

of valsartan. Renoprotective effects of LCZ696 judged by serum creatinine and

urinary protein excretions were larger than those of valsartan. Cardioprotective

effects judged by cardiac left ventricular mass, fractional shortening, and fibrosis

of LCZ696 and valsartan were not detected under the present condition. Thus,

the renoprotective effect of LCZ696 was stronger than that of valsartan in rats

with subtotal nephrectomy. This study provides the idea that, compared to val-

sartan, LCZ696 is more effective for the treatment of human CKD.

Abbreviations

ACEI, angiotensin-converting enzyme inhibitor; ANP, atrial natriuretic peptide,;

ARB, angiotensin II receptor blocker; CKD, chronic kidney disease; ET-1, endothe-

lin-1; LCZ696, sacubitril/valsartan; LV, left ventricle; NEP, neutral endopeptidase;

STNx, subtotal nephrectomy.

Introduction

Chronic kidney disease (CKD) is a life-threatening condi-

tion by progressive and irreversible loss of renal function,

which subsequently leads to end-stage renal disease and

causes premature mortality from cardiovascular disease

(Lopez-Novoa et al. 2010; Judge et al. 2015). Angioten-

sin-converting enzyme inhibitors (ACEIs) and angiotensin

II receptor blockers (ARBs) are used for the treatment of

patients with early CKD and provide better outcomes

compared to those of other antihypertensive drugs

(Ahmed et al. 2016). However, ACEI and ARB are

reported to be not superior to other antihypertensive

drugs in patients with advanced CKD (Ahmed et al.

2016), and, therefore, new therapeutic strategies are

needed for these patients.

Regardless of etiology, the number of nephrons

decreases during the progression of CKD (Lopez-Novoa

et al. 2010). The remaining nephrons elevate the filtration

rate to maintain the excretory need of the organism at an

early stage of CKD. Thereafter, the remaining nephrons

cannot cope with the sustained extra load at an advanced
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stage of CKD. This situation is mimicked in experimental

animals by surgically dissecting a large part of the renal

mass (subtotal nephrectomy) in order to accelerate the

progression of nephron loss, which culminates in renal

failure and death (Lopez-Novoa et al. 2010). The follow-

ing profiles are reported after subtotal nephrectomy in

rats (Koleganova et al. 2009); (1) Blood pressure elevated,

and serum creatinine and urinary protein increased. (2)

Wall thickness of cardiac left ventricle (LV) and cardiac

fibrosis increased, whereas the fractional shortening of

cardiac LV decreased.

Neutral endopeptidase (NEP) is a membrane-bound

metallopeptidase with a widespread distribution in the

vascular endothelium, smooth muscle cells, and the brush

border of tubular cells (Benigni et al. 2004). NEP

degrades a number of peptides including atrial natriuretic

peptide (ANP) and bradykinin, which stimulate nitric

oxide production (Benigni et al. 2004). These data led us

to speculate that a combination of ACEI+NEP inhibitor

or ARB+NEP inhibitor provides better outcomes in

patients with advanced CKD through glomerular hemo-

dynamic alteration. Previous findings that AVE7688 and

omapatrilat, which inhibit both ACE and NEP, provided

greater renoprotection in rats with 5/6 nephrectomy (Taal

et al. 2001; Benigni et al. 2004) support the idea.

Angiotensin receptor-neprilysin inhibitor, sacubitril [4-

{[(2S,4R)-1-(4-Biphenylyl)-5- ethoxy-4-methyl-5-oxo-2-

pentanyl]amino}-4-oxobutanoic acid]/valsartan [(2S)-3-

Methyl-2- (N-{[20-(1H-tetrazol-5-yl)biphenyl-4-yl]

methyl}pentanamido)butanoic acid] (LCZ696) is a new

drug for the treatment of heart failure (McMurray et al.

2014) and probably of hypertension (Ruilope et al. 2010).

After ingestion, LCZ696 is converted to sacubitril and val-

sartan (Gu et al. 2010). To our knowledge, renoprotective

effect of LCZ696 in patients with advanced CKD remains

to be determined. To explore this question, the renopro-

tective effect of LCZ696 was compared to that of valsar-

tan in rats with 5/6 nephrectomy.

Materials and Methods

Drugs

LCZ696 and valsartan, an ARB, were kindly provided by

Novartis Phama AG (Basel, Switzerland).

Animals

Six-week-old male Wistar rats were obtained from Japan

SLC Co. (Shizuoka, Japan). They were maintained for

more than 2 weeks under free access to standard chow

(CE-2, Japan Clea, Tokyo, Japan) and water before the

experiments. Study protocol was approved by the

Institutional Review Committee of Jichi Medical Univer-

sity. The experiments were performed in accordance with

the Use and Care of Experimental Animals Committee of

Jichi Medical University, and Guide for the Care and Use

of Laboratory Animals. Under pentobarbital anesthesia

(50 mg/kg, ip), subtotal nephrectomy was performed by

the ligation of renal artery branches supplying two-thirds

of the left kidney, followed by right unilateral nephrec-

tomy 14 days later. After 8 weeks, the animals with

subtotal nephrectomy were randomly divided into five

groups in Experiment 1 and three groups in Experiment

2 according to the following criteria; (1) there were no

statistical significant differences in body weight, blood

pressure, serum creatinine, and urinary protein excretion

among the groups, (2) mean values of these variables in

each group were within 0.5-fold of standard deviation

from the means in all groups, and (3) all four variables

met these conditions.

Study designs

Experiment 1

It is reported that oral dosing of LCZ696 (2–60 mg/kg)

induces a dose-dependent reduction in BP in hypertensive

rats (Gu et al. 2010). In a preliminary study, relatively

high dose of LCZ696-(50 mg/kg) was given orally, once

daily to four rats with subtotal nephrectomy. However, as

two rats died within 2 weeks (on day 12 and on day 13),

middle dose of LCZ696 (30 mg/kg) was selected in fur-

ther studies. The valsartan doses (5 or 15 mg/kg) are

approximately the molar equivalent doses of LCZ696 (10

or 30 mg/kg).

Rats with subtotal nephrectomy were orally given val-

sartan-(5 or 15 mg/kg), LCZ696-(10 or 30 mg/kg) or

vehicle (corn coil) by a gastric gavage once daily for

12 weeks. Sham-operated animals were given vehicle

alone. After the initiation of the drug treatment, survival

was checked once daily for 12 weeks. Before, and at 4, 8,

and 12 weeks after dosing of the drug, blood samples

were obtained from tail vein, and systolic BP was mea-

sured by a standard tail-cuff sphygmomanometer (KN-

201, Natsume, Tokyo, Japan) in an awake and restrained

state. Urine samples were also collected for 24 h in a

metabolic cage at each observation point.

In the first trial, the following numbers of rats were

alive at 12 weeks; 1 of 6 in the vehicle alone, 3 of 6 in

the valsartan-(15 mg/kg), 4 of 5 in the LCZ696-(30 mg/

kg), and 6 of 6 in the sham-operated groups. To obtain

finally more survived animals at 12 weeks; more than

three rats in the vehicle group and more than six rats in

the drug-treated {valsartan-(15 mg/kg) and LCZ696-

(30 mg/kg)} groups, additional trial was done. In the
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second trial, the numbers of rats with subtotal nephrec-

tomy were used as follows; 12 rats in the vehicle, seven

rats in the valsartan-(15 mg/kg) and five rats in the

LCZ696-(30 mg/kg) groups. In addition, two sham-oper-

ated rats, and 15 rats with subtotal nephrectomy {9 in

the valsartan-(5 mg/kg) and six in the LCZ696-(10 mg/

kg) groups} were also used.

All data obtained at each observation point (before,

and at week 4, 8, and 12) were used to evaluate the time-

course of blood pressure, serum creatinine, and urinary

protein excretion.

Experiment 2

Rats with subtotal nephrectomy orally received valsartan-

(15 mg/kg), LCZ696-(30 mg/kg) or vehicle alone by a

gastric gavage once daily for 8 weeks. Sham-operated rats

were given vehicle. Echocardiographic evaluation was per-

formed before and at 4 and 8 weeks after treatment. Two

or three days after the end of echocardiographic evalua-

tion at 8 weeks, rat was placed into a metabolic cage for

24 h to collect urine, and thereafter, blood and kidney

samples were obtained under pentobarbital anesthesia

(50 mg/kg, ip).

The initial numbers of rats were as follows; six in the

vehicle, valsartan-(15 mg/kg) and LCZ696-(30 mg/kg)

groups, and five in the sham-operated group. All echocar-

diographic data obtained at each observation point (be-

fore, and at week 4 and 8) were used. Samples for

laboratory assays, mRNA expressions and histological

analysis were obtained in rats survived at 8 weeks.

Assay methods

Serum creatinine was measured by a Jaffe’s method

(LaboAssayTM Creatinin, Wako Pure Chemicals, Osaka,

Japan), and urinary protein was determined colorimetri-

cally using pyrogallol red method (MICRO TP-AR,

Wako). Concentrations of urinary endothelin-1 (ET-1)

and nitric oxide {nitrite (NO2
�) and nitrate (NO3

�)}
were measured using the enzyme-linked immunosorbent

assay kits (DET100 and KGE001, R&D systems, Min-

neapolis, MN). Urinary guanosine 30,50-cyclic monophos-

phate (cGMP) (581022, Cayman Chemical, Ann Arbor,

MI) and serum and urinary ANP (EIAR-ANP, RayBio-

tech, Norcross, GA) were measured using the enzyme

immuno assay kits.

RNA extraction and real-time PCR

Total RNA in renal cortex was extracted using the Pure-

Link� RNA Mini Kit (Thermo Fisher Scientific, CA), and

reverse transcription was done using PrimeScript RT

reagent Kit (Takara Bio, Otsu, Japan). Real-time PCR was

performed with SYBR Premix Ex Taq (Takara Bio) using

the Stratagene Mx3005P QPCR System (Agilent Tech-

nologies, Santa Clara, CA). Sequences of specific primers

for each gene were described in Table S1. Each mRNA

expression level was normalized to the expression of

Ribosomal protein S18 and quantified using comparative

threshold cycle method.

Echocardiographic evaluation

Rats were lightly anaesthetized with 3% inhaled isoflurane

and set in a supine position. Two-dimensional M-mode

and Doppler echocardiography was performed with a

Vevo2100 Imaging System (Visual Sonics Inc., Toronto,

Canada). LV at the papillary muscle level was imaged in

the parasternal short-axis view. LV fractional shortening

and LV mass were calculated with equipped software. All

evaluations were performed by one investigator blinded

to the experimental group (KA).

Histopathological evaluations of kidney and
heart

Formalin fixed tissue sections were embedded in paraf-

fin, cut into 5-lm-thick sections. Kidney samples were

stained with periodic acid-schiff staining and periodic

acid silver-methenamine staining for histopathological

Figure 1. Survival rate during the repeated dosing of LCZ696 and

valsartan for 12 weeks. Initial number of animals in each group:

n = 8 in the sham, n = 18 in the vehicle, n = 9 in the valsartan-

(5 mg/kg), n = 13 in the valsartan-(10 mg/kg), n = 6 in the LCZ696-

(10 mg/kg) and n = 10 in the LCZ696-(30 mg/kg) Mean survival

period in rats with vehicle was 100 days {8 weeks (56 days) after

subtotal nephrectomy +34 days after dosing of vehicle}. *P < 0.05,

**P < 0.01 versus vehicle; #P < 0.05 versus valsartan-(15 mg/kg).
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analysis. At least 50 glomeruli in each kidney were

graded from 0 to 4 according to the severity of the

glomerular sclerosis (Kasiske et al. 1988): 0 = normal;

1 = slight glomerular damage, the mesangial matrix and/

or hyalinosis with focal adhesion, involving sclerosis of

<25% of the glomerulus; 2 = sclerosis of 25 to 50%;

3 = sclerosis of 50 to 75%; and 4 = sclerosis of >75%
of the glomerulus. To assess the extent of tubular dila-

tion, tubular epithelial cell flattening and interstitial

fibrosis, 20 fields of tublulointerstitial area in each sam-

ple (magnification, 9400) were examined and graded as

follows (Kasiske et al. 1988): 0 = no lesions; 1 = very

mild focal dilation of tubules; 2 = larger number of

dilated tubules with widening interstitium; 3 = fairly

extensive dilation of tubules with cystic formation and

widening of interstitium; and 4 = entire atrophy of

tubules. Heart sample was supplied to the preparation of

transverse transmural slices of the LV and stained with

Masson’s trichrome staining. To assess the extent of

myocardial fibrosis, 20 fields of LV wall in each sample

(magnification, 9400) were examined and graded as fol-

lows (Radovits et al. 2013): 0 = absent; 1 = slight;

2 = moderate; and 3 = intense. All samples were

examined by one investigator blinded to the treatment

protocol of the animals (YA).

Statistical analysis

Data are shown as the means � SD. Comparison of sur-

vival periods was performed by Kaplan–Meier analysis.

Changes in blood pressure, urinary protein excretion,

serum creatinine concentration, LV fractional shortening,

and LV mass were analyzed by two-way repeated-mea-

sures ANOVA, and variables were compared by one-way

ANOVA. The difference between the two groups was ana-

lyzed by the Bonferroni–Dunn test. The histopathological

scores were compared using Kruskal–Wallis test, and the

Mann–Whitney U test with Bonferroni correction. A

value of P < 0.05 was considered to be significant.

Results

Experiment 1

Survival rate and blood pressure

In this study, mean survival times {8 weeks (56 days) after

subtotal nephrectomy +days after dosing} in the first and

the second trials were 102.4 and 100.0 days (vehicle), 116.3

and 112.6 days (valsartan-15 mg/kg), and 138.8 and

129.7 days (LCZ696-30 mg/kg). Data of the survival in the

first and the second trials were combined and analyzed.

Figure 2. Systolic blood pressure during the repeated dosing of LCZ696 and valsartan for 12 weeks. All data obtained at each observation point

were used. The number of rats of each point was described in the bottle panel. *P < 0.05, **P < 0.01 versus vehicle; Mean � SD
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Compared to the vehicle, valsartan-(5 mg/kg) slightly and

valsartan-(15 mg/kg) significantly prolonged the survival of

the animals (Fig. 1). LCZ696-(10 mg/kg and 30 mg/kg) also

significantly prolonged their survival compared to the vehi-

cle. The effect of LCZ696-(30 mg/kg) on survival was signif-

icantly greater than that of valsartan-(15 mg/kg).

LCZ696-(30 mg/kg) and valsartan-(15 mg/kg) signifi-

cantly decreased systolic BP in rats with subtotal nephrec-

tomy, but the parameter in the drug-treated groups was

still higher (P < 0.01) than that in the sham-operated

group (Fig. 2). BP-lowering effect of LCZ696-(30 mg/kg)

and valsartan-(15 mg/kg) did not significantly differ.

Serum creatinine and urinary protein excretion

Before the initiation of the experiment, while serum crea-

tinine and urinary protein excretion in rats with subtotal

nephrectomy were significantly elevated compared to the

sham-operated group, there were no significant differences

in these variables among the groups with subtotal

nephrectomy (Fig. 3). During the treatment period, serum

creatinine and urinary protein excretion further elevated in

the vehicle-treated rats with subtotal nephrectomy. While

valsartan and LCZ696 did not suppress the elevation in

serum creatinine, these drugs dose dependently diminished

the elevations of urinary protein excretion. In addition,

protective effect of LCZ696-(30 mg/kg) against urinary

protein excretion was significantly greater than that of val-

sartan-(15 mg/kg). Body weight in each subtotal nephrec-

tomized group was almost same level or slightly decreased

during 12 weeks of dosing period (Fig. S1).

Experiment 2

Laboratory tests, mRNA expressions and renal
histology

In Experiment 2, Body weight and serum creatinine con-

centration did not differ among the subtotal nephrecto-

mized groups (Fig. S2). Compared to the sham-operated

Figure 3. Serum creatinine (A) and urinary protein excretion (B) during the repeated dosing of LCZ696 and valsartan for 12 weeks. All data

obtained at each observation point were used. The number of rats of each point was described in Fig. 2. *P < 0.05, **P < 0.01 versus vehicle;

#P < 0.05 versus valsartan-(15 mg/kg); Mean � SD.

ª 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

2017 | Vol. 5 | Iss. 4 | e00336
Page 5

K. Ushijima et al. Renoprotecion by LCZ696 in STNx Rats



group, serum ANP and urinary ET-1 excretion were sig-

nificantly higher, whereas urinary excretions of ANP,

cGMP, and nitric oxide were significantly lower in the

vehicle group (Fig. 4). Valsartan-(15 mg/kg) did not cor-

rect these changes except for urinary ET-1 excretion. On

the other hand, LCZ696-(30 mg/kg) significantly

decreased serum ANP and urinary ET-1 excretion, and

significantly increased urinary ANP and nitric oxide

excretions compared to the vehicle group. LCZ696-

(30 mg/kg) also tended to increase urinary cGMP excre-

tion. Serum ANP in subtotal nephrectomized rats with

LCZ696-(30 mg/kg) was higher, but not significantly,

than that of the sham-operated animals (pg/ml; 40 � 10

vs. 29 � 7).

Expression levels of neprilysin (NEP), angiotensin-con-

verting enzyme2 (ACE2), and natriuretic peptide receptor

(NPR)-C mRNAs in renal cortex of rats with subtotal

nephrectomy were significantly decreased compared to

those in the sham-operated rats (Fig. 5). On the other

hand, mRNA expression level of NPR-A in renal cortex

did not differ between the sham-operated and subtotal

nephrectomized rats. While valsartan-(15 mg/kg) did not

affect these mRNA expressions, LCZ696-(30 mg/kg) sig-

nificantly increased NPR-C mRNA expression level com-

pared to that in the vehicle and valsartan-(15 mg/kg)

groups.

Severe glomerular sclerosis, extensive dilation of

tubules, and widening of interstitium were detected in

rats with subtotal nephrectomy (Fig. 6). Both glomeru-

losclerosis and tubulointerstitial scores in the LCZ696-

(30 mg/kg) group were significantly lower than those in

the vehicle group. Valsartan-(15 mg/kg) significantly low-

ered tubulointerstitial score, but not glomerulosclerosis

score. Thus, protective effect of LCZ696-(30 mg/kg)

Figure 4. (A) Serum ANP concentration, (B) urinary excretions of ANP, (C) cGMP, (D) nitric oxide, and (E) ET-1 after the repeated dosing of

valsartan-(15 mg/kg) and LCZ696-(30 mg/kg) for 8 weeks. Data were obtained in rats survived at 8 weeks. Number of animals; n = 4 in the

vehicle and valsartan-(15 mg/kg) groups, and n = 5 in the LCZ696-(30 mg/kg) and sham groups. STNx; subtotal nephrectomy, *P < 0.05,

**P < 0.01; Mean � SD.
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Figure 5. The mRNA expressions of (A) NEP, (B) ACE2, (C) NPR-A, and (D) NPR-C in renal cortex after the repeated dosing of valsartan-(15 mg/

kg) and LCZ696-(30 mg/kg) for 8 weeks. Data were obtained in rats survived at 8 weeks. Number of animals; n = 4 in the vehicle and valsartan-

(15 mg/kg) groups, and n = 5 in the LCZ696-(30 mg/kg) and sham groups. STNx; subtotal nephrectomy, Mean expression level of sham group

was set to 1.0. **P < 0.01; Mean � SD.

Figure 6. Renal histological changes after the repeated dosing of valsartan-(15 mg/kg) and LCZ696-(30 mg/kg) for 8 weeks. Data were obtained

in rats survived at 8 weeks. Representative images of periodic acid-schiff staining (PAS, A) and periodic acid silver-methenamine (PAM, B) were

shown in the upper panel. Scale bar: 100 lm, Number of animals; n = 4 in the vehicle and valsartan-(15 mg/kg) groups, and n = 5 in the

LCZ696-(30 mg/kg) and sham groups. STNx; subtotal nephrectomy, *P < 0.05, **P < 0.01; Bars indicate 90% tile and 10% tile, and boxes

indicate 75% tile to 25% tile with lines of median values inside the boxes.
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against progression in glomerular sclerosis was signifi-

cantly greater than that of valsartan-(15 mg/kg).

Cardiac function and fibrosis

Compared to the sham-operated group, fractional shorten-

ing significantly decreased and left ventricular mass signifi-

cantly increased in the vehicle group (Fig. 7A, B). No

significant differences were detected in body weight among

the treated groups {vehicle, valsartan-(15 mg/kg) and

LCZ696-(30 mg/kg)} during the study period (data not

shown). Valsartan-(15 mg/kg) and LCZ696-(30 mg/kg)

did not correct the changes in the values of fractional short-

ening and left ventricular mass. Cardiac fibrosis detected in

the vehicle group was not significantly improved by valsar-

tan-(15 mg/kg) and LCZ696-(30 mg/kg) (Fig. 7C).

Discussion

Mean survival time in the vehicle-treated rats with subto-

tal nephrectomy was about 100 days in this study, which

is similar to previous finding (mean 92 days) in 5/6

nephrectomized rats (Satoh et al. 1995). LCZ696 and val-

sartan dose dependently prolonged the survival of these

animals, and the effect of LCZ696-(30 mg/kg) was signifi-

cantly greater than that of valsartan-(15 mg/kg). Subtotal

nephrectomy causes the elevations in serum creatinine

concentration, urinary protein excretion, and blood pres-

sure in rats (Koleganova et al. 2009), which are confirmed

in this study. In this study, LCZ696 and valsartan dose

dependently reduced urinary protein excretion in rats

with subtotal nephrectomy, and the effect of LCZ696-

(30 mg/kg) was significantly greater than that of valsar-

tan-(15 mg/kg). In addition, compared to the vehicle

group, glomerular sclerosis was significantly alleviated in

the LCZ696-(30 mg/kg), but not the valsartan-(15 mg/kg)

groups at 8 weeks in Experiment-2. These data indicate

that the renoprotective effect of LCZ696-(30 mg/kg) was

greater than that of valsartan-(15 mg/kg), which might, at

least in part, explain different effects of LCZ696-(30 mg/

kg) and valsartan-(15 mg/kg) on the survival of subtotal

nephrectomized rats detected in this study. Blood pres-

sure lowering effect of LCZ696-(30 mg/kg) was slightly

greater than that of valsartan-(15 mg/kg) in rats with

subtotal nephrectomy (P = 0.08), which might also con-

tribute to different effects of the dosage regimens on the

survival of these animals.

Previous study showed that the progressive renal disease

in rats with subtotal nephrectomy is associated with the

increased renal synthesis of ET-1 and the decreased genera-

tion of nitric oxide in the remnant kidney (Benigni et al.

2004). ET-1 is considered to be involved in the mechanism

of progressive renal injury in chronic disease (Benigni

Figure 7. Cardiac function during the repeated dosing of valsartan-

(15 mg/kg) and LCZ696-(30 mg/kg) for 8 weeks, and cardiac fibrosis

at the end of the treatment. All echocardiographic data obtained at

each observation point were used. Number of animals in each group

(week 0-week 4-week 8); n = 5-5-5 in the sham, n = 6-4-4 in the

vehicle, n = 6-5-4 in the valsartan-(15 mg/kg), and n = 6-6-5 in the

LCZ696-(30 mg/kg). STNx; subtotal nephrectomy, **P < 0.01; (A, B)

Mean � SD, (C) Bars indicate 90% tile and 10% tile, and boxes

indicate 75% tile to 25% tile with lines of median values inside the

boxes.
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2000). As the renoprotective effect of an endothelin recep-

tor antagonist partly depends on the increased renal nitric

oxide generation in rats with subtotal nephrectomy, exces-

sive renal ET-1 could be responsible for the defective renal

nitric oxide in these animals (Aiello et al. 1998). On the

other hand, nitric oxide might decrease the ET-1 synthesis

in subtotal nephrectomized rats (Benigni et al. 1999). Thus,

the imbalance of renal ET-1/nitric oxide could contribute

to the progression of renal injury in the animals with kid-

ney diseases. In this study, urinary excretion of ET-1, the

marker of renal ET-1 synthesis, increased and urinary

nitrite/nitrate excretion, the marker of nitric oxide synthe-

sis, decreased in the vehicle-treated group which are similar

to previous data (Benigni et al. 2004). LCZ696-(30 mg/kg)

corrected the elevation of urinary ET-1 excretion and the

decrease in urinary nitrite/nitrate excretion, whereas valsar-

tan-(15 mg/kg) only blunted the elevation of urinary ET-1

excretion in this study. Based on the findings, the renopro-

tective effect of LCZ696-(30 mg/kg) is speculated to be

greater than that of valsartan-(15 mg/kg) in rats with

subtotal nephrectomy. The present finding supports the

idea that the protective effect of LCZ696 against renal tissue

damages is greater than that of valsartan in human CKD.

In this study, urinary ET-1 excretion was significantly

decreased by the treatment with valsartan-(15 mg/kg),

whereas urinary nitric oxide excretion did not increase.

Imai T demonstrated that angiotensin II exhibited a stim-

ulatory effect on prepro-ET-1 mRNA expression in cul-

tured endothelial cells (Imai et al. 1992). In addition, a

blockade of angiotensin II type 1 receptor inhibited ET-1

expression in rat vascular smooth muscle cells (Sung et al.

1994). Thus, these observations and the present findings

suggest that valsartan decreased urinary ET-1 excretion

mainly through the blockade of angiotensin II type 1

receptor in rats with subtotal nephrectomy.

In this study, serum ANP increased and urinary nitric

oxide decreased in the vehicle-treated rats. ANP is mainly

degraded through two processes: (1) natriuretic peptide

receptor (NPR)-C-mediated internalization followed by

lysosomal degradation in organs including kidney and (2)

enzymatic degradation by NEP (Volpe et al. 2016).

Hydrosoluble, filtered ANP is also degraded by NEP in

the kidney (Roques et al. 1993). In the subtotal nephrec-

tomized rats, NEP and NPR-C mRNA expression levels in

renal cortex were significantly decreased. These alterations

of the mRNA expressions correlated with the reduction in

the degradation of ANP in the kidney which, in turn, led

to the elevation of serum ANP in the vehicle-treated rats.

Although serum ANP elevated and renal NPR-A mRNA

expression did not change in the vehicle group in this

study, urinary nitric oxide excretion did not increase, but

decreased. These data indicate that the renal response to

ANP is blunted in rats with subtotal nephrectomy. In this

study, ACE2 mRNA expression significantly decreased in

the vehicle-treated rats. This enzyme catabolizes angioten-

sin II to produce Ang1-7, which exhibits renoprotective

action by upregulating nitric oxide and prostaglandins

(Santos et al. 2013; Mizuiri and Ohashi 2015). Therefore,

reduced ACE2 mRNA expression in renal cortex might

contribute to the decrease in urinary nitric oxide excre-

tion in the vehicle-treated rats.

In this study, LCZ696-(30 mg/kg), but not valsartan-

(15 mg/kg) corrected the changes in serum ANP and uri-

nary excretions of ANP and cGMP. Previous studies

showed that NEP inhibition potentiates the renal actions

of ANP and increases urinary ANP and cGMP excretions

(Margulies et al. 1990; Haloui et al. 2001). In addition,

this study showed that LCZ696 increased the renal NPR-

C mRNA expression, which might contribute to the

decrease in serum ANP and increase in urinary ANP in

rats with subtotal nephrectomy.

Recently, cardioprotective effects of LCZ696 were

reported by several groups. von Lueder et al. (2015) showed

that 68 mg/kg of LCZ696 reduced cardiac hypertrophy and

fibrosis in Sprague–Dawley rats after myocardial infarction.

Kusaka et al. (2015) observed that 60 mg/kg of LCZ696

ameliorated cardiac fibrosis in spontaneously hypertensive

rats on a high-salt diet. The following cardiac changes are

reported after subtotal nephrectomy in rats; increased left

ventricular mass, decreased left ventricular fractional short-

ening, and increased fibrosis (Koleganova et al. 2009),

which were also detected in this study. It was expected that

LCZ696-(30 mg/kg) might improve these cardiac changes

in rats with subtotal nephrectomy. However, LCZ696-

(30 mg/kg) did not exert cardioprotective effects under the

present condition. We do not have any definite explanations

for diverse findings, but differences in the dose of LCZ696,

strain of animals or animal models might be involved.

In summary, this study showed that the renoprotective

effects of LCZ696-(30 mg/kg) were stronger than those of

valsartan-(15 mg/kg) in rats with subtotal nephrectomy,

which might be involved in the mechanism of the pro-

longed survival of the animals treated with LCZ696-

(30 mg/kg). These findings provide the idea that, com-

pared to valsartan, LCZ696 is more effective for the treat-

ment of human CKD.
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in the supporting information tab for this article:

Table S1. Sequences of primers for real-time PCR

analysis.

Figure S1. Body weight of rat during the repeated dosing

of LCZ696 and valsartan for 12 weeks in Experiment 1.

Figure S2. (A) Body weight of rats during the repeated

dosing of LCZ696 and valsartan for 8 weeks and (B) serum

creatinine concentration at 8 weeks in Experiment 2.
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