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Abstract

Cisplatin is widely recommended in combination for the treatment of tumors, thus inevitably increasing
the incidence of cisplatin-induced acute kidney injury. Mitophagy is a type of mitochondrial quality control
mechanism that degrades damaged mitochondria and maintains cellular homeostasis. Ferroptosis, a new
modality of programmed cell death, is characterized by iron-dependent phospholipid peroxidation and
oxidative membrane damage. However, the role of mitophagy in ferroptosis in kidney disease is unclear.
Here, we investigated the mechanism underlying both BNIP3-mediated and PINKI-PARK2-mediated
mitophagy-induced attenuation of ferroptosis in cisplatin-induced acute kidney injury. The results showed
that cisplatin induced mitochondrial injury, ROS release, intracellular iron accumulation, lipid
peroxidation and ferroptosis in the kidney, which were aggravated in Bnip3 knockout, Pinkl knockout or
Park2 knockout cisplatin-treated mice. Ferrstatin-1, a synthetic antioxidative ferroptosis inhibitor,
rescued iron accumulation, lipid peroxidation and ferroptosis caused by inhibition of mitophagy. Thus, the
present study elucidated a novel mechanism by which both BNIP3-mediated and PINKI1-PARK2-
mediated mitophagy protects against cisplatin-induced renal tubular epithelial cell ferroptosis through the
ROS/HO1/GPX4 axis.
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Introduction

Drug-induced acute kidney injury is the second
most common cause of acute kidney injury in
hospitalized patients, especially in the intensive care
unit[1, 2]. Among all types of acute kidney injury,
drug-induced acute kidney injury accounts for
14-37.5% in several studies [3, 2]. Nephrotoxic drugs,
such as antibiotics (gentamicin), diuretics (furo-
semide), chemotherapeutic drugs (cisplatin) and
calcineurin inhibitors (tacrolimus), induce acute
kidney injury [1]. Cisplatin is widely recommended in
combination for the treatment of lung cancer [4],
bladder cancer [5] and gastric cancer [6]. During

cisplatin treatment, approximately 20%-30% of
patients develop acute kidney injury [7]. The
mechanism of cisplatin-induced acute kidney injury
includes oxidative stress, mitochondrial dysfunction,
and endoplasmic reticulum stress, which result in
apoptosis, necrosis and ferroptosis of renal tubular
epithelial cells, causing rapid loss of kidney function
[8-11]. Elucidating the precise molecular mechanisms
underlying cisplatin-induced acute kidney injury will
provide evidence for future treatment.

Mitophagy, a type of specific autophagy that
eliminates and degrades damaged mitochondria to
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ensure the quality control of mitochondria, is essential
for cellular homeostasis and mammalian survival [12,
13]. There are two major mitophagy pathways,
namely, PARK2-dependent and PARK2-independent
signaling [14]. In the PARK2-dependent pathway,
PINKT1 activates PARK2 to target many mitochondrial
proteins, including NDP52, OPTN and p62, and it
combines with LC3 to deliver damaged mitochondria
to autophagosomes [15]. BNIP3 mediates the
PARK2-independent pathway of mitophagy by
directly binding with LC3 to initiate mitophagy [15].
Mitophagy prevents excessive reactive oxygen species
(ROS) accumulation, activates the mitochondrial
apoptotic cascade and inhibits mtDNA and damage-
associated molecular pattern release, which reduces
renal tubular epithelial cell injury and acute kidney
injury [16]. Our recent studies have confirmed that
mitophagy, both PINK1-PARK2-mediated and
BNIP3-mediated, protect against contrast-induced
acute kidney injury by reducing oxidative stress [17,
18]. In cisplatin-induced acute kidney injury, Wang et
al. showed that the PINK1-PARK2 pathway decreases
apoptosis [19]. However, BNIP3-mediated mitophagy
and the downstream pathway and mechanism are
poorly understood in cisplatin-induced acute kidney
injury.

Ferroptosis is a new modality of programmed
cell death different from apoptosis, necrosis and
pyroptosis, and it is characterized by iron-dependent
phospholipid peroxidation and oxidative membrane
damage [20]. Multiple pathways regulate ferroptosis
through redox homeostasis, mitochondrial dysfunc-
tion and various signaling pathways, such as
Nrf2/Keapl signaling and p53 signaling [21]. GPX4 is
a key suppressing factor of ferroptosis via the
phospholipid hydroperoxide (PLOOH)-neutralizing
enzyme [22]. Upregulation of HO1 and loss of GPX4
directly inhibit cystine import, block GSH and
promote accumulation of PLOOHsS, causing rapid and
unrepairable damage to membranes and ferroptosis
[23, 24]. Moreover, the iron-dependent Fenton
reaction, which is induced by excessive Fe?* and
hydrogen peroxide, increases ROS and PLOOH,
further promoting ferroptosis [25]. In kidney studies,
ferroptosis has been reported to exacerbate ischemia
reperfusion or folic acid-induced acute kidney injury
[26-29]. In addition, several researchers have shown
that cisplatin activates ferroptosis, thereby aggra-
vating acute kidney injury [11, 30, 31]. Unfortunately,
the upstream pathway is not completely known in
cisplatin-induced acute kidney injury, and it remains
unclear whether autophagy, oxidative stress and
mitochondrial dysfunction regulate cisplatin-induced
ferroptosis.

Here, we hypothesized that mitophagy protects
against cisplatin-induced acute kidney injury by
reducing renal tubular epithelial cell ferroptosis. The
present study was designed to investigate BNIP3-
mediated and PINKI1-PARK2-mediated mitophagy
and its regulation of ferroptosis in a cisplatin-induced
acute kidney injury model using Pink1, Park2 and
Bnip3 knockout mice. The aim of the present study
was to provide a new viewpoint for the treatment of
chemotherapeutic drug-induced acute kidney injury.

Results

1. Cisplatin induces renal tubular epithelial cell
ferroptosis in vivo and in vitro

We generated a cisplatin-induced acute kidney
injury mouse model as previously described [30, 32].
Briefly, male mice (6-8 weeks old and 20-25 g) were
intraperitoneally injected with cisplatin (20 mg/kg
body weight) and sacrificed after 72 hours (Figure
1A). At the perfusion time, we recorded the body and
kidney weights of the mice to calculate the
kidney/body weight ratio. After cisplatin treatment,
the body weight was significantly decreased, but
there was no significant difference in kidney weight
(Supplemental Figure 1A-1C), which resulted in an
increase in kidney/body weight in the cisplatin group
(Figure 1B). The blood urea nitrogen (BUN) and
serum creatinine levels were significantly in the
cisplatin group, which confirmed that cisplatin
induced acute kidney injury in vivo (Figure 1C, 1D).
Hematoxylin and eosin (HE) and periodic acid-Schiff
(PAS) staining showed more cast formation and
intraepithelial vacuolar degeneration as well as a
higher tubular injury score in cisplatin-treated
kidneys compared to Ctrl kidneys (Figure 1E-1G).
F4/80, a marker of macrophages, suggested severe
inflammatory infiltration after cisplatin injection
(Figure 1H, 1I). Transmission electron microscopy
(TEM) analysis indicated that cisplatin induced
rupture of the outer mitochondrial membrane, disap-
pearance of mitochondrial cristae and vacuolization
in mitochondria (Figure IJ, red arrow), which are
mitochondrial characteristics of ferroptosis [33, 34]. In
addition, cisplatin upregulated malondialdehyde
(MDA) release and iron levels but downregulated
superoxide dismutase (SOD) and glutathione (GSH)
levels (Supplemental Figure 1D-1G). Immunoblot
analysis showed an increase in transferrin receptor 1
(TFRC) and heme oxygenase 1 (HO1) but a decrease
in glutathione peroxidase 4 (GPX4), a specific
ferroptosis inhibition protein (Figure 1K, 1L;
Supplemental Figure 1H, 1I). These data indicated the
presence of cisplatin-induced acute kidney injury,
resulting in an increase in ROS, uptake of cellular iron
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and cell ferroptosis.

In the in vitro study, we first used different
concentrations of cisplatin in the cell culture medium
from 10 to 80 pM and evaluated cell viability by a
CCKS8 assay (Figure 1M). To further evaluate the

function of cisplatin on the transferrin receptor and
ferroptosis, we quantified TFRC, HO1 and GPX4
protein expression by immunoblot analysis, which
demonstrated that cisplatin induced ferroptosis in the
HK-2 cell line (Figure 1N-1Q).
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Fig. 1. Cisplatin induces renal tubular epithelial cell ferroptosis in vivo and in vitro. (A) Schematic representation of cisplatin-induced acute kidney injury. Briefly, mice were
intraperitoneally injected with cisplatin (20 mg/kg) and sacrificed after 72 hours. (B) Kidney/body weight, (C) serum creatinine levels and (D) BUN levels after cisplatin administration. (E-G)
Representative HE staining, PAS staining and pathological tubular injury score in the renal cortex. (H, I) Representative IHC images and quantification of F4/80 in the kidney cortex. (J).
Representative TEM images of mitochondrial morphology in renal tubular epithelial cells of Ctrl and cisplatin-treated mice. (K, L) Immunoblot analysis of TFRC, HO1, and GPX4 in kidney
lysates. (M) CCK-8 assay of HK-2 cells treated with different concentrations of cisplatin for 24 hours. * indicates compared to the Ctrl group. (N-Q) Immunoblot analysis and quantification
of TFRC, HOI and GPX4 in HK-2 cell lysates. Data are presented as the mean + SEM (n=5 in vivo; n=3 in vitro). *p<0.05, **p<0.01 and **p<0.001.
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2. Mitophagy is increased in cisplatin-induced
acute kidney injury

PINK1-PARK2-mediated mitophagy in
cisplatin-induced acute kidney injury has been
previously described [19]. We verified these data and
detected BNIP3-mediated mitophagy in cisplatin-
treated mice. Cisplatin treatment upregulated the
expression levels of BNIP3, PINK1, PARK2 and LC3B
I but downregulated COX IV (mitochondria inner
membrane marker) and VDAC (mitochondria outer
membrane protein) in the renal cortex (Figure 2A-2G).

TEM analysis revealed the formation of mitophago-
somes in the renal tubular epithelial cells of
cisplatin-treated mice (Figure 2H). In an in vitro study,
immunoblot analysis also showed an increase in
BNIP3 and LC3B II but a decrease in COX IV and
VDAC (Figure 2I-2M). MitoTracker and LysoTracker
probes demonstrated that cisplatin treatment
promoted mitophagolysosome formation (Figure 2N).
These data indicated that mitophagy is increased both
in vivo and in vitro in cisplatin-induced acute kidney
injury.
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Fig. 2. Mitophagy is increased in cisplatin-induced acute kidney injury. (A-G) Immunoblot analysis and quantification of BNIP3, PINK1, PARK2, VDAC, COX IV and LC3B in kidney
lysates. (H) EM image of mitophagosomes in renal tubular epithelial cells of cisplatin-treated mice. (I-M) Immunoblot analysis and quantification of BNIP3, VDAC, COX IV and LC3B in HK-2
cell lysates. (N) Representative images of MitoTracker and LysoTracker with Hoechst to show the formation of mitophagosomes in HK-2 cells. Data are presented as the mean * SEM (n=5

in vivo; n=3 in vitro). *p<0.05, **p<0.01 and ***p<0.001.
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3. Bnip3 deficiency aggravates
cisplatin-induced acute kidney injury

To clarify the function of BNIP3 and BNIP3-
mediated mitophagy in cisplatin-induced acute
kidney injury, we intraperitoneally injected cisplatin
into Bnip3 knockout mice (Figure 3A). In WT mice,
cisplatin injection caused a significant reduction in
body weight but no difference in kidney weight.
Compared to WT cisplatin-treated mice, however,
Bnip3 knockout cisplatin-treated mice showed no
difference in body weight but had larger kidneys
(Figure 3B, 3C; Supplemental Figure 2A, 2B). The
kidney/body weight ratio was increased due to
relatively smaller body size after cisplatin injection in
WT mice, and Bnip3 knockout resulted in a larger
kidney size compared to the WT cisplatin-treated
group (Figure 3D). The serum creatinine and BUN
levels suggested more serious renal damage in Bnip3
knockout cisplatin-treated mice than in WT
cisplatin-treated mice (Figure 3E, 3F). The tubular
injury marker, kidney injury molecule 1 (KIM1), was
also increased in Bnip3 knockout cisplatin-treated
mice compared to the WT cisplatin-treated group
(Supplemental Figure 2C). HE and PAS staining
showed severe epithelial flattening, exfoliation of
epithelial cells, tubular basement membrane
nakedness and cast formation in Bnip3 knockout
cisplatin-treated mouse kidneys as well as higher
tubular injury score than the WT cisplatin-treated
group (Figure 3G-I). Inflammation in the kidney was
evaluated by immunohistochemical staining of F4/80,
which showed more macrophage infiltration in Bnip3
knockout cisplatin-treated mice than in WT cisplatin-
treated mice (Figure 3], 3K).

4. Cisplatin-induced ROS, lipid peroxidation
and RTEC ferroptosis are increased in Bnip3
knockout kidneys

The ROS level was measured by MDA and SOD
levels. The data suggested higher MDA level and
lower SOD level in the kidneys of Bnip3 knockout
cisplatin-treated mice compared to WT cisplatin-
treated mice (Figure 4A, 4B). The GSH level revealed
that Bnip3 knockout further aggravated the reduction
in glutathione caused by cisplatin (Figure 4C). Kidney
iron levels showed that cisplatin-induced iron release
was aggravated in Bnip3 knockout mice compared to
WT mice (Figure 4D). TEM analysis showed that
mitochondrial injury was increased in Bnip3 knockout
cisplatin-treated mice, which was characterized by
increased vacuolization in mitochondria and
rupturing of mitochondrial cristae (Figure 4E).
Immunoblot analysis and quantification of HO1 and

GPX4 revealed that cisplatin-induced ferroptosis was
exacerbated in Bnip3 knockout kidneys (Figure
4F-4H), which was confirmed by immunohisto-
chemical staining of GPX4 (Figure 41, 4]). These data
indicated that inhibition of BNIP3-mediated
mitophagy aggravates cisplatin-induced ferroptosis in
renal tubular epithelial cells.

5. Silencing BNIP3 upregulates ROS and cell
death, which are rescued by ferrstatin-1

We used siRNA to knockdown BNIP3 levels and
evaluated cisplatin-induced ROS and cell death levels
in HK-2 cells (Figure 5A). The CCK8 assay
demonstrated that silencing BNIP3 aggravated
cisplatin-induced cell death, but these effects were
rescued by ferrstatin-1, a synthetic antioxidative
ferroptosis inhibitor (Figure 5B). The MDA level was
increased by BNIP3 silencing in the absence of
ferrstatin-1 but was reduced in the ferrstatin-1
pretreatment group (Figure 5C). Cisplatin reduced the
SOD and GSH levels in HK-2 cells, whereas
ferrstatin-1 rescued the SOD and GSH levels (Figure
5D, 5E). These data demonstrated that cisplatin
induces ROS and cell death in HK-2 cells, which are
aggravated by inhibition of BNIP3-mediated
mitophagy, and that ferrstatin-1 rescues ROS and
injury caused by BNIP3 knockdown.

6. Silencing BNIP3 exacerbates
cisplatin-induced lipid peroxidation and
ferroptosis

To detect iron metabolism and lipid per-
oxidation, FerroOrange and BODIPY 581/591 C11
probes were added after cisplatin incubation.
FerroOrange staining showed that cisplatin
upregulated Fe?* in the cytoplasm, which was further
increased by silencing BNIP3 in HK-2 cells (Figure
6A). The BODIPY 581/591 C11 probe revealed that
oxidized lipids were increased in the cisplatin group
and were aggravated by silencing BNIP3 (Figure 6B).
Both Fe?* release and lipid peroxidation caused by
inhibition of BNIP3-mediated mitophagy were
rescued by ferrstatin-1 (Figure 6A, 6B). Immunoblot
analysis and quantification of HO1 and GPX4 were
used to evaluate ferroptosis in vitro. The results
indicated that cisplatin upregulated HK-2 cell
ferroptosis and that BNIP3 silencing exacerbated
cisplatin-induced ferroptosis, which was reversed by
ferrstatin-1 (Figure 6C-6E). These data demonstrated
that BNIP3-mediated mitophagy limits the
aggravation of cisplatin-induced ferroptosis through
the ROS/HO1/GPX4 axis.
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7. Pinkl deficiency aggravates cisplatin-induced
RTEC ferroptosis in vivo

Because we demonstrated that BNIP3-mediated
mitophagy protected against cisplatin-induced
ferroptosis, we further investigated the role of the
PARK2-dependent mitophagy pathway in ferroptosis
by intraperitoneally injecting cisplatin into both Pink1

knockout mice and Park2 knockout mice (Figure 7A,
9A). The body size did not significantly differ between
Pinkl knockout cisplatin-treated mice and WT
cisplatin-treated mice (Figure 7B), which was
confirmed by the body weights (Supplemental Figure
3A, 3B). The kidney weight and kidney/body weight
ratio showed larger kidneys as well as increased
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serum creatinine, BUN and KIM1 levels in Pinkl
knockout cisplatin-treated mice, which indicated that
Pinkl knockout aggravated kidney injury (Figure
7D-7F; Supplemental Figure 3C). HE and PAS
staining  indicated increased cast formation,
exfoliation of epithelial cells and tubular basement
membrane nicks as well as higher tubular injury
scores in Pinkl-knockout cisplatin-treated kidneys
than in WT cisplatin-treated kidneys (Figure 7G-71).
F4/80 staining showed severe inflammatory
infiltration in Pinkl knockout cisplatin-treated mice,
which also demonstrated that Pinkl knockout
aggravated cisplatin-induced kidney injury.

To further verify the involvement of PINK1 in
ferroptosis, we evaluated SOD, MDA, GSH and iron
levels (Figure 8A-8D). The results showed higher

MDA levels and lower SOD and GSH levels as well as
increased iron release in Pinkl knockout cisplatin-
treated mice compared to the WT cisplatin-treated
group. Mitochondrial atrophy and vacuole formation
were observed in Pinkl knockout cisplatin-treated
mice (Figure 8E). The upregulation of HO1 and
downregulation of GPX4 indicated that cisplatin-
induced ferroptosis was increased in the Pinkl
knockout group (Figure 8F-8H). Immunohisto-
chemistry indicated less GPX4-positive staining in
Pink1 knockout cisplatin-treated kidneys than in WT
cisplatin-treated kidneys (Figure 81, 8]). These data
demonstrated that inhibition of Pinkl in vivo
aggravates cisplatin-induced ROS, ferroptosis and
kidney injury.
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8. Park2 deficiency aggravates
cisplatin-induced RTEC ferroptosis in vivo

We intraperitoneally injected cisplatin into Park2
knockout mice to elucidate the role of PARK2-
mediated mitophagy and ferroptosis (Figure 9A). The
body weight and body weight change were not
significantly different in Park2 knockout mice and WT
mice treated with cisplatin (Figure 9B; Supplemental
Figure 4A, 4B). The kidney appearance, kidney weight
and kidney/body weight ratio showed that Park2
knockout cisplatin-treated kidneys were larger than
those of the WT cisplatin-treated group (Figure
9B-9D). The serum creatinine, BUN and KIM1 levels
were also increased in the Park2 knockout group
(Figure 9E, 9F; Supplemental Figure 4C). HE and PAS
staining showed increased cast formation and
intraepithelial vacuolar degeneration as well as a

higher tubular injury score in Park2 knockout
cisplatin-treated mice compared to WT cisplatin-
treated mice (Figure 9G-9I). Immunohistochemical
staining of F4/80 demonstrated more inflammatory
infiltration in Park2 knockout kidneys (Figure 9], 9K).
These data indicated that Park2 knockout aggravates
cisplatin-induced kidney injury.

The role of Park2-mediated mitophagy and
ferroptosis was evaluated by ROS, ferroptosis-related
mitochondrial damage and key protein levels. Park2
knockout upregulated MDA and iron levels but
downregulated SOD and GSH levels, which
suggested that PARK2 deficiency resulted in an
increase in ROS, loss of glutathione and iron release
(Figure 10A-10D). TEM analysis showed increased
severe mitochondrial outer membrane rupture and
vacuolization in mitochondria in Park2 knockout renal
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tubular epithelial cells (Figure 10E). Immunoblot
analysis and quantification of HO1l and GPX4
indicated that ferroptosis was increased in Park2
knockout cisplatin-treated mice (Figure 10F-10H).
Immunohistochemical staining of GPX4 also showed
less positive staining in the tubules of Park2 knockout

cisplatin-treated mice compared to WT cisplatin-
treated mice (Figure 10I, 10]). Taken together, these
data demonstrated that PINK1-PARK2-mediated
mitophagy protects against cisplatin-induced acute
kidney injury by inhibiting renal tubular epithelial
cell ferroptosis.
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Discussion

In the present study, the effect of mitophagy on
cisplatin-induced ferroptosis was examined using
Bnip3 knockout, Pinkl knockout and Park2 knockout
mice. The present results showed that cisplatin
induced mitochondrial injury, ROS release, intracel-
lular iron accumulation, lipid peroxidation, HO1
signaling upregulation, and GPX4 loss, which
resulted in renal tubular epithelial cell ferroptosis and
acute kidney injury. Additionally, inhibiting BNIP3-

mediated or PINK1-PARK2-mediated mitophagy
increased oxidative stress and lipid peroxidation,
which aggravated ferroptosis. Ferrstatin-1, a synthetic
antioxidative ferroptosis inhibitor, rescued iron
accumulation, lipid peroxidation and ferroptosis
caused by inhibition of mitophagy. Importantly, Bnip3
knockout, Pinkl knockout and Park2 knockout mice
showed more severe kidney injury than WT mice,
suggesting the important roles of mitophagy and
mitochondrial quality control in cisplatin-induced
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acute kidney injury (Figure 11). Notably, we
confirmed a new mechanism by which mitophagy
protects against cisplatin-induced acute kidney injury

suggesting that mitophagy and ferroptosis are new
therapeutic targets for the prevention and treatment
of acute kidney injury.

by decreasing renal tubular epithelial cell ferroptosis,
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Autophagy is considered a double-edged sword
[35, 36]. In kidney research, most studies have
supported the protective role of autophagy in kidney
diseases [16, 37, 38]. Other studies have also shown
that persistent activation of autophagy in kidney
tubular cells promotes renal interstitial fibrosis [39,
40]. Mitophagy plays a protective role in cell survival
by degrading dysfunctional mitochondria and
eliminating cytochrome c and excessive ROS released
from damaged mitochondria [19, 41]. In acute kidney

injury research, Tang ef al. [42, 43] showed the
protective roles of the PINK1-PARK2 and BNIP3
pathways in ischemia reperfusion-induced acute
kidney injury. Wang et al. [44] showed the protective
roles of PINK1-PARK?2 in septic acute kidney injury.
Moreover, our laboratory has demonstrated the roles
of PINK1-PARK2- and BNIP3-mediated mitophagy in
contrast-induced acute kidney injury [17, 18]. Several
studies have shown that PINK1-PARK2-mediated
mitophagy protects against cisplatin-induced acute
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kidney injury [19, 45, 46]. The previous elucidated
mechanisms have mostly focused on mitophagy
eliminating damaged mitochondria and decreasing
dynamin-related protein 1 (DRP1) as well as
mitochondrial fission, cell necrosis and cell apoptosis.
The present findings also demonstrated the protective
role of PINK1-PARK2-mediated mitophagy (Figure 7,
9). However, few studies have emphasized the
BNIP3-independent pathway. Zhou et al. [46] reported
that BNIP3L protein is upregulated in cisplatin-
induced acute kidney injury rats, and they suggested
that the BNIP3/BNIP3L pathway may participate in
cisplatin-induced mitophagy. Here, we intraperi-
toneally injected cisplatin into Bnip3 knockout mice,
which demonstrated that serum creatinine, patholo-
gical injury and inflammatory infiltration were
exacerbated in cisplatin-treated Bnip3 knockout mice
(Figure 3). Moreover, we demonstrated the protective
function of BNIP3-mediated mitophagy in vitro by
transfecting BNIP3 siRNA into the HK-2 cell line
(Figure 5). Further, the present study used Pinkl
knockout, Park2 knockout and Brnip3 knockout mice to
confirm the protective role of both PINKI1-
PARK2-mediated and BNIP3-mediated mitophagy in
cisplatin-induced acute kidney injury. Taken together,
these data indicated that both PARK2-dependent and
PARK2-independent mitophagy pathways protect
against acute kidney injury. Thus, additional studies
focusing on mitophagy regulation will help to
improve the prognosis of acute kidney injury.

Ferroptosis is a type of programmed cell death
driven by iron-dependent phospholipid peroxidation
[22]. Recent studies have demonstrated that
ferroptosis is increased in acute kidney injury.
Inducible Gpx4 knockout mice directly aggravate
lipid-oxidation-induced acute kidney injury and
associated death [33]. Melatonin treatment signifi-
cantly alleviates ischemia reperfusion-induced
ferroptosis and acute kidney injury [47]. Folic acid
induces ferroptosis, not necroptosis, in acute kidney
injury [27], which can be rescued by quercetin
through inactivation of transcription factor 3 [28].
Several studies have also demonstrated ferroptosis in
cisplatin-induced acute kidney injury. Deng et al. [11]
showed that cisplatin-induces ferroptosis through
myo-inositol oxygenase regulated GSH and GPX4
activity as well as ferritinophagy [11]. Fan et al. [48]
indicated that hemopexin is a mediator of iron toxicity
in the kidney, and deferoxamine alleviates
cisplatin-induced acute kidney injury. Kim et al. [30]
used genetic and pharmacological methods to
demonstrate that farnesoid X receptor regulates the
transcription of ferroptosis genes and reduces
cisplatin-induced acute kidney injury. Additionally,
the vitamin D receptor, ferrostatin-1 and small
GTPase (Ras homolog enriched in brain) also decrease
cisplatin-induced nephrotoxicity by ferroptosis [31,
49]. The present results confirmed these previously
findings. The present study also showed renal tubular
epithelial cell ferroptosis in vivo and in vitro using
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Fig. 11. Schematic representation of mitophagy, ROS, iron metabolism and ferroptosis in cisplatin-induced acute kidney injury. Cisplatin causes mitochondrial injury,

which releases ROS to aggravate injury and activate the mitochondrial protective mechanism of mitophagy to limit injury exacerbation. Both BNIP3- and PINK1-/PARK2-mediated mitophagy
reduce excessive ROS release and HOI expression and then rescues GPX4 downregulation, which decreases lipid peroxidation and ferroptosis. Moreover, mitophagy inhibits Fe2*
production and the Fenton reaction, resulting in an increase in GPX4 and a reduction in ferroptosis. Thus, mitophagy protects against cisplatin-induced acute kidney injury by inhibiting

ferroptosis in renal tubular epithelial cells.
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models of cisplatin-induced acute kidney injury, and
we demonstrated that the ROS/HO1/GPX4 axis
contributes to ferroptosis (Figure 1). Moreover,
ferrostatin-1, a synthetic antioxidant, inhibited
cisplatin-induced ferroptosis by reducing ROS, Fe?*
release and lipid peroxidation (Figure 5, 6). Taken
together, these findings indicated that ferroptosis
aggravates acute kidney injury, suggesting that
ferroptosis inhibitors may be therapeutic targets for
clinical acute kidney injury treatment.

Recent published studies have focused on
autophagy and ferroptosis. The mTOR signaling
inhibition upregulates autophagy-mediated GPX4
degradation, thereby promoting ferroptosis of
bladder cancer cells [50]. The AMPK pathway
phosphorylates BECN1 at Ser90/93/96, enhancing
BECN1-SLC7A11 complex formation and subse-
quently inducing lipid peroxidation and ferroptosis
[51]. New ferroptosis-related autophagy includes
ferritinophagy, lipophagy and clockophagy[52, 53],
which should be investigated in future kidney disease
studies. The controversy between autophagic cell
death and cell death accompanied by autophagy
remains unclear [54]. The results of the present study
support the latter opinion. In the present study,
cisplatin upregulated both ferroptosis and mitophagy,
specifically autophagy (Figure 1,2), and genetic
inhibition of BNIP3- or PINK1-PARK2-mediated
mitophagy resulted in aggravation of ferroptosis in
cisplatin-induced acute kidney injury (Figure 3, 5,
7,9). Thus, the present findings suggested that
mitophagy is an upstream protective mechanism that
prevents excessive ferroptotic cell death.

In the present study, we focused on mitophagy
and ferroptosis in cisplatin-induced acute kidney
injury. Few studies have investigated mitophagy and
ferroptosis in the kidneys. Previous studies on other
diseases have suggested that mitophagy-dependent
ferroptosis contributes to cell death. Yu et al. [55]
showed that inhibition of O-GlcNAcylation enhances
mitophagy, releases labile iron and renders cells more
sensitive to ferroptosis. Rademaker et al. [56] indicated
that the mitophagy inhibitor, Mdivil, decreases
myoferlin-related ROS accumulation, lipid pero-
xidation and ferroptosis. Basit et al. [57] and Li et al.
[58] also reported mitophagy-dependent ferroptosis
in melanoma cells and Alzheimer's disease. The
present study also found that cisplatin induced the
upregulation of mitophagy, ROS production, lipid
peroxidation and ferroptosis (Figure 1). However,
previous studies have explained this phenomenon as
mitophagy-dependent ferroptosis. Thus, we used
genetic mitophagy gene (Bnip3, Pinkl and Park2)
knockout mice or knockdown cell lines to inhibit
mitophagy combined with the cisplatin-induced acute

kidney model in vivo and in vitro to further discuss the
relationship between mitophagy and ferroptosis. The
results showed that ferroptosis was aggravated and
that ROS production, Fe?* release and lipid
peroxidation were increased during mitophagy
inhibition (Figure 4, 6, 8, 10). Additionally, we showed
that ferrostatin-1 pretreatment rescued the ROS/
HO1/ferroptosis axis, which was upregulated by
BNIP3 silencing (Figure 6). Importantly, we
demonstrated that mitophagy protected against
cisplatin-induced ferroptosis via the ROS/HO1/
GPX4 pathway and proposed a new hypothesis of
ferroptosis with mitophagy upregulation, which was
different from the previously proposed mitophagy-
related ferroptosis. Li et al. [59] demonstrated that
hypoxia inducible factor (HIF) promotes mitophagy
and modulates redox homeostasis, which may protect
against ferroptosis in acute kidney injury. Additional
studies on hypoxia, mitophagy and ferroptosis are
currently ongoing.

The renal volume of acute kidney injury is
significantly larger than that of healthy individuals. In
the present study, we used kidney/body weight to
evaluate the renal volume. As shown in Figure 3, 7
and 9, the renal volume of the WT cisplatin-treated
group was larger than that of the WT ctrl group, and
the Bmnip3 knockout, Pinkl knockout and Park2
knockout groups had higher kidney/body weight
and creatinine levels than the WT cisplatin-treated
group, suggesting that the renal volume was
correlated with kidney injury. Interestingly, although
the kidney/body weight ratio had a similar trend in
the above two comparison groups, the detailed
comparisons showed many differences. Compared to
the WT ctrl group, WT cisplatin-treated mice had
lower body weights due to cisplatin injection, but the
kidney weights were not significantly different.
Nevertheless, the body weight of Bnip3/Pink1/Park2
knockout cisplatin-treated mice was not different
from that of WT cisplatin-treated mice. The kidney
weight of Bnip3/Pinkl/Park2 knockout cisplatin-
treated mice was much higher than that of WT
cisplatin-treated mice. Accordingly, cisplatin injection
reduced body weight [60] without causing kidney
weight loss in 72 hours, which caused cisplatin-
induced acute kidney injury. However, the
aggravation of cisplatin-induced acute kidney injury
in Bnip3/Pinkl/Park2 knockout mice was not
attributed to only the pharmacological action of
cisplatin, which indicated that mitophagy may have
an effect on renal volume. This hypothesis will be
further investigated in the future.

The present study had some limitations. The
Bnip3-/-, Pinkl-/- and Park2-/- mice were all global
knockout mice. Tubular-specific knockout mice will
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better show the protective role of mitophagy in
cisplatin-induced ferroptosis and kidney injury.

In summary, the present study demonstrated
that mitophagy alleviates cisplatin-induced tubular
cell ferroptosis through the ROS/HO-1/GPX4 axis.
Moreover, renal tubular epithelial cell ferroptosis
exacerbates cisplatin-induced acute kidney injury.
Mitophagy is activated to reduce excessive ferroptosis
and kidney injury, while inhibition of BNIP3- or
PINK1-PARK2-mediated mitophagy aggravates ROS
release, lipid peroxidation, cell ferroptosis and
cisplatin nephrotoxicity. The present findings
indicated that ferroptosis inhibitors and mitophagy
agonists are potential therapeutic targets for the
clinical prevention and treatment of chemother-
apeutic drug-induced acute kidney injury.

Methods

Animals and cisplatin-induced acute kidney
injury model

Bnip3 knockout mice were constructed at
Shanghai Model Organisms Center, Inc. as previously
described [61] and verified in our previous study [18].
Pinkl knockout mice (017946) and Park2 knockout
mice (006582) with a C56BL/6 genetic background
were purchased from Jackson Laboratory and
described in our previously published report[17]. All
animal experiments were approved by the Animal
Care Committee of Renji Hospital, School of
Medicine, Shanghai Jiao Tong University. Male mice,
aged 6-8 weeks and weighing 20-25 g, were
administered cisplatin (20 mg/kg, Jiangsu Hansoh,
H20040813) or normal saline through intraperitoneal
injection (ip)[30, 32]. The mice were sacrificed after 72
hours to harvest serum and kidneys for subsequent
analyses.

In vitro cisplatin treatment

The human renal proximal tubular cell line
(HK-2 cell line) was obtained from the American Type
Culture Collection (ATCC®, CRL-2190) and cultured
in Dulbecco’s modified Eagle’s medium (DMEM)/
F-12 (Thermo Fisher Scientific, 11330057, New York,
USA) supplemented with 1% penicillin—streptomycin
(Thermo Fisher Scientific, 10378016) and 10% fetal
bovine serum (Thermo Fisher Scientific, 10099158).
HK-2 cells were transfected with 50 nm BNIP3 siRNA
for 8 hours by Lipofectamine™ 3000 Transfection
Reagent (Thermo Fisher Scientific, L3000150). Two
hours before cisplatin administration, HK-2 cells were
pretreated with ferrostatin-1 (10 pM, MCE,
HY-100579) [62] followed by treatment with cisplatin
(20 pM) for 24 hours, and cells were then harvested
[63].

The following small interfering RNA (siRNA)
sequence was used, which was confirmed in our
previous work [18]: BNIP3 siRNA 5'-CGUUCCAGC
CUCGGUUUCUAUUUAU-3'. Experiments were
performed in triplicate.

Renal function, histopathology and
immunohistochemical staining

Serum creatinine and BUN were used to
evaluate the renal function of mice. The serum
creatinine (Nanjing Jiancheng Bioengineering Insti-
tute, C011-2-1) and BUN (Nanjing Jiancheng
Bioengineering Institute, C013-2-1) levels were
measured according to the manufacturer’s instruct-
ions. HE staining and PAS staining of kidneys were
performed as previously described [64, 65]. The
tubular injury score was based on the percentage of
damaged tubules as follows: grade 0, no damage;
grade 1, injured tubules less than 25%; grade 2,
25%<injured tubules<50%; grade 3, 50%<injured
tubules<75%; and grade 4, injured tubules more than
75%.

For immunohistochemical analyses, 4-pm thick
paraffin-embedded kidney sections were deparaf-
finized using dimethylbenzene. After ethylenedia-
minetetraacetic acid retrieval, the kidney sections
were incubated with anti-F4/80 (1:100, Cell Signal
Technology, 70076, MA, USA), a marker for
macrophage infiltration, and anti-GPX4 (1:100, Abcam
ab125066, Cambridge, UK), a marker for ferroptosis,
at 4 °C overnight. The images were captured using
ZEISS and Axio Vert Al, and they were quantified by
Image] (Image] bundled with 64-bit Java 8).

To label the mitophagosomes, we used Mito-
Tracker Green (50 nM, ThermoFisher Scientific,
M7514), LysoTracker Red (50 nM, Beyotime, C1046)
and Hoechst (5 pg/mL) to label mitochondria,
lysosomes and nuclei, respectively, following the
manufacturer’s instructions. The images were
captured using a ZEISS Axio Vert Al microscope.

Transmission electron microscopy

The fresh kidney was cut into 1 ™3 pieces and
prefixed in 2% glutaraldehyde. The fixation,
dehydration, embedding, polymerization, and lead
citrate staining were performed by the Core Facility of
Basic Medical Sciences, Shanghai Jiao Tong University
of Medicine, as described previously [17]. An H-7650
transmission electron microscope (Hitachi, H-7650)
was used to detect 70-nm thick sections.

Cell viability analysis

A CCK-8 kit (Dojindo, CK04) was used to
analyze the viability of HK-2 cells. Briefly, after
treatment with cisplatin, 10 pl of CCKS8 solution was
added to cell culture followed by incubation at 37 °C
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for 4 hours. BioTak CytationTM? was used to measure
the absorbance at 450 nm every 30 minutes.

Immunoblot analysis

The proteins were subjected to 10-12% gel
electrophoresis as described previously [66]. The
membranes were incubated with the following
primary antibodies (1:1000 dilution) at 4 °C overnight:
TFRC (Cell Signal Technology, 46222, MA, USA),
HO1 (Cell Signal Technology, 43966, MA, USA),
GPX4 (Abcam, ab125066, Cambridge, UK), BNIP3
(Santa Cruz Biotechnology, sc-56167, TX, USA),
PINK1 (Novas Biologicals, BC100-494, CO, USA),
PARK2 (Cell Signal Technology, 2132, MA, USA),
VDAC (Abcam, ab14734, Cambridge, UK), COX IV
(Cell Signal Technology, 4844, MA, USA), LC3B
(Sigma-Aldrich, L7543, MO, USA), KIM1 (R&D,
AF1817, MN, USA) and TUBA (Beyotime, AF0001,
Shanghai, China).

ROS and ferroptosis analyses

ROS activity was detected by MDA (Beyotime,
S0131S) and SOD (Nanjing Jiancheng Bioengineering
Institute, A001-3-2) levels according to the
manufacturer’s instructions. The MDA and SOD
levels were adjusted by protein concentration.

A GSH kit (Nanjing Jiancheng Bioengineering
Institute, A006-2-1) was used to evaluate glutathione
levels. The FerroOrange (1 pM, Dojindo, F374) probe
was added to the cell culture to label Fe?*, and the
BODIPY™ 581/591 C11 (10 pM, ThermoFisher
Scientific, M7514) probe distinguished oxidized and
nonoxidized lipids [30].

Statistical analysis

GraphPad Prism 8 (GraphPad) was used for all
statistical analyses. The qualitative data are presented
as the meanzt standard error (SEM). Student's t test
was used to compare the differences between two
groups, and one-way analysis of variance and Tukey's
post hoc test were used to compare differences
between more than two groups. A P value less than

0.05 was considered to indicate a significant
difference.
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