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Nitrate attenuates cisplatin-induced acute ==

kidney injury by promotion of mitophagy
and reduction of oxidative stress
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Abstract

Cisplatin, an anticancer drug, has limited its clinical application due to its severe nephrotoxicity, such as acute kidney
injury (AKI). Damaged or dysfunctional mitochondria caused by cisplatin are toxic to the cell by producing reac-

tive oxygen species and releasing cell death factors. Mitophagy is the mechanism of selective degradation of these
damaged mitochondria via autophagy, that is critical to cellular homeostasis and viability. In this study, the protec-
tive functions of inorganic nitrate against cisplatin-induced nephrotoxicity are assessed. Our results in vitro show
that nitrate significantly reduced the apoptosis of HK2 or NRK52E cells induced by cisplatin treatment. Furthermore,
dietary nitrate notably alleviates the tubular and glomerular damages as well as the loss of renal function in cisplatin-
induced AKI mice models. These protective effects are closely related to downregulation of cell apoptosis and reduc-
tion of reactive oxygen species (ROS) generation. Mechanistically, inorganic nitrate treatment promotes the activa-
tion of mitophagy mediated by the PINK1-PRKN/PARK2 pathway, which plays an important role in the maintenance
of mitochondrial quality, helping renal tubular cells to survive and recover from cisplatin stress. These novel findings
suggest that inorganic nitrate supplementation deserve further exploration as a potential treatment in patients

with cisplatin-induced renal injury.

Keywords Nitrate, Mitophagy, Cisplatin, Acute kidney injury, Reactive oxygen species

1 Introduction

*Haibo Wang and Chunyan Song contributed equally to this work.
Acute kidney injury (AKI), characterized by a rapid

nggﬁfnggenca decrease in renal function, is a global public health
slwang@ccmu.edu.cn problem that poses a significant economic burden on
Wenbin Li health finances (Gonsalez et al. 2019; Lewington et al.
liwenbin@ccmu.educn 2013). Cisplatin, as a first-line chemotherapeutic drugs
! Beijing Laboratory of Oral Health, Capital Medical University, No.10 : p ’ . p g 4
Xitoutiao, You An Men Wai, Beijing 100069, China has commonly been used for treating numerous solid
? Department of Biochemistry and Molecular Biology, Beljing Key tumours, such as cervical, ovarian, head-neck, and non-
Eﬁggtc&xﬁzﬁumor Invasion and Metastasis, Capital Medical University, small-cell lung cancers (Rottenberg et al. 2021; Goldberg
3 Clinical Medical College, Changchun University of Chinese Medicine, et al. 2022; Wen et al. 2023). However, the clinical aPPli—
Changchun, China cation of cisplatin is largely restricted due to its severe
“# Department of Neuro-Oncology, Cancer Center, Beijing Tiantan Hospital, undesirable toxic effects articularly nephrotoxici

Capital Medical University, No.119 South Fourth Ring West Road, Fengtai . » P Y p ty,
District, Beijing 100070, China such as AKI (Miller et al. 2010; Tang et al. 2023; Klump-
® Salivary Gland Disease Center and Beijing Key Laboratory of Tooth ers et al. 2()22)‘ Recent research reports that cisplatin

Regeneration and FuncnoqRecon;trucUon,Cap|ta|Med|ca\ University caused renal tubular cell injury through several factors
School of Stomatology, Beijing, China

(Volarevic et al. 2019), such as the mitochondria, which

. ©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s44194-023-00024-3&domain=pdf
http://orcid.org/0000-0002-8940-8402

Wang et al. Current Medicine (2023) 2:8

is an important involved organelle (Oh et al. 2017). Spe-
cifically, cisplatin can induce mitochondria DNA damage
in renal proximal tubular cells and evoke excessive pro-
duction of reactive oxygen species (ROS). These effects
ultimately damage the mitochondrial redox balance,
decrease membrane potential and lead to kidney injury
(Ichinomiya et al. 2018; Jia et al. 2019).

Autophagy is a process of engulfing its own cytoplas-
mic proteins or organelles, wrapping them into vesicles
and merging with the lysosome to degrade the contents
of them, so as to realize the metabolic needs of the cell
itself and the renewal of certain organelles. Many stud-
ies have proved that downregulation of autophagy in the
kidney is associated with serious AKI because autophagy
is crucial for normal homeostasis of the renal proximal
tubules (Kaushal and Shah 2016). In the AKI model, loss
of autophagy in the proximal tubule due to abnormali-
ties in autophagy-related genes worsen tubular injury
and renal function by exacerbating mitochondrial dam-
age (Tang et al. 2018; Lin et al. 2019). Conversely, cer-
tain methods that promote autophagy could protect
renal tubular cells from multiple stressors (Zhang et al.
2019; Liu et al. 2018). Mitophagy, as a form of selective
autophagy, can selectively isolate and degrade damaged
or incomplete mitochondria, is vital for maintaining the
integrity of mitochondrial function and cell homeostasis
(Pickles et al. 2018). Some researches reveal that stimu-
lation of mitophagy ameliorate the mitochondrial func-
tion in cisplatin-induced AKI mice (Zhu et al. 2020).
Therefore, safe and effective approaches that activate
mitophagy, and reduce oxidative stress may provide a
new strategy for the prevention and treatment of cispl-
atin-induced AKI.

Inorganic nitrate, derived from our daily diet (such
as green leafy vegetables), can be converted into nitrite
by symbiotic bacteria in the mouth, and then nitrite is
swallowed, absorbed in the intestine and metabolized
to nitrogen oxide (NO) and other bioactive nitrogen
oxides in tissues (Lundberg et al. 2008; Duncan et al.
1995). Many studies have shown the antioxidant prop-
erties of nitrate which protect cells against ROS-related
injury efficiently through the nitrate-nitrite-NO pathway
in adipocytes of diabetes mellitus type 2 models (Ohtake
et al. 2015). In the rat model of renal and cardiovascu-
lar disease induced by high-salt diet, dietary inorganic
nitrate has been proved to prevent proteinuria and his-
tological signs of kidney injury and attenuate the cardiac
hypertrophy and fibrosis via decreasing the levels of ROS
(Carlstrom et al. 2011). Moreover, Carlstrom et al. (2011)
report that dietary nitrate alleviates renal ischemia—rep-
erfusion (IR) injury, suggesting that patients with high
risk of renal IR damage may benefit from a high nitrate
diet (Yang et al. 2017). Consistently, our previous studies
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have proved that dietary inorganic nitrate exerts protec-
tive role on irradiation-induced systemic injury model by
reducing ROS levels (Chang et al. 2019). However, the
effect of inorganic nitrate on kidney injury in cisplatin-
induced AKI models and its influence on mitophagy have
not been studied.

In this study, we constructed in vitro and in vivo cispl-
atin-induced renal injury model to explore the protective
effects of inorganic nitrate on renal injury and whether
these effects were relied on the activation of mitophagy.

2 Materials and methods

2.1 Cell culture

The human renal cell line HK2 and mouse renal cell
line NRK25E cells were purchased from the National
Infrastructure of Cell Line Resource (Beijing, China)
and Procell Life Science&Technology Co.,Ltd (Wuhan,
China). HK2 cells was incubated in MEM medium and
NRK25E cells was incubated in DMEM medium, supple-
mented with 10% fetal bovine serum (complete medium)
and 1% penicillin/streptomycin under a humidified
atmosphere of 5% CO, at 37 °C. All cells were maintained
in culture for no more than 25 continuous passages and
were verified by short tandem repeat DNA fingerprinting
and tested for mycoplasma before using.

2.2 Cell viability measurement and cell apoptosis analysis

Cell viability was measured using a CCKS8 assay kit
(Dojindo, Kumamoto, Japan). In short, 10 uL. of CCK8
solution was added to each well containing 90 pL of
medium. After incubating for 1 h, the absorbance was
detected at 450 nm using an EnSpire label microplate
reader (PerkinElmer, Waltham, MA). Cell Apoptosis
Detection Kit were purchased from Solarbio (Beijing,
China). The cells were digested using trypsin without
EDTA and then resuspended in PBS. After centrifuga-
tion, the cells were then stained with 5 pL fluorescein
isothiocyanate (FITC)-Annexin V, incubated at room
temperature in a dark place, and then stained with 10 pL
propidium iodide (20 pg /mL). The apoptotic cells were
analyzed by flow cytometry (SBeckman Coulter, USA).

2.3 Drugs and chemicals

Cisplatin (P4394), Sodium nitrate (S5506) were pur-
chased from Sigma-Aldrich. Hydroxychloroquine (HCQ,
HY-W031727), Rapamycin (Rapa, HY-10219) were pur-
chased from MedChemExpress. These compounds are
dissolved and stored according to the corresponding
instructions.

2.4 Animals and experimental models
A total of 60 male C57BL/6 mice (6—8 weeks) were
obtained from the Capital Medical University, Beijing,
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China. This study was conducted following the National
Institutes of Health Guide for the Care and Use of Labo-
ratory Animals and was approved by the Animal Use and
Care Committee of Capital Medical University (ethical
code: AEEI-2018-216). The animals were acclimatised
to the surrounding environment for 1 week prior to the
study, maintained at a 12-h light/dark cycle, and provided
regular water and food. To assess the protective role of
inorganic nitrate on cisplatin-induced AKI, the mice
were divided into 4 groups (normal control, Ctrl: n=15;
nitrate-treated, NaNO,: n=15; cisplatin-treated, Cisp:
n=15; cisplatin+nitrate, Cisp+NaNO,;: n=15). The
control mice were given drinking water supplemented
with sodium chloride (Nacl, 2 mmol) and the nitrate-
treated group mice were subjected to drinking water sup-
plemented with NaNO, (2 mmol). The cisplatin-treated
mice were single intraperitoneal injection of cisplatin
(20 mg/kg) and given drinking water supplemented with
sodium chloride (2 mmol). The cisplatin + nitrate group
mice were subjected to 2 mmol NaNO;, drinking water
for 1 week before cisplatin injection. The normal control
and nitrate-treated group mice received saline injection
with equal volume of cisplatin. At the end of the experi-
ment, the animals were sacrificed and the blood and kid-
neys were collected for related testing.

2.5 Sample harvest

The mice were anesthetized with isoflurane and blood
were isolated from the ophthalmic vein. Whole blood
with 2 mmol EDTA was centrifuged immediately with
6000 % g at 4 °C for 15 min to obtain the serum and stored
at -80 °C. The kidneys were weighed and the tissues were
mixed with 0.9% NaCl solution and homogenized by a
tissue homogenate breaker, and then the tissue homoge-
nate was centrifuged at 6500%x g for 15 min at 4 °C. The
supernatant of kidney tissue was collected to test the
levels of superoxide dismutase (SOD), catalase (CAT),
glutathione (GSH) and malondialdehyde (MDA) using
commercial kits. The mice kidneys were harvested and
fixed in 4% neutral paraformaldehyde, and then embed-
ding with paraffin or optimal cutting temperature com-
pound. The remaining kidney tissues were stored at
-80 °C for other detection.

2.6 Serum biochemistry analysis

Plasma samples from mice were centrifuged with 1000 x g
for 15 min, and then serum creatinine (Crea) and blood
urea nitrogen (BUN) were measured by Zhong Yan Bio-
lab Company (Shenzhen, China).

2.7 Histopathological examination
The mice kidneys were harvested and cut at 4-um thick-
ness. Serial sections were subjected to hematoxylin—eosin
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(H&E) and periodic acid-schiff (PAS) staining. Tubular
damage was assessed in PAS-stained kidneys by an expert
pathologist and scored according to the severity of tubu-
lar injury indicated by tubular epithelial cell vacuolisa-
tion, cell necrosis, cast formation, brush border loss, and
sloughing of cells: 0, normal; 1, 1%—10%; 2, 11%—-25%; 3,
26%—45%; 4, 46%—75%; and 5, 76%—100%. Quantification
was determined by Image] software (National Institutes
of Health, Bethesda, MD).

2.8 p-H2AX and TUNEL staining

Phosphorylated-H2A.X variant histone (p-H2AX) was
detected as previously described (Chang et al. 2019).
Kidney tissue section were incubated with primary anti-
p-H2AX antibody for 1 h at room temperature, then
stained with secondary antibody (Table S1), and counter-
stained with DAPI (1,002,339,028; Sigma-Aldrich). Cell
apoptosis was measured by a TUNEL apoptosis detec-
tion kits according to the manufacturer’s instructions
(C1098; Beyotime Institute of Biotechnology). Images
were obtained from a confocal system and a digital cam-
era (SP8; Leica), and the positive cells were calculated by
the Image] software.

2.9 Immunofluorescence

After treating with cisplatin and/or nitrate, HK2 cells
cultured in 6-well plate were further incubated with
200 nM MitoTracker Deep Red FM (M22426, Invitrogen)
in 37° C incubator for 30 min. After staining, wash the
cells in fresh, pre-warmed growth medium, then care-
fully remove the medium covering the cells, washed with
ice-cold PBS, fixed with 4% paraformaldehyde (SigmaAl-
drich, P6148) and permeabilized with 0.5% Triton X-100
(MP Blomedicals, 194,854). Cells were then blocked with
2% FCS and followed by incubation with anti-LC3B anti-
body (CST, 83506S; diluted 1:100) overnight at 4 °C. Next
day cells were washed with TBST and incubated with
goat anti-mouse IgG Alexa Fluor 488-labeled secondary
antibody (2,120,125, Invitrogen) for 1 h at room tempera-
ture. Finally, the images were captured using confocal
microscopy (Leica DM6000 CS, Germany).

2.10 Immunohistochemistry staining

Immunohistochemistry assay was performed as
described previously (Wang et al. 2022). Briefly, the 4-um
sections were placed in 3% hydrogen peroxide, blocked
with 5% BSA, and incubated with anti- kidney injury
marker-1 (KIM-1) antibody (Table S1) at 4 °C overnight.
Then, the sections were incubated with HRP-conjugated
secondary antibody for 1 h at room temperature and fur-
ther incubated with 0.06% 3,3-diaminobenzidine tetrahy-
drochloride (P0203; Beyotime Institute of Biotechnology,
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Shanghai, China). Quantification was determined by the
Image] software (10 random fields per section, X 400).

2.11 Autophagic flux detection assay

Autophagic flux activity was detected by the mCherry-
GFP-LC3B reporter. HK2 cells were transfected with
adenovirus expressing mCherry-GFP-LC3B (C3011, Bey-
otime Biotechnology) according to the manufacturer’s
protocol. At 24 h post-transfection, the cells were treated
with cisplatin and/or nitrate. The cells were fixed with 4%
paraformaldehyde for 1 h, and washed three times with
PBS. Autophagic flux was analysed by detecting the fluo-
rescent intensity of autophagosomes and autolysosomes
using confocal system (Leica DM6000 CS, Germany).
DAPI staining was used to visualize the nucleus. The
ratio of the fluorescence of mCherry™ puncta to the fluo-
rescence of GFP* puncta is used as the autophagic index.
More than 10 cells were counted for each condition.

2.12 Transmission Electron Microscopy (TEM)

To observe the morphology of autophagosomes at dif-
ferent stages, HK2 cells were fixed with 2% paraformal-
dehyde and 2.5% glutaraldehyde and post fixed with 1%
Os04 in 0.1 mol/L cacodylate buffer for 2 h. The samples
were then cut into 0.12-um sections after embedded, and
stained with 0.2% lead citrate and 1% uranium acetate. To
morphologically demonstrate the structure of mitochon-
dria in renal tubular epithelial cells of cisplatin-induced
AKI mice models, kidney tissues from mice were cut
into 1 mm X1 mm X 1 mm sized patch and fixed in para-
formaldehyde and glutaraldehyde, post fixed in osmium
tetroxide, dehydrated in ethanol, subjected to resin pen-
etration and embedded in Epon. Ultrathin sections were
stained with uranyl acetate (E. Merck, Darmstadt, Ger-
many) and lead citrate (Sigma-Aldrich, St. Louis, MO,
USA). Transmission electron microscope (HT7700,
HITACH]I, Japan) was used for observation. All analysis
was performed blind to the observer.

2.13 Western blot analysis

Western blot was carried out as described previously
(Ma et al. 2017). In short, the cell and tissue were har-
vested and homogenized with RIPA buffer. Samples were
incubated with primary antibodies overnight at 4 °C and
then incubated with horseradish peroxidase-linked sec-
ondary antibodies (Table S1). Immunoreactive bands
were detected by NIH Image 1.62 (National Institutes of
Health, Bethesda MD). Quantification of protein expres-
sion was performed using Image ] software.

2.14 siRNA transfection
Cells were seeded into a 6-well plate and then trans-
fected with 80-100 nmol/L siRNA using Lipofectamine
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3000 according to the manufacturer’s instructions,
and cells were collected for protein extraction at 48 h
after transfection. siRNA were synthesized and pur-
chased from Sangon Biotech Co., Ltd (Shanghai, China).
The sequences of siRNA oligonucleotides were as fol-
lows: control siRNA, 5’-uucuccgaacgugucacgu; PINK1
siRNA, 5’-ccaggctgggecgeaggaccg; PRKN  siRNA,
5’-ggatcagcagagcattgttca.

2.15 ROS measurement

ROS detection was accomplished following the proce-
dures of Chang et al. (Chang et al. 2019). Briefly, kid-
neys were harvested and immediately frozen, sectioned
at 10-pm thickness. According to the ROS Fluores-
cein Assay Kit (GMS10016.6, Genmed Scientifics, Inc)
instructions, the sections were incubated with stains for
20 min at 37°C, then washed with cleaning liquid, incu-
bated with DAPI and observed under a confocal system
and a digital camera. The number of ROS-positive cells
were calculated by the Image] software (10 random fields
per section, X 400).

2.16 Statistics analysis

Data were presented as the mean + standard error of the
mean (SEM) and analysed by GraphPad Prism version 6.0
(GraphPad Software, San Diego, CA, USA). Continuous
variables were analysed by analysis of variance or ¢-test,
and nonparametric test was used if the data did not
assume Gaussian distribution. One-way analysis of vari-
ance was performed to compare differences when more
than two groups. P<0.05 was considered statistically sig-
nificant, and two-tailed P-value was used in analyses.

3 Results
3.1 Nitrate suppresses cisplatin-induced renal cell
apoptosis in vitro

To assess the role of nitrate (NaNO,) in cisplatin-
treated renal cells, cisplatin-treated HK2 or NRK52E
cells were incubated with or without nitrate. Firstly,
the result of CCK8 assay indicated that HK2 cell via-
bility was descended in a concentration- and time-
dependent manner after cisplatin treatment (Fig. 1A).
Secondly, we explored the optimal acting concentra-
tion of nitrate with sodium chloride as an osmotic
control and found a significant decrease in cell viabil-
ity at 50 mmol/L (Fig. 1B). Therefore, we chose cispl-
atin for 20 pmol/L, nitrate for 20 mmol/L and action
for 48 h as the conditions for the subsequent cell
experiments. Subsequently, the cisplatin-treated HK2
cell viability was increased to 0.69+0.04-fold from
0.52 £ 0.05-fold after nitrate incubation (Fig. 1C). Simi-
lar results were obtained in NRK52E cell and the cis-
platin-treated NRK52E cell viability was ascended to
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Fig. 1 Inorganic nitrate (NaNO3) inhibits cisplatin-induced injury in vitro. Nacl was used as osmotic control of NaNOs. A HK2 cells were exposed

to cisplatin (0, 5, 10, 20 umol/L) for 24, 48 or 72 h, and the cell viability was

determined by CCK8. B HK2 cells were incubated with NaNO; or Nacl

(0, 1,10, 20, 50, 100 mmol/L) for 48 h, and the cell viability was determined. C, D HK2 or NRK52E cells were treated with cisplatin (20 umol/L)
and were incubated with NaNO5 (20 mmol/L) for 48 h, and the cell viability was determined. E, F The effects of NaNO; on cisplatin-induced
apoptosis in HK2 or NRK52E cells were determined by flow cytometry assay. G-1 Whole HK2 cell lysates were collected for immunoblot analysis

of Bax, Bcl-2 and B-actin (loading control). (G) Representative blots. Three i

ndependent experiments to quantify Bax (H) and Bcl-2 (). Data are shown

as the means +SEM and analyzed by one-way ANOVA with Tukey’s test. " P<0.05, " P<0.01,™ P<0.001 vs. Ctrl;  P<0.05, " P<0.01, ¥ P<0.007 vs.
Cisp; NS, no significance (Ctrl, control; NaNO;, Nitrate; Cisp, cisplatin; Cisp+NaNO;, cisplatin + Nitrate)

0.73+0.07-fold from 0.46 + 0.06-fold under the action
of nitrate (Fig. 1D). Moreover, the number of apop-
totic cells caused by cisplatin was notably decreased
after nitrate treatment (Fig. 1E and F). Consistent with

attenuating cell apoptosis, the elevated expression
of Bax and decreased expression of Bcl-2 induced by
cisplatin treatment were reduced and increased after
nitrate incubation, respectively (Fig. 1G-I). These data
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indicate that nitrate inhibit cisplatin-induced renal cell
apoptosis in vitro.

3.2 Oral administration of inorganic nitrate attenuates
cisplatin-induced AKI

Considering the prospect of nitrate application in clin-
ical practice in the future, we constructed cisplatin-
induced AKI mice model to further explore whether
oral administration of nitrate could attenuate cispl-
atin-induced renal injury in vivo. Male C57BL/6N mice
orally administered nitrate drinking water (2 mmol/L)
one week before intraperitoneally injected with cis-
platin (20 mg/kg) and sacrificed after 72 h for related
testing (Fig. 2A). As expected, the weight loss of cis-
platin-induced AKI mice was remarkable increased
compared with the controls. Importantly, nitrate pre-
treatment tended to attenuate this cisplatin-induced
severe undesirable toxic effects (Fig. 2B). To further
validate the protective role of nitrate on cisplatin-
induced kidney injury, we measured mice renal func-
tion with BUN and Crea. The results indicated that
cisplatin treatment caused a significant increase of
BUN and Crea compare to controls, and these were
prevented by nitrate pre-treatment. Baseline BUN and
Crea were similar between controls and nitrate-treated
mice (Fig. 2C and D). In addition, severe histological
changes of renal injury were observed in the kidney of
cisplatin-induced AKI model mice, including cast for-
mation, brush border loss, vacuolisation and loss of
tubular epithelial cells, whereas this renal structural
damage was improved by dietary nitrate supplementa-
tion (Fig. 2E and F).

To confirm the nephroprotective effect of inorganic
nitrate in cisplatin-induced AKI mice, we further meas-
ured the level of kidney injury marker-1 (KIM-1). Immu-
nohistochemical results showed that cisplatin treatment
caused a significant increase of KIM-1 levels compare
to controls, and this was prevented by inorganic nitrate
pre-treatment (Fig. 2G and H). The same results were
obtained by western blot for detecting KIM-1 (Figure

(See figure on next page.)
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S1). Subsequently, we tested the effect of oral nitrate on
apoptosis related proteins in vivo models. In line with
the results of in vitro studies, western blot assay indi-
cated that oral administration of nitrate reduced the level
of pro-apoptotic Bax and cleaved caspase 3 in cisplatin-
induced AKI mice (Fig. 2I-L), which was consistent with
the results of immunofluorescence staining of TUNEL
(Fig. 2M and N).

3.3 Dietary nitrate improves DNA damage and inhibits
ROS release induced by cisplatin

DNA damage and ROS production are considered to
critically contribute to kidney injury (Tejchman et al.
2021). Firstly, we compared the levels of phosphoryl-
ated histone H2AX (p-H2AX), a marker of early-stage
DNA damage, at different cisplatin treatment time
points between the groups. After 2 or 4 h of cispl-
atin treatment, the levels of p-H2AX in the kidney of
mice significantly increased compared to the controls,
while in cisplatin-induced AKI group given nitrate, it
decreased remarkably (Fig. 3A and B). Similar results
were obtained in western bolt experiment (Figure S2A
and B). However, the level of p-H2AX tended to be
reduced in nitrate-treated AKI model mice compared
to the AKI group at 6 h of cisplatin treatment, but the
differences between the two groups were not statisti-
cally significant.

Next, we detected the ROS changes in the kidney fol-
lowing cisplatin or/and nitrate treatment. The results
displayed that the number of ROS-positive cells were
significant ascended at 2, 4, 6 and 72 h after cispl-
atin treatment compare to controls. As expected,
the productions of ROS were reduced in the nitrate-
treated AKI model mice at 2, 4 and 72 h compare to
cisplatin-treated mice, although the decrease of ROS is
not statistically significant at 6 h (Fig. 3C and D). In
addition, the activities of superoxide dismutase (SOD)
and catalase (CAT) and together with the contents of
glutathione (GSH) and malondialdehyde (MDA) in the
kidney tissues were measured to assess the antioxidant

Fig. 2 Oral administration of inorganic nitrate protects the kidney against cisplatin-induced AKI. A Schematic of the experimental design for nitrate
administration of cisplatin-induced AKI mice model. B Body weight changes of mice at the end of the experiment. C, D Serum BUN and Crea levels
were quantified in each group (5 mice in each group). E Representative histological changes in hematoxylin—eosin (H&E) and periodic acid-schiff
(PAS) stained of mice kidney sections at 72 h after cisplatin injection. The yellow arrow indicates normal appearance of tubules; the black arrow
indicates cytoplasmic vacuolization and desquamation of tubular epithelium. Scale bars: 50 um. F Tubular damage score. G Representative images
of KIM-1 IHC staining in kidney sections. Scale bars: 50 um. H Percentage of KIM-1 staining positive cells. I-L The protein levels of Bax, Caspase 3

and Cleaved Caspase 3 in renal cortical tissues of mice were evaluated by western blotting. Representative images (I) of western blotting and three
independent experiments to quantify Bax (J), Caspase 3 (K) and Cleaved Caspase 3 (L). M Representative micrographs showing TUNEL staining.

N The quantitative analyses of apoptotic cell. Data are shown as the means + SEM and analyzed by one-way ANOVA with Tukey's test. " P<0.05, "
P<0.01,” P<0.001 vs. Ctrl;* P<0.05,# P<0.01, ¥ P<0.001 vs. Cisp; NS, no significance (Ctrl, control; NaNO, Nitrate; Cisp, cisplatin; Cisp+NaNO;,

cisplatin + Nitrate)
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Fig. 3 Dietary nitrate inhibits DNA damage and ROS release induced by cisplatin. A Representative images of p-H2AX immunofluorescence
staining of kidney tissue from the mice. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI). Bar: 50 um. B The quantitative analyses

of p-H2AX staining positive cells. (C) Representative images of ROS immunofluorescence staining of kidney tissue from the mice. Nuclei were
stained with DAPI. Bar: 50 um. D The quantitative analyses of ROS staining positive cells. E-H The activities of superoxide dismutase (SOD)

and catalase (CAT) and together with the contents of glutathione (GSH) and malondialdehyde (MDA) were measured in the mice kidney tissues
of each group (5 mice in each group). Data are shown as the means = SEM and analyzed by one-way ANOVA with Tukey's test. " P<0.05, P<0.01,
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the levels of CAT, SOD and GSH, and decreased the
MDA level compare to cisplatin-treated mice (Fig. 3E-
H). These data prove that nitrate has a potential
protective effect against cisplatin-induced AKI by
improving oxidative stress.

3.4 Dietary nitrate induces autophagy in cisplatin-induced
injury
To explore the molecular mechanisms by which nitrate
attenuated cisplatin-induced kidney injury, and consid-
ering the importance of autophagy in tubular injury and
renal function, we investigated the effect of nitrate on
autophagy in cisplatin-treated HK2 cell. Consistent with
previous studies, our western blot results showed a dra-
matic increase in LC3B-II and a significant reduction in
p62, two biochemical markers of autophagy activation,
in HK2 cells treated with cisplatin (Figure S3A-C, 1 vs
2 lane). These data indicated that autophagic flux were
induced by cisplatin in HK2 cells. Interestingly, subse-
quent analysis showed that the level of LC3 II was further
ascended and the level of p62 was decreased in cispl-
atin4+NaNO; group compare to cisplatin-treated group
(Figure S3A-C, 2 vs 4 lane). Furthermore, we determined
whether autophagy was activated in cisplatin-induced
AKI mice model. Renal cortical tissues were harvested
for immunoblot assay and the result showed that cispl-
atin induced significant increases in LC3B-II and reduc-
tion in p62 (Fig. 4A-C, 1 vs 2 lane). Expectedly, we
observed higher LC3B-II and lower p62 level in the cispl-
atin+NaNO; group compared with the cisplatin-induced
AKI group (Fig. 4A-C, 2 vs 4 lane). Furthermore, HK2
cells were transfected with a mCherryGFP-LC3 fusion
construct tool to determine autophagy flux by estimat-
ing the relative numbers of autophagosomes and autol-
ysosomes, as indicated by yellow and red fluorescence
due to the expression of mCherry and GFP. The results
showed that cisplatin caused an increase in autophagic
flux as indicated by the ratio of mCherry to GFP compare
to control group. In cisplatin+NaNO, group, the fur-
ther elevated ratio of mCherry to GFP suggesting a more
active autophagy (Fig. 4D-E). We also monitored changes
in autophagy using transmission electron microscope

(See figure on next page.)
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(TME) analysis. As shown in Fig. 4F, electron microscope
data indicated that more autolysosomes were observed in
cisplatin + NaNOj treated HK2 cells, suggesting NaNOj
promoted autophagy flux of HK2 cell incubated with
cisplatin.

To confirm the protective role of autophagy on cis-
platin-treated cell damage, an autophagy inhibitor
(Hydroxychloroquine, HCQ) or activator (Rapamycin;
Rapa) was added to the HK2 cells. The result showed that
cell viability was decreased in the cisplatin + HCQ group
(Figure S3D), while increased in the cisplatin+ Rapa
group (Figure S3E). These data confirm that autophagy
plays a protective effect on cisplatin-induced cell damage.

3.5 Nitrate induced PINK1 and PRKN/PARK2-mediated
mitophagy in HK-2 cells

Given the critical role of mitophagy on mitochondrial
maintenance, we explored the effect of nitrate on cis-
platin-induced mitophagy. The result of western blot
showed that the change of autophagy activation in HK2
cells during nitrate treatment was closed related to a
marked decrease in the mitochondrial inner membrane
protein TIMM23 and TOMM20 (Fig. 5A-C), suggesting
activation of mitophagy or mitochondrial clearance. To
further confirm mitophagy induction, we tested the colo-
calization of mitochondria and autophagosomes, as indi-
cated by staining of autophagosome marker LC3B and
mitochondrial marker MitoTracker. The result of confocal
microscopy displayed a significant colocalization of LC3B
and MitoTracker in cisplatin4+NaNO; treated HK2 cells,
indicating the formation of mitophagosomes induced by
NaNO;. Next, we observed mitochondria morphology
in the cortices of the mouse kidneys using transmission
electron microscopy. Compared with the normal control
group, more swollen and round mitochondria could be
observed in the renal tubular cells of AKI model group
mice. Subsequently, quantitative morphometric analysis
revealed a decrease in the aspect ratio of mitochondria
(the long axis of mitochondria/short axis of mitochon-
dria), which is indicative of mitochondrial fragmentation.
However, these phenomena were significantly alleviated
after NaNO; administration (Fig. 5F-G). Together, these

Fig. 4 Dietary nitrate promotes autophagy in cisplatin-induced injury. A-C The protein levels of LC3B Il and p62 in renal cortical tissues of mice
were evaluated by western blotting. A Representative blots. Quantification of LC3BII/ LC3BI (B) and p62 (C), (3 mice in each group). D, E HK2 cells
were transfected with a mCherry-GFP-LC3B construct and were cultured with cisplatin and/or NaNOj for 48 h. Autophagic flux was measured

by counting the yellow autophagosomes fluorescence dots and red autolysosomes fluorescence dots under a confocal microscope. The
representative images (D) and statistical data were shown (E). DAPI was used for nuclear staining. Scale bar: 10 um. F, G Transmission electron
microscopy observation of autophagic ultra-structure in HK2 cells treated with cisplatin and/or NaNO; for 48 h, white rectangles are magnified

in the right panels. The representative images (F) and statistical data were shown (G). N, nuclei. Red arrows indicate autophagosomes; White arrows
for autolysomes; Scale bar: 5 um. Data are presented as mean = SEM and analyzed by one-way ANOVA with Tukey’s test. " <005, P<0.01, "
P<0.001 vs. Ctrl; * P<0.05, " P<0.01, ** P<0.001 vs. Cisp (Ctrl, control; NaNO,, Nitrate; Cisp, cisplatin; Cisp + NaNO,, cisplatin + Nitrate)
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results demonstrate that nitrate is able to further activate
mitophagy in cisplatin-induced AKI models.

Next, to further dissect the molecular mechanism
underlying nitrate-induced mitophagy in HK2 cells, we
detected the effect of nitrate on PINK1-PRKN/PARK2
pathway closely associated with mitophagy. In response
to cisplatin + NaNOj treatment, HK-2 cells showed nota-
ble elevation in PINK1 and PRKN/PARK?2 levels com-
pare to cisplatin treatment (Fig. 6A-C). Consistent with
the change in HK2 cells, the protein levels of PINK1
and PRKN/PARK2 in kidney tissue from the mice were
increased in cisplatin+NaNQO; group compared with
the cisplatin group (Fig. 6D-F). To further clarify the role
of PINK1-PRKN/PARK2 on mitophagy in HK2 cell, we
knocked down their expression with specific siRNAs.
Western blot assay showed that compared with con-
trol siRNA transfected cells, the cells with either PINK1
or PRKN siRNA showed higher mitochondrial protein
TIMM23 and TOMM?20 subjected to cisplatin +NaNO,
(Fig. 6G-I). Collectively, these data demonstrated that the
PINK1-PRKN/PARK2 pathway is critically to tubular cell
mitophagy in response to nitrate treatment under the cis-
platin stress.

4 Discussion

Previous reports have shown that dietary nitrate play a
renoprotective role in rat model of renal disease induced
by high-salt diet and renal ischemia—reperfusion injury
(Carlstrom et al. 2011; Yang et al. 2017). Therefore, we
hypothesized that dietary nitrate might have potential
as an effective drug to cure cisplatin-induced AKI. In the
present study we demonstrated that dietary nitrate nota-
bly reduced the tubular and glomerular injuries as well
as the loss of renal function following cisplatin-induced
AKI. p-H2AX is an early marker of DNA double-strand
breaks, which reaches its peak at 3 h after DNA damage.
Our results showed that p-H2AX reached the peak after
4 h of cisplatin treatment and decreased at 6 h. Nitrate
reduced the p-H2AX levels induced by cisplatin damage
at 2 and 4 h, but this reduction was not observed at 6 h,
which may be related to the rapid decrease of p-H2AX
within 6 h. In addition, our data showed that at the
time point of 6 h, nitrate reduced the ROS production

(See figure on next page.)
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caused by cisplatin, although the difference between the
two groups did not reach statistical significance. These
protective effects are closely related to down-regulated
apoptosis and reduced generation of ROS. This is the first
description of the salutary effects of inorganic nitrate in
protecting the kidney from cisplatin-induced AKI.

Autophagy is a cytoprotective mechanism to boost
cellular adaptation by eliminating and recycling of dam-
aged organelles and macromolecules under numerous
stresses. Growing studies show that autophagy induc-
tion has been proved in various AKI experimental mod-
els (Kaushal and Shah 2016; Havasi and Dong 2016). The
activation of autophagy alleviates renal injury, whereas
inhibition of autophagy shown adverse effect, suggest-
ing the renal protective role of autophagy in AKI disease
(Jiang et al. 2010; Yang et al. 2008; Periyasamy-Thanda-
van et al. 2008). In line with these studies, our research
shown autophagy induction in renal tubular cells dur-
ing cisplatin-induced AKI using both in vitro and in vivo
experimental models. Importantly, the data of this study
indicate that inorganic nitrate is an autophagic inducer
in cisplatin-treated cells and AKI mice models, as shown
by western blot, immunofluorescence staining and trans-
mission electron microscopy. However, the mechanism
of autophagy protecting renal tubule cells in AKI is
not clarified. So far, there are two schools of thought to
explicate the cytoprotective effects of autophagy. First,
the activation of autophagy may release anti-apoptotic
protein BCL2 from BECNI to protect cells from death
(Kang et al. 2011). Second, autophagy is a known process
for clearing dysfunctional organelles that are potentially
cytotoxic (Mizushima and Komatsu 2011). Our results
support that inorganic nitrate function as a renoprotec-
tive role through the second possibility.

Mitochondria are known as the main intracellu-
lar organelles for ROS production and mitochondria
ROS (mtROS) can initiate oxidative stress and apopto-
sis, which eventually leading to kidney damage (Ishi-
moto and Inagi 2016; Yang et al. 2014). Timely clearing
of impaired mitochondria can reduce ROS production
and have a protective effect on cisplatin-induced AKI.
Mitophagy is a form of selective autophagy where tag-
ging damaged mitochondria for autophagic identification

Fig. 5 Dietary nitrate induced mitophagy cisplatin-induced injury. A-C The protein levels of TOMM20 and TIMM23 in HK2 cells were evaluated

by western blotting. A Representative blots. Three independent experiments to quantify TOMM20 (B) and TIMM23 (C). D, E Representative images
and quantification of immunofluorescence double-labelling LC3B and mitochondrial marker (MitoTracker), DAPI was used for nuclear staining. Scale
bar: 10 um. F Representative TEM micrographs of mouse renal tubular epithelial cell mitochondria from each group, white rectangles are magnified
in the right panels. Scale bar: 1 um. G The aspect ratio (major axis/minor axis) of mitochondria were evaluated via ImageJ (n=10 mitochondria).

Data are presented as mean +SEM and analyzed by one-way ANOVA with Tukey’s test.” P<0.05, " P<0.01,

e

P<0.001 vs. Ctrl; ¥ P<0.05, # P<0.01,

% p <0001 vs. Cisp (Ctrl, control; NaNO,, Nitrate; Cisp, cisplatin; Cisp+NaNO,, cisplatin +Nitrate)
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Fig. 6 Dietary nitrate induced mitophagy dependent on PINKT and PRKN/PARK2 pathway in cisplatin-induced injury. The protein levels of PRKN
and PINKT1 in HK2 cells were evaluated by western blotting. A Representative blots. Three independent experiments to quantify PINK1 (B)

and PRKN (C). D-F The protein levels of PRKN and PINKT in renal cortical tissues of mice were evaluated by western blotting. D Representative
blots. Quantification of PINK1 (E) and PRKN (F), (3 mice in each group). G-I Silencing of PINK1or PRKN restores TIMM23 and TOMM20 levels in HK-2
following cisplatin treatment. HK-2 cells were transfected with PINK1 siRNA, PRKN siRNA or control siRNA. At 48 h after transfection, the cells were
subjected to 48 h of cisplatin, and whole cell lysates were collected for immunoblot analysis of TIMM23, TOMM20 and 3-actin (loading control). G
Representative blots. Three independent experiments to quantify TOMM20 (H) and TIMM23 (1). Data are shown as the means + SEM and analyzed

by one-way ANOVA with Tukey’s test. <005, P<0.01, P<0.001 vs. Ctrl; ¥ P<0.05, ¥ P<0.01, " P<0.001 vs. Cisp; NS, no significance (Ctrl,

control; NaNO;, Nitrate; Cisp, cisplatin; Cisp+NaNO;, cisplatin + Nitrate)

and degradation. In renal pathophysiology, the mecha-
nism of mitophagy is not clarified. Variation in PINK1
and PRKN/PARK2 expression was observed in tubular
cells in diabetic nephropathy experimental models (Zhan
et al. 2015). Dong et al. recently reported that silencing

of PINK1 or PRKN/PARK2 reduced mitophagosome
formation and restored mitochondrial protein TIMM23
during ATP depletion-repletion in HK2 cells, a com-
monly used in vitro model of renal ischemia—reperfusion
(Tang et al. 2018). In vivo, deficiency of Pinkl and Park2
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caused the decrease of ubiquitination in mitochondrial
proteins and the accumulation of damaged mitochon-
dria in renal tubule cells during renal ischemia—reperfu-
sion (Tang et al. 2018). In present study, we founded the
decrease of mitochondrial membrane protein (TIMM?23,
TOMM20) and the increase of PINK1 and PRKN/PARK2
protein in tubular cells in both in vitro and in vivo mod-
els of cisplatin-induced AKI. This observation is not sur-
prising, because, these data suggest that PINK1-PRKN/
PARK2 pathway of mitophagy is activated to protect
against renal injury induced by cisplatin. Of note, our
results showed that after inorganic nitrate treatment,
the protein levels of PINK1 and PRKN/PARK?2 in cispl-
atin-treated cells were further elevated, while the levels
of TIMM23 and TOMM?20 were decreased. Moreover,
PINK or PRKN/PARK2 knockdown attenuated the pro-
motion of inorganic nitrate on mitophagy identified by
TIMM23 and TOMM?20. Together, these results demon-
strate that timely removal of impaired mitochondria via
mitophagy is a pivotal mechanism of the renoprotective
effect supplied by inorganic nitrate in cisplatin-induced
AKI models.

In summary, this study has demonstrated that inor-
ganic nitrate plays a key protective role in kidney dam-
age induced by cisplatin in both in vitro and in vivo AKI
models. Mechanistically, inorganic nitrate promotes the
activation of mitophagy and reduces the level of oxidative
stress markers. Mitophagy induced by inorganic nitrate is
mainly mediated by the PINK1-PRKN/PARK2 pathway
that plays a crucial role in maintaining mitochondrial
quality and helping renal tubular cells to survive under
cisplatin stress by clearing damaged mitochondria. It is
suggested that promoting mitophagy may provide a novel
therapeutic strategy for cisplatin-induced AKI. Future
clinical study shall illuminate if inorganic nitrate can offer
protective effects in patients with renal injury caused by
cisplatin treatment.
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p-H2AX  Phosphorylated-H2A X variant histone
Rapa Rapamycin

ROS Reactive oxygen species

SOD Superoxide dismutase

Page 14 of 15

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1007/544194-023-00024-3.

Additional file 1: Supplementary Figure 1. Oral administration of inor-
ganic nitrate protects the kidney against cisplatin-induced AKI mice. The
protein levels of KIM and B-actin (loading control) in renal cortical tissues
of mice were evaluated by western blotting. Supplementary Figure 2.
Dietary nitrate inhibits DNA damage. (A) The protein levels of p-H2AX and
{3-actin (loading control) in renal cortical tissues of mice at different time
points were evaluated by western blotting. (B) Quantification of p-H2AX (3
mice in each group). Supplementary Figure 3. Dietary nitrate promotes
autophagy in cisplatin-induced injury and autophagy plays a protective
effect on cisplatin-induced cell damage. (A-C) Whole HK2 cell lysates were
collected for immunoblot analysis of LC3 II, p62 and B-actin (loading con-
trol). (A) Representative blots. Three independent experiments to quantify
LC3 1I/LC31(B) and p62 (Q). (D, E) HK2 cells were treated with cisplatin

in the presence or absence of hydroxychloroquine (HCQ, 25 pmol/L) or
Rapamycin (Rapa, 50 nmol/L), and cell viability was determined by CCK8.
Data are shown as the means + SEM and analyzed by one-way ANOVA
with Tukey's test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Ctrl; # P < 0.05, ##
P < 0.01, ### P < 0.001 vs. Cisp; (Ctrl, control; NaNO, Nitrate; Cisp, cisplatin;
Cisp + NaNO;, cisplatin + Nitrate).

Additional file 2: Supplementary Table 1. The antibodies for western
blotting, IF and IHC.
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