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Aims Angiotensin receptor-neprilysin inhibitor (ARNI) is an established treatment for heart failure. However, whether ARNI has 
renoprotective effects beyond renin-angiotensin system inhibitors alone in cardiorenal syndrome (CRS) has not been fully 
elucidated. Here, we examined the effects of ARNI on the heart and kidneys of CRS model mice with overt albuminuria and 
identified the mechanisms underlying ARNI-induced kidney protection.

Methods 
and results

C57BL6 mice were subjected to chronic angiotensin II infusion, nephrectomy, and salt loading (ANS); they developed CRS 
phenotypes and were divided into the vehicle treatment (ANS-vehicle), sacubitril/valsartan treatment (ANS-ARNI), and two 
different doses of valsartan treatment (ANS-VAL M, ANS-VAL H) groups. Four weeks after treatment, the hearts and kid-
neys of each group were evaluated. The ANS-vehicle group showed cardiac fibrosis, cardiac dysfunction, overt albuminuria, 
and kidney fibrosis. The ANS-ARNI group showed a reduction in cardiac fibrosis and cardiac dysfunction compared with the 
valsartan treatment groups. However, regarding the renoprotective effects characterized by albuminuria and fibrosis, ARNI 
was less effective than valsartan. Kidney transcriptomic analysis showed that the ANS-ARNI group exhibited a significant 
enhancement in the phosphoinositide 3-kinase (PI3K)-AKT signalling pathway compared with the ANS-VAL M group. 
Adding PI3K inhibitor treatment to ARNI ameliorated kidney injury to levels comparable with those of ANS-VAL M while 
preserving the superior cardioprotective effect of ARNI.

Conclusion PI3K pathway activation has been identified as a key mechanism affecting remnant kidney injury under ARNI treatment in 
CRS pathology, and blockading the PI3K pathway with simultaneous ARNI treatment is a potential therapeutic strategy for 
treating CRS with overt albuminuria.
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Translational perspective
This study demonstrated the robustness of the cardioprotective effect of ARNI. However, ARB alone may be superior in protecting the kidneys 
in hyperfiltration conditions with overt albuminuria. One of the mechanisms involved in establishing phenotypic differences in kidneys between 
ARNI and ARB alone may be the enhancement of the PI3K-AKT pathway. PI3K pathway activation has been identified as a key mechanism for 
remnant kidney injury under ARNI treatment in cardiorenal syndrome model mice, and simultaneous blockade of the PI3K pathway with ARNI 
may be a therapeutic strategy to treat cardiorenal syndrome with overt albuminuria.

Introduction
Treatments for organ injury and failure have typically focused on a single 
organ. However, the importance of linkages between organs has been 
highlighted in recent years, and novel treatment strategies are increasing-
ly being developed to target multiple organs. Notably, the heart and kid-
neys are closely related and interdependent.1,2 The frequency of chronic 
kidney disease and heart failure (HF) is increasing, and in many cases, pa-
tients have both diseases.3,4 Therefore, the development of effective 
treatments for patients with both diseases is urgently needed.

Angiotensin receptor-neprilysin inhibitor (ARNI), a combination of ne-
prilysin inhibitor (NEP-I) and angiotensin II (Ang II) receptor blocker 
(ARB), is an established treatment for patients with HF. NEP-I inhibits 
the degradation of natriuretic peptides (NPs) and thereby enhances their 
effects, which include promoting myocardial relaxation and reducing 
hypertrophy through a cyclic guanosine monophosphate-dependent 
pathway.5–7 Additionally, ARNI prevents myocardial fibrosis8–12 and in-
flammatory13,14 by inhibiting several pathways, such as the transforming 

growth factor-beta (TGF-β)/Smad pathway or Wnt/β-catenin path-
way.8–14 In several randomized controlled trials, administration of sacubi-
tril/valsartan, first-in-class ARNIs, reduced hospitalizations for HF and 
cardiovascular death in patients with HF compared with renin-angiotensin 
system (RAS) inhibitors alone.15,16 Based on these results, ARNI has been 
recommended for patients with HF.17,18

The effect of ARNI on kidneys has also attracted attention. In 
PARADIGM-HF and PARAGON-HF trials, sacubitril/valsartan treat-
ment reduced renal events and the decline in the estimated glomerular 
filtration rate (eGFR) in patients with HF compared with RAS inhibi-
tors.15,16,19,20 These findings suggest that ARNI treatment exerts reno-
protective effects in addition to cardioprotection in HF patients. 
Natriuretic peptides, enhanced by ARNI, promote natriuresis and in-
crease intraglomerular pressure and GFR through increased kidney 
perfusion and predominant dilation of afferent arteries.21,22 These ef-
fects likely protected the kidneys under reduced perfusion due to an 
acute decrease in cardiac output. In cardiorenal syndrome (CRS) 
with overt albuminuria, however, it is unclear whether these effects 
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of ARNIs are more beneficial to the kidneys than RAS inhibitors that can 
reduce intraglomerular pressure.23 In the PARADIGM-HF study, sacubi-
tril/valsartan treatment was associated with higher albuminuria com-
pared with valsartan alone.19 In the United Kingdom Heart and Renal 
Protection-III (UK HARP-III) trial in patients with increased albuminuria 
and advanced kidney impairment, sacubitril/valsartan treatment was 
not found to effectively preserve eGFR compared with irbesartan.24

Consequently, whether ARNIs provide better kidney protection than 
ARBs, especially under conditions of chronic glomerular hyperfiltration 
and high albuminuria, remains controversial. Furthermore, to the best 
of our knowledge, no basic experiments have been conducted to evalu-
ate the effects of ARNI on the kidneys under such conditions.

To address this lack of data, in the present study, we investigated the 
effects of ARNI on the heart and kidneys using a mouse model of CRS 
with overt albuminuria. Cardiorenal syndrome model mice were treated 
with chronic Ang II infusion, nephrectomy, and salt loading (mice with 
ANS).25 Additionally, we explored the mechanisms underlying the differ-
ential effects of ARNI and valsartan on kidneys and investigated the pos-
sible protective mechanism of ARNI in a CRS mouse model.

Methods
Animal experiments
This study was performed in accordance with the National Institutes of 
Health guidelines for the use of experimental animals. All animal studies 
were reviewed and approved by the Animal Studies Committee of 
Yokohama City University. The mice were housed in a controlled environ-
ment with a 12-h light–dark cycle (lights on 7 a.m. to 7 p.m. local time) at a 
temperature of 25°C. The mice were allowed free access to food and 
water.

Mice with ANS and treatment
Experiments were performed using 9–10-week-old male C57BL/6J mice 
[purchased from the Charles River Laboratories (Wilmington, MA, USA)] 
after 1-week of acclimatization in all groups (each group, n = 6). All mice 
were fed a standard diet (0.5% NaCl, 3.6 kcal/g, and 13.3% energy as fat; 
Oriental MF; Oriental Yeast Co., Ltd). After anaesthesia with isoflurane 
(2%), the abdomen of the mice was incised and the left kidney was removed. 
Mice in the control group underwent a sham operation in which the left kid-
ney was exposed without removal. To perform Ang II infusion, Ang II 
(1.2 mg/kg/day) was infused subcutaneously in mice for 4 weeks using an os-
motic minipump (model 1004; ALZET) after nephrectomy. The mice were 
further divided into the following four groups: vehicle treatment 
(ANS-vehicle group), sacubitril/valsartan treatment [60 mg/kg/day (sacubi-
tril 30 mg/kg/day, valsartan 30 mg/kg/day), orally administered 
(ANS-ARNI group)], moderate-dose valsartan treatment [30 mg/kg/day, 
orally administered (ANS-VAL M group)], and high-dose valsartan 
[60 mg/kg/day orally administered (ANS-VAL H group)]. The mice were 
provided drinking water containing 0.9% NaCl (Otsuka Pharmaceutical, 
Tokyo, Japan). The mice in the control group received saline subcutaneously 
via an osmotic pump and were provided with water without NaCl.

For phosphoinositide 3-kinase (PI3K) inhibitor treatment, the 
ANS-ARNI and ANS-VAL M groups received Ly294002 (Selleck 
Chemicals) at a dose of 30 mg/kg intraperitoneally three times per week 
for 4 weeks after the operation.

Blood pressure and heart rate measurements
Systolic blood pressure (BP) and heart rate (HR) were measured using the 
tail-cuff method (BP-Monitor MK-2000; Muromachi Kikai Co., Tokyo, 
Japan), as described previously.26 All measurements were performed be-
tween 9 a.m. and 2 p.m. At least 10 measurements were performed for 
each mouse, and the mean value was used for analysis.

Echocardiography
The mice were anaesthetized with isoflurane (2%) and fixed on an echo pad 
in the supine position. Echocardiography was performed using a 

Vevo3100LT imaging system (FUJIFILM VisualSonics Inc.) before the oper-
ation and at 2 and 4 weeks after the operation. Short-axis M-mode images 
were recorded at the papillary muscle level. After measurement, software 
analysis was performed to calculate the left ventricular inner diameter con-
traction ratio (left ventricular fractional shortening, LVFS). Calculations 
were performed at three different points for each measurement.

Biochemical analysis
Metabolic cage analysis was performed at 2 and 4 weeks after the operation, 
as described previously.26,27 The mice were housed in metabolic cages for 2 
consecutive days and provided free access to food and water. A 24 h urine 
collection procedure was performed on Day 2. At 4 weeks after surgery, 
blood samples were collected by cardiac puncture in the fed state after in-
halation of 5% isoflurane anaesthesia. The mice were killed humanely after 
anaesthesia, as described previously.26 Whole blood samples were centri-
fuged at 650 g. (MR-150; Tomy Seiko Co., Ltd, Tokyo, Japan) at 4°C for 
10 min to separate the plasma. The resulting plasma samples were stored 
at −80°C until use. Plasma creatinine, urinary creatinine, and urinary albu-
min concentrations were measured using a Hitachi 7180 autoanalyser 
(Hitachi, Tokyo, Japan).

Histological analyses
Histological analyses were performed as described previously.28 Briefly, 
mouse heart and kidneys were fixed in 4% paraformaldehyde in phosphate- 
buffered saline, incubated overnight at 4°C, and embedded in paraffin. 
Sections (4 μm thick) were stained with periodic acid–Schiff (PAS) and pi-
crosirius red (PSR). Glomerular area was measured by tracing the outline 
of the glomerular tuft of at least 50 glomeruli in the cortical fields of 
PAS-stained specimens. Fibrotic areas were measured digitally on the 
PSR-stained specimens using a fluorescence microscope (BZ-X800; 
Keyence, Osaka, Japan). Kidney paraffin sections were also stained with 
an antibody against phospho-PI3K (P-PI3K) (Ab 182651, Abcam, 
Cambridge, MA, USA) and phospho-AKT (P-AKT) (Ab 192623, Abcam).

Real-time quantitative reverse transcription 
polymerase chain reaction analysis
Total RNA was extracted from heart and kidney tissues using ISOGEN 
(Nippon Gene, Tokyo, Japan). Complementary DNA was synthesized using 
the SuperScript III First-Strand System (Invitrogen, Carlsbad, CA, USA). 
Real-time quantitative reverse transcription polymerase chain reaction 
(RT–PCR) analysis was performed using an ABI PRISM 7000 Sequence 
Detection System by incubating the reverse transcription products with 
the TaqMan PCR Master Mix and TaqMan probes (Applied Biosystems, 
Foster City, CA, USA). The TaqMan probes used for PCR were as 
follows: collagen type I (Col1), Mm00801666_g1; collagen type III (Col3a1), 
Mm01254476_m1; alpha smooth muscle actin (α-SMA), Mm01546133_m1; 
transforming growth factor-beta 1 (TGF-β1), Mm01178820_m1; tumour 
necrosis factor alpha (TNF-α), Mm00443258_m1; natriuretic peptide 
type A (Nppa), Mm01255747_g1; natriuretic peptide type B (Nppb), 
Mm01255770_g1; angiotensinogen (Agt), Mm00599662_m1; and angiotensin 
II receptor type 1a (AT1aR), Mm01957722_s1. mRNA levels were normalized 
to those of 18S rRNA.

Western blotting analysis
Protein expression was analysed by western blotting using tissue homoge-
nates, as described previously.26 Briefly, kidney protein extract was pre-
pared from tissues with sodium dodecyl sulfate-containing sample buffer 
with the complete protease inhibitor cocktail (Roche, Basel, Switzerland) 
and phosphatase inhibitor (Thermo Fisher Scientific, IL, USA). Proteins 
were quantified using the RC DC protein assay kit (Bio-Rad, Hercules, 
CA, USA). Equal amounts of protein extract were separated by 5–20% so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred to a polyvinylidene difluoride membrane using the iBlot Dry 
Blotting System (Invitrogen, Paisley, UK). The membranes were blocked 
with 5% skim milk for 1 h at room temperature and probed with specific 
primary antibodies to PI3K (Ab 191606, Abcam), P-PI3K (Ab 182651, 
Abcam), AKT (Ab 179463, Abcam), and P-AKT (Ab 192623, Abcam). 
Horseradish peroxidase-conjugated goat anti-rabbit IgG secondary 
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antibodies were added for 1 h at room temperature. The Immobilon Forte 
Western HRP substrate (Merck, Kenilworth, NJ, USA) was used for detec-
tion. The images were captured with auto-exposure, and automatically op-
timized using ChemiDoc Touch (Bio-Rad Laboratories).

RNA sequencing analysis
Library preparation and sequencing
Quality and quantity of extracted RNA were evaluated by Agilent 4150 
TapeStation system following the manufacturer’s instructions. Each 
sample was required to have a RNA integrity number (RIN) above 
8.0. We prepared cDNA libraries using NEBNext Ultra RNA Library 
Prep Kit for Illumina (New England Biolabs) and sequenced the libraries 
on a Novaseq6000 (Illumina). The average read count per sample was 
8 821 889 (range 79 968 604 to 112 187 684). On average, 99.06% of 
these reads were uniquely mapped, resulting in 24 421 transcripts de-
tected for kidney. Transcripts with an adjusted P value (false discovery 
rate) < 0.01 were considered differentially expressed.

Mapping of sequenced reads and transcript 
quantification
Following GitHub RNA-seq pipeline riboduct (https://github.com/ 
msfuji/riboduct), STAR (v2.7.4a) was used to align the sequenced reads 
against the mouse genome using the UCSCmm10 and FeatureCounts 
(v2.0.0) was used to quantify the transcripts of the aligned reads using 
the corresponding UCSCmm10 gene annotation model.

Differential gene analysis
The count data generated above were then used as an input for differ-
ential gene analysis using the EdgeR (EdgeR version 3.40.0 and R version 
4.1.0) was used.

Gene ontology and pathway analysis
To understand the functional roles of the differentially expressed genes 
(DEGs), ReactomePA (v1.36.0) was used to identify cellular pathways 
and ClusterProfiler (v4.0.5) was used for gene ontology (GO) analysis.

Statistical analysis
Statistical analyses were performed using Prism software version 9 
(GraphPad Software, San Diego, CA, USA). All data are expressed as 
mean ± standard error. The differences were analysed as follows. 
Two-way repeated-measures analysis of variance (ANOVA) followed 
by Tukey’s post hoc analysis was performed to determine differences 
over time between groups (Figures 1A, C, and E and 2I). An unpaired 
t-test was used to determine the differences between the two groups 
(Figures 5F and 6). One-way ANOVA followed by Tukey’s post hoc 
analysis was used for other data. Statistical significance was considered 
for P < 0.05.

Results
ARNI and valsartan exhibit superior 
antihypertensive effects
The baseline body weight (BW) and systolic BP were identical between 
the control and treatment groups. Although there were no significant 
differences in BW trends in each group over the study period 
(Figure 1A), the rate of weight gain was lower in the ANS-vehicle group 
than in the control group and higher in the ANS-VAL H group than in 
the ANS-vehicle group (Figure 1B). In the ANS-vehicle group, systolic 
BP increased over time (Figure 1C). The ANS-ARNI, ANS-VAL M, 

and ANS-VAL H groups exhibited superior antihypertensive effects 
and significantly suppressed the increase in BP in ANS mice. The anti-
hypertensive effects of valsartan were dose dependent (Figure 1C 
and D). The antihypertensive effect of ARNI was intermediate between 
that of VAL M and VAL H, however, not statistically different (Figure 1C 
and D). There was no difference in HR between the groups (Figure 1E). 
Heart weight/BW ratio was significantly increased in the ANS-vehicle 
group compared with the control group, but significantly decreased 
in the ANS-ARNI, ANS-VAL M, and ANS-VAL H groups compared 
with the ANS-vehicle group (see Supplementary material online, 
Figure S1A). Kidney weight/BW ratio was increased in all other groups 
compared with the control group (see Supplementary material online, 
Figure S1B).

ARNI prevents cardiac fibrosis and 
inflammation and reduces cardiac 
dysfunction in mice with ANS
The area of cardiac fibrosis in the ANS-vehicle group was significantly 
greater than that in the control group, as shown by histological evalu-
ation using PSR staining (Figure 2A and B). The ANS-VAL M and 
ANS-VAL H groups also showed significantly larger cardiac fibrotic 
areas than the control group. However, only in the ANS-ARNI group, 
there was no increase in cardiac fibrosis compared with the control 
group, and the increase in cardiac fibrotic areas observed in the 
ANS-vehicle group tended to be suppressed (Figure 2A and B). 
Fibrosis-related markers Col1, Col3a1, and TGF-β were also significant-
ly improved or trending towards improvement in the ANS-ARNI group 
compared with the ANS-vehicle group (Figure 2C–E). Gene expression 
of inflammation- and tissue damage-related markers TNF-α, Nppa [at-
rial natriuretic peptide (ANP)], and Nppb [brain natriuretic peptide 
(BNP)] were also elevated in the ANS-vehicle group, with significant im-
provement or a trend towards improvement in the ANS-ARNI group, 
while there was little improvement in both valsartan groups (Figure 2F– 
H). Progressive exacerbation of decreased myocardial contractility was 
observed in the ANS-vehicle group (Figure 2I). In the ANS-ARNI group, 
the rate of decline in LVFS from baseline at 4 weeks was significantly 
lower than that in the ANS-vehicle group, while the ANS-VAL M and 
ANS-VAL H groups did not show sufficient prevention (Figure 2J).

ARNI treatment inadequately suppressed 
albuminuria relative to valsartan 
treatment
Four weeks after treatment, plasma creatinine concentrations and cre-
atinine clearance were not significantly different among the groups 
(Figure 3A and B). Albuminuria was markedly higher in the 
ANS-vehicle group than that in the control group (Figure 3C). The 
ANS-VAL M and ANS-VAL H groups showed significantly lower 
amounts of albuminuria than the ANS-vehicle group. However, the 
ANS-ARNI group did not show as much reduction in albuminuria as 
the ANS-VAL M and ANS-VAL H groups and was not significantly dif-
ferent from the ANS-vehicle group (Figure 3C). Regarding pathological 
evaluation, the glomerular area was significantly higher in the 
ANS-vehicle group than in the control group (Figure 3D). Glomerular 
swelling was more suppressed in the ANS-ARNI group compared 
with that in the ANS-vehicle group, but the glomerular area in the 
ANS-ARNI group was significantly larger than that in the control group. 
The ANS-VAL M and ANS-VAL H groups also showed significantly less 
glomerular swelling than the ANS-vehicle group; however, there was 
no difference between the valsartan and control groups (Figure 3D 
and E).
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ARNI treatment has insufficient 
protective effect against kidney fibrosis in 
mice with ANS
Quantitative evaluation of kidney fibrosis showed that the area of kid-
ney fibrosis in the ANS-vehicle group was significantly larger than that in 
the control group. Kidney fibrosis was not suppressed in the 
ANS-ARNI group compared with that in the ANS-vehicle group, while 
suppression was observed in ANS-VAL M and ANS-VAL H groups 
(Figure 4A and B). The gene expression of kidney fibrosis-related 
markers Col1, Col3a1, and α-SMA was significantly higher in the 
ANS-vehicle group than in the control group (Figure 4C–E). In the 
ANS-VAL M and ANS-VAL H groups, fibrosis-related gene expression 
was suppressed compared with that in the ANS-vehicle group, 
whereas the ANS-ARNI group did not show suppressed expression 
(Figure 4C–E). Angiotensinogen gene expression in the kidneys was 
higher in the ANS-vehicle group than in the control group. However, 
the ANS-ARNI, ANS-VAL M, and ANS-VAL H groups showed a 
suppression of the increase in angiotensinogen levels observed in 
the ANS-vehicle group (Figure 4F). There was no difference in 
AT1aR expression between the groups (Figure 4G). Plasma aldosterone 
levels were significantly increased in ANS-vehicle group compared with 
the control group. In contrast, they were not significantly increased 
in the ANS-ARNI, ANS-VAL M, and ANS-VAL H groups compared 
with the control (Figure 4H). These findings suggest that the 

intra-kidney RAS was suppressed to the same extent in the 
ANS-ARNI and valsartan groups and that differences in plasma aldos-
terone levels had little effect on the differential treatment effects of 
ARNI and valsartan on the kidney.

Renal transcriptomic analysis revealed 
greater enhancement of molecular
We performed RNA sequencing analysis of kidney tissue to investigate 
the causes of the differences in kidney phenotypes between ARNI- and 
valsartan-treated mice with ANS. First, genes that were up-regulated in 
the ANS-vehicle group relative to the control group were identified. 
Second, genes that were down-regulated in the ANS-ARNI and 
ANS-VAL M groups relative to the ANS-vehicle group were identified 
(Figure 5A). Differentially expressed genes were identified using strict fil-
tering characteristics, with a false discovery rate of P < 0.01. Among the 
genes that were increased in the ANS-vehicle group, we focused on 
those that were decreased only in the ANS-VAL M group and not in 
the ANS-ARNI group. This group of genes was chosen because they 
are considered to be involved in the differences in kidney phenotypes 
(Figure 5B). Gene ontology enrichment analysis of biological processes 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway ana-
lyses of these differentially expressed 288 transcripts revealed relative 
enhancement of several molecular signals, such as advanced glycation 
end product (AGE)—receptors for AGE (RAGE) signalling pathway 

0w 1w 2w 3w 4w
20

22

24

26

28

30
CTL

ANS

ARNI

Val 30

Val 60

CTL
ASN

ARNI

Val
30

Val
60

-10

0

10

20

30

0w 2w 4w
100

120

140

160

180 CTL
ANS
ARNI
Val30
Val60

CTL
ASN

ARNI

Val
30

Val
60

-20

0

20

40

60

B

C D

100

120

140

160

180

-20

0

20

40

60

-10

0

10

20

30

20

24

28)
g(

t
h

gie
w

y
d

o
B

0 1 2 3 4
Weeks after treatment

Weeks after treatment
0 2 4

CTL

ANS

ARNI

VAL M

VAL H

CTL
ANS
ARNI
VAL M
VAL H

ns *

#

***

***

***
***

###

###
###

$

B
W

 g
ai

n
 r

at
e 

(%
)

A
)

g
H

m
m(

P
B

cil
otsy

S

In
cr

ea
se

 in
 s

ys
to

lic
 B

P
  

(m
m

H
g

)
***

***
** ###
### †† 

†

$$$

E

0w 2w 4w
500

600

700

800

120

140

160

180 CTL
ANS
ARNI
Val30
Val60

CTL
ANS
ARNI
VAL M
VAL H

H
ea

rt
 r

at
e 

(/
m

in
)

500

700

600

800

ns

Weeks after treatment
0 2 4

###

Figure 1 Effects of ARNI and valsartan treatment on BW, BP, and HR in mice with cardiorenal injury. (A) Change in BW, (B) rate of BW gain, 
(C ) change in systolic BP, (D) increase in systolic BP, and (E) change in HR during 4 weeks after treatment in the CTL, ANS-vehicle, ANS-ARNI, 
ANS-VAL M, and ANS-VAL H groups. Values are expressed as the mean ± standard error (five or six mice/group). *P < 0.05, **P < 0.01, ***P <  
0.001 vs. the CTL group; #P < 0.05, ###P < 0.001 vs. the ANS-vehicle group; †P < 0.05, ††P < 0.01 vs. the ANS-ARNI group; $P < 0.05, $$$P < 0.001 
vs. the ANS-VAL M group. CTL, control; ANS, angiotensin II infusion, nephrectomy, and salt loading; ARNI, angiotensin receptor-neprilysin inhibitor; 
VAL M, moderate dose of valsartan; VAL H, high dose of valsartan; BW, body weight; BP, blood pressure; HR, heart rate.
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or PI3K-AKT signalling pathway, along with a group of genes involved in 
extracellular matrix and collagen metabolism in the kidneys of 
ARNI-treated ANS mice compared with valsartan-treated ANS mice 
(Figure 5C and D). Histological findings in the kidneys revealed an en-
hancement of p-PI3K and p-AKT protein expression in tubular cells 
in the ANS-ARNI group compared with the ANS-VAL M group 
(Figure 5E). Western blotting analysis also showed that the P-PI3K/ 
PI3K ratio and P-AKT/AKT ratio were enhanced in the ANS-ARNI 
group compared with the ANS-VAL M group (Figure 5F).

PI3K inhibitor treatment abolished the 
differences between the kidney phenotype 
in ARNI- and valsartan-treated mice with 
ANS
Kidney transcriptomic analysis and histological findings showed that the 
relative enhancement of the AGE-RAGE and PI3K-AKT signalling path-
ways may be involved in the phenotypic differences between the ARNI 
and VAL M groups. We focused on the PI3K-AKT signalling pathway 
because it is known to play an important role in the AGE-RAGE 

signalling pathway,29,30 and its enhancement has been reported to be 
involved in kidney fibrosis.31–33 We hypothesized that inhibiting the 
PI3K-AKT pathway could reduce the difference in kidney phenotype 
between ARNI and valsartan treatment in mice with ANS.

Ly294002, a PI3K inhibitor,33–35 was injected intraperitoneally at a 
dose of 30 mg/kg for 3 days per week over 4 weeks after surgery in 
the ANS-ARNI and ANS-VAL M groups. At 4 weeks after treatment, 
there was no difference in plasma creatinine concentrations or urine al-
bumin excretion between the ANS-ARNI + Ly294002 and ANS-VAL 
M + Ly294002 groups (Figure 6A and B). The glomerular area was slight-
ly larger in the ANS-ARNI + Ly294002 group than in the ANS-VAL M +  
Ly294002 group, but the difference was not statistically significant 
(Figure 6C and D). The P-AKT/AKT ratio in the kidney in the 
ANS-ARNI was decreased after PI3K inhibitor treatment (see 
Supplementary material online, Figure S2). Histological evaluation 
showed no difference in the fibrotic area between the two groups 
(Figure 6C and E). There was also no difference in kidney fibrosis-related 
gene expression between the two groups (Figure 6F and G). In contrast, 
the cardiac fibrotic area was smaller in the ANS-ARNI + Ly294002 
group than in the ANS-VAL M + Ly294002 group (Figure 6H and I). 
Similarly, the expression of cardiac fibrosis-related genes was lower 
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in the ANS-ARNI + Ly294002 group than that in the ANS-VAL M +  
Ly294002 group (Figure 6J–L).

Discussion
We investigated the effects of ARNI and valsartan on the heart and kid-
neys of mice with ANS. Previous reports have indicated that ANS mice 
are classified as type 3 or 4 CRS because renal damage precedes cardiac 

damage.25,36,37 In this study, ANS mice was associated with cardiac 
fibrosis, cardiac dysfunction, overt albuminuria, and kidney interstitial 
fibrosis. ARNI treatment prevented the increase in cardiac fibrosis 
and inflammation in mice with ANS, whereas valsartan did not. 
Additionally, ARNI treatment improved the decline in cardiac function 
more effectively than valsartan treatment, and these effects were ob-
served independently of the antihypertensive effect. In contrast, 
ARNI treatment did not ameliorate kidney injury in mice with ANS 
as effectively as valsartan treatment. Valsartan treatment resulted in 
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better attenuation of albuminuria, glomerular hypertrophy, and kidney 
fibrosis than ARNI treatment. The results of kidney transcriptome ana-
lysis revealed that the PI3K-AKT signalling pathway was enhanced in the 
kidneys of the ANS-ARNI group compared with that in the valsartan 
group. In addition, the addition of Ly294002, a PI3K inhibitor, to 
ARNI treatment reduced kidney fibrosis and resolved the phenotypic 
differences between groups treated with ARNI and valsartan.

Our results demonstrated that the cardioprotective effect of ARNI 
does not depend on its antihypertensive effect. In patients with HF who 
are at high risk for cardiovascular disease, BP has a strong positive rela-
tionship with the risk of cardiovascular disease,38,39 and strict antihyper-
tensive regimens have been reported to contribute to cardioprotective 
effects.40,41 ARNI has a more potent antihypertensive effect than 
ARBs,15,16 and its cardioprotective effect independent of antihyperten-
sion in clinical trials remains unclear in some area. The results of this 
study support the cardioprotective effects of ARNI independent of 
antihypertension.

In the kidneys, valsartan alone showed more beneficial effects than 
ARNI in CRS with overt albuminuria. A possible reason for this finding 
could be the difference in haemodynamic effects of ARNI and valsartan 
on the kidneys. RAS-Is cause a decrease in intraglomerular pressure due 
to the dilation of the efferent artery.22,42 In contrast, NEP-I contained in 
ARNIs increases kidney blood flow by enhancing NP activity, leading to 
increased intraglomerular pressure via predominant afferent artery 
dilation,21,22 increased GFR via mesangial cell relaxation, and an in-
creased filtration coefficient.21 Increased intraglomerular pressure 
and albuminuria cause interstitial damage in addition to direct glomeru-
lar damage to the kidneys.43 In the present study, the ARNI group 
showed higher albuminuria and glomerular hypertrophy than that ob-
served in the valsartan group. These effects may have contributed to 
the exacerbation of kidney interstitial fibrosis in the ARNI group.

In this study, kidney transcriptomic analysis showed that several mo-
lecular signalling pathways in mice with ANS were relatively enhanced 
by ARNI treatment compared with valsartan treatment, including the 
PI3K-AKT pathway. The PI3K-AKT pathway is associated with kidney 
fibrosis.31–33 Rodríguez-Peña et al.33 reported that inhibiting the 
PI3K-AKT pathway suppressed fibrosis in mice with unilateral ureteral 
obstruction. Furthermore, PI3K-AKT pathway activation is involved in 
kidney fibrosis in diabetic nephropathy and 5/6 nephrectomy mod-
els.44,45 The PI3K-AKT pathway is triggered by several signals, such as 
TGF-β,31 which induce kidney fibrosis via downstream phosphorylation 
of AKT and activation of the mammalian target of rapamycin.31 In the 
present study, simultaneous add-on treatment with the PI3K-AKT 
pathway inhibitor to ARNI treatment ameliorated kidney injury, includ-
ing albuminuria and fibrosis, to levels comparable to those observed in 
the valsartan treatment group. At the same time, the results showed 
that the enhancement of the PI3K pathway in the ARNI group was in-
volved in renal fibrosis in the ARNI group. Studies have also reported 
that the AGE-RAGE pathway is mutually active with the PI3K path-
way.29,30 In a previous report, proteomic analysis showed that RAGE 
was up-regulated 14-fold in the kidneys of a rat model of CRS com-
pared with that in controls.46 This finding suggests that the 
AGE-RAGE pathway plays an important role in kidney phenotyping 
in CRS. In the present study, the AGE-RAGE signalling pathway was 
also included among the top differential effects of the ARNI and valsar-
tan groups on the kidneys. Therefore, molecular signalling pathways, 
such as the AGE-RAGE pathway, may also have affected the kidney 
phenotype of ARNI through the PI3K pathway.

The strength of this study is that by aligning the antihypertensive ef-
fects of ARNI and valsartan, we demonstrated the impacts of ARNI and 
valsartan on the heart and kidney independent of their antihypertensive 
effects. In addition, we clarified the molecular mechanisms of ARNI in 
the kidneys of the mice with ANS. For the first time, our kidney tran-
scriptomic analysis revealed that treatment with ARNI may not only 
cause albuminuria but may also be a risk factor for renal fibrosis due 

to its effects on the PI3K pathway. Furthermore, a combined treatment 
of ARNI and a PI3K inhibitor showed better cardiorenal protection in 
this model, overcoming the disadvantages of ARNI treatment alone in 
the kidneys.

This study also had several limitations. First, our animal model did not 
perfectly replicate actual cardiorenal disease in humans. In addition, 
there are no human studies to confirm these preliminary results. 
Future translational studies are needed to investigate the enhancement 
of the PI3K pathway in humans treated with ARNI. Second, we did not 
directly evaluate the renal haemodynamic and glomerular effects of 
ARNI and valsartan. Third, we did not investigate the detailed mechan-
ism underlying the organ-protective effects of ARNI on the heart. 
Fourth, BP was not assessed using telemetry methods. Fifth, the num-
ber of mice per group was relatively small. Moreover, the results of this 
study were limited to mice with ANS showing high albuminuria and in-
creased kidney hyperfiltration; whether the same results would be ob-
tained under conditions of kidney hypoperfusion or lower albuminuria 
is unclear. Further research is required to compare the results of mul-
tiple disease states and verify the protective effects of the treatments 
analysed in this study.

In conclusion, in an ANS mouse model of CRS with overt albuminuria, 
ARNI showed superior cardioprotective effects to those of valsartan in-
dependent of their antihypertension effects, while its renoprotective ef-
fect was less effective than that of valsartan alone. Subsequent kidney 
transcriptomic analysis revealed that the PI3K-AKT pathway was signifi-
cantly activated by ARNI treatment compared with valsartan. Joint treat-
ment with a PI3K-AKT pathway inhibitor and ARNI ameliorated kidney 
injury, including albuminuria and fibrosis, to levels comparable to those 
achieved by valsartan. Therefore, supplementing ARNI treatment with 
a PI3K inhibitor may overcome its negative impact on the kidneys and 
provide a new treatment option for CRS with massive albuminuria.
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