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o

S H"-xf2Z 24 (ischemia-reperfusion injury, RS =43 E2 4 acute
kidney injury, AKN2| CHEZXQI BE=M QM2 & IMZtubular epithelial cell)
O MZEAb(cell deathyS S{E3tCH  DNA O|&F7tE ECHDNA double-strand
breaks)2 G-I F MO Z QI5t QM MZEAS] 2 /AP & SILtO|LC}
CHE AFEAME HZUEO|EHZ(2-mercaptoethanol, 2-ME)O| &O0LX|C|] Jt& M
(thymus)dt 2~ H{Otembryo)Oll Al X E DNAO|A DNA O|F7th HEHE &

CtD E0sIQCH 0|2 HIECZ 2 ¢AXts HZUEOES E07
=
=2

ﬁ -
9'_|-
Il

lig

= = 2 Qlgt 3E9 7|5 XMotet =ESH
daAZ|=X| R E =olstRAct I Hd-xF &4 o[ IE 7|80 N
St ZESHH &40 RFYUL[RULCEH dgiL HZEOER2ol  FXX|
(pre-treatment)@t X X|(post-treatment)= S{E-TAFZ Qs ZEO| 7|5 X

otet M &dE FoloH AAAIZALE 21 SEOA 5fH-X
C

rH
=1l
P>
el
rlo

S
DNA O|F7t5 BtE REolIRel T2 ST M2t JOjM=ZoM 2HEE AT
L HTENEZSS FOolot 4ol FEM= HE-M2ARE S DNA Of
StE B0l AN RACE SE-TEF £ £ DNA & PFS(DNA damage
response, DDR)2| A S HEZA 2 (signaling pathway)2| upstream sensor kinase?!
ataxia telangiectasia mutated(ATM)2} ataxia telangiectasia and Rad3
related(ATR)2| &d0| B7I5t%L, HLEOEESS FOot SEHM= ATMS| &
4o Of &ALt ETH ATM CHEO| Mo MEFZ0M  downstream
effector kinaseE FEoIZS W, HLUEMEES Fo= sE-MAF=2 A g
Zl  checkpoint kinase 1(Chk1), checkpoint kinase 2(Chk2), X-ray repair
cross-complementing protein 1(XRCC1)2| &2 HXSIAH ZIHAIZICE  O|=
SIE-IF =40 HLEOEZ0| ATM MEHMHHE0| 2dE R AZICH

= AEE € 5 UM OS2z ofd-xitR &42 U2 SEUAM glutathione
peroxidase 4(GPX4), catalase, copper-zinc superoxide dismutase(CuZnSOD),

manganese superoxide dismutase(MnSOD)2| THH#HZE 50| Z& ZHASHRAC



diLt HE-TeF &40 =5 FEM HUENES F0= GPX4 CHHE
Of oDt FOISHA MAIZICE MZAENERZ0 28 S7tE GPX4 €3S 9
Hote o, HLEOEE Fo= Q8] Z4aE DNA O|S7tS HEHO| CHA| R

1 o - eFE ot
FEO| 7|5 Mot aMa 42 Al REoIRIC OXYez, HE-XF
=42  mitogen-activated protein  kianse(MAPK) & p381} extracellular
S I7kA|Zi1, protein kinase B(AKT)S| &

=)
FEOHACE 2|2 SE SYE-MHARE 22 F M HEENES £

—

% = o
Of= p38, ERK, AKTS| &g O J7tAZCE 2Lt HZEOERZ0 25 &

d3tEl p38, ERK, AKTZF GPX Eodih 2t#0| A=A LOtE7| fIsiM= F7HH
O



&0

e[ JOf (240
DNA &4 B3 DNA damage response (DDR)
kel homogenization
T M 2t proximal tubule
ad3EEY acute kidney injury (AKI)
7|50l dysfunction
7|1 mechanism
CHUZE HEh single strand break
HZEOEHZ 2-mercaptoethanol (2-ME)
rifS: EES ol el gt R immunohistochemical stain
HAH S M immunofluorescent stain
HpZ=H outer medulla
HHZ+3 HIZERES outer stripe of the outer medulla (OSOM)
Hfj OF embryo
=H] secretion

SRS

non-parametric test

AP glomerulus

AR O 2= glomerular filtration rate (GFR)
Atz post hoc

Azt oxidation

Aotetl redox

Aot AEZ A oxidative stress

SN = epithelial cell

M R 9 S3 segment

M Z =22} cell differentiation

M|ZEAL cell death
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n
=

OF
=

o1)

apoptosis

7] 8K

cell cycle arrest

cell proliferation

M|z cytoplasm

M| 2= SH nucleus

=4 loss

RSNl brush border
Mo HHE2 signaling pathway
AXIH| inhibitor

Of filtration

AR chromosome
27 ureteric bud

2 M tubule

M2 M= tubular epithelial cell

tubular lumen

tubular injury score

tubular atrophy

R M2 distal tubule
AT cast

double strand break

Ol HAYZ M double immunofluorescent stain
Rliks} phosphorylation

ARE degree of freedom

N e reperfusion

===t rehydration

e reabsorption

INPSPN pre-treatment




Fof (o)

normal distribution

histopathology

INESNLU el lipid peroxidation
X® parameter

et collecting duct

X 2 in vitro

K|ArEE lethal dose
ekl deparaffinization
£q injection
HEHZH|E LIEF pentobarbital sodium
miES| cortex

SE nephron

SESY renal artery
SEERS renal fibrosis

SE M2 renal tubule
SEEH renal vein

3E od kidney ischemia

Y mean

HE=QK} standard error of the mean (SEM)

o
rr
ot
=

antioxidant

g =7 antigen retrieval

Sig-Metm &= ischemia-reperfusion injury (IRI)
dlef|az| loop of Henle

as|Eot vascular rarefaction

RS plasma

2auaF reactive oxygen species (ROS)
2 activation
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J8 1. S{E-YARE 4= SEHOM HUEYESS ZE 7|5 B0 Cfst
GPX4 AN H|e| & F}

a3 12. s{g-2BRE

rk>

AH BTN HUEOTHSO ZHAH QB &Y

off cHst GPX4 AN A2 =3}
O 13. S{E-TBARE =4EH SEM HUENEZ0 o5t MAPK &/ .. 49

O8 14 S{E-MEARE &H4EH SETOM HUENES Fo0o 2T AKT &9



ZEZ3E & H(acute kidney injury, AKl)2 SE 7|s0| S48t st A
= UStH I N B0l East 2Xtel =2 A E(mortality rate)at 2
O] QUCH3 FE sjd-xa7 24 (ischemia-reperfusion injury, IR FESHE
=40 Fo Jolojn, IS AFIt B E= S5 dA5HAHLE 540 sl
ST, SE | (kidney ischemia)0| YOjLt= St HHZZHE(outer

medulla)0l EXst= X 2oH ZME 2L 7| (capiilary plexus)lA| M-S0 FA|
7] WEo MALF(hypoxia)ol |LELD, Ol Aol FEEZ XHF
(reperfusion) T HA  ZZE  AMA(oxygen)ZEE &AL (reactive  oxygen
species, ROS)0| M- EIC}> O|Z Qldf, HtZ+H HHZEF LS (outer stripe of
the outer medulla, OSOM)Of| £/X[5t= 0f2f 7HX| 2AM2Htubule)S0| &8 &
=Lt SE  S2AM B (renal tubule)2 IAH IELYEH(metanephrogenic
blastema)Ofl A 7| @8t S EER|(nephron)@t 2% (ureteric bud)OlA] 7| &lst

e 2h(collecting duct)2 = Lt=O0{X|11, SEEH|= CHAl AttH(glomerulus)E &

\J

Mo Ae FE2K(renal corpuscle)FE Z# A 2t (proximal tubule), 2212

(loop of Henle) 5! QM Edistal tubule)2Z Lt= = UCH. 0|F {&-X|

2 &40 HHoz £4F = aME2 2faMoll 3| vz
HFZZEZ LB X[Sks M R F7S(S3 segment)0] 7HE Mot &48 e

g

SAHZOICE. =X E2[SH(histopathology) X ZHOA HHEH, IE HE-X

EXE M2 MOMZEtubular epithelial cell)2| A|ZAl(cell
death)O| O|= At7X|0]1}=Z(glomerular filtration rate, GFR)2| &4, LIEE Hj
2ol 7t &} 2o Mg+ M S 22 ITEQ| 7|s50|4(dysfunction) EE

o
of FH[Etore SE-THHRE Qs &4E T2 & = H¥I= =il 2
[=;

AL = 35
g 249 Fa

—

|0

—

2 5200] HOLXIY, 20| 4T FR 2= 5

= 10| 245| Motz SEHF

SHrenal  fibrosis),  AtTHE3HS (glomerulosclerosis), &3] 8 2k (vascular

~—

rarefaction) 2| THd& s EZE LIEHE = QPO [MEtM, 283 EEA0R

o
FH Bog + D &2 0|z IE M2 MEAY} SEQ 7|S0ldE 2
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MEZOIN 7% F2% 40/0 SMYEE XUD Ys DNAY &4 34
STEMOZ QA QMB MEAR F2 A9 F eiLtolni CH2 ofzf HElo)
X AMOME WAL FYIBaso| MHEE S CIY 9§

S =
DNA &40| LtetLb=H|, 7149 &X|(mismatched base pair), &7 &4
(base loss), Tt = O|F7tH HEEi(single or double strand break), 4zt
(oxidation) & O &2} (methylation) 22 &7|2| statd Bl S22 LIEFHLCH
“ E3%| DNA O|F7IEr HTH2 DNA THUVIE HEELC 5474 S36H7| 2
of o st FES2 ZHFEICH®. DNA O|FE7tE HEO| REEM MEE
M=
T5HA
&=

ZIMo 2 Ht3517| 2o 8t M ™MH B E(signaling pathway)E &6
AM(cell proliferation) ¥ MZ&Z(cell division)g2 HFELD 4% DNAE =
Eict gL E3E @ 4 92 ™MEZ H|7FY A Ql(irreversible) DNA
7HE MEZE MEZAZ(apoptosis) X M Z=Sl(cellular senescence)t Z2 1Y

P

oz ZIHECE O|24gh DNA &40 gtSst= ME L €39l by

mjo
O
pd

A
4 HLS(DNA damage response, DDR)O|2t11 SHCE O] DNA &4 HE2 =H
Ste MITHZE= DNA =49 FAnt o Mt MEiNo=z =y
(activation)O| LO{HHCH® DNA &A4EES 2 ataxia telangiectasia mutated(ATM),
ataxia telangiectasia and Rad3 related(ATR) S DNA-dependent protein
kinase(DNA-PK)E E &t upstream sensor kinase & SfLt O|AtQ| Creizl =hd
C

o

2 Soll AEEICH. 0| upstream sensor kinase THEHZ Q|

for

Hd2 checkpoint

I

kinase 1(Chk1) R checkpoint kinase 2(Chk2)E Z&5I= downstream effector
kinase2| 42 |31 DNA S+ & MEF7| FX|(cell cycle arrest)& &
ozicys oo HEUE  He(n vitro) HHEZBIESS HEHEH L5 MM ZHY
(somatic cell culture)lA &AtSHH|(antioxidant)2 O|2E 1 QU= thiol 3HEHE
2l M EOf|Et2(2-mercaptoethanol, 2-ME)2 &OtX[2| 7+& M (thymus) =20 A
HME DNA™, E7|d(anaerobic) =7 }2| DNA®, XM20| XMZEE A H{o}

(embryo)2| DNA?'0IA] DNA O|F 7t HEHS 2230t HUEOEH2C =21

-
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EO|EZ(Sigma-Aldrich 2[A}, O|=)Q| XX T2 =QIst7| s 0.9%

& 4=(vehicle)0| 3

<+
o

< 30 mg
HZLEOE=2| 50% Al

&l
—

Al
~

H =224 kg

t

xolxoz sE-TBE

2 F0(injection)st L.
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1
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o 30 mgl| HUEOEI2S Y 2402 E3IUCE OX|4OR, sty &
2 glutathione peroxidase 4(GPX4)2| 7|52 AX|5t7| {6 Ras-selective lethal
3(RSL3, Sigma-Aldrich Z|Al, O|=)E AESIRACE 09% M-S TR 2%
dimethyl sulfoxide(DMSO)0 3=l RSL3(10 mg/kg body weight/day?%)= TZ!

EOEESS Bt = 1A|ZF 5O OiY EZ2=2 E05QALCE
3. 3E 7l BA

&l ot El(heparin)O| X 2|El micro-hematocrit capillary tube(Kimble Chase 2|A,
O/=)E O|23l0 = FT 24A|7t10t 48A|Z2H0|| MF Q| +=5F=(retro-obital sinus)
OlM dHZ MFSIIACE HHO| FHZl tubeE H20M 17,000xg2E 108 &
ot = MAEA0 22|20 Yes BE(plasma)=2 7HX|LD 3 7|52

A% LY creatinineX} blood urea nitrogen(BUN)2| sk& ZtZ
QuantiChrom 241 7|EE AL&3t0] ZY & /UCHBioAssay System 2|AL, O]=)%"28,
eS| MHSH, P creatininel] s B 30 wE 96-well plateE2 &7

= 7|EQ| working A|%f 200 w= HEE 96-well plated| 2Fot =

O

1%

Ao

SpectraMax i3x multi-mode micro plate reader(Molecular Devices Z|Af, O]=)0f
M 510 nm o2 SHEE FYSIACEL LH2| blood urea nitrogen sE+=

2T 5 wE 0[85t0 520 nm Ltz Yo HYS S 585 FHoIRA

ol

NMEst BE2 4°C 2=0|A 4% paraformaldehyde(Tech and Innovation Z|Af,
CHstRl=hof @10 18A12t &t D™EERUCE I =29l miztE HHEZ 0|&%t
™ & 2| 55 A M (immunohistochemical stain)2 O|0 2% g FSASHH
S| QUCp4293031 gorstH  ZE ARZA Q| mztd HMH2 xylene2 0|80

ettt 2H(deparaffinization)dt 1 ethanol &&= BH3IE Sl X==2(rehydration)
A7l 2, & 27(antigen retrieval)E I8l 20 mM sodium citrate®|A] 127t

100°CO M DYBI7|BHSIRACE. O|F, periodic acid-Schiff(PAS) GAf E=

13



H2AX variant histone phosphorylated at serine 139(yH2AX) 2Xf|(Santa Cruz
Biotechnology Z|At, O|=)E O|23t0] 4°CO|A 18A|Z SO HFSAIZICE 1%} &
HZ 2B8AIZI =2 HEE phosphate-buffered saline(PBS)2 O|-230] A OfiH
2, 2Kt &KX peroxidase anti-mouse IgG EE= peroxidase anti-rabbit IgG(Vector
Laboratories 2|Al, O=)E H=20AM 1A1ZH S BHSAIZICE  J2[13 DAB
Substrate 7|E(Vector Laboratories 2|AHE O|&310 LMS FEoHQACH JE
W yH2AXZF  FME Azt BZFRE sty s Y
(immunofluorescent stain) o2 O|FO| En&l g SASHAH STt
26243032 ZE ZE O miatE HEE2 gnjetE), Mzt R 57 EE A
Xl =, yH2AX(Santa Cruz Biotechnology 2|Al, aquaporin 1(AQP1, Alomone
Labs 2|A}, O|AZI) EE= Na-K-Cl cotransporter 2(NKCC2, Proteintech 2|A}, O]
) SHE 4°COlM 18A|ZH SO BISAIZILE  AQPT EHe Z2fM=E 72
St7| 2[sl, NKCC2 &Hl= HM=g2 F&5t7] /o 22 AFBE|RUCE 2%t
SHE Texas-red anti-mouse IgG E&
Laboratories 2|AHE &20|AM 602 &2 BFSAIZ|D MEZS(nucleus) EMZ2 ¢
Sl 4',6-diamidino-2-phenylindole dihydrochloride(DAPI, Sigma-Aldrich 2|AhHE 1

2 SO BFSAIZCE  Eclips Ni E&s0|Z(LE 3Al, L2)S 08310 40080

Fluorescein anti-rabbit IgG (Vector

M2 &4 FE=(tubular injury score)= A2 ?|ZF(tubular atrophy) & &
F(cast)7t HEE|= QMB H3ZHtubular lumen)2| HHEES ST QM3 &4
OF LIEINRACE. F0[Z9| 4008 HiES S PASE FME IE O|ZE
(cortex)dt HHZ+=Z HIZZF LSS0 TH 242t =oF &4F QM2 =&
Z1ZE MRUCE =% BE o FHYYE MEIE 57| A[OFOAM AlAtE|[RUCE  EESE,
YH2AXZt GME QMg MOM=ol =2 X% HH T FAHP= MEE 57{9

AlOFO| A AlAtE|RICE 9 2E 2Hd2 S2r2lE S4e 2 THL AL

14



6. Western blot £

AMH HAOM 55 A IE ZHE XIER lysis buffer(Thermo Fisher
Scientific 2|Al, O|=)0] @31 HS #H0|AM @ ESHhomogenization) SFALCE &
St ME2 4°COIM 202 S 17,000xg0M AY=EE|et =, FEAUS 4B
Ol A CHMZES AQUCE EHMZAEO| s+ Bradford reagent(sigma-Aldrich Z|A})
2 O0|83l0] =33t Z, lane marker reducing sample buffer(Thermo Fisher
Scientific 2|AHQt =gtStRACt O] CHME MES2 TGX FastCast acrylamide 7|
E(Bio-Rad Laboratories 2|Al, O=H)E 7K H=BF 12% S 7%
polyacrylamide gelO|A T 7| ¥ & (electrophoresis)StA 1 blotting IMd2 &3l T
WA S polyvinylidene fluoride membrane(Bio-Rad Laboratories 2|AhWSE FZ
Cp283336 0]|F yH2AX(Signalway Antibody Z|AL, O|=), phospho-ATM(p-ATM,;
Novus Biologicals 2|Af, O|=), phospho-ATR(p-ATR; ABclonal Technology Z|Al,
ol=), phospho-Chk1(p-Chk1; ABclonal Technology 3| AD,
phospho-Chk2(p-Chk2; Signalway Antibody 2|A}), phospho-Xray repair cross
complementing protein 1(p-XRCC1; Bethyl Laboratories 2|A}, 0O|=), GPX4
(Santa Cruz Biotechnology 2|A}), catalase(Santa Cruz Biotechnology 2[A}),
copper-zinc superoxide dismutase(CuZnSOD, Santa Cruz Biotechnology 2|Ab),
manganese superoxide dismutase(MnSOD; Santa Cruz Biotechnology Z|Ab,
solute  carrier family 7  member  11(SLC7A11,  ABclonal  Z|Ab,
phospho-p38(p-p38; Cell Signaling Technology 2|At, O|=), phospho-c-Jun
N-terminal kinase(p-JNK; Cell Signaling Technology 2|A}), phospho-extracellular
signal-regulated kinase(p-ERK; Cell Signaling Technology 2| Ab,
phospho-protein  kinase B(p-AKT; ABclonal Technology Z2=|Ah, E& B
-actin(Santa Cruz Biotechnology 2|Ah ZHE 4°COIA 18A|7H S X E|SHRALCE
TBS-TE2 membrane= A2 2, 2Xt KX peroxidase anti-rabbit 1gG(Vector
Laboratories 2|A}) EE+&= peroxidase anti-mouse IgG(Vector Laboratories 2[AhHE
A20M 602 S BHSAIZICE.  Western Lightning chemiluminescence

reagent(PerkinElmer 2|Af, O|=)2} Azure c300 imaging A|A&l(Azure Biosystem

15
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Ct.

7. 84 &4

2 E HOolH9 &4 242 SigmaPlot 140 LI EQ|0{(Systat Software Z|A},
0|=3)& AMESIGICE Hi 2X(normal distribution)= Shapiro-Wilk 74 ZAdE
o=z HIUt|ACH  DHeF OIOE7F B 2X2E LIEHHX| o™ Zl(log)z H
gAZl Fl CHAl B 22ZE EIRRn Ed HAEE Satet Ho|H=
one-way = two-way analysis of variance(ANOVA)E 0|&23t0f 243, Zt
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-mercaptoethanol, 2-ME)2
=74 kg & 3, 10, £= 30 mge SH22 FO5IRCE A& & 602l (A
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R Xt(standard error of the mean, SEM)E HA|SIRALCE  sxx, p<0.001 versus
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S 48A|ZH SQF M 2HF (reperfusion)SHALE S -TH2F =4(RI) 24A|17H HEH
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sham; ###, p<0.001 versus vehicle.
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error of the mean, SEM)Z HA|SILCE.
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30| Q@ 5
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5 20
D
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1.0
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0.9 NN
AR
& g8 @
< 7
6\% @q/b‘
@“’%0@“‘0
S
Forty-eight hours
after IR

2= (reperfustion) ot S L,
injury, IRl) & 6A|Zt EEE 24474
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Foe0re].

L =2 =
_LO':E: ou'l- 7|oo

=

.|.

200
Oc) #
g 150 g o
E g 100 °
3 °
5E
8
8 50
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Forty-eight hours
after IRI

2E ¥ 715 Xoiof ofst HTEMEES

5{d(ischemia) E=

SE Sld-MAR
FRH Y 09% MG

(A, B) ©%(plasma) creatinine

o XN#= AEERACL

dajZ== Ed(mean)

24

(vehicle)

Vehicle
2- ME

sham =&t £ 48A|Zt
22 (ischemia-reperfusion
off 8sie o
BF2A kg & 30 mg EY¥C=ZE =%
SE2} blood urea
£ ZIt= one-way
1, Tukey AtZ(post hoo)A™ S
=2 XH(standard

#, p<0.05; ###, p<0.001 versus
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2 60 Q 60
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5 40 40
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5 20 20 O 2- ME
|_
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& o8 @ & ¢ &
? > 9
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© ‘Lb‘ © q,b‘
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9 S N S
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T o > N
Forty-eight hours after IRI
Forty-eight hours after IRI
_ 2-ME 2-ME
Vehicle from 6 h after IRI from 24 h after IRI
x
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i
=X
8
)
<
o
s
(o0
(/)\,
(@]

dF|ol &EF FES 302 S S(ischemia) =23 T 48A17H S MWEF
(reperfustion)StRLCH SE S{H-M2F =4 (ischemia-reperfusion injury, IRI) £

6A|Zt EE= 24

Rl
N

SHE 1Y 09% AlY(vehicle)o| 83fE L EOEES
2-ME)E S77 kg G 30 mg 82E 5 FO{SIAUC,

(2-mercaptoethanol, =
8 T e0t2l. (A) IlE(cortex)dt HHZ+HE HHZZF LS (outer stripe of the
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1

outer medulla; OSOM)2| 2XM& &4 F==(tubular injury score)= periodic
acid-SchiffPAS)2 GME 3L BH T FX{I2 HEHE 5742 4008 HiE A|Of
Ol HESIRLE A2 &4 B+ OOolH= o =X (normal distribution)&

LIEFLYZ| [{Z0| one-way analysis of variance(ANOVA)2t Tukey AtZ(post hoc)

4o

ZA™oz E7 EMSIY D, B (mean) + EE2X}(standard error of the mean,
SEM)E2 HHSIRALCL #, p<0.05; ###, p<0.001 versus vehicle. (B) Eclipse Ni &
O]Z3t DS-Ri2 ZtH2tRE NIS Elements imaging 2ZEQ|0{E 0|30 FEO

! HPZEFE[S0AM PAS Gz LIEHH CHEXNQ 30|F AT

=
A
=
=
&
A

=]
S ZJFSSCt  Scale bar, 50 um.
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. HLENEIE2 S{E-M2R =422 Qg M2t dTMZ2| DNA 0|57t

H2AX variant histone THHZE Lf MY 139 serine2| QI4t3l(phosphrylation)
& &9l yH2AX7} Y d&|0, O|= DNA O|S7t5 HEHo| CHoh Mol z=7| EhHA|

of LojLt= BHS2=ZXM DNA O|F7HE ZEto| AEXAQl OHE AFBECP. 3

Ok

MO=2 R E DNA O|F7tE HEHo| CHot HZLEOE22 =
i XA western blot 24 0[83l0f & L yH2AX CHHA
ZH-SHCE O Ant SE-xfeF &4
EIAS O, yH2AX Z2l0| A S7I6tAX( 2 HUEME=Z2S FOg 4F e 3
il M= ol2fgt & S7t7t ddXStA Z0S/JACHIE 5A, B). 12[1 sham
ot ZEOIMLl yH2AX H32 HUEOEHE F0l0| oot {olgt Xt
LIEFLHX| SEQUCHE 5A, B). ZE LW yH2AX CtHE 9 S =X|3tst 4
IS two-way AMOVAZ &7 =43RS M, s{L-x2F
0<0.001), HLEO|EHE(F20=12.927, p=0.002), SIE-Tj&t7 =40 HUEEHS
1o &3 XE(FA20=11.755 p=0.003)0A EF 7oot X}0|E 2Lt Ol O

UEOES0] 32 ofd-MA4F 422 7LE DNA O|F7E AT
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2 EojFn QCt FIHCZE 0|5 HAYEHM(double immunofluorescent
stain)2 O|8310] yH2AX7I Wdiste QM Be| SRS HESIUCL AQPIS &
Sigte 2QAMEEIE NKCC2E waist= dlgnz|o] #22ECHE(thick
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M

]

)
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‘ 2 5
B-Actin a5 s gl %
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g >
Vehicle 2-ME gg Of O  Vehicle
» 3 s # O 2-ME
. 8s ,1 #
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0 e
Sham IRI
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=
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TE yH2AXS| T S7tof| chgt HUE

m pu
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=
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Ml
mjo

302 SOt §{&(ischemia) EE= sham =%t T 48A|7t

b

Ol
e oz

&R (reperfusion)St L B HE-MaF =& (ischemia-reperfusion
injury, IRl) 24A|Zt ME2EH O 09% AlE==(vehicle)o| 8diE HLEOES
(2-mercaptoethanol, 2-ME)2 &7 kg & 30 mg EFUF SL2ZE EN5H
Ct. E o 602, (A) 3% W H2AX variant histone phosphorylated at
serine 139(yH2AX)2| &S HO|F= western blot| CHEZXQI ALl Anti-B

-actin SNl S UsH CHEHA 220 2 western blot A& 0| XNAEA2S 2E0E

—_

Ct. (B) AzureSpot &4 AIZEQ|0{(Azure Biosystems 2|AHE AE3SH0] SE U
YH2AXS| &S +=X[5IACE 2 Zit= B 2E(normal distribution)E L
EFHOZ A two-way analysis of variance(ANOVA)E O|83l0] &4 245t

a
Tukey AtZ(post hoZdERZE IF 7t XO|E ALt =& BT

—_

(mean) = HEZTX}(standard error of the mean, SEM)E XEA|SIFLCE

p<0.05; =xx p<0.001 versus sham; #, p<0.05 versus vehicle.
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Forty-eight hours after sham Forty-eight hours after IRI
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(@)
173}
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830} 30
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Sham IRl Sham IRI
Forty-eight hours after operation

O Vehicle
® 2- ME

J% 6. 3E S{E-MAF EH2E FEE yH2AX7t ZHst= M= 5+ S0l
CHet HZEO|EH2o| AN =t

dF o] &5 IES 302 Y SfH(ischemia) EEE sham =8 £ 4842t
St MEF(reperfusion)ot ALt IE HH-Xf2HF{ =2 (ischemia-reperfusion
injury, IRI) 24A|Zt MEE D12 09% A H=(vehicle)d 8=l HUEOES
(2-mercaptoethanol, 2-ME)2 B2 kg & 30 mg 822 =Z SF0sIALCE
A& T 60F2l.  (A) Eclipse Ni ¥0/Z1t DS-Ri2 ZtH2teF NIS Elements

imaging 2ZEQ{E 0|85t ZEQ| mE(cortex)uf HFZ+ZE HIZEZLET



(outer stripe of the outer medulla, OSOM)0|A H&dSt= H2AX variant histone
phosphorylated at serine 139(yH2AX)2| CHEZX QI AIZIS HOZCH HIXZEL}
St A M (immuohistochemical stain) &S AFESIQCH 2 S EE YH2AX
7h HAME QM HdOMEE 7t2|ZICE B) E-MEFE EdE T HH
M yH2AX ZH[2t aquaporin 1(AQP1) @A S Na-K-Cl cotransporter 2(NKCC2)
S E 0|83t 0|F HAY B HM(double immunofluorescent stain)s A A|StH
QL Ol HHD[E22 ZESIACL oIk tedH= AQP10| A=
=28 M2 proximal tubule)lt NKCC27} aist= &9 AM2(distal tubule)Ofl Al
2= EXNQ yH2AX g2 7t2|ZIth. (A, B) Scale bar, 50 pm. (C) L|Z
of HEZ A HPZEREB0M yH2AXTE SAEL MIZZO| £== 4008 Hi=E A|OFO|
N ALtElQICH 2 Zits J7F £X(normal distribution)E LIEILEX| 47| &
o H|24 AH(nonparametric test) & Kruskal-Wallis Z™YoZ 57 2M35t%n
Student-Newman-Keuls AtZ(post hoc)dEL2 & 7te| XIO|E ZAMSIRULL
DE ZANtE B (mean) + EELAXKstandard error of the mean, SEM)Z HH
SIRACE  #, p<0.05; =* p<0.01; #x+ p<0.001 versus sham; # p<0.05; ##

p<0.01 versus vehicle.
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ZOME vehicleg FOIZE MF ol ILEL |FOSHAH &JUCHAY 7A, 0. 2

2 ZEOM 0|F Chkl, Chk2, XRCC19| QitstE HZUE
O|Et= T2} vehicle £ ALO[O| F2[gh XtO[7F }AUACHAE 7A, C). Chk1 ¢
Aotof| CHSt two-way ANOVAS| &4 242 S{E-MEF/ (F20=4.702, p<0.042)
OlM Jolst XtO|E HOIFJAKX|CH, HLUEO|EHS(A20=3.527, p=0.0750M= X
O|7b SIRACE 12|11 Chk2 QIAt3t0f CHBE two-way ANOVAR| &4 242 3d
5 £4(F20=5618 p=0.028), HLUEOEI2(F2=9.727, p=0.005), S&E-X|
F &4 HUENEZ AO[Q] 23X E(A20=4.692, p=0.043) B2F F2|ot X}
£ LIEtSHCE  OFX|2te 2 XRCC1 QU430 CHSH two-way ANOVAS| S|
M2 HUEOEI=Z(FA2=10.703, p=0.004)1 HL-I2F &40t HLEONELS
0|9 HZ % &(F20=4.514, p=0.046)0M 72Tt XtO|E LIEFHUKX|CH S{E-TY
E=d(FR20=1.075 p=0312)0A= Xt0|7} QURACL O|Het ZUtE2 ML

H

Of o{d-If2t7 &4 = ATM ZHEH HNSTIZZE 5§ DNA &4 &

2|1 sham =g &

HT
2
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[0 mo Hu _t AT
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N
S e
K2 "\\0
& ¥ sham Sham IRI IRI
(b & + vehicle +2-ME + vehicle +2-ME

-— L LT
oo I B = 4

ATM ATR
- 30 H 3.0
o <@ kkk *okok
i % 25+t § 25+ —§
§ > 20} . 20} Q _
< . § (@) Vehicle
2 515} 15} @] 2- ME
55 a
::u;1-0'QO 10} ©
£ 8
© 3805 0.5+
a £
0.0 0.0
Sham IRI Sham IRl

Forty-eight hours after operation

Chk1 Chk2 XRCC1
C 16 16 16
S 314} 14} 14} &
2612} 12t e 12r 3 §
G z I | <8 ) |
2+10f 0% # 10+ © 10} O
S E *ok *
2 Eost o 08} 0.8
5306 4k 0.6 f Q 06 §
§ S04t . 04} 04}
2502t 02+t 02+t
~0.0 0.0 0.0
Sham IRl Sham IRl Sham IRl

Forty-eight hours after operation

a7 7. SE-TER &4 W2 IEHM HUEONEZ0 oFt ATM MSHEA
29| =g
MZF Ol A= ZEES 308 S S H(ischemia) EE= sham T8t T 48A|7t
O

St MEF(reperfusion)ot ALt & HE-If2F =& (ischemia-reperfusion
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F

rm

injury, IRI) 24A|Zt MEEH O1Y 09% A H=(vehicle)o| 8= HLEOES
(2-mercaptoethanol, 2-ME)2 %4 kg & 30 mg 822 SEZ2=Z F05I¥Y
Cf. J&8 © e0Of2. (A) Ataxia telangiectasia mutated(ATM), ataxia
telangiectasia and Rad3 related(ATR), checkpoint kinase 1(Chk1), checkpoint
kinase 2(Chk2), X-ray repair cross-complementing protein 1(XRCC1)2| Ql4ta}
(phosphorylation)E F785t7| I8l western blot 242 AA[SIFLCE  B-Actinl]

2 CHHE S ALESIRES E0ECE  (B) ATMIt ATR EHA
o QIMBE FX|BISHYLCE  (C) Chk1, Chk2, 2|11 XRCC1 CHHZEO| OlAGHE
FX|2t5 L (B €) THME QIAMSIE +=X[3l5t7| 2[5l AzureSpot &4 AZE
A 0{(Azure Biosystems Z|AHE ARESIGLCE EE Zitl= A EXE(normal
distribution)& LIEILHZ| [{E0, two-way analysis of variance(ANOVA)Z S
EMSIUD Tukey AFE(post hoo)d™ o2 & 7t X0|E EAMIQCL ZE
deiZ= Ed(mean) + HETE X} (standard error of the mean, SEM)E HA|SIZ
Ck. %, p<0.05; #**, p<0.01; #*x p<0.001 versus sham; #, p<0.05; ##, p<0.01

versus vehicle.
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5. (-1 R &40 =EEH SN HUENES2 GPX4 Sitet THYES
A

Azt AEF|A(oxidative stress)= DNA O|&7tEr ol Q3 2101420|0 &
d-IjeE 40 Wy MISKo|oH: FE HE-MEF

o 20N HEEMEES] 5uts ZOHE7| 2|3l western blot 2445 0|&3}0]

SEotACE O 2o HE-MEF &
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|7t SOt RIHEAS M, GPX4, catalase, CuZnSOD 12| MnSOD2|

ASHQICH gL HTEOER=2S Folot WF

Of IEOM GPx4 CHMEO| LD AXMSIA SI5IACHAE 8A, B). 2|1

sham ==& Aldot 3EOAN itz CHEEEO[ U2 HUEOEZ F0/0
o

O|gt XIO|E LIELLHX|] QUUCHZ 8A, B). GPX4°| s ZNE

Al
s
nA
I3
rot
o
Ho
4n
10
1o
Ot
)
oy
A

two-way ANOVAE O|&310] &4 & LEO|EZS(A0=11.763, p=0.003)
1 SIE-I R AT HYEOERS AO|O] M B AN (F,0=17.306, p<0.001)0lAf
= T2 X0l LIEHHX|R, SE-THBF £4(F20=0.0204, p=0.888)0|lA & %t
0|7} RIQULt Catalasel| &dl ZIME two-way ANOVAZ SH 2MstH {d-
HEF &4 (F20=32415 p<0.001)0lM Fo|ot XtO|E LIEHHX|CH L EOEZ
(R20=1.247, p=0277)1 SIE-MeF7 =g HUEONES Ato|o] 4
(R20=0.244, p=0.626)0lM= |2ot XtO[7F GIRACH  CuzZnSOD2| #a &
two-way ANOVAS| S 242 Sd-MEF &8 (F20=40.121, p<0.001)0f A
oIt XtO[E LIEFRHXIZE HZEOEFS(FA20=1.317, p=0.265)1f S{H-M&F7F &
O HUEOERS AO|Q] HZEE(F20=0444, p=0.513)0M= XtO[7F QARULCH.
MnSODS| & ZAIE two-way ANOVAZ &7 2XMIH s{dE-fats &4
(R20=52.641, p<0.0010ilA RFolot XO|E LIEHYD Hil2 HZUEOE=2
(F20=1352, p=0259)1 Bi¥-Ma7 =41 HUEOES Ato|o] MZEE
(F20=0.0346, p=0.854)0 M= XO|7t QIRACE O]z {E-MaF =4S ¢H2 F
oM HUEOEH20| GPX4 THEHAOS] HHZ MEAXMo= s A[AZ A

ot

2x
ot
o
=

fot
s

N
=
0z Jo mu op

_I_

rot
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40 \&0
S <5 sham Sham IRI IRI
S & +vehicle +2-ME + vehicle +2-ME

GPX4 “ o — i -----.-2“-

Catalase WD WS e e Sam S———

CuZnSOD W ““*‘“
MnSOD [ s i

B-Actin M

GPX4 Catalase CuznSOD MnSOD
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FoH+¥
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1ol

Protein expression
(fold vs. sham + vehicle)
5
Qa

@)

00 V4—m4m 0.0 0.0 0.0
Sham IRl Sham IRl Sham IRl Sham IRl

Forty-eight hours after operation

a3 8. IE SE-MEAR =Y2E FEE GPx4 TH Z20f CiE HLUEOE

= &2 S&(ischemia) EE= sham =%t T 48A|7t

dl

o
S M 2tF(reperfusion)St ALt S{E-IHEHF & (ischemia-reperfusion injury,
IRl) RE5t7| 24A12 TEREEH Y 09% AH==(vehicle)o| diE HZEOELS
(2-mercaptoethanol, 2-ME)2 &%H kg & 30 mg 822 E5Z F0glQICL

& T e60f2]. (A) Glutathione peroxidase 4(GPX4), catalase, copper-zinc

ra

superoxide dismutase(CuZnSOD), manganese superoxide dismutase(MnSOD)
2452 western blotQ 2 LIEFLHQICE  B-Actin M= SUsH CHt A

[=]
EtL 7] QI8 AFEEACE  (B) GPX4, catalase, CuZnSOD, MnSOD2| &

x

9l

)l

=
= Lf

mo om JE

FX|SISIRCE %, p<0.05; *x, p<0.01; =#xx, p<0.001 versus sham; ###,

p<0.001 versus vehicle.
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oIl

k=]

Ferroptosis=

ferroptosis= 1

M ZAFO| T4,

=
—

DHAESH(lipid peroxidation)] £XOZ 0|0 X|

Chgoz, ofd-Xy

H7h AUCHeA,

HOjettt=

prj
Mg Hhe ZTOo|M ferroptosisOll CH

<H

=
T

=

12 Le2{%l SLC7A11

|8l western blot &42 O|&35}0] ferroptosis
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E
H 50l A

AHOIZt  SARLEY.

Qo

ofiu

wd
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LIEFRIX| 2

47.065, p<0.001)0M= F2lgt XHO|E
0.220)1t HE-Ij2F

F =R

=

oo

Kl

|

3

<0

HYENEE Ato[Q

=81t

p:

=1.512,

(F260

EI_I-

ojz{gt Zit= HUEO

0.747)0| M= |2lat X}to[7F SlQiCt
-Rf e &=A0A SLC7AT1

=0.577, p

(F260
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=
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Sham IRI 24 h IRI 48 h
+ vehicle + vehicle + vehicle

SLC7AT1 R . e e e S W
pactn 0 1 -
Treatment with 2-ME
Vehicle 3 mg/kg 10 mg/kg 30 mg/kg
SLCTATT S S s S S e st et et el
B-ACHN o s e s e e S e S -

S - . W W NN WS IS “wm— —

SLC7AM1 m—.—-—
iclin —— — — — — - —— — -’ ——

—
SLC7A11

[ e e e S e e e

weys

yve 1dl

y 8y Idl

SLC7A11
151

)
5 2
= o =
2 %10 Loe® - s O  Vehicle
s+ ) 3 mg/kg 2- ME
g E cee® e
& oe®e @  10mgkg 2- ME

<
S G5l o 30 mg/kg 2- ME
o ¢
oo

Rl

=~ 0.0

Sham 24 h 48 h
Time (hour) after operation

a3 9. SE-MER &4 T HYUEMN LSO 2T SLC7A11 2d H3)

MFOl AH FEHE 302 =2 3E(ischemia) == sham &%t T 24A|7t
2 48A|7F SOt T 2HF (reperfusion)StRACE S -MaF =4H(RI) 24A12H MEH
0f 0.9% AlE=(vehicle)o| dliE MZEO|EHZ(2-mercaptoethanol, 2-ME)&
=54 kg & 3, 10, £= 30 mg &2z =4 FO5IQULt. 1&F @ 60t
(A) Solute carrier family 7 member 11(SLC7A11)2| &S western blot 242
2 ZYSIRULCE  Anti-B-actin SH= CHE FHE =02 fIoH AFREIRUCE  (B)
SLC7A11 Hodg X2t Ant. & Zites di 2X(normal distribution)& Lt
EFLHX| ROF Kruskal-Wallis 2781t Student-Newman-Keuls AFZ(post hoc)A™Y 2

2 B EMSIYULCE  sxx, p<0.001 versus sham.
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O|7b SAUACHA R 10A, C). ATM QIASH0| CH®E one-way ANOVAS| SH &4

2 F10=6.278, p=003122 AFHE {o|ot XI0|E ERCt 2Lt ATRO| Cf
¢t one-way ANOVA2| &4 242 F£10=0307, p=059222 AFE=2 X0|7t
UARUCE. o] AME If, HE-MaAF =42 Y2 SEOM GPX4 AX= DNA

—
T ATM2| S ROSHA ZaAZbhes As &

o [ I —
4 QCH 3, GPX4 X7t ATM T DNA 24 H1SS ZAALCERN HZLUE
ofEt=0 2et DNA O|F HHol Es 2itE dMAldES EoF2a ULt
(@)

SR
Eojgte MF ol ZE H|WSIO Chk1, Chk2, XRCC12| Qi3I RE X}
A da5tACHE 10A, Q). OlF Qitzt ZI=E one-way ANOVAE &4 &
MBI S I, Chk1dl Chk2, XRCC10IA Z+Zt £ ,0=7.665, p=0.0202 £ 10=7.977,
p=0.018 2|1 £10=6.056, p=0.0342 2 LIEIHOZM DAEHZ {93t XI0|E

ERACL O[4o ANE2 T SE-MYUF &4 T HUENEZ0 23t ATM

o
23 DNA &4 8t32| &d0| GPx4 ntEoi AREY ASZS AlAFSHCL
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Protein phosphorylation

Protein phosphorylation

IRI 48 h+ 2-ME GPX4 yYH2AX
1.2 § 20 .
5§05 101 @ .5
42 o8 () ' ¢
£X 06 10f ©
5 ¢ 04
-ATM ‘ 538 0.5
v MR 23,
- S
p-Chk2 ke ffloo r)f.()o
p-XRCCH1 . - Forty-eight hours after IRI + treatment with 2-ME
pATR
B-Actin /—_—
ATM Chk1 Chk2
R 1.5 § 1.5 5 1.5 5
&
Z 10 % 101 & 10 §
N
N
]
£ 05 ¢ 05 E 05 ¢
L
0'00 ) 0'00 % 0'oo %
0\\6 ?\5\« 0\\6 ?g,\« 0\\% ?g,\«
ol gl ol
Forty-eight hours after IRI + treatment with 2-ME
XRCC1 ATR
§
12 /_\ 15 NS.
o 10} q
¢
Z 08 E 1.0 @
g 06
Q0.
2 04 0.5
ke
L 02
0.0 ) N 0.0 S Py
0\\6 ?3’\’ 0\\5 ?S’\’
ol ol

B

Forty-eight hours after IRI + treatment with 2-ME
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a3 10. SE-MBARE 24E IE0AM HUENES2| DNA E30f Cigh

GPX4 2H|N|o| i =}

MFOol AH ZTES 3082 S SlE(ischemia) == sham =8t = 48A|7F
S M 2F(reperfusion)stALt.  IE HE-X2F{F £ (ischemia-reperfusion

injury, IRI) 24A|ZH EEEH O 09% A H=(vehicle)o| 8diE HLEOES
(2-mercaptoethanol, 2-ME)2 %4 kg © 30 mg 822 =Z F0sILCt
2|1 2% dimethyl sulfoxide(DMSO)E /38t 09% 2Al¥=0| Ras-selective
lethal 3(RSL3)E EdlAIHA &2 kg & 10 mg 822 o 52 FOItRALCE
(A) Glutathione peroxidase 4(GPX4), H2A.X variant histone phosphorylated at
serine 139(yH2AX), phospho-ataxia telangiectasia mutated(p-ATM),
phospho-checkpoint kinase 1(p-Chk1), phospho-checkpoint kinase 2(p-Chk2),
phospho-X-ray repair cross-complementing protein 1(p-XRCC1),

ok

phospho-ataxia telangiectasia and Rad3 related(p-ATR)E western blot =4
HO 2 HHQISHAUCE 12|11 Anti-B-actin Skl YT CHE TS HOIFT
Qs AFREIRUCE (B, C) AzureSpot &4 AT EQ|0{(Azure Biosystems $|AHES
0| 23}0] GPX4, yH2AX, p-ATM, p-Chk1, p-Chk2, p-XRCC1, p-ATRS| &4 Sl &
£=X|SSIACE BE AWNES ™3 EX(normal distribution)E LIEFLY 7|
{20l one-way analysis of variance(ANOVA)2} Tukey AtZE(post hoc)A™H2=Z

E7 2M3I¥A10, B (mean) + EE2X(standard error of the mean, SEM)Z

ro
FLI|0

HAISIRICE §, p<0.05 versus 2% DMSO.

43



KRR &

E|

-
[

3

| -

[

8. GPX4 X
M3 &

fo+

b0
RSL32t M

AA
o

ERVEE

AN A

—

—

F

==
o E

sojuwre Y3l

[=X PN
=o

32.808,

FIHH OS2 BUN

11A).

FRACHAE
=

-
o]

x| ZAFSHRICH
7t

=

=)

= 0/
H =7

creatinine =X ZIE one-way ANOVAZ E7 EMAS M, A4

p<000122 UEIHZCEM OF

=13
S

A 3B
M
= L

=

|

2

CH

—
o

of of
x| 7F

A
T

L

(=)

creatinine

=X PN
, =2 O

if

GPXx4 MK 7t &2 7|

—

o2

-XH

-%l
Ao EO2t2 dF 2l BUN X7t 7Fo[5HA

1

-
O

= i 3¥

A

foR

St

K0
KIr
i

3

PS

BUN Z=X]|

30.665, p<0.00122 L}E}

7tSIACHAE 118).

=

=)

ZADE one-way ANOVAZ E7 2M3IUS M, A1

ZIAX|DE GPX4 AMOf oo O &

o+

[z |
=

oM 3

F

==
o E

R

sojge

GPX4 X0 <t ++

Mo

ol

K-

==

<
o[

=

1
ou

10

—

=l
™o

oju
Mo

ol

K-

=

3
ol

t ESHI| 24A]

2 12BN,

CHAE 12A).

orl

A M2 =D M £5709

o] QM

I
=

4969, p=0.02222 LEIHCZAM g 0] 72

18.476, p<0.0012t A 10

ANOVAZ 57 £4

Fi10

[l
ojn

wd

Sl 2, GPx42| X7t HLEO

e
(s}

4 XY
44

=

oM LtEfLt=

F

Iz
=3

ofgre Mo 2



>
V)

25 150 5
@ 20 [ 5 Q
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£ S __ 100 ©
5s 1S csg
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e EEIY
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Forty-eight hours after IRI Forty-eight hours after IRI
+ treatment with 2-ME + treatment with 2-ME

a3 1. E-MEARE 248 SEM HUENES2 SE 715 220 Of

MF Ol ¥E ZEES 308 =9 3 H(ischemia) == sham == T 48A|7t
S0t {2 F(reperfusion)St ULt  ITE HE-THHF =24 (ischemia-reperfusion,
RNE FE5t7| 24A12H HEE Y 09% A B=(vehicle)ol &dhE HZEO|E
= (2-mercaptoethanol, 2-ME)2 &% kg & 30 mg 822 54 F05IQLCL
d2|3 2% dimethyl sulfoxideDMSO)E &a%t 09% A0 ZEdji=

Ras-selective lethal 3(RSL3)E &FA kg & 10 mg 82

ol Hu
T

N

-m

2

Of

39

]

(A, B) ™% creatinine =X|2} blood urea nitrogen TX[&= &
AP E|UCE Z4ZF 30 pent 5 well EEE JHA1 2M J|EE 0|85 &
RAUCE (A) Y creatinine =X|= E &X(normal distribution)E LtEFLHZ| f
=0l one-way analysis of variance(ANOVA)2t Tukey AtZ(post ho)BHOZE &
A 2MSHACE (B) Blood urea nitrogen +X|= one-way analysis of
variance(ANOVA)?t Dunnett's AtZ(post hoo) ™Yo Z A 2AMSIQCH EHFE

(mean) + HZT=2X}(standard error of the mean, SEM)Z HA|SIQICt  §,

p<0.05; 88, p<0.01; 88§, p<0.001 versus 2% DMSO.

45



>

Cortex OSOM Forty-eight hours after IRI + treatment with 2-ME
100 100 5 2% DMSO RSL3
) 80 8§ 80 ’—\ ol ':._;“-'"‘_'.‘—‘. '. ‘ j: :",:‘Ar.‘,... i '.‘ .;"".:
8 [} 5 4 Nt i
] i e PO 2
2 60 60 x S yEs e R 4%l
:E § § §~:‘. 4% ~~'-"’- A _ (%9
§ 1 9 g O Rt s
3 - Sy %
5 20 20 c
= @
0 % 0 o > | @
@ @ A
’b'\\QQQ%OQ.%\/ %(b‘\\Qo @6 QSO\/ & 3
o\° oo o\° oo =
Forty-eight hours after IRI + treatment with 2-ME 8

:I_E.I 12. O.Io! IH.._l-EE :o
off CHSF GPX4 AA|X[e| A2 =3}

MZF ol k= ZEES 308 SO & H(ischemia) EE= sham &3t T 48A|7t

P
OHI
mE!

A ZEOIEHES] XS QME 24

S M 2tF(reperfusion)ot ALt FE S{-MetF &2 (ischemia-reperfusion,
RS RE57] 24A17F HEE Y 09% A F(vehicle)o| SolilEl HZEO|E
2(2-mercaptoethanol, 2-ME)2 &% kg & 30 mg 822 £Z FOsIRALL,
J2| 2% dimethyl sulfoxideDMSO)E &ast 09% A0 8ojfE
Ras-selective lethal 3(RSL3)§ =74 kg = 10 mg B2 =54 FUSIRULL

) IO|Z(cortex) X HFZ+E HIZEFY
OSOM)Oﬂ XSl M &4 F
acid-SchiffPAS)E M=l ZE HE|RACE  (B) Nikon Eclipse Ni 0]
A1t DS-Ri2 ZtH[2t, 2|11 NIS Elements imaging 2ZEQ|{E 0|88t I

o| oj&

(outer stripe of the outer medulla;

(tubular injury score)= periodic

J|>+ 4> o|>+

|l
&
=
x

If °HpZ A HPZE 2 LS 0|A PAS Mo 2 LIEFH CHEXMQI 0|4 A}

a " 1—

=L
2 HIIRULCE  Scale bar, 50 um. §, p<0.05; 8§, p<0.01 vs 2% DMSO.

r
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9. S{E-MER &0 =EE SEUHM HLEOEHZ0| p38, ERK, AKT2| EES

=

= [ i — = = = O
e Ede 22 SEUAM MAPK 20| ot T ENEZo| IS Yot
57] I8, western blot 248 08310 2 CHETSO| QIMSLE AL

ST SE-TEF =42 AlZHO| W2t p38at

ZAOLE JNKQ| QIAtSHO)| A S

24A|7F MRH ZUEOEHZES Foig2 MFel SEOME= p38at ERKS| 14t

27 Ro5HA HE S7t5HAL, INKS| litets HZEOEE Foo oot 7
3

O|5t XIO|2 LIEFLYR] UQUCHAZ! 13A, B). Sham $==2 A|Esl

—

rir
HJIO :'O
1o
rot
>t
o
N
€2 m
z
il
[
o
@
>
Z
[
u
Kl
rk
Yl

b ERKC| Qlitet= I EOIERZ0] 2fsf RISt XtO|E LIEHHX| ARUACHE
13A, B). p38 QIAt%tof CHSE ZtE two-way ANOVAEZ SH 2AMSIHAS O, 5

7 =Y (Re=24454, p<0.001), HUEOEIS(£6=38.407, p<0.001), 3
g-MehE 40 HUEEEZ ALO|2] ¥ 2 E(Re=2736, p=0.020) 2F &2
ob XIO|E  LIERRUC JNKS|  olitst  ZAIE Kruskal-Wallis 23t
Student-Newman-Keuls At2HEL=2 &7 =45IRAS M, H=10.151, M12=6,

=
p=051722M 1F Zt0| SAXH2=Z Rolet Xt0|7t GIRALE. OFX|H2 = ERKE)

S

QIMst ZAIE  Kruskal-Wallis A1 Student-Newman-Keuls AtZA™MOZ2 &
A EMAS M, H=51.727, M.1,=6, p<0.0012ZA & Zt0| EAHHoZ {9
oF XIo|E HERUCL Ot AatE2 IE SE-Max7 =4 T HLUENE20

— T

olgh MAPK B4 5712 HOiECt
AKTS| gN2 BB SE-WBR 24 0T =g 9

==
o
2 YHSt=0 Oi7HXH(mediaton2 Z8E = ACPL &2 western blot &4 2

o
a, 3E SE-MF 24 ol BIHE AKT itstrt HZEOERZO| Qs o



S BIISIRCHAE 14A, B). 2{L} AKT QIAM3IO| FIts DsZ(EFA kg &
10~30 mg)2l HLENELZSES FOot MFol SEHOMEH 2EE|JCHIE 14A,
B). Sham =2 Ald ITEM= HLUEOEE FO7F AKT Qitzto] Fet
2 FX| AUCHAZ 14A, B). AKT Qi3o| AME Kruskal-Wallis &7 1t
Student-Newman-Keuls At2AEL = A4 2A45IRAES M, H=60.178, Nj-1.=6,
p<0001E2M OF ZH0| SAXMLZ ROt Xt0|E EIACL O|E S HUEO

= S/HEE ¢

=0 SE-MEF ¢ B2 SEUM AKT A9l 2y

% ik,
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Protein phosphorylation
(fold vs. sham + vehicle)

Sham IRI 24 h IRI 48 h
+ vehicle + vehicle + vehicle
p-p38 | - - i

p-ERK

p-Actin. S ——— - - -

Treatment with 2-ME
Vehicle 3 mg/kg 10 mg/kg 30 mg/kg

p-pD e ——— - —— -

weys

yve il

U sy Idl

p3s INK
30 R
25¢t ok Jokk

o

20} T e 101048, oo Q§§§
: o

Y @
10t0®®% © 05}
05}
0.0 0.0

Sham  24h  48h Sham  24h  48h

Time (hour) after operation
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ERK

skkok

7
—_ #
5$%6 =
8=
g5 S O  Vehicle
£ +
S t a4 @ 3 mg/kg 2- ME
2§, s og_ 0 @ 10 mgkg 2- ME
56 ¢ O 30 mg/kg 2- ME
£ ¢ 2
_g__? >
231108,
=0

Sham 24 h 48 h
Time (hour) after operation

a3 13, SE-IERE &4E SN HTLEN S0 2St MAPK &/
MF ol ¥EF ITEHZ 30 5| (ischemia) EE= sham $£==8F T 24A|7t
X 48A17F &t X{EF(reperfusion)St UL, =g sE-Mar =4
(ischemia-reperfusion, IR FESI7| 24A|Z2t HEE DY 0.9% A H=(vehicle)
of 8= HZEOEHS(2-mercaptoethanol, 2-ME)2 ZSFA kg¥ 3, 10, £&
30 mg2 5422 FOSIGLCE  (A) Mitogen-activated protein kinase(MAPK) &
p38 (p38), extracellular signal-regulated kinases(ERK), c-Jun N-terminal
kinases(JNK)2| Ql4ts}(phosphorylation)E western blot £4] WHOoZ XA
Ch.  Anti-B-actin &Xl= s A FZFS LIEHY| 5 AFEE[RUCE  (B)
p38, ERK, JNK QIASE £=X|35tRACE  p38 Ql4tet Zits HH EXE(normal
distribution)S LIEF'H S 2 A two-way analysis of variance(ANOVA)2t Tukey Al
Z(post hoo)ddE O|85t0 &2 ZASIRALCE. INKRF ERK Q4= Hit 2%
(normal distribution)E LIEFLHX| Q47| ME0| H|Z A& (non-parametric
test) & Kruskal-Wallis Z1} Student-Newman-Keuls AFZ(post hoc)AH2 2
£ 2M51¢ct ZE d2iZ= Hd(mean) + ET LXK (standard error of the
mean, SEM)E HEA|Z|RUCE % p<0.05; #=*x, p<0.001 versus sham; #, p<0.05;

###, p<0.001 versus vehicle.
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Sham IRI 24 h IRI48 h
+ vehicle + vehicle + vehicle
kT SRR S

B-Actin

Treatment with 2-ME

Vehicle 3 mg/kg 10 mg/kg 30 mg/kg

p-AKT . } o
— E

N

N

0

x

N

[ee]

o0

AKT
seksk
7r #
e -
S 36t )
8 =
g e5¢ o O  Vehicle
S tat @ 3 mgkg 2- ME
8 %3 ok @ 10 mg/kg 2- ME
< C B
a 32 i O. o0®eo (@) 30 mg/kg 2- ME
° >
2 o1loeeO
a8
=0
Sham 24 h 48 h
Time (hour) after operation
J% 14 S{E-MBRE &4E TN HUEOES Foof 2T AKT &7
MZF| o] = FLZ 308 ZQ SH(ischemia) == sham F==3F T 2447t

_|_
-

2 48A12t Y

{22 (reperfusion) st S Ct. = e I
(ischemia-reperfusion, IR)2 FESI7| 24A|Z2t HEE DY 0.9% A H=(vehicle)
of 3% HZEOELS(2-mercaptoethanol, 2-ME)2 %A kg 3, 10, 30 mg
8Yo=2 2Z FO3IYLCE  (A) Protein kinase B(AKT) 2l4t3}(phosphorylation)

western blot &4 o= ZFSACL (B) AKT QLME +=X[25HRACE
B E ZIt= Kruskal-Wallis@t Student-Newman-Keuls AtZ(post hoo)A™-2 2 &
A ZMSERULCE  ##x, p<0.001 versus sham; #, p<0.05 versus vehicle.
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(morbidity rate)dt AFYECS| F7tet #HEHO| ULk IE 7|52 tHEX X &L
creatinine2 ZS0A YHkl=s LHEE HFEE SE2 Sof sz FE O]
Q CtE F7|E9 FT2 HHX| RELF. F SEOM creatinineg O{1tA|7[X|
ZotH N LY creatinineO] HEE[7| 20| N LY creatininel] 2 sE2
ZE 7|50 MIIE|RUCHE AMdE & 5 UL 2 AF0M IE SE-TF

=]

re x|

o

| Aol L} SHZE creatinine X7} Sl 2AM 22T 7|50|
Motelige & = UYL 2L HYEWES Fo= E-MAR=E Qo
AT creatinine F=X[Q| B7IE |olSHAH HAAZCHE IE 7|89 E CHE K&
2l BUN =X|= S{E-THEF = 24 A|Ztnt 484|120 M
LEOEZ FOo Zih= 48A|ZHO|MBH LIELEICH £0[3t B2 sham &2
Aldsh HF 0N 25|28 HLENES Tt BUN =XIE /25t S7HAIZAC
O] BUN FX|o Z7t7t MUEOEZ2| Sd22 QIgt AQUX| ZARSH| o =
~

o
1Mo 2 NZ H3IE H|WSHSCE  Sham £
ol

=2
I

_E_ rVehiCleE T o|- j—u; HlJJ—_é_I'N\

© 4
G2 Z BUN X7t HEtE £ A8 =E FH IE 7| XHE AMEE =L
SHAI7L Qe Ao 2 HEOQICHS =20| BUN A
B =Y S o7 7tX| Heto| met 37t

=
YHZ HEHOIM BUN =X|7} ZOFE %= UCH°.

o: ]

AN [ | — [}
T At =3 ¥ 9 Ol 717 Aoz EE Hpyf IO az2|a o
LENES2 50% XAE2 dF oA E+ F0 Al 2o €Y o GF 0|
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=5 kg © 345 mg0|1, EZ22 F0 Al 827 kg & 322 mg0|2&2*
M2 XAtZO| =X @iCh. O[F HIER=Z 2 HAHM= FFA kg
3~30 mg= ArEoIRAL). 2|1 HEEHESO M= 23 E(reduced) GSHO| &
O|= thiol2 ZX[Z UL O] thiol2 THEMA E3| HMARIXHtranscription factor)

o TS ZWID CHTO| DXE FIY £ UK. O/F CH2 ATHOA

ol oz

£ thiol®@ ZE&st1 UE dithiothereitoldt cysteinO] HAFM ZAIZ &

hydroxyl radical MAE £ DNA £48 ESICtD 2NSHQCHe2e =2

O|A= CHE thiol 3820t MR OZ H WSS [ =
EEZ A

o
TZ9| thiol 2tet=2Q HZEO|E

ot 3tst = dF o

BF &d2=2 Qlot DNA O|F 7t EEho| HotE HAESIICE  yH2AX GMS
0|83t DNA O|E7t5 HEH2 vehiceg FOot dF ol FEut HUSHIAZ 0O,
HLUENEES FOot dF 2] SN XA S0 =ALE. ES| HUEOE
22 ZE sg-x3 &4 = DNA &4 ghg CHEHEOL ATM, Chk1, Chk29]
g8 S7Z O A, 3E Jls Mot U oM 242 dLaARn 2
AT At FASHA|, CHE thiol 2tgt=9l N-acetylcysteineg FO{5HH 0|23}
S A (ionizing radiation)®, T2[(Cu)l| MLt == i A2 oIt yH2AX
LA ZE 24Z AAAZICE 2|1 N-acetylcysteine= doxorubicin@ 2 &
UE MIZ EH0M DNA &4 BHE SR ATMO| EdE S7HAIZACHS

NZ3(nucleus) i DNA O|E7}Eh HCto| 2Mst= X7| CHA O H2AX
variant histone THHZAO| ME 139 serinel| Q4 WHZ Sl yH2AXE 4
MEICI?. yH2AX= DNA &4 B2 S ZIX|gt= Q3 dstg HEsin Qo
DNA O|&57t5 HEtt £2/0|A DNA =72t & E upstream sensor kinase2f

of 2dS [T matM y

mn

downstream effector kinaseE =2{=0|11 O]
H2AXE= YHIEOZ DNA O|F7tEh HETHo| CHet MM OpHE AMEEICEL O
CHE AFEIOAN AlAE2tEl(csplating FOHE2 |2 43

= dSEESYOM yH2AX
Loio] 70| Cfet BnE SHACHY? 0|e |FAISHA 2

=a
o

AFOME S -RY 2
= SEOM yH2AXe| 90| FEZ XA StotRd, £ H

SfEME o8 Aoty #E ZIf yH2AXS| Zo(GM)o| 3E 24
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MzoAM =2 ZHEEACE 2L HTENEESS o 472 SEUM:=
(o7

Sd-MEFE QIS yH2AXS| LHHO| HASHA 0= ALt

2E FHOA

= -
DNA &4t BrS0| A|ZHEICH. DNA &4 289 MSHMHYZAZ0|A upstream
=

o8
1=
R
o
nny 0:
o
nz
o;
E
rx
<
T
N
>
<
N
i
rot
Ot
rir
O
zZ
>
o
oA
N
n

sensor kinase2 =FIE|= ATM, ATR, DNA-PKE= DNA &FE 7{A|(initiation)st
= 9gS =S DNA &40| dif¥ez Mg 32 052 &d0o| 57t
2 QUCH'. TJ2{L} DNA &40 st 2/=50| 27l 42, O] MZS2 H|7tY
MOl NEZFT| X Es MEMEE JYE = ACH. 2 AF0ME SIE-1)
HE E2H2=2 2ot 7|ls Aot 8 =% &4E 71 ZEOAM upstream sensor

=
TS AAME e TZHliver) ZEIOIM yH2AX WHIP ATR ML ZIHSIQAK| ot
o

=
HICHZ2 ZEASIRCH? Ol M2 MZEE 0|28t Mel(n vitro) A

rl_l_
Ol
re
Ol
AN v

o
SO ATM 4L doxorubicin@ 2 SEIEl MEZAIEO| FHE
AX[TEH Chk1 M2 BHHZ ZASEACHS. M2t 2 A3et CHE Elof o

2SS ENZ AHY-MMAR &8 £ S22 FEE H4S DNA &¢2

e

H|& upstream sensor kinaseZt A|EH2 2 ZHYE[HEtE downstream effector
kinase g2 ZAAE S DNA &4 HIZo| M HHAZEIL ANl ARE

2 oI}

IE SE-MEF =242 22 dFOM HLEOEEZ FO= upstream
sensor kinase & ATMII ATM #& downstream effector kinase2| E8& 7t
AlZICE.  DNA O|F7tE HEtho| Cfst Bt8C 2 ATME 222 QA7 & £
UOH, CIASIEl ATM2 downstream effector kinase & Chk11} Chk22| 214tz

E |0 O] uPEOIM MZEF7|= FX| =l DNA 57 2HHE HHAE
7 g2

_—

|s2 ZHZTIEICE  Upstream sensor kinase & ATRI} DNA-PKO| &4
C

DNA Tt JtEb HCHS DNA 28 AE#|A(replication stress)’®, 12|13 M A}
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HZ2 RT= DNA EHHSKfragmentation)”7t XdEE SO &

XRCC1:2 DNA CHUTJIE HChof Cioh S70] #0St= CHMAZ QIAF|UX[BHE
XRCC19| QIAtzh= ATMIL Chk20i| Qs FEEICH?. & AFoMes FE -
MeHF E=40| XRCC19| QIASHE  ZAAZX| D, HZLEONEE Fo=z= Qs
XRCC19| QI4tet7t [OISHA| SItE| QUL Old2l o7t Autes FE SE-MuF

Z=H0 == IEOM HUEONERZO0| DNA & 230 2+0St= upstream
C

sensor kinase & ATMC| 248 QESID Chkl, Chk2, XRCC12| A4S FHAMA
7| DNA O|E7tE} BTt Bawg B0 &L

catalase, GPX42| ZoE Z& AAAZ[X|T SO|EAE HUENEESS T3t
M SIE-IHEE 240 o8 ZAE GPx4o| 0| TIISIIUCE  GPX4s= MIE
2 (plasma membrane)OiA] ZHSt= aHAEStE=2(hydrogen peroxide)E di=3}0

=2 BEAF|= ikt CHEEE e U, #EF OfL|2t thymidine peroxide
£ dMste Az 20E HIF QUOHE 2|0 GPX4E ME W MEZH, M, &
ZH, O EZ2E2|0t & Lot MEA7| 2 (organelle)Ofl Al 2HEE|Z| {20, S LY
Et= GPX47t DNA £¢E Ezg &+ UAS AOILh. = FF0M= GPX4 I
M7t MU EO|EHZ0 ols 2totE DNA O|S7tE HEHS CHA| A%tA|7|d, ATM

A MSHHSHEE ZAAZCH, AotFoz SE-IAFE Qo 3E| J|s
Xotet aMgte] fx 42 CHAl REAZICL OE AFENM= MzZAH
M GPX4 HH2 JIHAZIE M, DNA =40 LS 20 2tV =0t E1st
R AHES M O] L|O|A N-acetylcysteine?t GPX4 mRNAS| &3S F7t
ANZg EDSIRAC. HIE HLUEO|EH20| O{EA MEiM o= GPx4 THHZAQ

=13
=

77t gOrAX|T, 2 et O CIEES @+ ZutsS EMZE HUENE=

FPi

IF upstream sensor kinase & ATM2| dE J7MA7|=XE 255t

of ofsf 7=l GPx4 Teiol S7t7t - FE QIS DNA &¢= YH5H|
et ATM 23 M HFZRE 2d=t A7l ALz EQh. Ol ZEHLe=
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SE-Marz Ao SEQ Zls Moot @MBe] = &40 ot Bz =
ool AME PN A ElCh
Ferroptosist= X[ &DpASEQE  H(jron)nt  HZHEl  MEAS  SCHSS
Ferroptosis®| &l ZTHE2 SLC7A112t solute carrier family 3 member
2(SLC3A2)E2 TAME|O{QUes ofO| At 2=£H|QF #210| QUCH?. 2|1 0] &K
E B3| cystine2 cysteine 2 THAL|0f GSHE eHMdt=0 AFREICE HLE
OlEt2 0| MEoZRE R2E fibrosarcoma MZOIM SLC7A119] 7|5 XM3BI=
£ 9Foitte o7 2a7F QIO 2L 2 ARoME 3
o SIY-XBF SAMOZ QIS SICTATT B AT HLENER0 o8 ¥

gd= B HUCL O|F Il ofFE-MMa7 J0M LiEILE HZEOE=2

23 17} ferroptosis?t= SEAHCZ X EYS AlArSHCH

JEOHH, HYUENES2 OfEA GPX42| EolES SIHAIZ?  MAPKRE AKT
2 Es HHXSZ GPX49 g TIMAZ £ JUCEST MAPK
MSHMEE2E MEE3Hcell differentiation), MZZA U NEAES =36 O

g WFYSS ZHSI=H QT AL S St ALY IFE SE-MUF E40|

Ct= Zato|ch YEMN o= p382 AERA X0 BH85t0] MEALE U M=
S oto] ZOISHX|THN, DNA O|F7Het HEHof olef p3sel B40| REEOf #e
2 0|BE 1 G2/M MZEF7| ¥X|et & DNA BF7E {Eochs A7 Zntx

AUCP'. J2|31 ERKe FE MZESADF 2SI 02 ZEQ MZ £48 B2
SHCET0 oHHE, AKTE MZSA, MZAME X MEZESE ZESI=0H 28 9
22 5k, MAPKS 88 |ESHI|E SO 2 A AfoM= 3E HdY-
MEm = Ol 24A[ZHOIM THUEOEZ0| 2o AKT2| 2-d0| St ATH
SHAZE, SE-IfEFE 2882 SEOM HUENE S0 o] 2dztel p3s,
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Kidney ischemia-reperfusion injury (IRI) is a major cause of acute kidney injury
(AKI) and is characterized by tubular cell death. DNA double-strand breaks is one
of major sources of tubular cell death induced by IRI. 2-Mercaptoethanol (2-ME) is
protective against DNA damage in some cell line. The aims of this study were to
determine whether treatment with 2-ME attenuated DNA double-strand breaks,
resulting in reduced kidney dysfunction and tubular injury. Kidney IRI or
sham-operation in mice was carried out. The mice were treated with 2-ME,
Ras-selective lethal 3 (RSL3, a potent inhibitor of glutathione peroxidase 4 (GPX4)),
or vehicle. Kidney function were assessed by plasma creatinine and blood urea
nitrogen (BUN) concentration. Kidney tubular injury was assessed percentage of
injured tubules. DNA double-strand breaks were detected by western blot analysis,
immunohistochemistry, and immunofluorescenc using antibody for H2A.X wvariant
histone phosphorylated at serin 139 (yH2AX). Phosphorylation of DNA damage
response (DDR) kinases, mitogen-activated protein kinase (MAPK), and protein kinase
B (AKT) and expression of antioxidant enzymes, and solute carrier family 7 member
11 (SLC7A11) were measured by western blot analysis. Treatment with 2-ME
significantly attenuated kidney dysfunction and tubular injury after IRI. Furthermore,
post-treatment with 2-ME improved kidney dysfunction and tubular damage during
IRI. Treatment with 2-ME significantly reduced DNA double-strand breaks after IRIL
Among upstream sensor kinase of DNA damage response (DDR), IRI induced ataxia
telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3 related (ATR)
phosphorylation, but treatment with 2-ME more activated ATM after IRI.  IRI
decreased phosphorylated of downstream effector kinase including checkpoint kinase 1
(Chkl), checkpoint kinase 2 (Chk2), and X-ray repair cross-complementing protein 1
(XRCC1) in IRI-subjected kidneys. = However, treatment with 2-ME significantly

activated downstream kinase after IRI.  Theses data suggest that 2-ME activates
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ATM-mediated DDR signaling pathway. IRI reduced expression of kidney
antioxidant enzymes including catalase, GPX4, and superoxide dismutases (SOD).
However, 2-ME dramatically upregulated GPX4 in IRI-subjected kidneys.
Furthermore, inhibition of GPX4 developed adverse IRI consequences including
kidney dysfunction, tubular injury, and DNA double-strand breaks as well as
inactivation of ATM-mediated DDR signaling pathway after IRI in 2-ME-treated
kidneys. In addition, IRI increased activation of p38 (p38), extracellular
signal-regulated kinase (ERK) and AKT, but 2-ME significantly more increased their
activation after IRI-subjected kidneys. Taken together with these data, 2-ME
contributes to protection against DNA double-strand breaks after kidney IRI through
GPX4 upregulation and ATM activation, resulting in protect kidney dysfunction and

tubular injury.
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