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to decrease mitochondrial ROS and apoptosis in contrast-induced
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Abstract

Contrast-induced acute kidney injury (CI-AKI) is one of the main causes of hospital-acquired renal failure, and still lacks
of effective treatments. Previously, we demonstrated that aKlotho, which is an anti-aging protein that highly expresses in
the kidney, has therapeutic activity in CI-AKI through promoting autophagy. However, the specific mechanism underlying
aKlotho-mediated autophagy remains unclear. The RNA sequencing analysis of renal cortex revealed that the differentially
expressed genes related to autophagy between aKlotho-treated CI-AKI mice and vehicle-treated CI-AKI mice were found
to be associated with mitophagy and apoptosis. In the kidney of CI-AKI mice and HK-2 cells exposed to Iohexol, we
revealed that aKlotho promoted mitophagy and decreased cell apoptosis. Mechanistically, aKlotho attenuated mitochon-
dria damage, decreased mitochondrial ROS by upregulating BNIP3-mediated mitophagy. BNIP3 deletion abolished the
beneficial effects of aKlotho both in vivo and in vitro. Moreover, we further demonstrated that aKlotho upregulated FoxO3
nuclear expression in Iohexol-treated HK-2 cells. Knockdown of FOXO3 gene inhibited aKlotho-promoted BNIP3-medi-
ated mitophagy and subsequently increased the oxidative injury and cell apoptosis. Taken together, our results indicated a
critical role of aKlotho in alleviating CI-AKI via mitophagy promotion involving the FoxO3-BNIP3 pathway.
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Introduction

Contrast-induced acute kidney injury (CI-AKI) is an iat-
rogenic renal dysfunction occurred after intravascular
administration of contrast media (CM) for diagnostic or
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interventional procedures [1]. Researches have confirmed
that CI-AKI is associated with short- and long-term adverse
clinical outcomes including longer hospitalization, in-hospi-
tal morbidity, cardiovascular events, progression to chronic
kidney disease (CKD) and increased mortality [2—4]. While
there had been incremental advance in our understanding
of pathogenesis of CI-AKI, treatment options remain rare.
Interventions such as intravascular volume expansion,
sodium bicarbonate and acetylcysteine, are often mentioned
to prevent the adverse consequences of CI-AKI, but no
benefits have been found in recent large-scale randomized
controlled trials [5-7], which emphasize the need to further
understand the pathogenesis of CI-AKI and develop new
treatment and preventive measures.

Although the pathophysiological mechanisms of CI-
AKI have not been fully clarified, reactive oxygen spe-
cies (ROS) are proposed to play a major role in CI-AKI
[8]. During the process of CI-AKI, administration of CM
can result in excessive production of ROS or reducing the

@ Springer


http://orcid.org/0000-0002-7475-0723
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-024-05473-z&domain=pdf&date_stamp=2024-11-14

454 Page 2 of 16

X. Zhu et al.

activity of antioxidant enzymes, increasing oxidative stress
and impairing renal function. Moreover, medullary hypoxia
leads to enhanced ROS generation, mitochondrial oxida-
tive stress and mitochondrial dysfunction [9]. Overall, it
can be seen that mitochondrial function and oxidative stress
play important roles in the pathophysiology of CI-AKI.
Therefore, strategies to reduce oxidative stress and protect
mitochondrial function are potential targets for CI-AKI
prevention and treatment. Mitophagy, which contributes to
preserve mitochondrial homeostasis by clearing damaged
mitochondria and excessive ROS, is a critical component
of mitochondrial quality control mechanisms [10]. A grow-
ing number of studies have revealed that mitophagy protects
against AKI [11]. In our previous study, we found that both
PRKN-dependent and BNIP3-dependent mitophagy pro-
tected against CM-induced AKI through preventing apop-
tosis and reducing mitochondrial ROS [12, 13], indicating
that upregulation of mitophagy may be the potential thera-
peutic target for the prevention and treatment of CI-AKI.

aKlotho is an antiaging protein that is predominantly
expressed in tubular epithelial cells of kidney, and has been
reported to have pleiotropic properties, such as anti-inflam-
mation, antioxidant, anti-apoptosis and modulating autoph-
agy [14, 15]. Over the past decade, multiple studies have
found that aKlotho may have preventive and therapeutic
effects in AKI induced by ischemia-reperfusion [16], LPS
[17], cisplatin [18] and folic acid. Recently, we reported that
aKlotho also has therapeutic activity in CI-AKI through
limiting NLRP3 inflammasome-mediated pyroptosis,
decreasing ROS and promoting autophagy [19]. However,
the role of aKlotho in mediating mitophagy and the underly-
ing mechanism remain unknown. FoxO3 is a stress-respon-
sive transcription factor and has been shown to modulate
stress response, energy metabolism, apoptosis, autophagy
and cell differentiation [20]. During renal hypoxia, tubular
deletion of FoxO3 leads to decreased BNIP3 protein levels,
autophagic response and increased mitochondrial dysfunc-
tion and oxidative damage [21]. Moreover, Yamamoto et al.
[22] reported that aKlotho inhibits FoxO3 phosphorylation
and promotes its nuclear translocation, which subsequently
binds to MnSOD promoter and promotes MnSOD expres-
sion, thereby inhibiting ROS formation and alleviating oxi-
dative stress response. Meanwhile, aKlotho had been found
to protect the renal oxidative stress injury induced by tacro-
limus by enhancing FoxO3 mediated MnSOD expression
[23]. Hence, we put forward a hypothesis that aKlotho may
alleviate oxidative stress injury, reduce apoptosis and allevi-
ate CI-AKI by regulating mitophagy mediated by FoxO3/
BNIP3 pathway.
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Materials and methods
Antibodies and reagents

The antibodies used in the study were from the follow-
ing sources. Anti-LC3B (L7543) from Sigma-Aldrich,
anti-cleaved Caspase-3 (9664), anti-FoxO3 (2497), anti-
LaminB1 (13435), and anti-GAPDH (2118) were from
Cell Signaling Technology; Anti-VDAC/voltage dependent
anion channel (ab14734) was from Abcam. Anti-BNIP3 (sc-
56167) was from Santa Cruz Biotechnology. Anti-MnSOD
(24127-1-AP), anti-Bcl-2 (12789-1-AP), anti-Bax (50599-
2-Ig) and anti-ACTB (60008-1-Ig) were from Proteintech;
Anti-TUBA (AF0001) was from Beyotime. Reagents in
the present study were from the following source. Iohexol
was from GE healthcare; Recombined aKlotho protein was
from R&D systems. Secondary antibodies for immunoblot
analysis were from Beyotime. Fluorescence secondary anti-
bodies were from Abcam, including Donkey Anti-Mouse
IgG (Alexa Fluor® 488, ab150105; Alexa Fluor® 555,
ab150110), and Donkey Anti-Rabbit IgG (Alexa Fluor®
488, ab150073). Hoechst (HY-15631) was from MedChe-
mExpress. TUNEL assay kit (C1088) and mitochondrial
extraction from kidney tissue kit (C3606) were from Beyo-
time. Mitochondrial extraction from cells kit (89784) was
from ThermoFisher scientific. Mitophagy detection kit
(MDO1) was from Dojindo. MitoSOX™ Red mitochondrial
superoxide indicator(M36008) was from ThermoFisher
scientific.

Animal models

Male C57BL/6 mice (6-8 weeks old) were purchased
from the Chinese Academy of Science (Shanghai, China).
Bnip3~~ mice on C57BL/6 background were constructed
at Shanghai Model Organisms Center, Inc. as previously
describe [13]. All mice were housed in specific pathogen-
free conditions. The CI-AKI mice models were constructed
as described in our previously study by tail vein injection
of Iohexol (10 mL/kg bodyweight), which is a widely used
non-ionic contrast agent with low-osmolality in clinical
practice [12, 13, 19]. After 30 min of Iohexol injection, the
model mice received one bonus intraperitoneally injection
of recombined mouse aKlotho protein (0.01 mg/kg body-
weight), while control mice injected with the same dose
of saline at the same time. All mice were sacrificed at 24 h
after oKlotho or saline administration. All animal experi-
ments were approved by the Animal Care Committee at the
Ren Ji Hospital, Shanghai Jiao Tong University School of
Medicine, and performed according to the Animal Protocol
Committee of Shanghai Jiao Tong University.
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Cell culture, treatment and transfection

Human renal proximal tubular cells (HK-2 cells) were
obtained from American Type Culture Collection (ATCC).
HK-2 cells were cultured in DMEM/F12 medium supple-
mented with 10% fetal bovine serum (ThermoFisher Scien-
tific) at 37°C. HK-2 cells were treated with aKlotho (400pm)
for 2 h before exposure to CM (20mgl/ml). BNIP3 siRNA,
FOXO3 siRNA, scrambled siRNA and BNIP3 plasmid
were transfected into HK-2 cells using Lipofectamine 3000
transfection reagent (ThermoFisher, Scientific, L3000-015)
according to the manufacturer's instructions.

Measurement of cell viability

HK-2 cells were cultured in 96-well culture plates and incu-
bated with different stimulus. To detect cell viability, cells
were treated with 10ul CCK-8 reagent at 37 © C for 2 h.
Absorbance was detected at 450 nm.

Analysis of renal function and morphological
evaluation

Serum creatinine levels were detected by the automatic
analyzer (Roche Diagnostics GmbH, Mannheim). For
histological analysis, kidney tissues were fixed with 4%
paraformaldehyde and embedded in paraffin. Then kidney
sections were stained with hematoxylin and eosin (H&E)
for evaluation of tubular injury. The tubule injury score
was quantified by the percentage of damaged tubules: 0, no
injury; 1, <25%; 2, 25-49%; 3, 50-74%; 4, > 75%.

RNA sequencing

Total RNA was extracted using the mRNA Isolation kit
(ThermoFisher) from the renal cortex of CI-AKI mice
and oaKlotho-treated CI-AKI mice according to the
manufacturer's instructions. RNA quality was examined on
Agilent 2100 Bioanalyzer (Agilent Technologies). Accord-
ing to the manufacturer’s protocols, the libraries were
constructed by using TruSeq Stranded mRNA LT Sample
Prep kit (Illumina). RNA sequencing was implemented on
the Illumina platform (HiSeqTM 2500, Illumina, Shanghai
OE Biotech. Co., Ltd.). The differentially expressed genes
(DEGs) were identified by the following criteria: P<0.05
and fold changes < 0.5 or > 2.

Real-time polymerase chain reaction (RT-PCR)
Total RNA (1 pg) from each sample were transcribed with

using a Prime Script RT Reagent Kit with gDNA Eraser
PrimeScript RT Master Mix (Vanzyme Biotech, China)

to produce the cDNA sample. RT-PCR was performed by
using SYBR Premix Ex Taq II (Takara Bio) on a Light-
Cycler 480 system (Roche). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) housekeeping gene served as an
internal control to normalize the expression levels of the
samples. The primer sequences were described in Supple-
mentary Table S1.

Assessment of apoptosis

Kidney tubular cells and HK-2 cells apoptosis were evalu-
ated by terminal deoxynucleotidyl transferase (TdT) dUTP
nick-end labelling (TUNEL) staining according to the
manufacturer's instructions and the amount of TUNEL pos-
itive cells was evaluated.

Transmission electron microscopy

Transmission electron microscopy analysis was performed
as previously described [12, 19]. In brief, fresh kidney tis-
sues were cut into approximately 1mm? sections, immedi-
ately pre-fixed in 2% glutaraldehyde and then fixed in 1%
osmium tetroxide. The samples were then embedded in
epoxy resin and propylene oxide overnight and polymerized
after dehydrated by a series of grades of ethanol. After the
samples were cut into 70 nm thick sections and stained with
lead citrate, the sections were detected with H-7650 trans-
mission electron microscope (Hitachi H-7650).

Mitochondrial extraction from kidney tissue and
cells

Mitochondrial extraction from kidney tissues and HK-2
cells were isolated as described in our previous study [24].
Briefly, renal tissues were digested with trypsin, treated
with mitochondrial-isolation reagent and then homogenized
in dounce tissue grinders. After centrifuged the lysed tis-
sues at 600 g for 10 min, the supernatant was collected and
centrifuged at 1100 g for 10 min to get the pellets which
contain mitochondrial. For cells mitochondrial isolation,
harvested cells suspension was treated with mitochondrial
isolation reagent A and then homogenized in dounce tissue
grinders. After that, lysed cells were incubated with mito-
chondrial isolation reagent C and centrifuged at 700 g. Then
the supernatant was centrifuged at 12,000 g for 10 min. The
isolated mitochondrial was stored and used for subsequent
measures.

Immunoblot analysis

Kidney tissues and cells were lysed in RIPA buffer, and
the protein concentrations were measured by BCA protein
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assay kit (ThermoFisher). Equal amounts of each protein
sample were separated on SDS-polyacrylamide gels and
transferred to PVDF membranes. After blocking, mem-
branes were incubated with appropriate primary antibod-
ies (the anti-MnSOD antibody was diluted 1:2000, and the
other antibodies were diluted 1:1000) overnight at 4°C.
Then the membranes were incubated with HRP-conjugated
secondary antibodies diluted 1:3000 (Beyotime) for 1 h at
room temperature. Finally, the immunoreactive bands were
visualized with the chemiluminescence method. Quantifica-
tion of immunoblot analysis was performed with image J.

Immunofluorescence and immunohistochemical
staining

Immunofluorescence and immunohistochemical staining
were performed as described previously. For immunohis-
tochemical study, anti-BNIP3 (1:50) antibody and anti-
8OHDG (1:100) were incubated overnight at 4 °C. For
immunofluorescence staining, the slides were incubated
with primary antibodies to LC3B (1:100), FoxO3 (1:100) at
4 °C overnight. Images were visualized using light micros-
copy or fluorescence microscopy (ZEISS, Axio Vert Al).

Detection of mitophagy in HK-2 cells

Mitophagy in HK-2 cells were detected by the mitophagy
detection kit according to the manufacturer's protocols.
Briefly, cells were incubated with 100nmol/l Mtphagy Dye
for 30 min. After washing twice with Hank's solution, cells
were treated with different stimulus. Subsequently, cells
were incubated with 1umol/l Lyso Dye for 30 min. After
washing with Hank's solution twice, the cells were observed
using a fluorescence microscopy.

Measurement of mitochondrial ROS (mtROS) in HK-2
cells

MitoSOX red indicator was used to detect mtROS in HK-2
cells according to the manufacturer's instructions. Briefly,
HK-2 cells were incubated with MitoSOX (5 pM) and
Hoechst (5 pg/ml) at 37°C for 30 min, and then observed
the positive staining using a fluorescence microscope.

Statistics

Statistical analysis was performed using GraphPad Prism
6. Data were shown as the mean+standard error of the
mean. The comparisons between two groups were ana-
lyzed by two-tailed unpaired Student’s t-test, and the multi
group comparisons were analyzed by one-way ANOVA of
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Bonferroni posttest. A P value of less than 0.05 was consid-
ered statistically significant.

Results

aKlotho administration ameliorated CM-induced
renal injury and decreased tubular cells apoptosis

First, we explored the renal protective effect of aKlotho
in CI-AKI by treating the CI-AKI mice with recombinant
aKlotho protein. The results showed that one dose injec-
tion of aKlotho significantly ameliorated CM-induced renal
injury. H&E staining showed that tubular epithelial cells
dilatation and vacuolization were evident in the renal cor-
tex of vehicle-treated CI-AKI mice while aKlotho treatment
markedly reduced renal morphological injury and decreased
tubular injury score (Fig. 1A and B). Furthermore, the level
of serum creatinine significantly decreased after treating
with aKlotho in CI-AKI mice (Fig. 1C). It is well known
that CM-induced renal apoptosis plays a pathogenic role in
CI-AKI [1]. Therefore, we detected the anti-apoptosis role
of aKlotho in CI-AKI mice. Immunoblot analysis showed
that aKlotho treatment significantly increased the expres-
sion level of Bcl-2 (anti-apoptosis protein) and decreased
the expression level of Bax (pro-apoptosis protein) when
compared with vehicle-treated CI-AKI mice (Fig. 1D-
F). Furthermore, TUNEL staining in the kidney sections
revealed that CM-induced renal tubular apoptosis cells were
dramatically reduced by aKlotho treatment (Fig. 1G and
H). Therefore, administration of aKlotho attenuated CM-
induced renal damage and tubular cells apoptosis.

aKlotho enhanced renal mitophagy in CI-AKI mice

Next, we performed the analysis of RNA sequencing to
identify the DEGs between aKlotho-treated CI-AKI mice
and vehicle-treated CI-AKI mice. Based on the criteria of
fold changes<0.5 or >2, 647 upregulated genes and 472
downregulated genes were identified in the renal cortex
of aKlotho-treated CI-AKI mice comparing with vehicle-
treated CI-AKI mice (Fig. 2A). Analysis of the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) revealed that
DEGs related to autophagy were significantly enriched in
the pathways regulating mitophagy and apoptosis (Fig. 2B).
Our previous study had demonstrated that mitophagy
played a protective role in CI-AKI [12, 25]. Furthermore,
we also examined the protective role of mitophagy in vitro
by using Rapamycin (an autophagy activator) and UMI-
77 (a mitophagy activator) in the present study. Results
showed that pretreatment with Rapamycin or UMI-77
mitigated the Iohexol-induced decreased viability of HK-2
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Fig. 1 aKlotho administration ameliorated CM-induced renal injury
and decreased tubular cells apoptosis in CI-AKI mice. (A and B) Rep-
resentative histology images and pathological score of tubular injury
by HE staining. Bottom panels are enlarged images of the boxed areas
in the top panels. Scale bar, 50 pm. (C) Serum creatinine levels of

cells (Figure S1). Comprehensive above results indicated
that aKlotho possibly attenuated contrast-induced apopto-
sis by regulating mitophagy, which may be an important
but unexplored protective mechanism of oKlotho in CI-
AKI. As shown in Fig. 2C, aKlotho-treated CI-AKI mice
displayed renal mitophagy upregulation compared with
vehicle-treated CI-AKI mice, as evidenced by markedly
increased mitophagosome formation in renal tubular cells

different groups. (D, E and F) Immunoblot analysis of Bcl-2 and Bax
in kidneys. (G and H) Representative images and quantification of
TUNEL-positive cell by TUNEL staining in kidney tubules. Scale
bar, 50 pm. Data were expressed as mean+ SEM. n=4-5. *¥p<0.01;
**%p <0.001

examined by transmission electron microscopy. Likewise,
immunoblot analysis of mitochondrial fraction showed that
renal mitochondrial LC3BII expression increased markedly
in aKlotho-treated CI-AKI mice (Fig. 2D and E). Moreover,
immunofluorescence analysis revealed that the colocaliza-
tion of LC3B and VDAC, a mitochondrial outer membra-
nous protein, was enhanced in renal tubular epithelial cells
after oKlotho treatment (Fig. 2F and G). These results
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indicate that aKlotho participated in regulating mitophagy
in CI-AKI.

BNIP3 played a critical role in aKlotho-promoted
mitophagy in CI-AKI mice

It has been reported that there are two major mechanisms
for induction of mitophagy: PRKN-dependent pathway and
receptor BNIP3-mediated pathway. Here, we examined that
aKlotho treatment significantly increased renal expression
of BNIP3 while PINK1 expression was not significantly
changed in the kidney of aKlotho-treated CI-AKI mice
(Figure S2). RT-PCR analysis showed that aKlotho further
increased Bnip3 mRNA expression in the kidney of CI-AKI
mice (Fig. 3A). Immunoblot analysis of mitochondrial pro-
teins showed that aKlotho upregulated BNIP3 expression in
the mitochondrial fraction of CI-AKI mice (Fig. 3B and C).
To provide more evidence for the role of BNIP3 in aKlotho-
mediated mitophagy, we introduced Bnip3 knockout
(Bnip3”") mice into the present study. Immunohistochemical
staining showed that aKlotho further increased the expres-
sion of BNIP3 in renal tubules of WT mice (Fig. 3D and F).
However, BNIP3 deficiency abolished aKlotho-mediated
mitophagy upregulation with dramatically lower LC3BII
protein level and impaired mitophagosome formation visu-
alized by co-staining LC3B and VDAC in aKlotho-treated
CI-AKI mice (Fig. 3E and G-J). Taken together, these data
indicated that oKlotho-mediated mitophagy promotion
probably through upregulating BNIP3 in CI-AKI.

The protective effects of aKlotho against contrast
media were abrogated in BNIP3 deficiency mice

To further clarify the effect of BNIP3 in aKlotho-mediated
mitophagy in CI-AKI, we evaluated kidney damage and
assessed apoptosis of renal tubular epithelial cells in
Bnip3” mice. H&E staining showed that the renal cortex
of Bnip3”~ CI-AKI mice displayed severe tubular epithelial
cells dilatation, intraepithelial vacuolar degeneration and
higher renal tubular injury score compared with WT mice
after aKlotho treatment (Fig. 4A and B). Furthermore, com-
pared with WT mice, the serum creatinine level was sig-
nificantly increased in Bnip3”~ CI-AKI mice even though
they had been treated with aKlotho (Fig. 4C). Immunob-
lotting analysis revealed that BNIP3 deficiency reversed
aKlotho-induced increase in Bcl-2 expression and reduction
in Bax and cleaved caspase-3 levels (a key protease in the
initiation and execution process of apoptosis) (Fig. 4D-G).
TUNEL staining further confirmed that BNIP3 deficiency
abolished oKlotho-induced reduction of renal tubular cells
apoptosis (Fig. 4H and I). Therefore, these results suggested
that aKlotho protected against CM-induced renal damage

and tubular cells apoptosis by promoting BNIP3-mediated
mitophagy.

BNIP3 participated in aKlotho-mediated mitophagy
and cytoprotection in HK-2 cells under contrast
media injury

We also investigated whether BNIP3 participated in
aKlotho-mediated mitophagy and cytoprotection in vitro.
We established BNIP3-knockdown HK-2 cells using siRNA.
Immunoblotting analysis demonstrated that aKlotho pre-
treatment significantly increased LC3BII and BNIP3 pro-
tein expressions in the mitochondrial fractions of HK-2
cells (Fig. 5A-C). To evaluate the occurrence of mitophagy
in HK-2 cells, we treated cells with mitophagy dye (red)
and lysosome dye (green), and mitophagy can be observed
with the colocalization of mitophagy dye and lysosome
dye. As shown in Fig. 5D, aKlotho further induced mitoph-
agy in HK-2 cells exposured to Iohexol, whereas BNIP3-
knockdown markedly abolished this effect. Finally, we
examined apoptosis in BNIP3-knockdown HK-2 cells using
immunoblotting analysis and TUNEL staining. Consistent
with in vivo results, aKlotho treatment significantly miti-
gated Iohexol-induced HK-2 cells apoptosis evidenced by
increased expression level of Bcl-2 and decreased expression
levels of Bax and cleaved caspase-3 (Fig. SE-H). Moreover,
TUNEL staining revealed that aKlotho reduced the number
of TUNEL-positive cells (Fig. 5I and J). However, BNIP3
deficiency largely reversed the aKlotho-mediated cyto-
protection in HK-2 cells exposured to CM, as manifested
by decreased expression level of Bcl-2, increased expres-
sion levels of Bax and cleaved caspase-3 (Fig. SE-H), and
increased TUNEL-positive cells (Fig. 51 and J) after silenc-
ing BNIP3. In addition, we introduced a BNIP3 overex-
pression plasmid into HK-2 cells. Immunoblotting analysis
confirmed the successful overexpression of BNIP3 in HK-2
cells (Figure S3A). The results of cell viability assessed by
CCK-8 assay showed that BNIP3 overexpression improved
HK-2 cells viability after Iohexol treatment(Figure S3B),
and TUNEL staining revealed that BNIP3 overexpression
reduced the number of TUNEL-positive cells after expo-
sured to Iohexol(Figure S3C). Overall, these results sug-
gested that aKlotho enhanced BNIP3-mediated mitophagy
and protected against CM-induced injury in vitro.

aKlotho relieved mitochondrial injury and reduced
ROS generation via BNIP3-mediated mitophagy

Mitophagy induction is generally believed to play a pro-
tective role in pathological conditions by removing dam-
aged mitochondria, decreasing ROS accumulation and
thus reducing cell injury and death [11]. In the present
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Fig. 3 BNIP3 played a critical role in aKlotho-promoted mitophagy Scale bar, 50 um. (E, G and H) Immunoblot analysis of BNIP3 and
in CI-AKI mice. (A) Relative mRNA expressions of Bnip3 in the kid- LC3BII in the mitochondrial fraction of kidneys. (I and J) Representa-
neys. (B and C) Immunoblot analysis of BNIP3 in the mitochondrial tive images and quantification of co-staining of LC3B and VDAC in
fraction of kidneys. (D and F) Representative images and quantifica- kidney tubules. Scale bar, 50 pm. Data were expressed as mean + SEM.
tion of BNIP3 by immunohistochemical staining in kidney tubules. n=4-5.*p<0.05; **p<0.01; ***p <0.001
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Fig. 4 The protective effects of aKlotho against contrast media were
abrogated in BNIP3 deficiency mice. (A and B) Representative his-
tology images and pathological score of tubular injury by HE stain-
ing. Bottom panels are enlarged images of the boxed areas in the top
panels. Scale bar, 50 pm. (C) Serum creatinine levels of different
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groups. (D-G) Immunoblot analysis of Bcl-2, Bax and cleaved cas-
pase-3 in kidneys. (H and I) Representative images and quantification
of TUNEL-positive cell by TUNEL staining in kidney tubules. Scale
bar, 50 pm. Data were expressed as mean+ SEM. n=4-5. *¥p<0.01;
**%p <0.001
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Fig. 5 BNIP3 participated in aKlotho-mediated mitophagy in HK-2
cells under contrast media injury. (A-C) Immunoblot analysis of BNIP3
and LC3B in the mitochondrial fraction of HK-2 cells. (D) Representa-
tive images of mitophagy (yellow) by mitophagy dye (red) and lyso-
some dye (green) in HK-2 cells. Scale bar, 50 pm. (E-H) Immunoblot

study, we found that aKlotho obviously alleviated Iohexol-
induced mitochondrial structural damage of renal tubular
cells, including swelling, cristae rupture and vacuole of
mitochondrial matrix (Fig. 6A). Nevertheless, Bnip3” CI-
AKI mice kidneys displayed severer mitochondrial dam-
age including heavier swelling and cristae rupture despite
administrated with aKlotho (Fig. 6A). Next, we evaluated
renal oxidative stress injury in CI-AKI kidneys and mito-
chondrial ROS level in HK-2 cells. Immunohistochemistry
analysis of 8-Hydroxydeoxyguanosine (8-OHDG) showed
that oKlotho markedly alleviated mitochondrial ROS-
induced DNA oxidative damage by CM injury, which was
aggravated in the kidneys of Bnip3” mice (Fig. 6B and C).
Additionally, renal expression level of MnSOD, an impor-
tant antioxidant enzyme which is located in mitochondria,
was significantly decreased in the kidney of Bnip3” CI-AKI
mice with aKlotho treatment when compared with WT mice
(Fig. 6D and E). Then we directly evaluated mitochondrial
ROS in HK-2 cells by MitoSOX staining. As shown in
Fig. 6F and G, a significant reduction in the fluorescence
intensity of MitoSOX was detected in aKlotho pretreated
HK-2 cells whereas the MitoSOX signal significantly
increased after BNIP3 silence. These results revealed that
aKlotho protected renal mitochondria and reduced mito-
chondrial ROS level in CI-AKI, which were closely related
to the promotion of BNIP3-mediated mitophagy.

Fox03 contributed to aKlotho-regulated BNIP3-
mediated mitophagy and cytoprotection

Finally, we investigated the mechanism by which aKlotho
upregulated BNIP3 protein expression. As shown in Fig. 2B,
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the KEGG analysis revealed that DEGs between aKlotho-
treated CI-AKI and vehicle-treated CI-AKI mice enriched in
PI3K/AKT signaling. FoxO3, which is a target transcription
factor of PI3K/AKT pathway, has been reported to activate
autophagy and reduce oxidative injury by increasing BNIP3
expression in the hypoxic kidney [21]. Here, we found that
FoxO3 was activated in renal tubules and further activated
by oKlotho in CI-AKI mice as evidenced by more posi-
tive nuclear expression of FoxO3 (Fig. 7A and B). Immu-
noblotting analysis also showed abundant nuclear FoxO3
expression in aKlotho-treated HK-2 cells (Fig. 7C and D).
To further explore the role of FoxO3 in aKlotho-mediated
mitophagy, we knocked down FOXO3 gene of HK-2 cells.
The results showed that up-regulated mitochondrial BNIP3
and LC3BII expressions by aKlotho pretreatment were
reversed by silencing FoxO3 expression (Fig. 7E, F and I).
Furthermore, mitophagy dye staining showed that mitoph-
agy dramatically inhibited in FOXO3-knockdown HK-2
cells which was pretreated with aKlotho and exposured to
Iohexol (Fig. 7H). Finally, we explored the role of FoxO3 in
aKlotho-mediated cytoprotection. Immunoblotting analy-
sis revealed that silence of FoxO3 significantly increased
cleaved caspase-3 expression (Fig. 7L and N) and TUNEL-
positive cells in aKlotho-treated HK-2 cells (Fig. 7J and
M). Moreover, knockdown of FOXO3 markedly increased
mitochondrial ROS level in HK-2 cells pretreated with
aKlotho (Fig. 7K and M). Overall, these findings indicated
that aKlotho promoted BNIP3-mediated mitophagy by acti-
vation of FoxO3 and subsequently decreased the oxidative
injury and cell apoptosis.
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Fig. 6 aKlotho relieved mitochondrial injury and reduced ROS gen- kidney tubules. Scale bar, 50 um. (D and E) Immunoblot analysis of
eration via BNIP3-mediated mitophagy. (A) Representative TEM MnSOD in kidneys. (F and G) Representative images and quantifica-
images of mitochondrial morphology in renal tubular cells of WT tion of MitoSOX staining in HK-2 cells. Scale bar, 50 um. Data were
and Bnip3™~ mice. Scale bar, 1 pm. (B and C) Representative images expressed as mean+ SEM. N=4-5. **p <0.01; ***p <0.001

and quantification of 8-OHDG by immunohistochemical staining in
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Discussion

Mitophagy has been generally recognized as a potential
therapeutic target of AKI [10, 13, 26]. In this study, we first
identified that aKlotho enhanced BNIP3-mediated mitoph-
agy in CI-AKI, both in vivo and in vitro. Then, we found that
the protective role of aKlotho was abolished by Brip3 gene
knockout in CI-AKI as evidenced by deficiency of BNIP3
inhibiting mitophagy, aggravating mitochondrial damage,
increasing mitochondrial ROS generation and cell apopto-
sis. Finally, we revealed that FoxO3 is closely associated
with aKlotho-induced BNIP3 upregulation, contributing to
mitophagy induction, mitochondrial ROS reduction and cell
apoptosis decreasing. Hence, our data suggested a renopro-
tective mechanism of aKlotho by enhancing BNIP3-medi-
ated mitophagy via upregulating FoxO3 in CI-AKI (Fig. 8).

aKlotho is first recognized as an anti-aging protein and
highly expresses in the kidney [27]. It has been reported
that aKlotho expression decreased in many aging-related
diseases such as kidney diseases [16, 28], Alzheimer’s dis-
ease [29], cardiovascular and cerebrovascular diseases [30].
The progression of these diseases and the poor prognosis
of patients are related to the downregulation of aKlotho
expression while overexpression of aKlotho has therapeu-
tic effect with multifaceted functions including anti-apop-
tosis, anti-fibrosis, anti-inflammatory and anti-oxitative
stress [31]. Recently, studies highlighted that aKlotho is
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dye (red) and lysosome dye (green) in HK-2 cells. Scale bar, 50 um.
(J, K, M) Representative images and quantification of TUNEL stain-
ing and MitoSOX staining in HK-2 cells. Scale bar, 50 pm. (L and
N) Immunoblot analysis of cleaved caspase-3 in HK-2 cells. Data
were expressed as mean+SEM. N=3-5. *»p<0.05, **p<0.01;
***p <0.001

an inducer of autophagy in AKI [28, 32]. Shi et al. [28]
reported that autophagy was activated in kidney after acute
ischemic injury and aKlotho expression was associated with
autophagy activity. aKlotho-overexpression IRI-AKI mice
displayed much milder renal injury and more autophago-
somes and autolysosomes in the kidney whereas aKlotho
deficiency mice showed severe kidney damage and less
autophagic flux. Furthermore, aKlotho-induced autophagy
activation and renoprotection effect was abolished by the
autophagy inhibitor bafilomycin Al. In our previous study,
we also found that aKlotho protected against CI-AKI via
activating autophagy as evidence by the cytoprotection
effect of aKlotho was blunted by 3-MA (an autophagy inhib-
itor). Obviously, enhancing autophagy activity is an impor-
tant mechanism for aKlotho to protect kidney from injury.
However, the role of mitophagy, a form of autophagy that
selectively eliminates damaged mitochondria, in the reno-
protection mechanism of aKlotho has not been reported
yet. Lee et al. [33] demonstrated that aKlotho exerted a
mitochondrial protective effect in diabetic kidney disease
by inducing AMPK-PGCla expression and another study
found that aKlotho abolished renal fibrosis and significantly
protected renal mitochondrial functions by preserving mass
and diminishing the generation of ROS in an aging mouse
model [34]. These results give us a hint that aKlotho may
regulate mitophagy to maintain mitochondrial homeostasis.
Basing on the results of RNA sequencing, we found that
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Fig.8 Schematic representation
of a plausible renoprotection aKlotho
mechanism of aKlotho by regu- O
lating FoxO3/BNIP3-mediated
mitophagy in contrast-induced
acute kidney injury. Contrast O
media (Iohexol) induced mito-

chondria damage, resulting in

mitochondrial ROS production,

oxidative stress, cell apopto-

sis and renal injury. aKlotho
promoted BNIP3-mediated
mitophagy by activating FoxO3
and thereby eliminating mito-
chondrial ROS, reducing cell
apoptosis and attenuated contrast
media-induced kidney injury

mitophagy was induced in the kidney under contrast media
injury and aKlotho further promoted renal mitophagy acti-
vation both in vivo and in vitro, contributing to decreasing
mitochondria damage and ROS generation. Inhibition of
mitophagy by knockout of BNIP3 reversed these effects.
To our knowledge, this is the first study to report the asso-
ciation between aKlotho and mitophagy in CI-AKI, further
study is needed to explore the role of aKlotho on the regula-
tion of mitophagy in different models of kidney diseases.
Mitochondria are intracellular organelles that play a
key role in the cellular energy production, the regulation
of cellular processes and the maintenance of intracellular
homeostasis [10]. Mitochondrial dysfunction leads to the
generation of ROS and cell apoptosis, both of which con-
tribute to the pathogenesis of CI-AKI [9]. Maintaining mito-
chondrial homeostasis depends on multiple quality control
mechanisms, among which mitophagy plays the critical role
[10]. It is well-known that mitophagy is a highly selective
quality control mechanism which can maintain the stabil-
ity of mitochondrial homeostasis by eliminating excessive
and damaged mitochondria via the autophagy pathway [10].
Indeed, the participation and control of mitophagy during
AKI has received considerable attention in recent years.
Accumulating studies had highlighted the protective role
of mitophagy in AKI by removing damaged mitochondria
and thereby reducing local inflammation and oxidative
injury [12, 13, 35-37]. Fu and colleagues reported that

contrast medium

Caspase-3

BNIP3 overexpression reversed hypoxia-inducible factor
la-induced mitophagy reduction and I/R-induced tubular
cells apoptosis [35]. Deficiency of PINK1 or Parkin with cis-
platin-induced AKI displayed more severe renal functional,
tissue damage, and apoptosis [36]. Our previous study also
demonstrated that activation of mitophagy alleviated renal
damage, tubular cells apoptosis in CI-AKI and renal fibrosis
in unilateral ureteral obstruction [12, 13, 24]. The present
study further confirmed that inhibition of BNIP3-mediated
mitophagy aggravated contrast media-induced mitochon-
dria damage, oxidative stress, tubular cell apoptosis and
kidney injury. Thus, activation of mitophagy could be a
promising therapeutic approach to preventing and treating
CI-AKI. Recent studies have reported some drugs can pro-
tect against AKI via regulating mitophagy. Farrerol, which
is isolated from azaleas, has been reported to attenuate
cisplatin-induced inflammation and renal fibrosis via acti-
vating PINK1/Parkin-mediated mitophagy [38]. Gao et al.
[39]. found that polydatin, a natural polyphenol, protected
against sepsis-induced mitochondrial dysfunction, renal
NLRP3 infammasome activation and apoptosis by upregu-
lation of Parkin-mediated mitophagy. In the present study,
we demonstrated that the anti-aging protein aKlotho also
played a protective role in CI-AKI via promoting mitophagy
and thereby decreasing mitochondrial ROS production and
apoptosis. It is well known that mitophagy is driven by two
primary mechanisms including PINK1/Parkin pathway and
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receptor such as BNIP3 mediated mitophagy [10]. In this
study, we focused on the association between aKlotho and
mitophagy which is mediated by BNIP3 pathway. We found
that aKlotho significantly upregulated BNIP3 expression
both in the kidney of CI-AKI and HK-2 cells exposure to
Iohexol. Particularly, Bnip3 gene knockout inhibited renal
mitophagy and abolished the protective effect of aKlotho
against CM-induced mitochondria damage, mitochondrial
ROS generation, cell apoptosis and tubular injury. Thus, our
results suggested a renoprotective mechanism of aKlotho
by promoting mitophagy mediated by BNIP3 in CI-AKI.

FoxO3, a stress-responsive transcription factor, is con-
sidered to be an important regulator of BNIP3 during
mitophagy induction. It has been found that hypoxia inhib-
ited the degradation of FoxO3 in the kidney following I/R
injury, leading to the accumulation and activation of FoxO3
in tubular cells [21]. Importantly, tubular deletion of FoxO3
resulted in aggravating renal structural and functional injury,
inhibiting BNIP3 mediated autophagy and increasing oxida-
tive stress damage [21]. Likewise, our data revealed that the
nuclear FoxO3 expressions of tubular cells and HK-2 cells
were increased by aKlotho after exposure to contrast media
injury and downregulation of FoxO3 reduced BNIP3-medi-
ated mitophagy and subsequently increased mitochondrial
ROS generation and apoptosis. In addition, studies have
shown that aKlotho inhibits the phosphorylation of FoxO3
and promotes its nuclear translocation [22, 40]. The nuclear
FoxO3 then binds to the MnSOD promoter and promotes
the expression of MnSOD, thereby reducing of ROS gen-
eration and decreasing oxidative damage [22]. Another
research showed that aKlotho protected against tacroli-
mus-induced renal oxidative stress injury by enhancing the
expression of MnSOD which was upregulated by FoxO3
[23]. Therefore, to investigate the mechanism of aKlotho
regulating BNIP3 expression, we focused on transcription
factor FoxO3. Our data showed that the nuclear expression
of FoxO3 was increased after aKlotho treatment and silence
FoxO3 expression in HK-2 cells blunted the protective role
of aKlotho by inhibiting BNIP3-mediated mitophagy, indi-
cating that FoxO3 is an mediator of the renoprotective effect
of aKlotho-mediated BNIP3 upregulation and mitophagy
induction in response to contrast media.

The present study has some limitations. The Bnip3”~ mice
were global knockout mice. Tubular-specific knockout mice
would be better to explore the role of BNIP3 in aKlotho-
mediated mitophagy. In addition, we didn’t explore the
mechanism of which FoxO3 regulates BNIP3 expression,
although previous study suggested that FoxO3 increases
BNIP3 expression by binding to the BNIP3 upstream pro-
moter region [41].

In summary, our data demonstrated a renoprotective
mechanism of oKlotho by promoting BNIP3-mediated
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mitophagy in CI-AKI. oKlotho prevented CM-induced
tubular cells apoptosis and tissue damage by decreasing
mitochondria damage and mitochondrial ROS generation
via FoxO3-BNIP3-mitophagy axis. Modulation of aKlotho
and mitophagy may be the promising targets for therapeutic
intervention against CI-AKI.
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