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Abstract. Natriuretic peptides, which are produced by the 
heart, bind to natriuretic peptide receptor A (NPR1 encoded 
by natriuretic peptide receptor 1 gene) and cause vasodilation 
and natriuresis. Thus, they serve an important role in regu‑
lating blood pressure. In the present study, microinjection of 
CRISPR associated protein 9/single guide RNA into fertilized 
C57BL/6N mouse eggs was performed to generate filial gener‑
ation zero (F0) Npr1 knockout homozygous mice (Npr1‑/‑). F0 
mice mated with wild‑type (WT) mice to obtain F1 Npr1 
knockout heterozygous mice with stable heredity (Npr1+/‑). 
F1 self‑hybridization was used to expand the population of 
heterozygous mice (Npr1+/‑). The present study performed 
echocardiography to investigate the impact of NPR1 gene 
knockdown on cardiac function. Compared with those in 
the WT group (C57BL/6N male mice), the left ventricular 
ejection fraction, myocardial contractility and renal sodium 
and potassium excretion and creatinine‑clearance rates were 
decreased, indicating that Npr1 knockdown induced cardiac 
and renal dysfunction. In addition, expression of serum gluco‑
corticoid‑regulated kinase 1 (SGK1) increased significantly 
compared with that in WT mice. However, glucocorticoids 
(dexamethasone) upregulated NPR1 and inhibited SGK1 
and alleviated cardiac and renal dysfunction caused by Npr1 
gene heterozygosity. SGK1 inhibitor GSK650394 ameliorate 
cardiorenal syndrome by suppressing SGK1. Briefly, gluco‑
corticoids inhibited SGK1 by upregulating NPR1, thereby 
ameliorating cardiorenal impairment caused by Npr1 gene 

heterozygosity. The present findings provided novel insight 
into the understanding of cardiorenal syndrome and suggested 
that glucocorticoids targeting the NPR1/SGK1 pathway may 
be a potential therapeutic target to treat cardiorenal syndrome.

Introduction

Members of the natriuretic peptide (NP) family, such as atrial 
natriuretic peptide (ANP), brain natriuretic peptide (BNP) and 
C‑type natriuretic peptide (CNP), serve important physiolog‑
ical functions in maintaining cardiovascular homeostasis (1,2). 
ANP and BNP are primarily synthesized in the heart tissues 
and circulate in blood, while CNP is mainly produced by 
vascular endothelial cells and may mediate physiological 
effects, such as cardiomyocyte contractility, reproduction, 
cell proliferation (2,3). These peptides exert their effects by 
binding to NP receptors (NPRs) 1, 2 and 3. NPR1, which binds 
to ANP and BNP, and NPR‑B, which is selective for CNP, (2,3) 
are composed of an extracellular ligand‑binding, a transmem‑
brane, an intracellular kinase homology and a C‑terminal 
guanylate cyclase domain  (4). In addition, NP‑scavenging 
receptor (also known as NPR‑C) lacks guanylate cyclase 
activity and mediates NP degradation (5).

NPR1 is expressed in different tissue and cells and medi‑
ates a variety of central and peripheral effects of ANP and 
BNP, which contribute to lowering blood pressure  (1,6). 
NPR1 is a transmembrane receptor coupled with granular 
guanosine cyclase, which promotes synthesis of the second 
messenger cyclic guanosine monophosphate (cGMP). cGMP 
regulates activity of specific effector molecules, including 
cGMP‑dependent protein kinase G, cyclic nucleotide‑gated 
cation channels and phosphodiesterase subtypes, thereby 
regulating biological processes associated with vascular 
tension, intestinal secretion, bone growth, arterial blood 
pressure and volume homeostasis (7‑9). The targeted dele‑
tion of ANP or NPR1 can lead to severe chronic arterial 
hypertension (9,10). In addition, NPR1 deletion causes severe 
damage to the heart and kidney and significantly decreases 
survival rate in mice  (11). However, an animal model of 
cardiorenal syndrome, specifically in Npr1 heterozygous 
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mice (Npr1+/‑ mice), has not yet been established. Although 
the phenotype of NPR1 knockout mice is known, the imple‑
mentation of long‑term experiments is limited by their short 
lifespan (11). On this basis, the selection of Npr1+/‑ mice for 
the present study not only ensured partial NPR1 deletion but 
also met the need for long‑term experiments (12,13).

Serum glucocorticoid‑regulated kinase 1 (SGK1) upregu‑
lates expression of the epithelial sodium channel (ENaC), 
promoting sodium reabsorption and decreasing renal sodium 
excretion  (14,15). The expression of NPR1 is positively 
regulated by SGK1 and NPR1 participates in renal sodium 
excretion (16), but whether NPR1 can regulate SGK1 expres‑
sion, especially in the kidney, remains unclear.

The present study established a Npr1+/‑ mouse model by 
deleting exon 1, including the 5'‑untranslated region (UTR) 
of Npr1, and aimed to examine the effects of glucocorti‑
coids, such as dexamethasone, on cardiorenal syndrome 
caused by Npr1 gene knockdown and the underlying 
mechanisms.

Materials and methods

Gene targeting. All experiments involving animals were 
approved by the Ethics Review Committee for Animal 
Experimentation of the Hebei Medical University 
(Shijiazhuang, China (approval no. 20210909). Mice with 
global deletion of NPR1 were constructed by Beijing 
Biocytogen Co., Ltd. based on transcript‑NM_008727.5. 
The structure of the Npr1 gene was showed in National 
Center for Biotechnology Information (NCBI) (ncbi.nlm.
nih.gov/gene/?term=18160). The protocol used for the gene 
targeting experiments was as previously published  (17). 
The study design is shown in Fig. 1A. In brief, single guide 
RNAs (sgRNAs) at the 5'‑ and 3'‑ target sites were designed 
by Wellcome Sanger Institute Genome Editing (2020 version, 
Wellcome Sanger Institute; Fig.  1B  and  C). Oligos were 
synthesized and ligated into the pCS‑4G vector using the 
Gibson method (Fig. 1C) (18). The sequence of recombinant 
plasmid was verified by checking sequence after transforming 
the recombinant plasmid into Escherichia coli by CaCl2 
method (19). sgRNA 1 and 12 were selected to generate a 
~4.0‑kb chromosomal deletion (exon 1) at the extreme genome 
editing ‑WYS‑006‑A locus in the mouse genome according 
to CRISPR‑associated protein 9 (Cas9)/sgRNA activity based 
on their activity and specificity (Fig. 1D). Cas9/sgRNA was 
microinjected into fertilized mouse ova to obtain male hetero‑
zygotes, which were mated with C57BL/6N female mice. 
The inactivated Npr1 gene was transferred to the first filial 
generation (F1).

CRISPR/Cas9 activity detection. Candidate sgRNA expression 
plasmid (CAS9P; Sigma‑Aldrich) and the plasmid containing 
the CRISPR/Cas9 target sequence pUCA (Luc)‑target reporter 
gene were transfected into fertilized C57BL/6N mouse ova. 
Because the Luc gene contained a termination codon and 
target sequence, the termination codon and target sequence 
are complementary repeat sequences of Luc at both ends. 
The termination codon leads to the early termination of Luc 
translation and expression of non‑functional luciferase. The 
cleavage of the target site by nuclease triggers the DNA repair 

mechanism based on Single‑Strand Annealing (SSA), and the 
complementary repeat sequence forms a complete luciferase 
coding sequence through recombination, thus expressing 
functional luciferase. 

Animal preparation and diet. A total of 50 8‑week‑old male 
mice (including 17 C57BL/6N wild‑type (WT) and 33 Npr1+/‑ 
mice) with a mean weight of 20 g were housed in cages at 
18‑22˚C) and humidity (50‑60%) and a 12/12‑h light/dark 
cycle. They were provided with normal mouse diet ad libitum. 
GSK650394 (HY‑15192, Sigma‑Aldrich), a selective inhibitor 
of SGK1, was used to inhibit SGK1 activity. Dexamethasone 
sodium phosphate (cat. no. D424703, Aladdin) was used as a 
representative glucocorticoid to observe the effects on mouse 
heart and kidney function.

The mice were assigned to the following groups: i) WT 
(n=13); ii) Npr1+/‑ (n=16); iii) WT + DEX (WT mice treated 
with 1 mg/kg dexamethasone intraperitoneal injection, n=4); 
iv) DEX + Npr1+/‑ (Npr1+/‑ mice treated with 1 mg/kg dexa‑
methasone intraperitoneal injection, n=13) and v) Npr1+/‑ + 

GSK650394 (Npr1+/‑  mice treated with 10  mg/kg/day 
GSK650394 intraperitoneal injection once daily for 10 days, 
n=4). Mice were placed in metabolic cages for environmental 
acclimatization 3 days before the start of the experiments. 
Urine samples were collected for physiological analysis 
12 h after the intraperitoneal injection of dexamethasone. 
Both dexamethasone and GSK650394 used physiological 
saline (0.9%) as the carrier and the WT and Npr1+/‑ groups 
received physiological saline to reduce inter‑group error. 
In the GSK650394‑treated mice group, urine was collected 
within 12 h of the last injection of GSK650394. All urine was 
collected for evaluating excretion of urinary sodium, potas‑
sium, nitrogen and creatinine through automatic biochemical 
analyser (cat. no.  AU5800, Beckman Coulter). Cardiac 
function was evaluated using echocardiography. After 12 h 
glucocorticoid treatment, the mice were sacrificed by cervical 
dislocation. The heart or kidney tissue was perfused and 
removed, then fixed overnight in 4% paraformaldehyde. Tissue 
was dehydrated in a 30% sucrose solution at 4˚C for overnight. 
Following this, the tissue was embedded in OCT and frozen 
in liquid nitrogen for later use. The fixed tissue was sectioned 
(5 µm thickness) at the maximum transverse diameter of the 
tissue in a ‑20˚C. Sections were taken for immunofluorescence 
(IF) and immunohistochemistry (IHC) staining. In addition, 
left ventricular heart and medullary kidney tissues were 
excised for western blotting.

Identification of mouse genotype and PCR. The tail tip of each 
mouse was removed after anesthesia and placed the mouse tip 
in 0.5 ml centrifuge tube and adding 60 µl of digestive solu‑
tion A [5 mM NaOH (cat. no. 1310‑73‑2; Millipore), 0.2 mM 
EDTA (cat. no.  E8030, Solarbio)]. Next, 60  µl solution  B 
(40 mM Tris HCl, pH 5.5, cat. no. T8230; Beijing Solarbio) 
was added in centrifuge tube and mixed by vortex shaking. 
The supernatant was used as PCR amplification template 
following centrifuge the tube at 13,400 x g, 4˚C for 2 min. 
EGE‑WYS‑006‑A‑WT‑forward (F), EGE‑WYS‑006‑A‑mutant 
(Mut)‑reverse  (R) and EGE‑WYS‑006‑A‑WT‑R sequences 
were mixed into the same tube for genotype identification. 
WT‑F‑‑‑Mut‑R refers to the bands amplified by primers WT‑F 
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and Mut‑R. WT‑F‑‑‑WT‑R refer to bands amplified by primers 
WT‑F and WT‑R (Fig. S1). The following primer pairs were 
used for PCR: EGE‑WYS‑006‑A‑WT‑F, 5'‑CCC​AA​ACT​
CCA​GCG​TTA​CCA​GAA​GC‑3' and EGE‑WYS‑006‑A‑WT‑R, 
5'‑CCT​GAG​ATA​TTG​AAA​AGC​TAG​CCA​C‑3'  and 
EGE‑WYS‑006‑A‑Mut‑R, 5'‑GAC​GAG​GAC​CAA​GAC​TGC​
AGG​AAG‑3'. The reaction system consisted of a total of 
15 µl of mixed solution, including EGE‑WYS‑006‑A‑WT‑F, 
EGE‑WYS‑006‑A‑WT‑R and EGE‑WYS‑006‑A‑Mut‑R 0.8 µl 
respectively, dd H2O 12.1 µl, 5xGreen GoTaq buffer (M3005, 
Promega) 4 µl and amplification template 1 µl. The following 
conditions were used for PCR: Initial denaturation at 95 ˚C for 
15 sec, annealing at 62 ˚C for 20 sec and extension at 72˚C for 
30 sec for 30 cycles. Electrophoresis was performed using 1% 
agarose under conditions of 90 V for 30 min and visualized 
through gel imaging system (Image Quant LAS 4000, General 
Electric Company). For WT mice, there were theoretically two 
types of WT‑F‑Mut‑R and WT‑F‑WT‑R band; however, only 
WT‑F‑WT‑R band was selected, with a size of 466 bp because 
the WT‑F‑Mut‑R band exceeded the length of WT‑F‑WT‑R 
and PCR products did not reach the expected length. For 
heterozygous mice, there were WT‑F‑WT‑R and WT‑F‑Mut‑R 
bands with sizes of 466 and 357 bp, respectively.

Western blotting. Western blotting analysis was conducted 
as previously described  (20). Brief ly, the tissue was 
harvested with a surgical blade and lysed with RIPA lysis 
buffer (cat. no. R0010; Beijing Solarbio) for 30 min at 4˚C. 

The samples were quantified by BCA) kit (cat. no. P0009; 
Beyotime Biotechnology) and heated in boiling water 
for 5  min and 30  ug total protein/lane was loaded and 
separated using SDS‑PAGE on 10% gel and transferred 
onto PVDF membranes (cat. no. IEVH07850, Millipore). 
Membranes were blocked for 2 h with 5% milk at room 
temperature. Subsequently, membranes were incubated 
with the following primary antibodies: Anti‑NPR1 (cat. 
no. ab14356; Abcam, 1:1,000); anti‑SGK1 (cat. no. DF6188; 
Affinity Biosciences, Ltd.; 1:1000) and anti‑β‑actin (cat. 
no. 81115‑1‑RR, Proteintech, 1:10,000) overnight at 4˚C. 
Following primary incubation, membranes were incubated 
with Goat Anti‑Rabbit IgG H&L (horseradish peroxidase) 
secondary antibody (cat. no. ab205718; Abcam, 1:1,000) 
for 1.5 h at room temperature. Bands were visualized using 
ultra‑sensitive ECL chemiluminescence kit (P0018AS, 
Beyotime Institute of Biotechnology) by chemilumines‑
cence imaging system (ChemiDoc XRS, Bio‑Rad). Data 
were analyzed using Image  J (version  1.8.0, National 
Institutes of Health).

IHC analysis. The relative levels of the target proteins were 
visualized via IHC using primary antibodies against NPR1 (cat. 
no. ab14356; Abcam, 1:1000) and SGK1 (cat. no. ET1610‑19; 
HUABIO, 1:1000) as previously described (21). The stained 
tissue was observed in four randomly selected fields of view 
using a light microscope (DM6B, Leica) to compare expression 
levels of these proteins. The magnification was x200.

Figure 1. Npr1 gene knockout and physiological indexes. (A) Npr1 gene knockout strategy. (B) sgRNAs and corresponding target sequences. (C) pCS‑4G 
carrier map. (D) Detection of Cas9/sgRNA activity. Npr1, natriuretic peptide receptor 1; sgRNA, single guide RNA; Con, control; CRISPR, clustered Regularly 
Interspaced Short Palindromic Repeats.
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IF analysis. IF analysis was performed as previously 
described (22). The heart tissues were frozen at ‑20˚C and cut 
into 5‑µm‑thick sections with freezing microtome to incubate 
with primary antibodies against NPR1 (cat. no. sc‑137041, 
Santa Cruz Biotechnology, Inc.; 1:1000) and SGK1 (cat. 
no. ET1610‑19; HUABIO, 1:1,000), and then reacted with 
secondary antibodies Goat anti‑Rabbit IgG (H+L) Secondary 
Antibody, DyLight™ 488 (cat. no. S6002, ReportBio,1:10000) 
and Mouse IgG (H&L) Dylight 549 conjugated (cat. no. S1411, 
ReportBio, 1:10,000). The stained tissue was observed in four 
randomly selected fields of view by fluorescence microscope 
(DM6 B, Leica) and compared expression levels of these 
proteins by Image  J (version  1.8.0, National Institutes of 
Health). The magnification was x400 and x100.

Blood pressure measurement. Blood pressure was measured 
using the tail‑cuff method by an individual blinded to the 
genotype (23). After 5 days of training, the blood pressure of 
each animal was measured as the mean of ≥4 sessions on each 
of 5 days.

Transthoracic echocardiography. Mice were anesthetized 
via inhalation of 1‑4% isoflurane, the chest was depilated and 
echocardiograms were obtained using an echocardiograph 
(HP Sonos 2500 Ultrasound System; Hewlett‑Packard, Inc.). A 
transducer (7.5 MHz) was utilized to obtain two‑dimensional 
guided M‑type trajectories of the left ventricular short axis 
cross‑section at the papillary apex, as previously described (24).

Statistical analysis. All experiments were repeated at least 
four times. Data are presented as the mean ± standard error 
of the mean. The data were compared using unpaired t test or 
one‑way ANOVA followed by Tukey's post hoc test. Statistical 
analysis was performed using SPSS 21.0 (IBM Corp). P<0.05 
was considered to indicate a statistically significant difference.

Results

Construction of the Npr1+/‑ mouse model. The structure 
of the Npr1 gene was showed in National Center for 
Biotechnology Information (NCBI) (https://www.ncbi.nlm.
nih.gov/gene/?term=18160) and exon 1 (including the 5'‑UTR) 
was deleted. The two sgRNAs were designed to be located at 
2.6 kb upstream of ATG and downstream of exon 1, resulting in 
a 4.0‑kb genome deletion, which was the goal of Npr1 knockout 
process (Fig. 1A). The mouse model was prepared using an 
EGE system based on CRISPR/Cas9. A total of eight sgRNA 
sequences were designed and synthesized into oligos that 
were ligated into the pCS‑4G vector using the Gibson method 
(Fig. 1B and C). Two sgRNAs, EGE‑WYS‑006‑A‑sgRNA 1 
and EGE‑WYS‑006‑A‑sgRNA 12, were screened using the 
CRISPR/Cas9 activity detection method (Fig. 1D).

Changes to physiological indexes after the successful 
construction of the Npr1+/‑ mouse model. In western blotting, 
lanes 1 and 2 had one band, representing the WT mice (n=2). 
Lanes 3, 4, 5, 6 and 7 had two bands (n=5), which were specific 
for the heterozygous mice. The two types of bands represented 
WT (n=4) and the heterozygous mice (n=7), respectively. There 
was no band in lane 8, which represented the negative control 

(Fig. 2A). The protein levels of NPR1 in the heart and renal 
tissue of Npr1+/‑ mice decreased significantly compared with 
those in WT mice, as demonstrated through western blotting, 
IF and IHC assay (Fig. 2B‑F). Compared with those in the WT 
group, the weight, heart rate and blood pressure of Npr1+/‑ mice 
increased significantly, indicating that Npr1 heterozygosity 
caused changes in the physiological indices (Fig. 2G‑I).

Glucocorticoids reverse cardiac dysfunction associated 
with Npr1 gene knockdown. Cardiac function deteriorated 
in Npr1+/‑ mice; left ventricular ejection fraction (EF%) and 
left ventricular shortening fraction (FS%) in Npr1+/‑ mice 
decreased significantly, while left ventricular systolic and 
diastolic diameter increased in the Npr1+/‑ mice compared 
with those in WT mice. Dexamethasone improved cardiac 
function and parameters in the Npr1+/‑ mice (Fig. 3A‑G). A 
characteristic increase in left ventricular diameter and volume 
was observed in the systolic and diastolic period after the Npr1 
gene knockdown. However, these changes were suppressed by 
dexamethasone treatment (Fig. 3A‑G). The heart size was also 
consistent with this trend (Fig. 3J). There was no significant 
difference between the stroke volume and cardiac output of 
Npr1+/‑ and WT mice (Fig. 3H‑I), suggesting that heart failure 
observed in Npr1+/‑ mice was still at the compensatory stage.

Glucocorticoids suppress renal dysfunction in Npr1+/‑ mice. 
The cumulative excretion of urinary sodium, potassium, 
nitrogen and creatinine in 12 h in Npr1+/‑ mice decreased signif‑
icantly compared with that in the WT mice. Dexamethasone 
abolished the effects of Npr1 knockdown on renal function 
(Fig. 4B, C, E and G).

The increase in serum creatinine and the decrease 
in creatinine clearance and urea nitrogen excretion in 
Npr1+/‑ mice reflected impaired renal excretory function; 
dexamethasone reversed the impaired renal excretory func‑
tion in these mice (Fig. 4D, F and G). Urine volume of the 
Npr1+/‑ group did not change significantly; however, dexa‑
methasone significantly increased urine volume compared 
with that in the WT group (Fig. 4A).

Glucocorticoids inhibit SGK1 expression and upregulate 
NPR1 in Npr1+/‑ mice. In the renal tissues of mice, upregula‑
tion of SGK1 expression was observed in the Npr1+/‑ group 
compared with that in the WT group (Fig. 5A‑C). However, 
dexamethasone treatment decreased SGK1 expression and 
increased NPR1 expression in Npr1+/‑ mice (Fig. 5A‑C).

SGK1 inhibitor GSK650394 improves cardiorenal func‑
tion in Npr1+/‑ mice. To explore the association between the 
improvement of cardiorenal function caused by dexametha‑
sone and downregulation of SGK1 expression, SGK1 inhibitor 
GSK650394 was used to inhibit expression of SGK1 and to 
observe whether the cardiorenal function of Npr1+/‑ mice was 
improved. IHC analysis demonstrated that SGK1 inhibitor 
GSK650394 significantly inhibited expression of SGK1 
(Fig. 6A). Compared with those in the Npr1+/‑ mice, FS%, 
EF% and left ventricular diastolic diameter and volume 
in the Npr1+/‑ + GSK650394 group decreased significantly, 
reflecting an improvement in cardiac function (Fig. 6B‑F). 
Furthermore, urinary sodium and potassium excretion and 
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creatinine clearance rate of the kidney increased in the Npr1+/‑ + 
GSK650394 group, indicating renal function improvement 
(Fig. 6G‑I).

Discussion

Cardiorenal syndrome is a complex pathophysiological 
disorder of the heart and kidney in which acute or chronic 
dysfunction in one organ may induce acute or chronic 
dysfunction in the other  (25,26). Cardiorenal syndrome 
models induced by operation (such as nephrectomy and renal 
ischemia/reperfusion), combined operation (such as partial 
nephrectomy combined with coronary artery ligation), drugs 

and other factors have been reported (25,27‑29). However, the 
aforementioned animal models of cardiorenal syndrome are 
associated with low modelling success rate, high mortality and 
asynchronous damage to the heart and kidney. Therefore, the 
establishment of a stable, reliable and effective animal model 
of cardiorenal syndrome is needed to study the pathogenesis 
and treatment of this condition.

Previous studies found that the knockout of NPR1 decreases 
cardiac contractility and promotes cardiac remodelling (30,31). 
Moreover, the downregulation of NPR1 in the kidneys is a key 
cause of natriuretic peptide resistance (20,32,33).

The present study established a novel model of cardiorenal 
syndrome and discussed the potential mechanisms underlying 

Figure 2. Physiological indexes. (A) Genotype identification‑specific PCR and agarose gel electrophoresis. Lanes 1 and 2 had one band, representing results for 
two of the four WT mice. Lanes 3‑7 had two band, representing results for four of the seven heterozygous mice. (B) NPR1 expression levels in heart and renal 
tissue of Npr1+/‑ and WT mice using western blotting. (C) Analysis of NPR1 expression levels in heart tissue of Npr1+/‑ and WT mice. (D) Analysis of NPR1 
expression levels in kidney tissue of Npr1+/‑ and WT mice. (E) NPR1 expression levels in the heart tissues of Npr1+/‑ and WT mice using immunofluorescence 
(magnification, x400; scale bar, 25 µm). (F) NPR1 expression levels in kidney tissues of Npr1+/‑ mice and WT mice using immunohistochemistry (magnifica‑
tion, x200; scale bar, 50 µm). (G) Body weight, (H) blood pressure of Npr1+/‑ and WT mice. (I) heart rate of Npr1+/‑ and WT mice. **P<0.01 vs. WT. Npr1, 
natriuretic peptide receptor 1; WT, wild‑type.
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regulation of cardiac and renal functions by glucocorticoids 
(dexamethasone). Npr1+/‑ mice showed an increase in body 
weight, heart rate and blood pressure but a decrease in left 

ventricular EF% and FS%, compared with WT mice. The 
ventricular dilation and left ventricular volume also increased 
in these Npr1+/‑ mice and these effects were suppressed by 

Figure 3. Echocardiography analysis. (A) Echocardiography analysis of WT (n=5), Npr1+/‑ (n=5) and DEX + NPR (n=9) mice. (B) EF%. (C) Analysis of FS% 
(D) Analysis of diameter.s. (E) Diameter.d. (F) Analysis of volume.s. (G) Analysis of volume.d. (H) Analysis of stroke volume. (I) Cardiac output. (J) Heart 
size of WT, Npr1+/‑ and DEX + Npr1+/‑ mice *P<0.05, **P<0.01. NS, not significant; Npr1, natriuretic peptide receptor 1; WT, wild‑type; EF, ejection fraction; 
FS, fractional shortening; s, systolic; d, diastolic; DEX, dexamethasone.

Figure 4. Physiological indexes of renal function. (A) Urinary volume (B) Analysis of urinary sodium. (C) Urinary potassium. (D) Analysis of urinary serum. 
(E) Analysis of urinary creatinine. (F) Creatinine clearance rate. (G) Analysis of urea nitrogen. WT (n=5), Npr1+/‑ (n=5) and DEX + Npr1+/‑ mice (n=9). *P<0.05, 
**P<0.01 and ***P<0.001. NS, not significant; Npr1, natriuretic peptide receptor 1; WT, wild‑type; DEX, dexamethasone.
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dexamethasone (a kind of glucocorticoids) treatment for 12 h. 
Sodium and potassium excretion capacity and creatinine 
clearance rate of Npr1+/‑ mice decreased significantly, but dexa‑
methasone reversed the renal function damage caused by Npr1 
knockdown. Npr1 gene knockdown did not have a significant 
effect on stroke volume and cardiac output, which indicated 
that cardiac function of Npr1+/‑ mice may be in a compensa‑
tory period to maintain survival of Npr1 +/‑ mice, although the 
cardiac function decreased significantly.

Previous studies have showed that targeted knockout of 
ANP or NPR1 can lead to severe chronic arterial hyperten‑
sion (34,35). However, other reports have showed that cardiac 

Npr1 gene‑specific or systemic knockout has no impact on 
the ventricular EF% in mice (10,32). This is different from 
the present results and may be because, despite the same gene 
knockout protocol being selected, the cutting sites may be 
slightly different (after sgRNA‑mediated cutting) (36). Further 
experiments are needed to verify these discrepancies.

Previous studies have showed that a lack of SGK1 could 
protect against high‑salt diet‑induced hypertension and 
prevent development of hypoxia‑induced pulmonary arterial 
hypertension  (37,38), while upregulation of SGK1 in the 
kidneys could upregulate ENaC expression, promoting sodium 
reabsorption and decreasing renal sodium excretion (14,15). 

Figure 5. NPR1 and SGK1 expression levels. (A) Analysis of NPR1 and SGK1 expression levels in the heart tissue of WT, Npr1+/‑, WT + DEX and Npr1+/‑ + 
DEX mice (n=4/group) using immunofluorescence (magnification, x100; scale bar, 100 µm). (B) Analysis of NPR1 and SGK1 expression levels in the heart 
tissues of WT, Npr1+/‑, WT + DEX and DEX + Npr1+/‑ mice using western blotting. (C) Relative expression of SGK1 using western blotting. (D) Relative expres‑
sion levels of NPR1 using western blotting. *P<0.05. Npr1, natriuretic peptide receptor 1; WT, wild‑type; DEX, dexamethasone; SGK1, serum/dexamethasone 
regulated kinase 1.
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In addition, our previous studies showed that glucocorticoids 
promote expression of NPR1, decrease the expression of SGK1 
and improve the pathological state of water and sodium reten‑
tion in mice with heart failure (20,39). However, the association 
between NPR1 and SGK1 remains unclear. In the present 
study, following dexamethasone treatment, SGK1 was signifi‑
cantly downregulated; this trend was significantly inhibited 
by knocking down NPR1, which illustrated that dexametha‑
sone negatively regulated SGK1 expression by promoting 
NPR1 upregulation. After GSK650394 specifically inhibited 
expression of SGK1, cardiac and renal function improved 
significantly, which indicated that the SGK1 downregulation 
caused by dexamethasone was associated with improved 
cardiac and renal function. Although previous studies have 
showed that glucocorticoids mainly upregulated the expression 
of SGK1 in isolated cells (40,41), SGK1 expression in the renal 
medulla decreased significantly 12 h after dexamethasone 
administration. This may be because the levels of aldosterone 
(a kind of mineralocorticoid) are higher in kidney tissues 
than that in isolated cells in vivo. Aldosterone first binds to 
the mineralocorticoid receptor (MR), preventing the activation 
of the Glucocorticoids/MR pathway and mineralocorticoid 
activity caused by the interactions between glucocorticoids 
and MR. In isolated cells, because of the lack of aldosterone, 
glucocorticoids activate MR, resulting in mineralocorticoid 
activity, which promotes expression of SGK1 (42). Further 
experiments are needed to verify the aforementioned hypoth‑
esis and elucidate the specific mechanisms underlying these 
phenomena. The current study provided evidence to support the 
clinical application of glucocorticoids to alleviate cardiorenal 

syndrome. However, there were several limitations. First, 
the present study was performed in the Npr1+/‑ mouse model 
and further research is needed in Npr1 gene knockout mice. 
Second, the experiment focused on animals; cytological studies 
are needed to uphold the present findings. Third, weighting 
mouse hearts and hematoxylin‑eosin or Masson staining were 
not performed; pathological phenotypical changes of the heart 
should be investigated in follow‑up experiments.

In the present study, a novel cardiorenal syndrome was 
constructed in Npr1+/‑ mice. Dexamethasone) ameliorated cardio‑
renal dysfunction in these mice by activating the NPR1/SGK1 
pathway. These findings provided a novel model for study of 
cardiorenal syndrome and insight into the treatment of cardio‑
renal diseases. Thus, dexamethasone) may serve as a potential 
therapeutic candidate and the NPR1/SGK1 pathway may serve 
as a therapeutic target for treatment of cardiorenal syndrome.
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