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ABSTRACT

Background. Osteocrin (OSTN), a bone-derived humoral
factor, was reported to act on heart and bone by potentiating
the natriuretic peptide (NP) system.Ostn gene polymorphisms
have been associated with renal function decline, but its
pathophysiological role in the kidney remains unclear.
Methods. The role of endogenous OSTN was investigated
using systemic Ostn-knockout (KO) mice. As a model for
OSTN administration, liver-specific Ostn-overexpressing mice
crossed with KO (KO-Tg) were generated. These mice were
subjected to unilateral ischemia–reperfusion injury (IRI) and
renal lesions after 21 days of insult were evaluated. A compre-
hensive analysis of the Wnt/β-catenin pathway was performed
using a polymerase chain reaction (PCR) array. Reporter
plasmid-transfected proximal tubular cells (NRK52E) were
used to investigate the mechanism by which OSTN affects the
pathway.
Results. After injury, KOmice showed marginal worsening of
renal fibrosis compared with wild-type mice, with comparable
renal atrophy. KO-Tg mice showed significantly ameliorated
renal atrophy, fibrosis and tubular injury, together with
reduced expressions of fibrosis- and inflammation-related
genes. The PCR array showed that the activation of the
Wnt/β-catenin pathway was attenuated in KO-Tg mice. The
downstream targets Mmp7, Myc and Axin2 showed similar
results. MMP7 and Wnt2 were induced in corticomedullary
proximal tubules after injury, but not in KO-Tg. In NRK52E,
OSTN significantly potentiated the inhibitory effects of NP
on transforming growth factor β1–induced activation of the

Wnt/β-catenin pathway, which was reproduced by a cyclic
guanosine monophosphate analog.
Conclusions. Ectopic Ostn overexpression ameliorated sub-
sequent renal injury following ischemia–reperfusion. OSTN
could represent possible renoprotection in acute to chronic
kidney disease transition, thus serving as a potential therapeu-
tic strategy.

Keywords: AKI to CKD, ischemia–reperfusion, natriuretic
peptides, osteocrin, Wnt/β-catenin pathway

INTRODUCTION
Acute kidney injury (AKI) is a common complication in
critically ill patients, associated with high morbidity and
mortality as well as longer hospital stay and high medical
burden. Historically it had been assumed that individuals who
survived an episode of AKI could fully recover their renal
function, but growing evidence has shown that those survivors
have a significant risk of developing progressive chronic kidney
disease (CKD) and even end-stage kidney disease [1–4]. That
is, AKI is not only life-threatening in the acute phase, but
often leads to CKD. In fact, the high burden of CKD was
concentrated in low-resource settings, while a high incidence
of AKI was observed in such countries [4], suggesting that the
AKI–CKD continuum has become an emerging issue globally.

Natriuretic peptides (NPs) consist of atrial natriuretic pep-
tide (ANP), brain (or B-type) natriuretic peptide (BNP) andC-
type natriuretic peptide (CNP). ANP and BNP secreted from
the heart exert potent natriuretic, diuretic and vasodilating
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KEY LEARNING POINTS

What is already known about this subject?
• Osteocrin (OSTN) reportedly exerted bone elongation and cardioprotection through antagonizing the natriuretic peptide
(NP) receptor C, a clearance receptor for NPs.

• A genome-wide association study targeting 60 000 European patients revealed that SNPs of the Ostn gene were related to
a risk for rapid decline of renal function.

• The role of OSTN in the kidney has not yet been clarified.
What this study adds?
• Ectopic liver-specific overexpression ofOstn, mimicking exogenous OSTN administration, attenuated acute kidney injury
(AKI) to chronic kidney disease (CKD) progression in mice.

• Comprehensive analysis by a polymerase chain reaction array showed that the changes in the Wnt/β-catenin pathway and
its target genes observed in atrophic kidneys were canceled in Ostn-overexpressing mice.

• These effects were suggested to be due to suppression of the Wnt/β-catenin pathway via the enhancement of cyclic
guanosine monophosphate signaling by OSTN.

What impact this may have on practice or policy?
• OSTN could provide a potential therapeutic strategy against AKI–CKD progression.
• OSTN locally potentiates the action of NPs and thus can exert renoprotective effects with minimal systemic effects such as
hypotension with respect to direct administration of NPs.

• Such mechanisms may in part resemble those of an angiotensin receptor–neprilysin inhibitor, a clinically used agent
expected to have cardio renal protective effects.

effects through guanylyl cyclase (GC)-A/natriuretic peptide
receptor (NPR)-A, whereas CNP exerts various biological
actions via GC-B/NPR-B locally in the bone, brain, blood
vessels, kidney, etc. [5, 6]. NPR-A andNPR-B comprise a single
transmembrane GC receptor, thus bringing about cellular
responses to NPs through increasing intracellular cGMP levels
[6]. On the other hand, the NP clearance receptor (NPR-
C), which lacks the intracellular GC domain, is thought to
be engaged in the clearance and inactivation of NPs locally
[6]. We and others have already reported that NPs have
both cardioprotective and renoprotective effects in various
pathological conditions such as cardiac fibrosis, chronic
renal dysfunction, immune-mediated glomerulonephritis and
aldosterone-induced podocytopathy [7–12]. Importantly, sev-
eral clinical trials have been conducted, and in Europe and
Japan, ANP infusion could be renoprotective in ischemic AKI
after cardiac surgery [13, 14]. On the other hand, most of the
other studies, especially those in the United States, could not
show beneficial effects of ANP in AKI [15], and rather showed
that BNP (nesiritide) administration in heart failure patients
may worsen renal function [16]. Hypotension was more often
observed with relatively high doses of BNP [17], and this
may have counteracted its possible renoprotective effect. In
fact, low doses of NPs could reportedly be beneficial for renal
preservation in patients with heart failure [14, 18]. Therefore, it
might be important to set doses that do not cause hypotension
or to enhance the NP action locally, such as observed with the
inhibition of neprilysin, an enzyme that degrades endogenous
NPs [19, 20].

Osteocrin (OSTN, also known as musculin) is a small
secreted peptide cloned frombone andmuscle complementary
DNA (cDNA) libraries [6, 21, 22]. OSTN has a well-conserved
homology to members of the NP family but has no natriuretic
activity. OSTN has been shown to bind to NPR-C with a high

affinity and specificity, thereby potentially antagonizing NP
clearance and increasing the local availability of NPs [23, 24].
We recently reported that OSTN exerts bone elongation and
cardioprotective actions in mice through antagonizing NPR-
C [25, 26]. Of note, a genome-wide association study tar-
geting 60 000 European patients found that single-nucleotide
polymorphisms (SNPs) of the Ostn gene were related to a
risk for rapid decline of renal function [27]. However, the
functional role of OSTN in the kidney has remained obscure.
In this study we aimed to elucidate the role of OSTN on
renal pathophysiology using a rodent model of AKI–CKD
transition.

MATERIALS AND METHODS
For the fullmethod, please refer to the supplementarymaterial.

Animals
We generated systemic Ostn-knockout (KO) mice to inves-

tigate the role of endogenous OSTN in the kidney. We next
generated Ostn-transgenic mice with elevated plasma levels
of OSTN due to liver-specific Ostn overexpression and then
mated them with KO (KO-Tg) [25, 26]. Detailed information
of Ostn-KO-Tg was described previously [25].

Experimental design in vivo and renal ischemia–
reperfusion injury (IRI)
The protocol to develop AKI Ostn-transgenic mice CKD

and AKI models are described in the supplementary material.
All experiments were conducted in accordance with the
Guidelines for Animal Research Committee of Kumamoto
University (certification A30-013).
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FIGURE 1: Plasma OSTN, urinary cGMP levels and renal weight among genotypes. (a) Plasma OSTN and (b) urinary cGMP were measured by
CLEIA and ELISA, respectively. n = 4–5. (c) Assessment of renal atrophy and the renal weight among genotypes. n = 7–8. Bars show
mean ± SD. ∗∗P < 0.01, KO versus KO-Tg; ††P < 0.01, WT versus KO-Tg.

Measurement of plasma OSTN
Measurement of mouse plasma OSTN was performed as

we previously reported [25]. Plasma OSTN concentrations
were measured by sandwich chemiluminescence enzyme
immunoassay (CLEIA), modifying the previously reported
protocol for mouse ANP CLEIA [28].

Histology and immunohistochemical staining
Azan staining was carried out using kidney sections

(thickness 4 μm) fixed with 4% buffered paraformaldehyde.
The protocol and information of primary antibodies for
immunohistochemistry are described in the supplementary
material. Eight randomly selected fields per section from
each mouse were recorded using a BZ-X700 All-in-One
Fluorescence Microscope (Keyence, Osaka, Japan) and the
fibrotic areas were quantified by Hybrid Cell Count software
(Keyence). We calculated the fibrotic area relative to the total
area of the field as a percentage.

Real-time quantitative PCR (qPCR)
Total RNA was extracted from mouse kidneys and cDNA

in each sample was synthesized. TaqMan real-time PCR was
performed by Quantstudio 5 (Applied Biosystems, Waltham,
MA, USA) (see Supplementary data, Table S1 for primer
and probe sequences). Expression levels of all genes were
normalized by Gapdh (internal control) levels.

PCR array and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis
An RT2 Profiler PCR array specific for the Wnt signaling

pathway and Wnt signaling target components was used to
assess transcript levels in the kidneys. The arrays were run
on a ViiA7 Real-Time PCR System (Applied Biosystems).
KEGG (www.genome.jp/kegg/pathway.html) pathway analysis
was conducted to identify the pivotal part in the Wnt pathway.

Cell culture and luciferase assay
Rat renal proximal tubular cell line (NRK52E) was used for

in vitro study. The Wnt/β-catenin transcriptional activity was

evaluated using the TopFlash luciferase reporter assay. Details
are provided in the supplementary material.

Measurement of cGMP levels in urine and cultured-cell
lysates
The cGMP was measured using the Cyclic GMP ELISA

Kit (Cayman Chemical, Ann Arbor, MI, USA) following the
manufacturer’s instructions.

Statistical analyses
Data are expressed as mean ± standard devaition (SD)

and standard error of the mean (SEM) in in vivo and in vitro
studies, respectively. Differences betweenmultiple groupswere
assessed by one-way factorial analysis of variance with a post
hoc test. Comparison between two groups was carried out by
an unpaired Student’s t-test. P-values <0.05 were regarded as
statistically significant.

RESULTS
Overexpression of Ostn ameliorated renal atrophy and
fibrosis
To investigate both the endogenous and exogenous roles

of OSTN in the kidney, we conducted studies using Ostn-KO
and KO-Tg mice. Prior to the kidney injury experiment, we
measured plasma OSTN and urine cGMP levels in wild-type
(WT), KO and KO-Tg mice. Plasma OSTN in KO-Tg mice
showed 35.2 ± 6.9 ng/mL, whereas those in WT and KOmice
were below the detection limit (Figure 1a), which seems to
be consistent with our previous reports [25, 26]. Urine cGMP
levels are comparable between WT and KO, although those of
KO-Tg were higher (Figure 1b).

To prepare an AKI–CKD model, we performed unilateral
IRI to these mice and collected tissue samples 3 weeks after
IRI. The kidneys subjected to IRI had severe atrophy (by
∼75% reduction in weight of the contralateral kidney) in
WT and also in KO mice (Figure 1c). Histological exam-
ination with Azan staining revealed remarkable fibrosis in
the injured kidney from both WT and KO, especially at the
corticomedullary region and cortex (Figure 2a). Similar results
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FIGURE 2: Assessment of renal fibrosis evaluated by Azan staining. (a) Representative views of Azan staining. The upper, middle and lower
panels show the low magnification, the corticomedullary junction at high magnification and the cortex at high magnification, respectively. Scale
bars: 500 μm (black) and 50 μm (white). (b) The quantitative analysis of the fibrotic area. Bars show mean ± SD. ∗P < 0.05, KO versus KO-Tg.
n = 5.

were also confirmed by α-smooth muscle actin (α-SMA)
staining (Supplementary data, Figure S1). Although KO mice
showed marginal worsening of kidney fibrosis compared with
WTmice, it was not statistically significant (Figure 2b). In KO-
Tgmice, on the other hand, such atrophy of the injured kidney
was significantly mitigated (by an ∼50% reduction in weight;
significantly heavier than those from WT and KO mice)
(Figure 1c). Likewise, fibrotic changes were significantly less
in the kidney from KO-Tg compared with WT and KO mice
(Figure 2a); the quantification of the fibrotic area indicated that
the area was about half in KO-Tg mice (Figure 2b).

In order to further evaluate the acute phase, a similar study
was conducted in the AKI model by IRI following unilateral

nephrectomy. The results showed that (α-SMA), transforming
growth factor-β (TGF-β) and neutrophil gelatinase-associated
lipocalin (NGAL) expression in the kidneys tended to be lower
in KO-Tg mice, but renal function was comparable between
genotypes (Supplementary data, Figure S2).

Upregulated gene expressions of proinflammatory,
profibrotic and tubular injury markers were suppressed
byOstn overexpression
Next we investigated the gene expressions of proinflamma-

tory, profibrotic and tubular injury markers in the atrophic
kidney by real-time qPCR. In KO mice, interleukin (IL)-1β,

Osteocrin’s renoprotective role in ischemia–reperfusion injury in mice 447



FIGURE 3: Gene expressions of proinflammatory, profibrotic and tubular injury markers in the kidney. The gene expressions in the contralateral
and IRI-induced atrophic kidneys by TaqMan real-time qPCR. As all genes were significantly different between contralateral and IRI within the
group, the symbols were omitted. Bars show mean ± SD. ∗P < 0.05, ∗∗P < 0.01, KO versus KO-Tg; †P < 0.05, †† P < 0.01, WT versus KO-Tg.
n = 6–12.

α-SMA and collagen type 1 alpha1 (COL1A1) messenger RNA
(mRNA) expressions tended to be enhanced compared with
WT mice (Figure 3). In KO-Tg mice, on the other hand, not
only these genes but TGF-β1, fibronectin 1 (Fn1) and NGAL
mRNA expression showed less upregulation compared with
WT or KO mice (Figure 3). Thus it was suggested that the
endogenous role of OSTN against kidney inflammation and
fibrosis after IRI appeared limited, but increased circulating
levels of OSTN by Ostn overexpression could ameliorate the
fibrotic changes as well as the inflammation- and fibrosis-
related gene upregulation in the injured kidney. Furthermore,
we examined the mRNA expression of NPR-A, B and C in
the kidney tissue and found that NPR-A and NPR-B did not
differ significantly by IRI and genotype, while NPR-C was
upregulated by IRI, and this increase was clearly canceled in
KO-Tg mice (Supplementary data, Figure S3). Taken together
with the aforementioned results of elevated urinary cGMP in
KO-Tg mice (Figure 1b), it is possible that OSTN overex-
pressed in the liver exerted its effect by acting locally in the
kidney.

Alterations in the Wnt/β-catenin pathway and its target
genes observed in KO fibrotic kidneys were alleviated in
KO-Tg mice
In order to investigate the mechanism of OSTN-mediated

suppression of renal fibrosis, we performed a comprehensive
analysis of theWingless-related integration site (Wnt) pathway,
which has been reported to play an important role in fibrosis
during AKI–CKD transition [29, 30], using a PCR array
(Figure 4 and Supplementary data, Figure S4). In the planer
cell polarity (PCP) and Wnt/calcium pathways, we found
only unremarkable changes between the contralateral and
fibrotic kidneys after IRI in KO and KO-Tg mice. In the
Wnt/β-catenin pathway, on the other hand, we identified

several genes and their target genes that weremarkedly altered.
Of note, major changes in KO-Tg relative to KOmice included
restoration of the decrease in negative regulators as well as
reduction of the increase in the central axis genes of the
Wnt/β-catenin pathway. Real-time qPCR recapitulated the
alterations of some of the major genes downstream of this
pathway (Figure 5). Also, we also investigated the PCP pathway
and Wnt/calcium pathway by qPCR (Supplementary data,
Figure S5). These changes were nearly unchanged or obviously
much weaker than the Wnt/β-catenin pathway shown in
Figure 5. Note that there was no difference between WT
and KO mice. The Wnt ligands Wnt2 and Wnt16 also
exhibited changes parallel to the Wnt/β-catenin target genes
(Figure 5).

To examine the localization of matrix metalloproteinase-7
(MMP7) and Wnt2, immunohistochemical staining was per-
formed (Supplementary data, Figure S6). As a result, Wnt2
and MMP7 seem to be upregulated in aquaporin 1-positive
proximal tubular epithelial cells of the corticomedullary
junction in the IRI-induced fibrotic kidney. Such induction
was virtually absent in the injured kidney of KO-Tgmice (data
not shown). However, we have not been able to present these
co-stainings and care should be taken in interpreting them.

OSTN enhancedANP-induced suppression of theWnt/β-
catenin pathway
So far, in vivo experiments have shown that the increased

circulating levels of OSTN appear to suppress the upregulation
of the Wnt/β-catenin pathway and alleviate the progression
of renal fibrosis. Therefore we then investigated whether the
administration of OSTN in vitro suppresses theWnt/β-catenin
pathway using the proximal tubular cell line NRK52E. Prior
to this experiment, we confirmed the mRNA expression of
NPR-A, NPR-B and NPR-C in NRK52E (Supplementary data,
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FIGURE 4: KEGG pathway of Wnt signaling in IRI kidney. The black and gray gene columns indicate that the genes with a >2-fold increase or
less than half decrease in IRI in KO, respectively, and that the change was in the direction of recovery in KO-Tg. Figure was re-created and
modified based on the KEGG pathway.

Figure S7). TopFlash reporter plasmid-transfected NRK52E
cells were treated with TGFβ1, ANP, OSTN and 8-Br-cGMP
(Figure 6a). The luciferase assay showed that the addition of
OSTN significantly potentiated the inhibitory effect of ANP
on the activation of the Wnt/β-catenin pathway, which was
induced by TGF-β1. Note that cGMP levels of cell lysates were
amplified byANP andOSTN treatment (Figure 6b). Treatment
with 8-Br-cGMP, a cGMP analog, revealed a similar inhibitory
effect, suggesting that the enhancement of OSTN in ANP
action could bemediated by increasing cGMP levels within the
cells.

DISCUSSION
In the present study, we revealed that the ectopic overexpres-
sion ofOstnwith potentially increased circulating OSTN levels
resulted in ameliorated renal injury after IRI, suggesting that
OSTN administration could exert a possible renoprotective
action. Although it has been reported that SNPs of Ostn are
associated with the risk of rapid decline of renal function [27],
the details of its causal relationship remain unknown. In this
study we showed for the first time the inhibitory role of OSTN
in AKI–CKD transition in mice.

As demonstrated in a systematic review and meta-analysis
[31], an unequivocal association of AKI with subsequent CKD
is a great problem, leading to end-stage renal failure and death.
At present, however, therapeutic interventions available to halt

this transition are very limited and basic and translational
research is being actively conducted to understand molecular
and cellular mechanisms underlying the pathogenesis. The
Wnt/β-catenin pathway is thought to play an important role
in the progression toward CKD [29, 30]. In the present study,
we showed that Ostn overexpression suppressed activation of
the Wnt/β-catenin pathway and mitigated renal fibrosis after
IRI. We further showed that the protective effect of OSTN
could be at least partly exerted through inhibition of the
Wnt/β-catenin pathway by enhancing NP signaling. It has
been reported that the anti-tumor effect of sulindac could be
mediated by suppressing the Wnt/β-catenin pathway through
increasing cGMP and protein kinase G (PKG) activities [32].
In the present study, cGMP was also found to be increased
by KO-Tg mice in urine and by co-incubation of ANP and
OSTN in cultured proximal tubular cells. The distal tubules
and collecting ducts are the primary sites of the natriuretic
action of ANP, but the proximal tubules, the main target in
IRI, are also important in ANP actions [33–36]. In fact, OSTN
administration to proximal tubular cells expressing NPR-A
and NPR-C could potentiate the ANP’s inhibitory effect of the
Wnt/β-catenin pathway, the action of which was recapitulated
by addition of a cGMPanalog (Figure 6). It is difficult to answer
conclusivelywhyOSTN is important for the canonical pathway
within the Wnt pathway, but it is possible that ANP inhibits
the β-catenin pathway in a manner that competes with Wnt
ligands for Frizzled receptors [37]. It should be noted that
the present study does not show direct evidence of fibrosis
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FIGURE 5: Gene expressions of the Wnt/β-catenin targets and Wnt ligands ranked as the highest variability in a PCR array. The Wnt/β-catenin
targets (Mmp7, Axin2 andMyc) and Wnt ligands (Wnt2 andWnt16) were assessed by real-time qPCR. Bars show mean ± SD. ∗P < 0.05,
∗∗P < 0.01, KO versus KO-Tg. n = 9–12. Axin2, axis inhibitor 2; Myc, MYC proto-oncogene, bHLH transcription factor.

in proximal tubular cells. Crosstalk between tubular cells and
fibroblasts is reportedly important for fibrosis, indicating that
fibroblasts may be involved [38]. However, it is a limitation
that the expression of NPR1 and 3, the receptors for ANP
and OSTN, is poor in fibroblast cell lines and has not been
investigated (Supplementary data, Figure S7).

The present study revealed that systemic Ostn KO mice
showed marginal worsening of renal fibrosis but largely
resulted in similar deterioration in various pathologies and
gene expressions as compared to WT mice. Under normal
conditions, Ostn expression is almost undetectable in the
kidney, and osteoblasts are themain source of production [21].
The endocrine role of bone-derived OSTN remains unknown
and has to be elucidated, but it could act locally in a paracrine
fashion in tissues other than bone. In fact, in our previous
reports and in the present study, plasma OSTN levels in both
WT and KOmice were below the detection limit, while a clear
elevation in blood levels was observed in KO-Tg mice. The
blood concentration in overexpressingmice greatly exceeds the
level working for paracrine, suggesting that it is protective in
pharmacological dose. In addition, urinary cGMP, amarker for
the action ofNPs locally in the kidney,was similar betweenWT
andKOmice and increased inKO-Tgmice, whichwas thought
to support this finding. However, we have confirmed that
Ostn is expressed in damaged proximal tubules after IRI (data
not shown), thus we cannot deny the possibility that OSTN
produced locally may play a role in less-damaged models.
Besides, this model was limited by the fact that the degree
of renal atrophy that could be analyzed was 3 weeks after
IRI. It would be desirable to examine in a model that allows
longer-term observation. It has been reported that the addition

of 1,25-dihydroxyvitamin D3 to osteoblasts suppresses Ostn
expression via the vitamin D receptor [21]. Therefore it is
possible that decreased vitaminD3 activity during renal failure
might lead to the induction of Ostn re-expression.

Analysis of Ostn KOmice revealed that endogenous OSTN
promotes long-axis and short-axis bone growth and that the
site of expression coincides with the site where extension
is stimulated by loading in the distal bone [39]. In recent
years, it has been demonstrated that the prognosis of patients
with CKD is related to their physical activities, and the
importance of renal rehabilitation has been suggested [40]. In
animal models of CKD, chronic exercise was shown to have
a renoprotective effect [41]. Likewise, in clinical studies, a
randomized controlled trial in patients with stage 3–4 CKD
as well as in obese patients with CKD showed that exercise
therapy can improve eGFR [42, 43]. In these circumstances, it
might be possible that the increased secretion of OSTN, whose
expression is enhanced by bone loading, could contribute to
the renoprotective effect upon exercise. To develop the assay
system for blood levels of OSTN in humans is mandatory to
address this question and is now ongoing in our laboratory.
Although the bone–kidney association is important in renal
pathophysiology, as represented by chronic kidney disease–
mineral and bone disorder (CKD-MBD), we have not yet been
able to evaluateOstn expression in the bone. Clarification of the
changes and regulation of Ostn expression in the bone during
renal insufficiency awaits further investigations.

In the present study, we simulated therapeutic administra-
tion of OSTN in a clinical setting by overexpressingOstn under
the control of a liver-specific serum amyloid P promoter [25,
26]. OSTN acts in a way to enhance the NP actions locally by
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FIGURE 6: Effects of OSTN on the Wnt/β-catenin pathway activation
evaluated by a luciferase assay and cGMP levels. (a) TopFlash
reporter plasmid-transfected NRK52E cells were treated with
TGFβ1 (10 ng/mL), ANP (10−8 mol/L), OSTN (10−7 mol/L) and
8-Br-cGMP (10−4 mol/L). The Wnt/β-catenin activity was detected
by a luciferase assay. Bars show mean ± SEM. ∗∗P < 0.01,
TGFβ1 versus TGFβ1 + ANP + OSTN; ††P < 0.01, TGFβ1 versus
TGFβ1 + 8-Br-cGMP. n = 8–10. (b) cGMP levels of cell lysate
treated by ANP and/or OSTN. Bars show mean ± SEM. ∗∗P < 0.01,
vehicle versus ANP 10−9 + OSTN 10−7. n = 3–4.

antagonizing its clearance receptor NPR-C (Figure 7), which is
different from direct administration of NPs. Therefore it could
enhance local NP actions while minimizing its systemic effect,
such as hypotension. In this regard, OSTN is somewhat similar
to neprilysin inhibitors that enhance the local actions of NPs.
The angiotensin receptor–neprilysin inhibitor (ARNI), which
is now available in clinical settings, has been shown to exert
potential cardio renal protective effects [19, 20, 44, 45]. Because
OSTN can potentiate NP’s action, it is highly conceivable that
OSTN may have similar benefits. Regarding the timing of
OSTN administration, although pre-administration is possible
in cases where the decreased renal blood flow is predictable,
such as in transplantation and open-heart surgery, post-dosing
will be the basis for most of AKI cases encountered in a clinical
practice. Therefore the investigation of OSTN administration
after developing insult is no doubt necessary as the next
preclinical studies.

In conclusion, we have shown for the first time that
Ostn overexpression can potentially ameliorate the progression
of AKI to CKD. As exemplified by ARNI, an adequate
potentiation of the local effects of NPs by OSTN may become
a promising strategy for organ protection in various kidney
diseases.

FIGURE 7: A schematic view of the proposed mechanism for the
action of OSTN. OSTN can inhibit the degradation of ANP by
antagonizing its clearance receptor NPR-C. ANP escaped from the
degradation locally activates NPR-A, thereby increasing the
intracellular levels of its second messenger cGMP. The
Wnt/β-catenin pathway is inhibited via PKG.

SUPPLEMENTARY DATA
Supplementary data are available at ndt online.
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