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ARTICLE INFO ABSTRACT

Keywords: In this study, we investigated the potential role of PrxI in cis-diamminedichloroplatinum (cisplatin)-induced
P_ero"ir_ed‘”‘i“ I renal damage in mice. The anticancer drug cisplatin is a chemotherapeutic agent that is widely used to treat solid
Cisplatin tumors. Cisplatin-induced nephrotoxicity is a serious dose-limiting side effect, primarily caused by oxidative
E]:;}::)Stixicity stress. The oxidative stress further damages DNA, membranes, and mitochondria, and increases endoplasmic
Autophagy reticulum (ER) stress. Cisplatin produces reactive oxygen species (ROS) through Cytochrome P450 2E1 (CYP2E1)

and localizes to the surface of the ER, where CYP2E1 is located.

Among the six Prx isoforms, Prx I was selectively degraded in cisplatin-treated kidneys during severe renal
function damage. Prx I degradation is blocked in mouse proximal tubular cells treated with 3-methyladenine, an
autophagy inhibitor, and in MEF lacking ATG7. Moreover, increased ROS levels on the ER surface due to CYP2E1
overexpression further accelerated Prx I degradation. These results suggest that Prx I degradation is largely
mediated through autophagy, which is promoted by cisplatin-induced ER stress. Ablation of Prx I exacerbated
cisplatin-induced nephrotoxicity and significantly increased the abundance of oxidative stress, ER stress, and
inflammatory markers in the kidney, indicating that Prx I plays a protective role against cisplatin-induced

nephrotoxicity.

1. Introduction

Cis-diamminedichloroplatinum (Cisplatin) is a chemotherapeutic
drug widely used to treat many solid tumors, including those of the
head, neck, lung, testis, ovary, and breast [1,2]. However, among its
toxicities including ototoxicity, gastrotoxicity, myelosuppression, and
allergic reactions [3], nephrotoxicity is the main dose-limiting side ef-
fect. Approximately 20 % of patients receiving high-dose of cisplatin
develop severe renal dysfunction. Although DNA-damaging agents such
as cisplatin are usually less toxic to non-proliferating cells, they selec-
tively damage proximal tubular cells due to their accumulation in renal
cells [4]. Organic cation transporter is critical for cisplatin uptake in the
proximal tubules. Despite the belief that DNA damage is the major
mechanism underlying cisplatin toxicity [1,5], only approximately 1 %

of cisplatin molecules interact with DNA. Therefore, cisplatin cytotox-
icity has been suggested to be associated with inflammation, oxidative
stress injury, apoptosis through intrinsic caspase activation, and fibrosis.

Recently, endoplasmic reticulum (ER) stress has been reported to be
involved in cisplatin cytotoxicity [6-9]. Endoplasmic reticulum (ER)
stress is induced by cisplatin and results in increased apoptosis through
the induction of pro-apoptotic CCAAT-binding homologous protein [7,
8]. Moreover, ER stress induces autophagy [9,10], which is induced by
cisplatin in vivo [11] and in vitro [12-14]. As reactive oxygen species
(ROS) on the ER surface can induce ER stress in cisplatin-treated cells
[71, we focused on the effects of ROS on cisplatin-induced cytotoxicity
and autophagy.

Reactive oxygen species (ROS) has been implicated as an essential
cause of cisplatin-induced cytotoxicity [15-17]. It directly act on and

* Corresponding author. College of Pharmacy, Graduate School of Pharmaceutical Sciences, Ewha Womans University, Seoul, 120-750, South Korea.
E-mail addresses: jypark89@ewhain.net (J. Park), jhsim86@korea.kr (J. Sim), yihoz@naver.com (H.J. Yi), rheesg249@yahoo.com (S.G. Rhee), hawoo@ewha.ac.

kr (H.A. Woo).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.freeradbiomed.2024.09.049

Received 12 August 2024; Received in revised form 15 September 2024; Accepted 29 September 2024

Available online 2 October 2024

0891-5849/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:jypark89@ewhain.net
mailto:jhsim86@korea.kr
mailto:yihoz@naver.com
mailto:rheesg249@yahoo.com
mailto:hawoo@ewha.ac.kr
mailto:hawoo@ewha.ac.kr
www.sciencedirect.com/science/journal/08915849
https://www.elsevier.com/locate/freeradbiomed
https://doi.org/10.1016/j.freeradbiomed.2024.09.049
https://doi.org/10.1016/j.freeradbiomed.2024.09.049
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2024.09.049&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Park et al.

destroy cellular components, including lipids, proteins, and DNA. In the
presence of cisplatin, ROS are produced through many pathways, such
as NADPH oxidase [18] and mitochondrial pathways [19], inducing
renal injury [17,20]. Several antioxidant chemicals that remove ROS
have been reported to reduce cisplatin-induced cytotoxicity in vivo [21,
22]. Although some of these have been studied in vitro [16,23], the
benefits of endogenous antioxidant enzymes in reducing
cisplatin-induced cytotoxicity have not yet been extensively studied in
vivo.

Among the six isoforms of mammalian Prxs, Prx I is the only enzyme
localized to the ER surface [24]. Since Prx I removes ROS produced on
the ER surface, Prx I is considered to be involved in cisplatin-induced ER
stress. Therefore, we investigated the role of Prx I in cisplatin-induced
cytotoxicity and found that Prx I is involved in autophagy induced by
ER stress during cisplatin-induced cytotoxicity and is degraded. Prx I
deficiency augments cisplatin-induced nephrotoxicity by increasing ER
and oxidative stress.

2. Materials and methods
2.1. Cisplatin-induced kidney failure model

Prx I —/— mice were used as previously described [24]. Prx I +/+
and —/— mice were generated by breeding heterozygous mice. Ten to
12-week-old male C57/BL6 mice (Jackson Laboratory, Bar Harbor; ME,
USA) were used for the experiments performed according to a protocol
performed according to a protocol approved by the Institutional Animal
Care and Use Committee of Ewha Womans University (EWHA IACUC
21-034-t). The mice were housed in a temperature-controlled room
(20-22 °C) with alternating 12 h periods of light and dark. Mice were
intraperitoneally injected with a single dose of cisplatin or saline. To
increase the stability of cisplatin, 0.1 % Tween 80 was added to the
saline. After the indicated times from injection, the mice were eutha-
nized, and the kidneys and serum were collected for further analysis.

2.2. Histology and immunohistochemistry

Kidneys were fixed in 4 % paraformaldehyde, embedded in paraffin,
and sectioned. Sections (4 pm thick) were then depleted of paraffin and
subjected to hematoxylin and eosin (H&E) staining or immunohisto-
chemical characterization using antibodies specific to anti-4HNE
(JalCA, Tokyo, Japan) and 3-nitrotyrosine (3NT; Millipore, Darmstadt,
Germany). Sections for immunohistochemistry were deparaffinized and
immunolabeled with the corresponding antibodies. Visualization was
performed using the peroxidase/DAB method. Stained sections were
photographed using a microscope equipped with AxioCam software
(Carl Zeiss, Jena, Germany).

2.3. Assessment of renal function

Blood was collected from the inferior vena cava and plasma was
separated by centrifugation at 3000 rpm for 15 min at 4 °C. Plasma
alanine aminotransferase (ALT) and aspartate transaminase (AST) con-
centrations were determined using the EnzyChromTM assay Kkits
(BioAssay Systems, Hayward, CA, USA), according to the manufac-
turer’s instructions.

2.4. Immunoblot analysis

The protein levels in the cells and mouse tissues were evaluated by
immunoblot analysis. Cells and tissues were lysed with a cold lysis buffer
(20 mM HEPES pH 7.0, 0.15 M NaCl, 10 % glycerol, 1 % Triton X-100, 1
mM EDTA, 1 mM EGTA, 10 mM f-phosphoglycerate, 1 mM Na3VO4, 5
mM NaF, 1 pg/mL aprotinin, 1 pg/mL leupeptin, and 100 pM phenyl-
methyl sulfonyl fluoride [PMSF]) using a polytron homogenizer or
sonicator. The homogenates were centrifuged at 15,000 rpm, 4 °C for 15
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min. After the protein present in the lysates were concentrated from
supernatants using the Bradford assay (Bio-Rad, Hercules, CA, USA), the
lysates were mixed with sample buffer (62.5 mM Tris-HCl pH 6.8, 10 %
glycerol, 2 % sodium dodecyl sulfate, 0.0125 % bromophenol blue, and
2.5 % p-mercaptoethanol) and heated at 95 °C for 5 min. Proteins in
sodium dodecyl sulfate (SDS) buffer (3 g/L Tris, 14.35 g/L glycine, and
1 g/L SDS) were separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). The proteins were transferred onto an activated 0.45 pm
pore size polyvinylidene difluoride (PVDF) membrane (Millipore,
Darmstadt, Germany) using methanol with transfer buffer (3.03 g/L
Tris, 14.17 g/L glycine, and 20 % methanol). The PVDF membrane was
incubated with 5 % bovine serum albumin (BSA) in Tween-20 Tris-
buffered saline at room temperature for 20 min using a rocker, followed
by incubation at 4 °C overnight on a rocker with antibodies (1:2000
dilution). Cell or tissue lysates were fractionated by SDS-PAGE and the
separated proteins were transferred to a PVDF membrane (Merck),
which was then incubated with specific antibodies. Anti-actin, anti-LC3
(Sigma-Aldrich), anti-CuZnSOD, anti-MnSOD, anti-GAPDH, anti-Prx-
SO3 (AbFrontier), anti-Prx I to VI, anti-Srx [25,26], and anti-p62 anti-
bodies were used as described previously [27]. Inmune complexes were
detected using horseradish peroxidase-conjugated secondary antibodies
and enhanced with chemiluminescent reagents (AbFrontier). The
abundance of target proteins was quantified by densitometric analysis of
the immunoblots.

2.5. Cell culture

HepG2 cells, mProx24 cells, and MEFs were maintained under 5 %
CO4 at 37 °C in Dulbecco’s modified Eagle’s medium supplemented with
10 % fetal bovine serum, penicillin, and streptomycin. The cells were
treated with various concentrations of cisplatin in dimethylformamide
(DMF) for the indicated time periods. The cells were treated with 3-
methyladenine, lactacystin, and MG132 for 3 h before cisplatin
treatment.

2.6. Cell viability assay

Cell viability was measured by MTT assay. HepG2 cells were seeded
in 96-well plates at a density of 4 x 10* cells/well, and MEFs were
seeded at a density of 1 x 10* cells/well. On the next day, cells were
treated with various concentrations of cisplatin in growth media for 24 h
and then, cells were gently washed twice with growth medium and
incubated with 0.5 mg/mL MTT (Sigma-Aldrich) at 37 °C for 1 h. The
formazan crystals formed by active mitochondria were dissolved in
dimethyl sulfoxide (DMSO), and the As4 of each well was measured
using a spectrophotometer.

2.7. Subcellular fractionation

Mouse tissues were finely minced, homogenized using a Douncer
homogenizer in isolation buffer (230 mM mannitol, 70 mM sucrose, 10
mM Tris-HCl pH 7.4, 1 mM EDTA, and 0.1 % BSA), and centrifuged at
1000xg for 10 min. The supernatant (PNS) was centrifuged at 12,000xg
for 10 min. The mitochondrial pellet was washed twice with wash buffer
(230 mM mannitol, 70 mM sucrose, 10 mM Tris-HCl, and pH 7.4) and
the resulting supernatant was further centrifuged at 96,000xg for 1 h.
The supernatant was collected as the cytosolic fraction and the micro-
somal pellet was dissolved in lysis buffer.

2.8. RT-PCR and quantitative real-time PCR

The samples were lysed with 1 mL of TRIzol (Invitrogen, Carlsbad,
CA, USA) using a homogenizer on ice. Chloroform was added (200 pL)
and vigorously vortexed for 15 s, followed by a 3 min rest to separate the
phenol from lysate, then centrifuged at 12,000xg, 4 °C for 15 min. The
lysates were separated into three layers. The aqueous top layer
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containing RNA was transferred to another tube. Isopropanol was added
(500 pL) and the tube was inverted gently four times and kept at —80 °C
for 16 h for precipitation of the RNA. Subsequently, the frozen mixture
in the tube was melted on ice, then centrifuged at 12,000 xg and 4 °C for
10 min. The pellet was washed twice with 70 % ethanol in RNase-free
water, centrifuged at 12,000xg and 4 °C for 10 min, and dried. The
RNA pellet was then resuspended in RNase-free water. The RNA purity
and concentration were determined using a NanoDrop ND-1000 spec-
trophotometer (Daemyung, Seoul, Republic of Korea). Total RNA was
isolated from cultured cells using TRIzol reagent. Random hexamer
primers were added at room temperature and complementary DNA
(cDNA) was synthesized using the ABI cDNA Synthesis Kit (Applied
Biosystems, Waltham, MA, USA). The resulting cDNA was subjected to
real-time PCR using SYBR Green (PerkinElmer, Foster City, CA, USA) on
an ABI PRISM 7700 system (PerkinElmer). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal control. Primer se-
quences for mouse cDNAs (forward and reverse) are listed in Table 1.

2.9. Statistical analysis

Western blot protein bands were quantified by densitometry using
ImageJ software (IMAGEJ 1.50I, USA). All values are expressed as
means + standard error (S. E.). Statistical significance was analyzed by
2-factor ANOVA for multiple comparisons using GraphPad Prism soft-
ware version 6 (GRAPHPAD, USA). Statistical significance was set at p
< 0.05. significant.

3. Results
3.1. Cisplatin-induced nephrotoxicity and selective degradation of Prx I

To investigate the effects of cisplatin on antioxidant proteins in the
kidney, 30 mg/kg cisplatin or saline was injected into C57/BL6 mice (n
= 4 per group). Mice were euthanized after 3 d, and kidney and serum
samples were collected. Severe kidney damage was induced following
the administration of cisplatin, as evidenced by significant cast forma-
tion and dilated tubular cells in cisplatin-treated kidneys compared with
sham kidneys (Fig. 1A). Additionally, kidney damage indicators, such as
blood urea nitrogen (BUN) and serum creatinine (SCr) concentrations,
were significantly elevated and body weight was decreased in cisplatin-
treated mice (Fig. 1B). To assess the changes in antioxidant proteins,
kidney lysates were subjected to immunoblot analysis with antibodies
against various antioxidant proteins (Fig. 1C and D). Among these, only
Prx I protein levels showed a significant decrease when normalized to
GAPDH levels. To determine whether the decrease in Prx I protein levels

Table 1
Primers used for real-time PCR.

Free Radical Biology and Medicine 225 (2024) 236-246

was due to degradation or reduced protein synthesis, Prx I mRNA levels
were measured using quantitative PCR. Despite the decrease in Prx I
protein levels, Prx I mRNA levels increased (Fig. 1E), indicating that Prx
I was selectively degraded in response to cisplatin-induced kidney
damage.

These results suggest that cisplatin induces significant nephrotoxi-
city, characterized by structural and functional kidney damage, and
selectively degrades Prx I despite increased Prx I mRNA levels, thereby
highlighting a targeted response in the antioxidant defense mechanism.

3.2. Cisplatin-induced ER stress and Prx I degradation over time in mouse
kidneys

To further investigate the degradation of Prx I over time-course, 20
mg/kg cisplatin was administered to C57/BL6 mice after which they
were euthanized after the indicated times. The damaged kidneys were
collected and analyzed (Fig. 2). Despite the relatively slow decrease in
Prx I protein levels, a significant reduction was observed 72 h after
cisplatin injection. The initial increase in Prx  mRNA levels, followed by
a decrease in protein levels, indicated that Prx I was selectively degraded
in response to cisplatin-induced stress despite an increase in transcrip-
tion (Fig. 2A and B). To determine whether cisplatin-induced nephro-
toxicity is closely related to increased levels of ROS, we evaluated the
oxidative stress response by measuring the mRNA levels of antioxidant
response elements such as Nrf2, HO-1, and Srx. The results showed a
time-dependent increase in these mRNA levels, with significant eleva-
tions observed 48 and 72 h after cisplatin injection. This suggests that
kidneys upregulate antioxidant defense mechanisms in response to
increased oxidative stress (Fig. 2B).

Cisplatin accumulates in the proximal tubular epithelial cells and
induces ROS generation, leading to oxidative stress and cellular
apoptosis [28-30]. Prx I plays a role in scavenging ROS on the ER sur-
face; however, following cisplatin treatment, Prx I protein levels
decrease, impairing the ROS removal capacity. Consequently, we
confirmed a reduction in Prx I expression by isolating the ER (Fig. 2C).
Upon further analysis, Prx I degradation was found to occur more
rapidly in the ER fraction compared to the cytosolic fraction after
cisplatin treatment, indicating that the ER is a key site of oxidative
damage and that ER-localized Prx I is particularly susceptible to
degradation under these conditions (Fig. 2D). Additionally, in
cisplatin-treated kidneys, the ER stress markers, ATF4 and TRB3, were
induced in a time-dependent manner (Fig. 2E), which was consistent
with previous studies indicating that ER stress played a crucial role in
cisplatin-induced nephrotoxicity [8,31]. The BUN and serum creatinine
levels also increased sharply after 72 h (data not shown), indicating that

Target Gene Forward primer (5° - 3)

Reverse primer (5’ - 3")

GAPDH AGAACATCATCCCTGCATCC GGTCCTCAGTGTAGCCCAAG
Prx1 ACCATTGCTCAGGATTATGGA CAACGGGAACGACGTTTATTG
Prx 1I CAATGTGGATGACAGCAAGG CCCTTCAGAGAGTGGAGGAA

Prx IIT GGAAGAAACACTCCGTTTGG GTTGGACTTGGCTTGATCGT

Prx IV CAGCACCTTATTGGGAAGGA GCGATGATTTCAGTTGGACAC
PrxV GGCATTTACACCTGGCTGTT CGACGATTCCCAAAGAGAGA

Prx VI GTAGTGTCAGTGTGGGCTCT GAGGTACATGCGCACTCTTG
Nrf-2 CTCTCTGAACTCCTGGACGG GGGTCTCCGTAAATGGAAG

Srx GGAAGGAAGAAAGGAGATGG AGAGTTCAGGCTATGGGGAT
HO-1 CACGCATATACCCGCTACCT CCAGAGTGTTCATTCGAGCA
CYP2E1 CGTTGCCTTGCTTGTCTGGA AAGAAAGGAATTGGGAAAGGTCC
p62 CCGCCGCTTCAGCTTCTGCT GTTCCCGCCGGCACTCCTTC
ATF4 ATGGCCGGCTATGGATGAT CGAAGTCAAACTCTTTCAGATCCATT
TRB3 CTCTGAGGCTCCAGGACAAG GGCTCAGGCTCATCTCTCAC
XBP1s GAGTCCGCAGCAGGTG GTGTCAGAGTCCATGGGA

Edem 1 GCAATGAAGGAGAAGGAGACCC TAGAAGGCGTGTAGGCAGATGG
Grp78 GGTGCAGCAGGACATCAAGTT CCCACCTCCAATATCAACTTGA
IL-1b TCGTGCTGTCGGACCCATAT GTCGTTGCTTGGTTCTCCTTGT
TNF-a GCCACCACGCTCTTCTG GGTGTGGGTGAGGAGCA
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Fig. 1. Effect of cisplatin on the kidney of C57/BL6 mice and selective decrease of Prx I in cisplatin-treated kidney.

Male C57/BL6 mice were treated with 30 mg/kg cisplatin via a single intraperitoneal injection of cisplatin and euthanized after 72 h (n = 4, each). Serum and kidney
samples were obtained for further analysis. (A) Kidneys were fixed overnight in 4 % paraformaldehyde and embedded in paraffin blocks. Kidney sections (4 pm thick)
from sham and cisplatin-treated mice were subjected to H&E staining. Original magnification, 100x and 400x. (B) Body weight changes were measured before
euthanasia. Indicators of renal function in the sera of sham and cisplatin-treated mice were measured. BUN, blood urea nitrogen; SCr, serum creatinine (C) mice
treated with 30 mg/kg cisplatin for 72 h (n = 4, each). Kidneys of sham and cisplatin-treated mice were lysed and subjected to immunoblot analysis. Antibodies
against various antioxidant proteins have also been developed. (D) Densitometry analysis of (C). Each blot was normalized to GAPDH. (E) mRNA levels of antioxidant
proteins in sham and cisplatin-treated kidneys were measured using quantitative PCR. mRNA levels were normalized to those of GAPDH. Data in (B), (D) and (E) are

presented as the means + SE. *p < 0.05, **p < 0.01.

kidney function was impaired in the late stages of cisplatin damage.
These findings suggest that Prx I is selectively degraded during the

late stages of cisplatin-induced kidney damage and that this process is

closely associated with both the oxidative stress and ER stress pathways.

3.3. Selective degradation of Prx I through autophagy in cisplatin-induced
kidneys

To elucidate the mechanism of Prx I degradation, we investigated the
involvement of autophagic and proteasomal degradation pathways. The
treatment of mProx24 cells with cisplatin initiated PrxI degradation
after 18 h (Fig. 3A). Under these conditions, a significant increase in
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LC3-II and decrease in p62 levels were observed, indicating the forma-
tion of autophagosomes. Therefore, we conducted additional experi-
ments using autophagy inhibitors and proteasomes. An experiment
using 3-methyladenine (3-MA), a known autophagy inhibitor, showed
that 3-MA inhibited cisplatin-induced Prx I degradation (Fig. 3B). This
suggests that Prx I was degraded via cisplatin-mediated autophagic
degradation. In contrast, the proteasome inhibitors lactacystin and
MG132 did not block the degradation of Prx I but rather accelerated it
(Fig. 3C and D). This acceleration of Prx I degradation could be due to
increased autophagy as a compensation for the inhibition of proteaso-
mal degradation [32].

These results strongly indicate that autophagy plays a critical role in
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Fig. 2. Time-dependent effects of cisplatin on protein and mRNA expression levels in the kidneys of C57/BL6 mice.

(A) C57/BL6 mice were injected 20 mg/kg of cisplatin and euthanized 12, 24, 36, 48, 72, and 96 h after injection. Kidney lysates were subjected to immunoblot
analysis. Data are representative of three independent experiments. (B) The mRNA levels of sham and cisplatin-treated kidney were measured by quantitative PCR
and normalized by GAPDH mRNA. (C, D) Whole lysates, cytosolic, and ER fractions obtained after subcellular fractionation of kidney homogenates were then
subjected to immunoblot analysis with antibodies to indicated proteins. (E) The mRNA levels of sham and cisplatin-treated kidney were measured by quantitative
PCR and normalized by GAPDH mRNA. Data are represented as mean =+ SE. **p < 0.01.

the degradation of Prx L. Specifically, the autophagic pathway activated
by cisplatin treatment appears to be the primary mechanism for the
selective degradation of Prx I. Inhibition of Prx I degradation by the
autophagy inhibitor 3-MA provides compelling evidence that autophagy
is the major pathway for Prx I degradation. Furthermore, the accelera-
tion of Prx I degradation by proteasome inhibitors suggests that auto-
phagy may act as a compensatory mechanism in response to inhibition
of proteasomal degradation.

To further study the role of autophagy in cisplatin-induced Prx I
degradation, we used autophagy-defective ATG7 knockout (KO) MEF. In
ATG7 wild-type (WT) MEF, cisplatin induces Prx I degradation and
autophagy. In contrast, the absence of ATG7 completely blocked the
degradation of Prx I by cisplatin (Fig. 3E and F), suggesting that auto-
phagy is the major pathway for Prx I degradation.

In conclusion, Prx I degradation primarily occurred via the auto-
phagic pathway triggered by cisplatin treatment. The results obtained
with proteasome inhibitors imply an interaction between the autophagic
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and proteasomal degradation pathways, with autophagy playing a
crucial role in Prx I degradation. These findings enhance our under-
standing of the Prx I degradation mechanism and could contribute to the
development of new therapeutic strategies by modulating autophagic
and proteasomal pathways in future research.

3.4. Mechanism of cisplatin-induced Prx I degradation in CYP2E1
overexpressing cells

We hypothesized that the selective degradation of Prx I compared to
other Prxs was due to its unique localization. Prx I is the only Prx protein
that localizes to the ER surface [24]. Moreover, the ER membrane is
considered the source of phagophores that initiate macroautophagy
[33]. Therefore, Prx I on the ER surface is degraded by autophagy
stimulated by cisplatin-induced ER stress.

To test this hypothesis, we used the HepG2 cell line overexpressing
CYP2E1, which generates more ROS on the ER surface and induces ER
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Fig. 3. Inhibition of Prx I degradation by autophagy inhibitors in mouse proximal tubular cells and cisplatin-induced Prx I degradation in autophagy-deficient ATG7

KO MEF cells.

(A) mProx24 were treated with 0.2 mM of cisplatin dissolved in DMF in growth media for 0, 15, 18, 21, 24 h, and harvested. The cell lysates were subjected to
immunoblot analysis. (B) 5 mM of 3-MA or (C) 10 pM of lactacystin or (D) 10 pM of MG132 or each vehicle was pre-treated in growth media. After 3 h, 0.2 mM of
cisplatin or DMF alone was added. Cells were harvested after 18 h from cisplatin treatment. The cell lysates were subjected to immunoblot analysis. (E) ATG7 WT and
ATG7 KO MEFs were treated with 0.15 mM of cisplatin or DMF alone for 16 h in growth media and harvested. Cell lysates were subjected to immunoblot analysis. (F)
Densitometric analysis of (E). Intensity of Prx I was normalized by that of GAPDH. Data in (F) are means + SE. **p < 0.01.

stress upon cisplatin treatment [20,34]. Prx I degradation occurred
much faster in CYP2E1 overexpressing (E47) cells than in control (C34)
cells, whereas other cytosolic Prxs showed no change (Fig. 4A). In
addition, E47 cells were more vulnerable to cisplatin-induced cell death
than C34 cells (Fig. 4B). These data suggest that Prx I degradation is
related to ER stress.

Since cisplatin-induced degradation of Prx I is mediated by auto-
phagy in mouse proximal tubular cells and MEFs, we also tested whether
autophagy mediates Prx I degradation in E47 cells. The autophagy in-
hibitor 3-MA partially blocked cisplatin-induced Prx I degradation
(Fig. 4C and D), indicating that Prx I degradation is mediated by auto-
phagy. No change was observed in Prx I mRNA levels in cisplatin-treated
cells pretreated with vehicle or 3-MA (Fig. 4E). The protein level of p62
significantly decreased in cisplatin-treated cells, whereas p62 was
increased in vivo following cisplatin treatment. This discrepancy was due
to the decrease of p62 mRNA levels observed in vitro, but not in vivo
(Fig. 4C-E).

To exclude proteasomal degradation, We used lactacystin and
MG132 to cisplatin treated E47 cells. None of the inhibitors blocked Prx I
degradation (Fig. 4F and G), which was consistent with the results for
mProx24 cells and MEFs.

241

We also investigated whether the decrease in Prx I was due to
degradation or secretion into the medium, as Prx I has been reported to
be released into the serum or extracellular space [35,36]. We treated
C34 and E47 cells with cisplatin in serum-free media to eliminate Prx I
present in fetal bovine serum. Media samples (200 pL) were collected at
the indicated times and subjected to immunoblot analysis. Prx I, Prx VI,
and GAPDH were gradually detected in the cisplatin-treated E47 cells
(Fig. 4H), although Prx VI and GAPDH levels were not decreased
following cisplatin treatment. The presence of these proteins in the
medium was attributed to cell lysis during cell death, rather than active
secretion.

Collectively, ROS produced by CYP2E1 on the ER surface induce ER
stress, which leads to autophagy and subsequent degradation of Prx I in
CYP2E1 overexpressing cells.

3.5. Impact of Prx I-deficiency on cisplatin-induced renal injury and stress
response pathways

Prx I removes ROS produced by CYP2E1 from the ER surface because
of its proximity to CYP2E1 [24]. Since ER stress plays a crucial role in
autophagy during cisplatin treatment, we investigated the role of Prx I in
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Fig. 4. Effect of CYP2E1 overexpression, autophagy inhibition, and proteasomal degradation or secretion on Prx I degradation by cisplatin.

(A) CYP2E1 overexpressing HepG2 cells (E47) and control HepG2 cells (C34) were treated with 0.5 mM of cisplatin in growth media for 0, 8, 16, 24 h and harvested.
Cell lysates were subjected to immunoblot analysis. (B) C34 and E47 cells were treated with indicated concentrations of cisplatin for 24 h. Cells were incubated with
0.5 mg/mL of MTT for an hour at 37 °C. The formazan crystals formed by active mitochondria were dissolved in DMSO and Asyo for each well was measured with
spectrophotometer. Cell viability was calculated by the absorbance. Data are represented as mean + SE for three independent experiments. **p < 0.01 vs C34 (C)
E47 cells were pre-treated with 5 mM of 3-MA or vehicle in growth media. After 3 h, 0.5 mM of cisplatin or DMF alone was treated for 16 h and cells were harvested.
Cell lysates were subjected to immunoblot analysis. Data are representative of five independent experiments. (D) Densitometric analysis of (C). Intensity of Prx I was
normalized by that of GAPDH. Data are represented as mean + SE for five independent experiments. *p < 0.05. (E) mRNA levels of Prx I and p62 were measured with
quantitative PCR. Each mRNA was normalized by actin mRNA. (F) E47 cells were pre-treated with 10 pM of lactacystin or (G) 10 pM of MG132 or vehicle in growth
media. After 3 h, 0.5 mM of cisplatin or DMF only was treated and cells were harvested. Cell lysates were subjected to immunoblot analysis. (H) C34 and E47 cells
were treated with 0.5 mM of cisplatin in serum-free media. Media was collected after 0, 4, 6, 8, 10, 12 h and the collected media were added immediately with SDS
sample buffer and boiled. The 40 pL of each sample was subjected to immunoblot analysis. 2 pg of E47 cell lysate (Lys) was loaded on the same SDS-PAGE as a
Eontrol. Data are represented as mean =+ SE for three independent experiments. **p < 0.01.

ER stress by injecting cisplatin into Prx I KO mice. pathway [42,43]. In addition to its role in apoptosis, recent evidence has

Histological analysis showed that Prx I KO mice were more damaged suggested that ER stress is a significant contributor to cisplatin-induced
by cisplatin. Cisplatin-treated Prx I KO mice showed increased cast cytotoxicity. Although many studies have focused on the relationship
formation, necrosis, and desquamation in proximal tubules (Fig. 5A). between ER stress and apoptosis, growing evidence indicates that ER
Renal function was measured in the cisplatin-treated KO mice (Fig. 5B). stress may also enhance autophagy, a cellular response that can act as a
The BUN level in Prx I KO mice increased to 372.1 + 69.6 mg/dL, survival mechanism in some contexts [6-9]. Interestingly, autophagy
whereas it was only 263.0 & 45.5 mg/dL in Prx I WT mice. The SCr level has been observed following cisplatin treatment, both in vivo and in vitro,

in Prx I KO mice was 1.47 + 0.28 mg/dL, compared to 0.90 + 0.24 mg/ suggesting that cisplatin-induced cytotoxicity involves a complex
dL in Prx I WT mice. Both BUN and SCr levels indicated that renal interplay between apoptosis and autophagy, with the balance between

function was significantly impaired in cisplatin-treated Prx I KO mice. these processes potentially influencing the overall treatment [11-14].
Immunohistochemical analysis was performed using antibodies This dual pathway, apoptosis via mitochondrial dysfunction and auto-
against the damage markers. 3-Nitrotyrosine (3-NT) was used as a phagy enhancement through ER stress, highlights the complexity of the
biomarker for RNS formation, and 4-hydroxynonenal (4-HNE) protein cisplatin-induced cytotoxicity and underscores the need for further
adducts were used as markers of oxidative stress. Both 3-NT and 4-HNE investigation into how these mechanisms could be modulated to
levels were significantly higher in the kidneys of cisplatin-treated Prx I improve therapeutic outcomes and minimize resistance [43,44].
KO mice than in wild-type mice (Fig. 5C and D). These data suggest that Building on this understanding, in this study, we focused specifically
Prx I KO mice are more susceptible to cisplatin-induced kidney damage on cisplatin-induced ER stress and autophagy. Since Prx I is the only
than wild-type mice. peroxiredoxin residing on the ER surface that reduces ROS production
Protein levels were determined by immunoblot analysis (Fig. 6A). on the ER membrane [24], we investigated the role of Prx I in
Although mRNA levels increased in Prx I KO mice, protein levels did not cisplatin-induced cytotoxicity. We found that Prx I expression was
show significant changes, suggesting that changes in protein levels may significantly decreased in cisplatin-treated kidneys, whereas other
occur at later stages of cisplatin-induced damage. antioxidant proteins remained unchanged (Fig. 1). The mRNA level of
Additionally, mRNA levels of oxidative damage markers were Prx I increased slightly, possibly through the Nrf-2 pathway [39], sug-
measured (Fig. 6B). IL-1p and TNF-a were significantly increased in Prx I gesting that the decrease in Prx I was due to protein degradation.
KO mice, indicating increased inflammation. Levels of the redox- Prx I degradation was detected at the late stage of kidney damage,
sensitive transcription factor Nrf-2 and its target Srx were also when renal function was severely impaired (Fig. 2). ER stress marker
elevated in Prx I KO mice. Furthermore, ATF4, TRB3, and XBP1s were proteins involved in the PERK pathway, such as ATF4 and its down-
more induced to a greater extent in Prx I KO mice, indicating increased stream target TRB3, were induced immediately after cisplatin injection
ER stress. These data suggest that Prx I deficiency exacerbates cisplatin- and persisted until renal function was compromised. Additionally, the
induced damage. increase in LC3-II levels indicated that autophagy was induced in
cisplatin-treated kidneys, which was consistent with previous studies on
4. Discussion the induction of autophagy by cisplatin [11].
The mechanism of Prx I degradation was investigated in vitro (Fig. 3).
Cisplatin is a widely used antineoplastic drug for the treatment of a In the mouse proximal tubular cell line mProx24, cisplatin-induced Prx I
broad range of tumors, and its primary mechanism of action has his- degradation was blocked by 3-MA, an autophagy inhibitor, suggesting
torically been believed to be DNA damage [1,5]. Although cisplatin that Prx I was degraded via autophagy. Lactacystin and MG132 did not
primarily targets DNA, only a fraction of intracellular cisplatin binds block Prx I degradation, possibly because these proteasome inhibitors
directly to nuclear DNA. A significant proportion of cisplatin interacts enhanced autophagy [32]. Moreover, no cisplatin-induced degradation
with various cellular components including proteins, lipids, and RNA, of Prx I was detected in autophagy-deficient ATG7 KO MEFs, confirming
contributing to its broad cytotoxic effects. Moreover, the relationship that Prx I is degraded through autophagy. The unique localization of Prx
between cisplatin sensitivity and p53 status in tumor cells remains un- I to the ER surface likely accounts for its selective degradation. The ER
clear [8,37,38]. membrane is believed to be a source of phagophores that initiate mac-
Recent studies have shown that cisplatin induces apoptosis primarily roautophagy [33]. Therefore, we hypothesized that autophagy is
through the mitochondrial (intrinsic) pathway, which involves in- induced by ER stress in cisplatin-induced cytotoxicity and that Prx I is
teractions between the Bcl-2 family proteins and mitochondrial degraded because it is associated with the phagophore.
dysfunction [39-41]. Upon entering the cell, cisplatin accumulates in To our knowledge, this is the first study to demonstrate that cisplatin-
the mitochondria where it generates mitochondrial reactive oxygen induced nephrotoxicity leads to the reduction of Prx I protein and that
species, leading to oxidative stress and damage to the mitochondrial Prx I in the ER is selectively degraded by autophagy. This novel finding
membrane. This loss of mitochondrial membrane potential is a critical significantly advances our understanding of the molecular mechanisms
event that facilitates the release of cytochrome ¢, which in turn activates underlying cisplatin-induced kidney damage and identifies Prx I as a key
Apaf-1 to form an apoptosome complex, triggering the activation of regulator of oxidative stress in this context. The identification of Prx I as
caspase-9 and caspase-3, thereby promoting cell death via the apoptotic a target of autophagic degradation during cisplatin-induced
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Fig. 5. Effect of Prx I ablation on oxidative kidney damage induced by cisplatin.

Male Prx I WT and Prx I KO mice were treated with 20 mg/kg cisplatin via a single intraperitoneal injection and sacrificed after 72 h. Serum and kidney samples were
collected for further analysis. (A) Kidneys were fixed overnight in 4 % paraformaldehyde and embedded in paraffin blocks. Kidney sections (4 pm thick) from Prx I
WT and Prx I KO mice that had been injected with cisplatin or saline were subjected to H&E staining. Original magnification, 400x. (B) Indicators of renal function in
the sera of sham and cisplatin-treated mice were measured. BUN, blood urea nitrogen; SCr, serum creatinine (C, D) Kidney sections were subjected to immuno-
histochemical analysis with antibodies to (C) 3-NT or to (D) 4-HNE as described in materials and methods. Densitometric analysis of each section was performed
using the ImageJ software (right). Original magnification, 100x. Data are represented as mean + SE. **p < 0.01.
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obtained for further analyses. (A) Lysates from each kidney were subjected to immunoblotting. The corresponding antibodies were used. (B) The mRNA levels in the
kidneys were measured using quantitative PCR. Each mRNA was normalized to GAPDH mRNA. Data in (B) represent the mean + SE. *p < 0.05, **p < 0.01.

nephrotoxicity not only provides new insights into the cellular responses
to this chemotherapeutic agent but also highlights potential avenues for
therapeutic intervention.

To study the effect of ER stress on cisplatin-induced Prx I degrada-
tion, ER stress was induced in response to cisplatin (Fig. 4). CYP2E1
localizes in the ER membrane and produces ROS on the ER surface [24,
45]. According to Baliga et al., CYP2E1 is involved in cisplatin-induced
cytotoxicity by increasing ROS production in vivo [20] and the increased
ROS induce ER stress [7]. Therefore, We used CYP2E1 overexpressing
HepG2 cells (E47) to increase ROS production and ER stress after
cisplatin treatment. E47 cells showed accelerated Prx I degradation and
decreased viability in response to cisplatin compared to control cells
(C34), indicating that increased ER stress boosts Prx I degradation and
cell death. We also confirmed that cisplatin-induced Prx I degradation in
E47 cells was mediated by autophagy but not by proteasomes or
secretion.

Moreover, cisplatin-induced ER stress enhanced autophagy, result-
ing in the degradation of Prx I. Interestingly, the levels of other ER
lumen proteins, such as Prx IV and ERp46, did not change, implying that
only ER membrane-resident proteins were degraded through autophagy.
Although the precise mechanism underlying Prx I degradation remains
unclear, we attempted to elucidate the role of Prx I in cisplatin-induced
cytotoxicity. Recent studies have shown that Prx I is localized to the ER
surface and removes ROS produced by CYP2E1 in ethanol-fed mice
because of its proximity [24]. Since CYP2E1 is also an important cause of
ROS and ER stress in cisplatin-induced cytotoxicity and Prx I has a
protective effect against cisplatin cytotoxicity [23], we focused on the
role of Prx I as a peroxidase to reduce ROS on the ER surface. Prx I KO
mice were more sensitive to cisplatin-induced nephrotoxicity (Fig. 5).
Prx I deficiency augments kidney dysfunction and increases ER stress.
These results showed that Prx I protects against cisplatin-induced
nephrotoxicity by removing ROS produced on the ER surface, conse-
quently decreasing ER stress.

In conclusion, our results suggest that Prx I is degraded by ER stress-
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induced autophagy during cisplatin-induced nephrotoxocity because of
its localization to the ER membrane surface. Furthermore, Prx I plays a
protective role by removing the ROS produced on the ER membrane,
which induces ER stress (Fig. 7). Ironically, while Prx I provides pro-
tection against cisplatin-induced damage, it is degraded by cisplatin,
further augmenting the damage. We suggest that Prx I is degraded after
autophagosomes to which Prx I is attached are lysed by fusion with ly-
sosomes, and that its protective effect is mediated by decreasing ER
stress by removing ROS at the early stage of cisplatin-induced

Cisplatin
CYP450

Prx |

RQSf* = = sdown-regulation
Ki
da

y
ge
Autophagic
Degradation

ER stress —>
Fig. 7. Model for protective effect of Prx I and its degradation in the kidney of
cisplatin-injected mice.
Cisplatin induces ER stress through two pathways: increasing misfolded pro-
teins and the unfolded protein response, and by increasing ROS through
CYP2E1 toward the ER surface. Prx I, which resides on the ER surface, removes
ROS generated by CYP2E1. Therefore, Prx I exerts a protective effect by
reducing cisplatin-induced ER stress. Endoplasmic reticulum (ER) stress initi-
ates autophagy and phagophores are formed from the ER membrane. Prx [ is
involved in phagophores and is removed by autophagic degradation.
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cytotoxicity. Although the mechanism underlying Prx I involvement in
autophagy requires further investigation, understanding and potentially
manipulating the autophagic degradation of Prx I could pave the way for
new therapeutic approaches that enhance the efficacy of cisplatin while
reducing its renal toxicity.
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