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A B S T R A C T

Salusin-β is abundantly expressed in many organs and tissues including heart, blood vessels, brain and kidneys.
Recent studies have identified salusin-β as a bioactive peptide that contributes to various diseases, such as
atherosclerosis, hypertension, diabetes and metabolic syndrome. However, the role of salusin-β in the patho-
genesis of acute kidney injury (AKI) is largely unclear. In the present study, we investigated the roles of salusin-β
in cisplatin or lipopolysaccharide (LPS)-induced renal injury. Herein, we found that salusin-β expression was
upregulated in both renal tubular cells and kidney tissues induced by both cisplatin and LPS. In vitro, silencing of
salusin-β diminished, whereas overexpression of salusin-β exaggerated the increased PKC phosphorylation,
oxidative stress, histone γH2AX expression, p53 activation and apoptosis in either cisplatin or LPS-challenged
renal tubular cells. More importantly, salusin-β overexpression-induced tubular cell apoptosis were abolished by
using the PKC inhibitor Go 6976, reactive oxygen species (ROS) scavenger NAC, nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase inhibitor apocynin (Apo) or p53 inhibitor Pifithrin-α. In animals, blockade
of salusin-β alleviated PKC phosphorylation, ROS accumulation, DNA damage, and p53 activation as well as
renal dysfunction in mice after administration of cisplatin or LPS. Taken together, these results suggest that
overexpressed salusin-β is deleterious in AKI by activation of the PKC/ROS signaling pathway, thereby priming
renal tubular cells for apoptosis and death.

1. Introduction

Acute kidney injury (AKI) is manifested by a sharp decline in renal
function that threats millions of patients with high mortality and
morbidity [1]. Currently, it is believed that several factors are involved
in the pathogenesis of AKI, including renal venous congestion, in-
flammatory response, oxidative stress, coagulation cascade activation,
renal hypoperfusion and microcirculatory disturbance [2–4]. Despite of
the current understanding of the pathophysiological mechanisms of AKI
is constantly growing; the effective pharmacological strategies for the
treatment of AKI are still not available [5].

Acute tubular epithelial cell apoptosis is an important characteristic
of AKI induced by various stimuli, such as hypoxic environment, che-
mical drugs, hemodynamic changes and mechanical stress [5,6]. Cis-
platin is one of the most widely used chemotherapeutic drugs to treat
solid tumors in multiple organs such as lung, bladder, ovarian, head and
neck, cervical, ovaries, and testicular [7]. However, severe adverse

effects are observed in normal tissues, notably nephrotoxicity in the
kidneys [8]. It is reported that more than 30% of patients may suffer
from the symptoms of AKI after administration of cisplatin [9]. The
underlying mechanisms of cisplatin-induced AKI are very complicated,
but massive renal proximal tubular cell death, including cell necrosis
and apoptosis, nuclear DNA injury, oxidative stress inflammatory re-
sponse and activation of apoptotic cascades are involved [10,11]. Epi-
demiological analysis has shown that sepsis is a major cause for AKI in
patients, and the mortality of sepsis-related AKI is up to 70% [3,12]. As
an important component of cell wall of most Gramnegative bacteria,
lipopolysaccharide (LPS) is able to mimic sepsis-related AKI in animals
via triggering enormous cytokine synthesis, excessive oxidative stress,
renal hypoperfusion, which eventually leads to a rapid decline in renal
function [13]. As a result, in this study, both cisplatin and LPS were
used to establish two rodent models of AKI.

Salusin-β, a multifunctional bioactive peptide with 20 amino acid
residues [14], plays a critical role in atherosclerosis, hypertension, and
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metabolic syndrome [15]. Salusin-β is widely expressed in the brain,
heart, blood vessels, livers and kidneys [16–18]. The circulating levels
of salusin-β are particularly higher in patients with coronary artery
disease, cerebrovascular disease, diabetes mellitus, and hypertension
than that of control healthy subjects [19,20]. From cellular, animal, and
clinical experiments, salusin-β exerts a pro-atherogenic role via pro-
moting macrophage foam cell formation [21]. Salusin-β is a potential
stimulator for induction of oxidative stress and inflammatory response
in cardiovascular system [22,23]. Overexpression of salusin-β con-
tributes the development of hypertension [24] and atherosclerosis [25].
By contrast, silencing of salusin-β ameliorated the progress of heart
failure [26], hypertension [27], and intimal hyperplasia after vascular
injury [28]. Likewise, blockade of salusin-β with its specific antibody
improves pulmonary arterial hypertension [29], attenuates hyperten-
sion and cardiac hypertrophy [30], and enhances angiogenesis after
myocardial ischemia reperfusion injury [31]. These existing studies
have shown that endogenous salusin-βmay be a critical regulator under
disease conditions. However, whether treatment with salusin-β anti-
body could ameliorate AKI is still unknown. Given that salusin-β is a
fundamental contributor to oxidative stress and inflammatory response,
and both of which are critically involved in the pathogenesis of AKI.
Thus, we hypothesized that salusin-β might participate in the process of
AKI in association with elevated oxidative stress and inflammatory re-
sponse. Therefore, in the present study, we investigated whether sa-
lusin-β is induced in the kidneys from cisplatin or LPS-treated mice. By
using gain- and loss-of-function approaches, we also sought to examine
the potential roles of salusin-β in cisplatin or LPS-induced nephropathy,
as well as the underlying mechanisms.

2. Materials and methods

2.1. Reagents and antibodies

Dulbecco's modified Eagle's medium (DMEM), penicillin and strep-
tomycin antibiotic mixture, and fetal bovine serum (FBS) were obtained
from Gibco BRL (Carlsbad, CA, USA). N-acetyl-cysteine (NAC), dhy-
droethidium (DHE), EHT1864, cisplatin, NADPH inhibitor apocynin,
Pifithrin-α, LPS, 2,7-dichlorofluorescein diacetate (DCFH-DA), 4′,6-
diamidino-2-phenylindole (DAPI) were purchased from Sigma-Aldrich
(St Louis, MO. USA). Adenoviral constructs carrying shRNA against
salusin-β and a control shRNA (a negative control) were constructed by
Genomeditech Co. (Shanghai, China) according to our previous reports
[22,28]. Recombinant lentivirus vector expressing salusin-β was de-
signed and identified by Invitrogen (Life Tech, Shanghai, China) as we
previously described [23,24]. Antibodies against NOX4 (67 kDa),
p22phox (22 kDa), p47phox (47 kDa), nitrotyrosine (50 kDa), β-actin
(42 kDa), α 1 Sodium Potassium ATPase (NKAα1, 112 kDa), PKC
(75 kDa), phosphorylated PKC (T514, 75 kDa), F4/80 (a macrophage
marker), horseradish peroxidase (HRP)-conjugated secondary anti-
bodies and a PKC inhibitor Go 6976 were purchased from Abcam
(Cambridge, MA, USA). Antibodies against cleaved-caspase-3 (17 kDa),
cleaved PARP (89 kDa), Bax (20 kDa), Bcl-2 (26 kDa), γH2AX (15 kDa),
H2AX (15 kDa), phosphorylated and total p53 (53 kDa) were obtained
by Cell Signaling Technology (Danvers, MA, USA). Antibody against
salusin-β (36 kDa) was obtained Wuhan USCN Business Co., Ltd.
(Wuhan, China). Antibody against megalin was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA. USA). Click-iT™ Plus TUNEL Assay
for In Situ Apoptosis Detection, Alexa Fluor™ 488 dye and Alexa Fluor™
594 dye were purchased from Invitrogen (Carlsbad, CA, USA). The
specific primers and siRNA sequences were synthesized by Sangon
Biotech Co., Ltd (Shanghai, China). Immunohistochemistry kit and
diaminobenzidine (DAB) were obtained from Boster Biological Tech-
nology Co., Ltd (Wuhan, China). Annexin V-FITC/PI Apoptosis Detec-
tion Kit was purchased from Shanghai Yisheng technology (Shanghai,
China). The doses of chemicals were selected according to our pre-
liminary results and previous reports [28,32–35].

2.2. Animal models

Wild-type 8-week-old male C57BL/6 mice were purchased from
Model Animal Research Center of Nanjing University (Nanjing, China).
All animal experiments were in accordance with to the regulations of
the Experimental Animal Care and Use Committee of Jiangnan
University. All procedures were complied with the Guide for the Care
and Use of Laboratory Animal published by the National Institutes of
Health (NIH publication, 8th edition, 2011). All mice were housed in a
temperature controlled and humidity-controlled room under a 12 h:
12 h light/dark cycle, and the mice were allowed free access to water
and standard chow ad libitum. In cisplatin-induced acute kidney injury,
the mice were subjected to cisplatin (Sigma-Aldrich, St. Louis, MO,
USA) by a single intraperitoneal (i.p.) injection (20 mg/kg body weight)
[33,36]. The LPS-induced AKI model was produced by a single in-
traperitoneal (i.p.) injection with 20 mg/kg body weight of LPS to in-
duce septic AKI according to previous reports [37,38]. To determine the
protective effect of salusin-β antibody in AKI models, the mice were
pretreated with the control antibody or neutralizing salusin-β antibody
for 48 h at a dose of 0.1 mg/kg/day via i.p. injection before cisplatin (5
days duration) or LPS (3 days duration) treatment. The dose of salusin-β
antibody used in the present study was selected according to the pre-
vious reports [29,31]. In cisplatin-induced acute kidney injury mice,
the mice were sacrificed after cisplatin administration for 72 h. In LPS-
induced nephropathy, the mice were sacrificed after LPS administration
for 24 h. The serum or plasma was collected and stored at −80 °C for
further analysis. The kidney tissues were fixed in 4% paraformaldehyde
for histology analysis. The remaining kidney tissue was stored at
−80 °C for biochemical analysis.

2.3. Histology and immunohistochemistry

For histology analysis, paraffin kidney sections were cut at 5 μm and
stained with HE (haematoxylin and eosin) and periodic acid-Schiff
staining (PAS) staining. The images were captured using a light mi-
croscope (Zeiss, Jena, Germany). The degree of tubular damage were
graded by a semi-quantitative score in terms of tubular dilation, cast
formation, tubular atrophy, brush border loss, and the percentage of
tubules in the external medulla area where epithelial necrosis, ac-
cording to previous studies [39].

For immunohistochemistry, after incubation with 5% normal goat
serum, sections were incubated with primary antibodies F4/80 in hu-
midified chambers overnight at 4 °C. Then the sections were incubated
with horseradish peroxidase-coupled secondary antibody for 1 h at
room temperature. Sections were incubated with 3,3′-diaminobenzidine
to give a brown reaction product. Sections were then counterstained
with haematoxylin, dehydrated and covered, and the images were
captured using a light microscope (Zeiss, Jena, Germany).

2.4. Renal function assessment

To evaluate kidney function, we measured serum blood urea ni-
trogen (BUN) and creatinine (Cre) with commercial kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according to the
manufacturer's protocols. The commercial kit for measurement of Cre
was based on creatinine acid oxidase method as previous reports
[40,41]. The levels of urine Fg were measured using commercially
available species-specific Luminex-based assay kit from Millipore
(Billerica, MA, USA). The levels of serum Cystatin C were analyzed by a
mouse Cystatin C commercial kit (Elabscience Biotechnology Co.,Ltd,
Wuhan, China). Subsequently, the optical density for measurement of
serum Cystatin C was measured using a microplate reader (SYNERGY
H4, BioTek, VT, USA) at the absorbance of 450 nm.
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2.5. Cell culture

A human proximal tubule epithelial cell line (HK-2) was purchased
from the American Type Culture Collection (ATCC, Manassas, VA,
USA). The cells were cultured in DMEM/F-12 medium that was sup-
plemented with 10% FBS and antibiotics (100 units/ml penicillin and
100 mg/ml streptomycin) in a humidified atmosphere of 5% CO2 at
37 °C. For determination of cisplatin or LPS on the expression of salusin-
β at different time points, the cells were incubated with cisplatin (0, 5,
10, 20, 40 μM) or LPS (0, 1 3, 10, 30 μg/ml) for 6, 12, 24, 48 h, re-
spectively. For silencing of salusin-β in vitro, HK-2 cells were transfected
with adenovirus mediated shRNA against salusin-β or control shRNA
(MOI = 100) for 48 h, and then used for cisplatin or LPS stimulation.
For overexpression of salusin-β in vitro, HK-2 cells were transfected with
lentivirus expressing salusin-β or lentiviral vector (MOI = 100) and
grown in 5% CO2 incubator at 37 °C for 48 h before administration of
cisplatin or LPS. Cells were harvested at the required time points.

2.6. Cell viability, apoptosis and LDH release

The cell viability was measured by using Cell Counting Kit-8 (CCK-
8, Dojindo, Kumamoto, Japan) in accordance with the manufacturer's
protocols. In brief, after being treated, 10 μL of CCK-8 solution were
added to the required wells for 2 h at 37 °C. Subsequently, the optical
density was measured using a microplate reader (SYNERGY H4, BioTek,
VT, USA) at the absorbance of 450 nm. Lactate dehydrogenase (LDH)
assay was carried out with the aid of a LDH-cytotoxicity assay kit
(Beyotime Institute of Biotechnology, Shanghai, China) following the
manufacturer's instructions, and the optical density was measured using
a microplate reader (SYNERGY H4, BioTek, VT, USA) at the absorbance
of 450 nm. For assessment of cell apoptosis, a commercial kit of Click-
iT® TUNEL Alexa Fluor® 594 Imaging Assay (Thermo Fisher Scientific
Inc, Waltham, MA. USA) was used. According to the manufacturer's
protocols, the red or blue fluorescence was measured with Nikon
Eclipse 80i fluorescence microscope (Japan). Furthermore, cell apop-
tosis was also assessed by a flow cytometry (Accuri C6, BD Biosciences)
by using Annexin V-FITC/PI apoptosis detection kit as we previously
described [42].

2.7. Caspse-3 activity

The caspase-3 activity was tested by using the caspase-3 activity
assay kit (Beyotime Institute of Biotechnology, Shanghai, China) ac-
cording to the manufacturer's instructions. In short, the protein level in
collected samples was determined by using BCA colorimetric protein kit
(Beyotime Biotechnology, Shanghai, China). For each sample, equal
amount of protein (200 μg) was mixed with reaction buffer (50 μL) and
caspase-3 substrate (5 μL) in the darkness at 37 °C for 4 h. The absor-
bance at 405 nm was measured by using a microplate reader (SYNERGY
H4, BioTek, VT, USA).

2.8. Measurement of ROS generation in vivo and in vitro

The intracellular ROS in HK-2 cells or renal tissues were determined
with two fluorescent probes, DHE and DCFH-DA, respectively. The
collected samples were incubated with DHE (10 μM) or DCFH-DA
(10 μM) for 30 min in a light-protected humidified chamber. The
fluorescence signals were captured and quantified with the Image-Pro
Plus software (Version 6.0, Media Cybernetics, Bethesda, MD, USA) by
using the same parameters.

2.9. Measurement of oxidative stress markers

The levels of malondialdehyde (MDA, A003-1-2, thiobarbituric acid
method) and activities of superoxide dismutase (SOD, A001-1-2, hy-
droxylamine method), catalase (CAT, A007-1-1, visible light method)

and glutathione peroxidase (GSH, A005-1-2, colorimetric method) were
determined using commercial assay kits following the manufacturer's
instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). NADPH oxidase activity and superoxide anion levels were
measured by enhanced lucigenin-derived chemiluminescence as we
previously described [43]. A specific marker of oxidative stress, 15-F2t-
isoprostane (15-F2t-IsoP), was detected by an enzyme linked im-
munosorbent assay (ELISA) kit (Cayman chemical, Ann Arbor, MI, USA)
as described previously [44]. In similarity, an index of systemic oxi-
dative stress, the levels of isoprostane 8-epi-prostaglandin F2α (iso-
prostane 8-epi-PG F2α), was measured by using an ELISA kit (Cayman
chemical, Ann Arbor, MI, USA) as described previously [45]. As a
specific marker of nitrative stress, the renal nitrotyrosine levels were
assayed by using a commercial kit (Millipore, Billerica, MA, USA) as
depicted previously [44].

2.10. ELISA

The levels of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-
1β), vascular cellular adhesion molecule-1 (VCAM-1), and monocyte
chemoattractant protein 1 (MCP-1) were evaluated by commercial
ELISA kits (BOSTER, Wuhan, China) according to the manufacturer's
instructions as we previously described. The protein levels of salusin-β
were quantified using commercially available ELISA kits (USCN Life
Science, Wuhan, China) according to the manufacturer's instructions
[22,28]. The final results were normalized by protein content.

2.11. Quantitative real-time PCR

After extraction of total RNA from kidney tissues and cell samples
using TRIzol reagent (Invitrogen), the first strand cDNA was synthe-
sized from 1 μg of total RNAs in a 10 μL reaction using GoScript Reverse
Transcription System (Promega Madison, WI, USA) following the
manufacturer's instructions. The first strand cDNA served as the tem-
plate for quantitative real-time PCR (qRT-PCR) was carried out in the
Applied Biosystems 7500 Real Time PCR System (Applied Biosystems
ABI) using GoTaq® Probe qPCR Master Mix (Promega Madison, WI,
USA). The relative mRNA expression levels were calculated from the
value of threshold cycle (Ct) and normalized to GAPDH by the 2−△△CT

method. The real-time PCR primers used in this study were shown in
Supplementary Table S1 and Table S2.

2.12. Western blot

The collected cell samples and renal cortical tissue were lysed with
RIPA lysis buffer containing phosphatase and protease inhibitors. For
cell membrane or cytoplasmic protein extraction, a Membrane and
Cytosol Protein Extraction Kit (Beyotime Biotechnology, Shanghai,
China) was used to collect the membrane and cytoplasmic protein ac-
cording to the manufacturer's protocols [46]. The protein level was
determined by using BCA colorimetric protein kit (Beyotime Bio-
technology, Shanghai, China). Equal amount of protein extracts were
separated by SDS-PAGE, transferred onto polyvinylidene difluoride
(PVDF) membranes. After blocking with 5% nonfat milk, the mem-
branes were probed with required primary antibodies at 4 °C overnight.
After incubation with horseradish peroxidase-conjugated secondary
antibodies for 1 h at room temperature, the immunoblots were visua-
lized with ECL reagents according to the manufacturer's instructions.
Protein bands were normalized with β-actin/NKAα1.

2.13. Rac1 activity measurement

Rac1 activity was measured using a Rac1 activation assay kit
(Millipore, Billerica, MA, USA). Briefly, the protein sample concentra-
tions were measured by using the BCA Protein Assay Kit (Beyotime
Institute of Biotechnology, Shanghai, China). Protein p21-activated
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protein kinase 1 (Pak 1) is able to bind active Rac1 form. The same total
protein in each protein (1 mg) was mixed with 10 μl PAK-1 PBD (a GST
fusion protein corresponding to the p21-binding domain (PBD) of
human PAK-1) agarose beads for 1 h at 4 °C. Active (GTP-bound) Rac is
specially combined with the p21-binding domain of p21-activated
protein kinase 1. Precipitated GST bound Rac1 agarose beads were
resuspended in 40 μL of 2 × reducing sample buffer and boiled for
5 min. The bound proteins were separated by 12% SDS-PAGE and im-
munoblotted using anti-Rac1 antibody (1:1000, Millipore, Billerica,
MA, USA).

2.14. Statistical analysis

All results were expressed as mean ± SEM. Comparison between
two groups was analyzed using Student's t-test. Comparisons for mul-
tiple groups were conducted using analysis of variance (ANOVA) fol-
lowed by Bonferroni test post hoc test using the Statistical Program for
Social Sciences (SPSS, version 17.0). The criterion of statistical sig-
nificance was set as P value less than 0.05.

3. Results

3.1. Expressions of salusin-β in cisplatin or LPS-treated renal tubular cells
and mice

During cisplatin challenge, the protein and mRNA level of salusin-β
was progressively increased in a time-dependent manner when com-
pared to controls (Fig. 1A and B&S1A). Likewise, cisplatin incubation
dose-dependently upregulated the protein and mRNA level of salusin-β
in renal tubular cells (Fig. 1C,D&S1B). Based on the cell results, the
dose of cisplatin was selected at a dose of 20 μM for 24 h in subsequent
experiments. Compared with control mice, both protein level and
mRNA expressions of salusin-β are elevated in the kidney of cisplatin-
induced mice (Fig. 1E and F), which was paralleled by a drastic increase
in renal and plasma salusin-β level of cisplatin-treated mice (Fig. 1G
and H). To examine the specific role of salusin-β in acute kidney injury,
we therefore used another AKI model, LPS-induced nephropathy. Si-
milar to the results from cisplatin-induced AKI, LPS exposure sig-
nificantly incremented the expressions of salusin-β at both protein level
and mRNA levels in both renal tubular cells and kidneys (Fig. S1C,D&
S2). Accordingly, the dose and time frame for LPS stimulation was se-
lected at the concentration of 10 μg/ml for 24 h during the subsequent

cell experiments.

3.2. Effects of salusin-β knockdown or overexpression on cisplatin-induced
renal tubular cell damage

The effects of salusin-β were first examined in renal tubular epi-
thelial cells. Adenoviral vectors encoding salusin-β shRNA or lentivirus
expressing salusin-β were used to knockdown or overexpress salusin-β.
Specific knockdown or overexpression of salusin-β in tubular epithelial
cells was confirmed at the mRNA and protein expressions (Fig. S1G&H).
Incubation of tubular cells with cisplatin remarkably reduced cell via-
bility and enhanced LDH release, this effect was almost completely
abolished by salusin-β shRNA treatment (Fig. S3A&B). By contrast,
ectopic overexpression of salusin-β further deteriorated the effect of
cisplatin on cell viability and LDH release (Fig. S3C&D). Interestingly,
salusin-β deficiency alone had no effect on cell viability of tubular cells,
while salusin-β overexpression alone led to decreased cell viability and
increased LDH release in tubular cells (Fig. S3C&D), suggesting that
endogenous salusin-β overproduction may be toxic to renal tubular
cells. As expected, silencing of salusin-β alleviated the effect of cisplatin
on renal tubular cell injury, as demonstrated by diminished tubular cell
injury markers including kidney injury molecule 1 (KIM-1) and neu-
trophil gelatinase-associated lipocalin (NGAL) (Fig. 2A).

Apoptotic pathway is a critical molecular mechanism that partici-
pates in cisplatin or LPS-induced nephrotoxicity, and the pro-apoptotic
protein including Bax, cleaved-PARP and cleaved-caspase-3, as well as
anti-apoptotic proteins including Bcl-2 are served as important players
in initiating the apoptotic response [47]. Next, we examined the effects
of salusin-β knockdown or overexpression on cisplatin-induced renal
tubular cell apoptosis. The cisplatin-caused increases in caspase-3 ac-
tivity (Fig. 2B) and TUNEL-positive cell numbers (Fig. 2C&D) were
largely reduced by gene deletion of salusin-β. These findings were
further supported by measurement of apoptosis-related proteins. As
shown in Fig. 2E–H, cisplatin injury significantly elevated the expres-
sions of proteins related to cell apoptosis including Bax, cleaved cas-
pase-3 and cleaved PARP. However, the levels of anti-apoptosis related
protein Bcl-2 were downregulated in response to cisplatin challenge.
Moreover, we observed that cisplatin-mediated imbalance between
anti-apoptotic and pro-apoptotic proteins could be reversed by gene
knockdown of salusin-β (Fig. 2E–H). Apart from this, flow cytometry
results further confirmed that deficiency of salusin-β markedly atte-
nuated cisplatin-induced tubular cell apoptosis (Fig. S4).

Fig. 1. Expressions of salusin-β in cisplatin-treated renal tubular cells and mice. (A) Representative blots showing effect of cisplatin (20 μM) on the protein
expression of salusin-β at 0, 6, 12, 24, 48 h. (B) Bar group showing the relative quantification of salusin-β. (C) Representative blots showing effect of cisplatin (0, 5,
10, 20, 40 μM) on the protein expression of salusin-β for 24 h. (D) Bar group showing the relative quantification of salusin-β. (E) Representative blots showing the
protein expression of renal salusin-β in control mice or cisplatin-treated mice. (F) The mRNA expression of renal salusin-β in control mice or cisplatin-treated mice.
(G) Renal protein levels of salusin-β in control mice or cisplatin-treated mice determined by ELISA. (H) Plasma salusin-β level. Values are mean ± SE. *P < 0.05 vs.
0 μM, 0 h or Control. n = 6 for each group.
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Increased DNA damage and p53 activation are responsible for the
tubular cell apoptosis in AKI models [33,48]. A critical contributor to
DNA damage is p53, due to a fact that increased p53 accumulation and
phosphorylation may directly induce DNA damage [49]. After incuba-
tion of cisplatin in renal tubular cells, the DNA damage marker γH2AX,
total and phosphorylated p53 expressions as well as p53 targeted
proapoptotic genes Puma and Bax tended to be higher, this increase was
obviously antagonized by loss of salusin-β (Fig. 2I,J&S5A). Altogether,
these data suggested that interference of salusin-β could prevent the
apoptotic response in cisplatin-related nephrotoxicity.

In sharp contrast, the cisplatin-induced renal tubular cell injury and
DNA damage/p53 pathway-mediated cell apoptosis were further dete-
riorated by genetic overexpression of salusin-β (Fig. 3&S5B). In parti-
cular, the synergistic effects of salusin-β overexpression on cisplatin-
induced tubular cell apoptosis were further verified by flow cytometry

results (Fig. S6). Moreover, salusin-β overexpression independent of
cisplatin treatment promoted renal tubular cell injury and apoptosis by
regulating the DNA damage/p53 signaling pathway (Fig. 3).

3.3. Effects of salusin-β knockdown or overexpression on LPS-induced renal
tubular cell damage

Similar to the results what we observed in cisplatin-incubated tub-
ular cells, knockdown of salusin-β prevented, while overexpression of
salusin-β intensified the decreased cell viability and increased LDH
release in LPS-stimulated renal tubular cells (Fig. S7). In line with these
results, the increased renal tubular cell injury markers including KIM-1
and NGAL, caspases-3 activity, TUNEL-positive cells, and the activation
of DNA damage/p53 apoptotic signaling pathway were observed in
LPS-challenged renal tubular cells, and these changes were obstructed

Fig. 2. Effects of salusin-β knockdown on cisplatin-induced renal tubular cell damage. HK-2 cells were transfected with adenovirus mediated shRNA against
salusin-β (MOI = 100) for 48 h, and then used for cisplatin (20 μM) stimulation for 24 h. (A) Relative mRNA levels of KIM-1 and NGAL. (B) Caspase-3 activity. (C)
Cell apoptosis determined with TUNEL assay. Blue fluorescence (Hoechst 33342) shows cell nuclei and green fluorescence (TUNEL) stands for apoptotic cells. (D) The
ratio of TUNEL-positive cells to total cells. (E) Representative blots and quantitative analysis of Bcl-2. (F) Representative blots and quantitative analysis of Bax. (G)
Representative blots and quantitative analysis of cleaved-caspase-3 (C-caspase-3). (H) Representative blots and quantitative analysis of cleaved-PARP (C-PARP). (I)
Representative blots and quantitative analysis of γH2AX at 24 h after cisplatin (20 μM) stimulation. (J) Representative blots and quantitative analysis of total and
phosphorylated p53. Scale bar = 50 μm. Values are mean ± SE. *P < 0.05 vs. Control, †P < 0.05 vs. Cisplatin. n = 6 for each group. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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by deficiency of salusin-β (Fig. S5C&S8), but were further aggravated
by overexpression of salusin-β (Fig. S5D&S9). Collectively, these above
results suggested that the increased apoptosis and tubular injury in-
duced by salusin-β overexpression were mediated by the DNA damage/
p53 pathway.

3.4. Effects of salusin-β knockdown or overexpression on cisplatin-induced
oxidative stress

It is generally accepted that the development and progression of
both acute and chronic kidney diseases may be primarily attributed to
the imbalanced molecular mechanisms that govern oxidative stress

[50]. The superoxide anions-mediated renal tubules damage may be an
important contributor to the progression of AKI [51]. In light of oxi-
dative stress, salusin-β is recently proposed as an oxidation inducer in
brain tissues, VSMCs and endothelial cells in multiple disease scenarios
[23,28,52]. Therefore, we wanted to determine whether salusin-β
knockdown or overexpression altered cisplatin-induced oxidative stress
in renal tubular cells. Upon cisplatin treatment, the massive generation
of oxidative stress markers including 8-iso-PGF-2α and 15-F2t-iso-
prostane was observed, which was obviously suppressed by silencing of
salusin-β (Fig. 4A and B). This finding was further confirmed by DHE
staining and DCFH-DA staining (Fig. 4E–H). Conversely, deficiency of
salusin-β restored the activities of anti-oxidases including SOD and GSH

Fig. 3. Effects of salusin-β overexpression on cisplatin-induced renal tubular cell damage. HK-2 cells were transfected with lentivirus expressing salusin-β
(MOI = 100) for 48 h, and then used for cisplatin (20 μM) stimulation for 24 h. (A) Relative mRNA levels of KIM-1 and NGAL. (B) Caspase-3 activity. (C) Cell
apoptosis determined with TUNEL assay. Blue fluorescence (Hoechst 33342) shows cell nuclei and green fluorescence (TUNEL) stands for apoptotic cells. (D) The
ratio of TUNEL-positive cells to total cells. (E) Representative blots and quantitative analysis of Bcl-2. (F) Representative blots and quantitative analysis of Bax. (G)
Representative blots and quantitative analysis of cleaved-caspase-3 (C-caspase-3). (H) Representative blots and quantitative analysis of cleaved-PARP (C-PARP). (I)
Representative blots and quantitative analysis of γH2AX at 24 h after cisplatin (20 μM) stimulation. (J) Representative blots and quantitative analysis of total and
phosphorylated p53. Scale bar = 50 μm. Values are mean ± SE. *P < 0.05 vs. Control, †P < 0.05 vs. Cisplatin. n = 6 for each group. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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in cisplatin-treated tubular cells (Fig. 4C and D). These results indicated
that the protective effect of salusin-β deficiency was at least partially
due to the suppression of intracellular ROS production and restoration
of anti-oxidase activities.

Rac1, a member of the Rho family of small GTPases, is a sub-
component of NADPH oxidase, which is critical for the subsequent
activation of NADPH oxidase and the production of ROS [53]. There-
after, we sought to determine whether Rac1 and NADPH oxidase sub-
units in renal tubular epithelial cells were activated upon stimulation
with cisplatin or LPS. As expected, cisplatin treatment resulted in ob-
vious upregulations of the NADPH oxidase subunits p47phox, p22phox,
and NOX-4, as well as activated Ras-related C3 botulinum toxin sub-
strate 1 (GTP-Rac1), the effects were enormously reduced by gene si-
lencing of salusin-β (Fig. 4I–L).

On the contrary, the excessive ROS production, the upregulated
NADPH oxidase subunits p47phox, p22phox, and NOX-4, as well as the

higher Rac1 activation in renal tubular cells response to cisplatin were
further exacerbated in tubular cells with salusin-β overexpression
(Fig. 5). Importantly, salusin-β overexpression alone triggered renal
tubular cell oxidative damage, along with increased Rac1 activity and
NADPH oxidase protein expressions (Fig. 5). These present results
provided supportive evidence that gene knockdown of salusin-β was
capable of suppressing the NADPH oxidase-derived ROS production via
inhibiting high Rac1 activity.

The translocation of p47phox from the cytosol to the membrane is a
critical step for excessive ROS production in diabetic kidneys [54]. Very
recently, we found that overexpression of salusin-β promoted the
translocation of p47phox to the membrane and subsequent oxidative
stress in VSMCs [55]. As a consequence, it is interesting to explore the
effects of salusin-β on the membrane translocation of p47phox in tubular
cells. Upon cisplatin stimulation, the translocation of p47phox from cy-
tosol to the membrane increased, as evidenced by increased membrane

Fig. 4. Effects of salusin-β knockdown on cisplatin-induced renal tubular cell oxidative stress. HK-2 cells were transfected with adenovirus mediated shRNA
against salusin-β (MOI = 100) for 48 h, and then used for cisplatin (20 μM) stimulation for 24 h. (A) 15-F2t-isoprostane levels. (B) 8-iso-PGF-2α levels. (C) SOD
activity. (D) GSH activity. (E&G) Represented images and quantitative analysis showing the levels of superoxide anions detected by DHE staining. (F&H) Represented
images and quantitative analysis showing the levels of superoxide anions detected by DCFH-DA staining. (I) Representative blots and quantitative analysis of GTP-
Rac1. (J) Representative blots and quantitative analysis of p47phox. (K) Representative blots and quantitative analysis of p22phox. (L) Representative blots and
quantitative analysis of NOX-4. Scale bar = 50 μm. Values are mean ± SE. *P < 0.05 vs. Control, †P < 0.05 vs. Cisplatin. n = 6 for each group.

Q.-B. Lu, et al. Redox Biology 30 (2020) 101411

7



p47phox expression and decreased cytoplasmic p47phox expression in
HK-2 cells (Fig. S10A). As expected, silencing of salusin-β blocked the
translocation of p47phox to the membrane stimulated by cisplatin (Fig.
S10A), while overexpression of salusin-β deteriorated it (Fig. S10B).
These results suggest that salusin-β induces the membrane translocation
of p47phox, thus triggering an overwhelming formation of ROS and
subsequent tubular cell oxidative injury.

3.5. Effects of salusin-β knockdown or overexpression on LPS-induced
oxidative stress

In accordance with the results from cisplatin stimulation, the active
form of Rac1, Rac1-GTP, NADPH oxidase subunits p47phox, p22phox,
NOX-4 protein expressions, membrane translocation of p47phox, and
ROS overproduction were obviously upregulated in tubular cells

induced by LPS, whereas salusin-β silencing markedly reversed these
changes (Fig. S10A&S11). Conversely, the increased oxidative stress
was further elevated in LPS-incubated tubular cells with salusin-β
overexpression (Fig. S10B&S12). Together with the above results, sa-
lusin-β activated the Rac1/NAD)H oxidase/ROS signaling pathway to
elicit oxidative stress, thereby leading to tubular cell injury in the ab-
sence or presence with cisplatin or LPS.

3.6. Role of the Rac1/NADPH oxidase/ROS pathway in salusin-β-induced
tubular cell injury

Given that Rac1/NADPH oxidase/ROS pathway was activated in
renal tubular cells with salusin-β overexpression, we next determined
whether blockade of this pathway abolished the positive effects of sa-
lusin-β overexpression on renal tubular cell apoptosis. Expectedly,

Fig. 5. Effects of salusin-β overexpression on cisplatin-induced renal tubular cell oxidative stress. HK-2 cells were transfected with lentivirus expressing
salusin-β (MOI = 100) for 48 h, and then used for cisplatin (20 μM) stimulation for 24 h. (A) 15-F2t-isoprostane levels. (B) 8-iso-PGF-2α levels. (C) SOD activity. (D)
GSH activity. (E&G) Represented images and quantitative analysis showing the levels of superoxide anions detected by DHE staining. (F&H) Represented images and
quantitative analysis showing the levels of superoxide anions detected by DCFH-DA staining. (I) Representative blots and quantitative analysis of GTP-Rac1. (J)
Representative blots and quantitative analysis of p47phox. (K) Representative blots and quantitative analysis of p22phox. (L) Representative blots and quantitative
analysis of NOX-4. Scale bar = 50 μm. Values are mean ± SE. *P < 0.05 vs. Control, †P < 0.05 vs. Cisplatin. n = 6 for each group.
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pretreatment with NADPH oxidase inhibitor Apo, ROS scavenger NAC
and Rac-1 inhibitor EHT1864, significantly reversed the pathological
changes of apoptosis-related protein including Bcl-2, Bax, cleaved cas-
pase-3 and cleaved PARP in renal tubular cells with salusin-β over-
expression (Fig. 6A&B). In line with the attenuation of cell apoptosis
protein expressions, preconditioning with Apo, NAC and EHT1864 not
only interfered with salusin-β overexpression-induced ROS production
(Figs. S13A–F), but also lowered renal tubular cell apoptosis (Fig. 6C)
and injury (Fig. S13G&H) induced by salusin-β overexpression. Im-
portantly enough, the augmented DNA damage marker γH2AX ex-
pression and p53 activation in salusin-β overexpressing tubular cells
were erased by Apo, NAC and EHT1864, respectively (Fig. 6D).

In addition, the upregulated Bax and cleaved caspase-3 protein ex-
pressions, and enhanced TUNEL-positive cells, as well as increased
renal tubular cell injury markers including KIM-1 and NGAL were
normalized by the p53 inhibitor Pifithrin-α to low levels in renal tub-
ular cells with salusin-β overexpression (Fig. S14). These results in-
dicated that the Rac1/NADPH oxidase/ROS signaling pathway con-
tributed to salusin-β overexpression-mediated DNA damage/p53

activation, and subsequent tubular cell injury and apoptosis.

3.7. Role of PKC activation in salusin-β-induced oxidative stress

In response to chronic or acute kidney injury, the oxidative stress is
primarily attributed to protein-kinase C (PKC) activation [56–58]. It is
reported that the PKC/NADPH oxidase/ROS signaling pathway is in-
volved in salusin-β-induced hypertension in renovascular hypertensive
rats [43]. Next, we examined whether PKC activation was responsible
for salusin-β-evoked superoxide anion production in tubular cells. The
phosphorylated PKC was activated in HK-2 cells treated with either
cisplatin or LPS, and this effect was rectified by knockdown of salusin-β
(Fig. 7A), but was intensified in HK-2 cells with salusin-β over-
expression (Fig. 7B). The existing data indicated that PKC may be a
downstream mediator for salusin-β in HK-2 cells. To investigate whe-
ther salusin-β-induced oxidative stress and cell apoptosis were depen-
dent on PKC activation, we determined the effects of a PKC inhibitor,
Go 6976, on salusin-β-triggered cell injury in HK-2 cells. We observed
that Go 6976 pretreatment blocked the upregulated Rac1-GTP

Fig. 6. Role of the Rac 1/NADPH oxidase/
ROS pathway in salusin-β-induced tub-
ular cell injury. HK-2 cells were pretreated
with ROS scavenger NAC (1 mM), NADPH
oxidase inhibitor Apo (100 μM), and Rac-1
inhibitor EHT1864 (1 μM) for 30 min, and
then transfected with lentivirus expressing
salusin-β (MOI = 100) for 48 h. (A)
Representative blots showing the protein
level of Bcl-2, Bax, cleaved-caspase-3 (C-
caspase-3), cleaved-PARP (C-PARP). (B)
Quantitative analysis of the protein level of
Bcl-2, Bax, cleaved-caspase-3 (C-caspase-3),
cleaved-PARP (C-PARP). (C) Cell apoptosis
determined with TUNEL assay. Blue fluor-
escence (Hoechst 33342) shows cell nuclei
and green fluorescence (TUNEL) stands for
apoptotic cells. (D) Representative blots and
quantitative analysis of γH2AX, total and
phosphorylated p53 at 48 h after salusin-β
overexpression. Scale bar = 50 μm. Values
are mean ± SE. *P < 0.05 vs. Control,
†P < 0.05 vs. Vehicle (Veh). n = 6 for each
group. (For interpretation of the references
to color in this figure legend, the reader is
referred to the Web version of this article.)
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(Fig. 7C), p22phox (Fig. 7D), NOX-4 (Fig. 7E) and p47phox protein ex-
pressions (Fig. 7F), as well as increased membrane translocation of
p47phox (Fig. 7G and H) in renal tubular epithelial cells with salusin-β
overexpression. The activities of SOD and GSH were downregulated
(Fig. 7I), while the oxidative stress markers, 15-F2t-isoprostane and 8-
iso-PGF-2α levels were augmented in HK-2 cells with salusin-β over-
expression (Fig. 7J), and the above effects were also reversed by Go
6976 pretreatment. Likewise, the detrimental actions of salusin-β

overexpression on tubular cell apoptosis and injury were relieved by a
PKC inhibitor, Go 6976 (Fig. S15), as manifested by a restored balance
between anti-apoptotic proteins and pro-apoptotic proteins (Figs.
S15A–D), as well as inactivation of the DNA damage/p53 signaling
pathway (Fig. S15E-L). These results provided ample evidence that
salusin-β-mediated ROS/DNA damage/p53 activation and subsequent
tubular cell apoptosis were dependent on activation of PKC.

Fig. 7. Role of the PKC pathway in salusin-β-induced oxidative stress in renal tubular cells. (A) Effect of salusin-β knockdown on the phosphorylated PKC in
HK-2 cells treated either cisplatin or LPS. (B) Effect of salusin-β overexpression on the phosphorylated PKC in HK-2 cells treated either cisplatin or LPS. HK-2 cells
were pretreated with PKC inhibitor Go 6976 (5 μM), and then transfected with lentivirus expressing salusin-β (MOI = 100) for 48 h. The protein expressions of GTP-
Rac1 (C), p22phox (D), NOX-4 (E), and p47phox (F) were measured. (G&H) The membrane and cytosol level of p47phox were also detected. (I) Activities of SOD and
GSH. (J) 15-F2t-isoprostane and 8-iso-PGF-2α levels. Values are mean ± SE. *P < 0.05 vs. Control, †P < 0.05 vs. Cisplatin or Salusin-β. ‡P < 0.05 vs. LPS. n = 6
for each group.
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3.8. Effects of salusin-β inhibition on renal function after AKI

To investigate the effects of salusin-β inhibition on renal damage
induced by cisplatin or LPS, the kidney tissues were collected after
administration of cisplatin or LPS. In comparison with control kidneys,
the kidneys from cisplatin or LPS treatment exhibited tubular dilata-
tion, brush border loss and cell lysis. Strikingly, the abnormal histolo-
gical lesions were significantly ameliorated in the presence of salusin-β
antibody, as demonstrated by HE staining and PAS staining (Fig. 8A–C).
In agreement with the histological renal morphology, neurulation of
salusin-β revered the enhanced BUN, serum creatinine (Cre) and serum
cystatin C in kidneys after 72 h cisplatin treatment or 24 h LPS treat-
ment (Fig. 8D–F). To further clarify the protective role of salusin-β
antibody in cisplatin or LPS-induced renal tubule injury, we examined
the tubular injury markers including Fg, KIM-1 and NGAL in the kid-
neys. As expected, the upsurge of Fg, KIM-1 and NGAL by cisplatin or
LPS was diminished with the treatment of salusin-β antibody
(Fig. 8G–I). These data suggested that inhibition of salusin-β obviously
mitigated cisplatin or LPS-induced renal dysfunction and pathological
damages in the kidneys.

3.9. Effects of salusin-β inhibition on cell apoptosis, DNA damage and p53
activation after AKI

Additionally, TUNEL assay was used to detect the cell apoptosis in
cisplatin or LPS-induced renal injury. More TUNEL-positive tubular
cells were observed in the kidneys after cisplatin or LPS treatment,
which were relieved by the neutralizing salusin-β antibody (Fig. 8J and
K). We also found that the proteins levels related to cell apoptosis, such
as Bax, cleaved-caspase-3 and cleaved-PARP, were upregulated in the
kidneys of cisplatin or LPS-treated mice, but such protein expressions
were downregulated by blockade of salusin-β (Fig. 8L&M). By contrast,
a specific salusin-β blocker, anti-salusin-β antibody, restored the de-
creased anti-apoptotic protein Bcl-2 in response to cisplatin or LPS-
evoked renal damage (Fig. 8L&M). Overall, the present data indicated
that inhibition of endogenous salusin-β could lessen the apoptotic re-
sponse in cisplatin or LPS-triggered nephrotoxicity.

DNA damage and following p53 activation lead to cell apoptosis,
which is governed by a variety of p53 targeted proapoptotic proteins,
such as Puma and Bax [11]. To gain initial insights into the mechanisms
by which inhibition of salusin-β protects renal tubular cells against AKI,
we first determined whether the DNA damage/p53 signaling pathway
was affected by salusin-β antibody. In consistence with previous reports
[33,59,60], both cisplatin and LPS elicited DNA damage and p53 acti-
vation in the kidneys, as evidenced by increased expressions of γH2AX,
a marker for DNA damage, p53 accumulation and phosphorylation
(Fig. 9A–E), as well as p53 targeted proapoptotic genes, including Puma
and Bax (Fig. 9F). However, these abnormal changes were rectified
after treatment with salusin-β antibody, implying an activation of the
DNA damage/p53 activation signaling pathway in AKI.

3.10. Effects of salusin-β inhibition on oxidative stress and inflammation
after AKI

Several studies have revealed that AKI-induced renal oxidative
stress is primarily mediated by decreasing antioxidant enzyme activity,
depleting intracellular concentrations of GSH [61], and potentiating the
Rac1/NADPH oxidase pathway [7,62]. DHE staining results showed

that anti-salusin-β antibody therapy obviously decreased the excessive
ROS production in the kidneys of cisplatin or LPS-treated mice
(Fig. 10A&B). The cisplatin or LPS-stimulated kidneys exhibited higher
increases in nitrotyrosine content, NADPH oxidase activity, superoxide
anions levels and MDA contents, whereas this rise was prevented by
pretreatment with the neutralizing salusin-β antibody (Fig. 10C–F). 8-
iso-PGF-2α, a marker of oxygen radical production [63], and 15-F2t-
isoprostane, a specific marker of oxidative stress [64], are well-known
two indicators for assessment of oxidative stress. In line with the above
results, in cisplatin or LPS-induced AKI mice, we found that increased
renal 8-iso-PGF-2α and 15-F2t-isoprostane production were con-
comitant with decreased activities of SOD, CAT and GSH in the kidneys,
while these effects were again reversed by inhibition of salusin-β
(Fig. 10G–I).

Moreover, the upregulated NADPH oxidase subunits p22phox,
p47phox and activated GTP-Rac1 protein levels in cisplatin or LPS-
treated mice were obstructed by blockade of salusin-β (Fig. 10J and K).
Also, inhibition of salusin-β reduced the translocation of p47phox from
cytoplasm to membrane (Figs. S16A–C) and phosphorylated PKC (Fig.
S16D) in the injured kidneys. These above observations strongly sug-
gested that cisplatin or LPS challenge induced renal oxidative stress via
activation of PKC/Rac1/NADPH oxidase-dependent pathways, which
were attenuated in the presence of salusin-β antibody.

Inflammatory response is also a player in the pathogenesis of renal
damage induced by AKI [36,65,66]. Thus, we investigated the potential
effect of salusin-β antibody on cisplatin or LPS-induced renal in-
flammation. Detected biochemically and histologically, the in-
flammatory markers including TNF-α, IL-1β, VCAM-1 and MCP-1 were
all markedly raised in the kidneys of mice challenged with cisplatin or
LPS, this effect was strikingly prevented by blockade of salusin-β (Fig.
S17A&B). In addition, as shown by the immunohistochemistry staining,
salusin-β neutralized antibody obviously blunted the upregulation of
F4/80-positive macrophages in kidneys of mice treated with cisplatin or
LPS (Fig. S17C), indicating an anti-inflammatory activity of the salusin-
β neutralized antibody in cisplatin or LPS-induced AKI mice.

4. Discussion

In the present study, we investigated whether salusin-β mediated
acute renal dysfunction induced by cisplatin or LPS, as well as the
underlying mechanisms. Our results found that both cisplatin and LPS
elevated the renal level of endogenous salusin-β, and treatment with
neutralizing the salusin-β antibody ameliorated renal dysfunction and
renal tubular cell apoptosis through inhibiting the PKC/ROS pathway.
In vitro results showed that deletion of salusin-β alleviated, while
overexpression of salusin-β aggravated PKC phosphorylation, oxidative
stress, γH2AX-mediated DNA damage and apoptosis in renal tubular
epithelial cells induced by either cisplatin or LPS. Moreover, inhibition
of the PKC/ROS/DNA damage/p53 apoptotic pathway antagonized
salusin-β overexpression-evoked renal tubular epithelial cell apoptosis.
These results suggested that endogenous salusin-β contributed to the
pathogenesis of AKI via activation of the PKC/ROS/DNA damage/p53
apoptotic pathway. However, it should be emphasized that the different
mechanisms of increased oxidative stress may be present in AKI mice
induced by either cisplatin or LPS. As a result, we will focus on the exact
roles and mechanisms of salusin-β in one of the AKI models during our
future research.

The sepsis, ischemia or nephrotoxic agents-induced AKI is a clinical

Fig. 8. Effects of salusin-β inhibition on renal function after AKI. (A) HE staining of kidney sections after cisplatin or LPS-induced kidney injury. (B) Periodic
acid-Schiff (PAS) staining of kidney sections after cisplatin or LPS-induced kidney injury. (C) Quantitative assessment of tubular injury. (D) BUN level. (E) Serum Cr
level. (F) Serum cystatin C level. (G) Fg level. (H) Relative KIM-1 mRNA level. (I) Relative NGAL mRNA level. (J&K) TUNEL staining. (L) Representative blots
showing the protein level of Bcl-2, Bax, cleaved-caspase-3 (C-caspase-3), cleaved-PARP (C-PARP). (M) Quantitative analysis of the protein level of Bcl-2, Bax,
cleaved-caspase-3 (C-caspase-3), cleaved-PARP (C-PARP). Scale bar = 50 μm. Values are mean ± SE. *P < 0.05 vs. Control, †P < 0.05 vs. Cisplatin, ‡P < 0.05
vs. LPS. n = 6 for each group.
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disorder that is characterized by rapid and reversible kidney dysfunc-
tion [67]. It is recognized that unconscionable oxidative stress, in-
flammation, and renal tubular epithelial cell apoptosis are synergisti-
cally involved in the pathogenesis of AKI, and this may eventually
participate in the development and progression of chronic kidney dis-
ease [10,68]. Cisplatin chemotherapy-induced nephrotoxicity and LPS-
induced sepsis are taken as classical animal models of AKI [10,13]. The

two AKI mouse models exhibit tubular cell apoptosis, necrosis, oxida-
tive stress, inflammatory storm, thus leading to the renal dysfunction
[36,69]. In this study, we found that salusin-β levels were upregulated
in both kidneys of AKI mice and cultured renal tubular epithelial cells
exposed to cisplatin or LPS. In cisplatin and LPS-induced AKI mice, the
abnormal morphological changes of renal tubules and renal dysfunction
markers were obviously attenuated by blockade of salusin-β in line with

Fig. 9. Effects of salusin-β inhibition on DNA damage/p53 signaling after AKI. (A,C) Representative blots and quantitative analysis of γH2AX. (B,D,E)
Representative blots and quantitative analysis of total and phosphorylated p53. (F) Relative mRNA levels of p53 targeted proapoptotic genes, including Puma and
Bax. Values are mean ± SE. *P < 0.05 vs. Control, †P < 0.05 vs. Cisplatin, ‡P < 0.05 vs. LPS. n = 6 for each group.

Fig. 10. Effect of salusin-β inhibition on oxidative stress after AKI. (A&B) DHE staining. (C) Nitrotyrosine content. (D) NADPH oxidase activity. (E) Superoxide
anions level. (F) MDA content. (G) 15-F2t-isoprostane level. (H) 8-iso-PGF-2α level. (I) Activities of SOD, CAT and GSH. (J&K) Representative blots and quantitative
analysis of p47phox, p22phox, and GTP-Rac1. Scale bar = 50 μm. Values are mean ± SE. *P < 0.05 vs. Control, †P < 0.05 vs. Cisplatin, ‡P < 0.05 vs. LPS. n = 6
for each group.
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suppression of renal cellular apoptosis, oxidative stress and inflamma-
tion response. The increased cell apoptosis, oxidative stress and DNA
damage in cisplatin or LPS-challenged renal tubular epithelial cells
were eradicated by salusin-β knockdown, but exacerbated by salusin-β
overexpression. Both in vivo and in vitro data demonstrated that salusin-
β gene may play a critical role in the development and progression of
AKI. However, the mechanisms that underlie AKI-induced salusin-β
expressions in the kidneys are still unclear. It is interesting to know
whether oxidative stress is involved in AKI-induced salusin-β upregu-
lations. Based on our previous studies, we found that salusin-β ex-
pressions were not affected by ROS production as scavenging ROS had
no significant effect on the expressions of salusin-β [28,55], suggesting
that the expression of salusin-β is not regulated by ROS. As a con-
sequence, the precise mechanisms by which salusin-β is overexpressed
in two different AKI models warrant further studies in the future.

As no specific inhibitor or antagonist of salusin-β has been available
until now, anti-salusin-β antibodies are employed to determine the
roles of endogenous salusin-β in hypertension [30,70], myocardial
ischemia reperfusion injury [31], and pulmonary arterial hypertension
[29]. The specificity of the salusin-β staining is assessed by pre-ab-
sorption of the antibody with the full-length salusin-β, which com-
pletely abolishes salusin-β staining [71,72]. In this study, we found that
intraperitoneal injection of anti-salusin-β antibodies ameliorated AKI-
induced renal dysfunction in mice. It is likely that anti-salusin-β
therapy has a possibility to treat AKI. However, the underlying me-
chanisms of anti-salusin-β antibodies in renal protective effects remain
unclear. Similarly, it is unknown how they cross the blood-tissue bar-
rier. It is noteworthy that the circulating salusin-β level was augmented
in AKI mice induced by both cisplatin and LPS. Bases on this, the ele-
vated circulating salusin-β level might be an important player in the
development of AKI. We speculated that exogenous anti-salusin-β an-
tibodies could bind to soluble circulating salusin-β, thereby attenuating
the deleterious effects of redundant salusin-β on renal damage in AKI
mice. Moreover, we can not exclude a possibility that the beneficial
actions of anti-salusin-β antibodies on acute renal injury were depen-
dent on their binding to renal tubular cell surface membrane protein
complex. As a result, further research is required to determine the exact
mechanisms of anti-salusin-β antibodies against LPS and cisplatin-in-
duced nephrotoxicity.

It is evidenced that DNA damage could activate various cell sig-
naling cascades for cell senescence, and/or death [73]. Recent studies
have revealed that DNA damage response plays a pivotal role in renal
tubular cell apoptosis induced by experimental models of AKI [74]. In
mammalian system, histone H2AX phosphorylation, also called γH2AX,
is a common hallmark of DNA damage [33]. The induction of γH2AX is
detected in kidneys following ischemia-reperfusion or cisplatin ad-
ministration, further implying the importance of DNA damage in the
process of AKI [33]. It is known that p53 gene is a master player in DNA
damage-induced cell apoptosis, because DNA damage could lead to p53
accumulation and phosphorylation, as well as subsequent upregulations
of pro-apoptotic genes [33,75]. In line with previous reports, we found
that the γH2AX levels, total and phosphorylated p53 protein levels, as
well as the pro-apoptotic genes Puma and Bax were obviously boosted
in renal tubular epithelial cells exposed either cisplatin or LPS. How-
ever, these effects were considerably inhibited by silencing of salusin-β.
Conversely, overexpression of salusin-β further worsened these ab-
normal changes. In agreement with these results, the DNA damage,
activation of p53 and renal cell apoptosis in the kidneys from AKI
models were significantly counteracted by administration of neu-
tralizing salusin-β antibody. All these results clearly demonstrated that
salusin-β may activate the DNA damage/p53/apoptosis pathway, thus
contributing to renal cell apoptosis and renal dysfunction in AKI
models. However, it should bear in mind that γH2AX has a quick re-
sponse to damage, and it resolves after 24 or 48 h in acute conditions
when the DNA repair machinery is working well [76]. Moreover, the
accumulation of high levels of γH2AX at later time points might

indicate defects on DNA repair [77]. However, changes in the me-
chanism of DNA repair are not fully studied or discussed. The proximal
tubule DNA damage response is activated when one or more of the
sensor kinases detect a DNA strand break, and such sensor kinases in-
clude ataxia telangiectasia mutated (ATM), ataxia telangiectasia and
Rad3-related (ATR), and DNA-dependent protein kinase (DNA-PK)
[78,79]. A very recent study has established that activation of proximal
tubule ATR confers protective effects against the maladaptive DNA
repair and consequent renal fibrosis induced by kidney injury [80]. For
this reason, it will be interesting to determine the potential roles of
salusin-β in the ATM/ATR response in future studies.

Notably, salusin-β overexpression facilitated DNA damage, p53 ac-
tivation and cell apoptosis in renal tubular epithelial cells even in the
absence of cisplatin or LPS. Moreover, the salusin-β overexpression-
induced renal tubular epithelial cell apoptosis and injury was markedly
halted by a p53 inhibitor Pifithrin-α. This suggests that salusin-β
overproduction was not only a critical mediator for nephrotoxic agents-
induced kidney injury, but also elicited kidney injury directly. Future
studies are required to investigate the abnormal expression of salusin-β
under other conditions such as renal ischemia/reperfusion injury or
chronic kidney disease.

Oxidative stress is defined as excessive generation of ROS and ni-
trogen species due to an imbalance between pro-oxidant protein ex-
pressions and antioxidant protein expressions [81]. NADPH oxidase is
an enzyme complex with the function of producing superoxide anion
and ROS at the expense of NADPH [82]. Of NADPH oxidase subunits,
p47phox plays the most important role for oxidative stress via translo-
cating the cytosolic subunits to the membrane [82]. The massive pro-
ductions of ROS and nitrogen species result in the oxidation of biolo-
gical molecules such as lipids, proteins, and DNA [83]. Several studies
have demonstrated that overproduction of ROS may be mediated
mainly by NADPH oxidase activation and reduced activities of anti-
oxidants including SOD, CAT and GSH, this can initiate or potentiate
the development of AKI [7,69,84]. As a regulatory component of the
NADPH oxidase complex, Rac1 is critically involved in the formation of
ROS and progression of AKI [85,86]. Most importantly, the underlying
mechanisms for AKI-induced renal tubular epithelial cell apoptosis may
also involve ROS-mediated DNA damage pathway [87]. Thus, we hy-
pothesized that ROS-induced DNA damage/p53 pathway might be a
possible mechanism that underlies salusin-β overexpression-mediated
renal injury. Not surprisingly, we found that the elevated membrane
translocation of p47phox, activated Rac-1, increased NADPH oxidase-
derived ROS, and decreased anti-oxidase activities in cisplatin or LPS-
treated renal tubular epithelial cells were reversed by gene deficiency of
salusin-β, but were deteriorated by overexpression of salusin-β. In cis-
platin or LPS-challenged kidneys, inhibition of salusin-β significantly
relieved oxidative damage as shown by the restoration of anti-oxidase
activities, together with the blockade of ROS production and nitrogen
species, as well as inactivation of Rac1 and NADPH oxidase. Noticeably,
we observed that salusin-β overexpression failed to promote DNA da-
mage/p53-mediated tubular cell apoptosis when the Rac1/NADPH
oxidase/ROS axis was inhibited, suggesting that salusin-β contributed
to cisplatin or LPS-caused nephrotoxicity by facilitating NADPH oxi-
dase-derived ROS generation, followed by activation of DNA damage/
p53 apoptotic cascades.

The classical PKC signaling pathway is an upstream mediator for
excessive ROS production in the development of kidney injury
[56–58,88]. Activation of the PKC/NADPH oxidase/ROS signaling
pathway plays a pathogenic role in salusin-β-induced hypertension in
rats [43]. On these grounds, we hypothesized that salusin-β activated
the PKC pathway to trigger ROS overproduction and subsequent oxi-
dative damage in HK-2 cells. In the present study, we demonstrated that
the phosphorylated PKC level was enhanced in HK-2 cells exposed to
either cisplatin or LPS, this effect was impeded by silencing of salusin-β,
but was exacerbated by overexpression of salusin-β. More importantly,
the PKC inhibitor experiments supported that the PKC pathway was
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required for salusin-β-induced membrane translocation of p47phox, and
activation of NADPH oxidase/DNA damage/p53 apoptotic cascades in
HK-2 cells. These results suggested the involvement of the classical PKC
pathway in salusin-β-mediated responses after cisplatin or LPS stimu-
lation in HK-2 cells. However, further studies are necessary to in-
vestigate the roles of the specific PKC isoforms in the underlying me-
chanism of salusin-β-mediated oxidative stress in renal tubular cells.

Taken together, our findings demonstrated that salusin-β gene was
responsible for cisplatin or LPS-induced nephrotoxicity by activating
the PKC/ROS/DNA damage/p53 apoptotic pathway. The upregulations
of phosphorylated PKC, NOX4, p47phox and p22phox proteins, mem-
brane translocation of p47phox, activation of Rac1, reduced activities of
antioxidises including SOD, CAT and GSH, were proposed as potential
cellular mechanisms by which salusin-β induced oxidative stress in the
process of AKI. Blockade or knockout of salusin-β may open up new
fields for the prevention and treatment of AKI. However, a previous
report has shown that subcutaneous administration of salusin-β re-
verses glomerular and tubular damage in renal ischemia/reperfusion
injury, another model of AKI [89]. Contradictory to our present data,
the authors demonstrated that the level of salusin-β was decreased in
the serum and kidney tissues from rats with renal ischemia/reperfusion
injury [89]. It seems that salusin-β may play a distinct role in different
AKI models. The contradictory results may be derived from distinct AKI
models, different species (rats/mouse) or administration methods of
drugs (intraperitoneal/subcutaneous injection). In renal ischemia/re-
perfusion injury model, ischemia/hypoxia and restoration of oxygen
supply eventually cause renal damage and acute renal failure [90,91]. It
may be interesting to ascertain that whether salusin-β functions as an
acute oxygen sensor in response to renal ischemia/reperfusion injury.
The complicated results indicated that salusin-βmay be a contributor to
chemical/drug nephrotoxicity in mice, whereas salusin-β exhibited
therapeutic potential for acute renal failure in renal ischemia/reperfu-
sion injury rats. More research is needed to investigate exact roles of
salusin-β in AKI using renal tubular epithelial cell specific salusin-β
overexpression or salusin-β knockout animals.
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