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WE B R AT FUAL /N U ISR S ARD AR &S] 7k
¥ 15 H 6~8 JAkHENE C57BL/6 /MRy 3 4l TR (Sham ) 4. B IRI (IR)
. FAMITHALE+EIE IR (SIM ) Ao XPEIEHLZUTIRAKRS-PHL (HED) Guta, ol
MEIUEE (Ser) « LR MBS ( LDH) Pl B IE 8300 15 00 5 on i 4040 P B8 AL, il
(SOD) . EREMA MK (GSHY . JEH L AN~ (MDA) & & MiE A
(ROS) APV EASHOK s Al E A HA Mk E T+ (Fe?) K=MEET (Fe*H)
BB SRS RS AR AT S B IEZH 2 Krippel #2581 2 (KLF2) .
BREH PO A BG4 (GPX4)  RIREMAFIR 7 st 11 (SLCTALD . BiEHilE A &
BB EESZ RN L 4 (ACSLA) EHEMAXRIL BRI R 5 IR 4, SIM
M NER G R, M Scr Al LDH K& EFE (P<<0.001) ; Fi4bNE R
SOD il GSH ik N, AL BB MDA fl ROS IR ik (P<<0.01) 5 FfkfhiT
AL H PR LU Fe?'. Fe* IS & (P<0.01) MIRBLZebifkfifs; it KLF2 f&RiE
(P<0.01) , FAYSETAIRAAY TR GPX4 Fl SLCTALL HIKIE, FIHYIET MG
WA ACSL4 JRIL (P<0.05) . £ “FARARIT FAL B A] Rl fedt KLF2 B)ZRIEHMH] 'S
JEBRAET:, AR B I IR,
REEWE AT BN SUILFRET S Krippel FEEIT 2; BRAETD: ZoRiiRdif)
HEFRS R699.2
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Diseases, Zhongnan Hospital of Wuhan University,Wuhan 430000 )

Abstract Objective To investigate the effect and mechanism of simvastatin pretreatment on
kidney ischemia reperfusion injury (IRI) in mice. Methods Fifteen male C57BL/6 mice aged 6-8
weeks were divided into three groups: Sham operation group (Sham group), kidney IRI group (IR
group), and simvastatin pretreatment+kidney IRI group (SIM group). Hematoxylin-eosin (HE)
staining of kidney tissue and detection of serum creatinine (SCr) and lactate dehydrogenase (LDH)
were used to evaluate kidney injury. The levels of superoxide dismutase (SOD), reduced
glutathione (GSH), malondialdehyde (MDA) and reactive oxygen species (ROS) were detected to
evaluate oxidative stress. The contents of ferrous iron (Fe?*) and ferric iron (Fe®*) in kidney tissue
were detected, and the morphological changes of mitochondria were observed by transmission
electron microscope. The relative expression levels of Kruppel-like factor 2 (KLF2), glutathione
peroxidase 4 (GPX4), solute carrier family 7 member 11 (SLC7All), and acyl-coa synthetase
long chain family member 4 (ACSL4) protein in kidney tissue were detected to evaluate
ferroptosis. Results Compared with the IR group, the SIM group had significantly reduced renal
tubular injury and decreased contents of Scr and LDH in serum (P < 0.001). It also showed
increased expression of SOD and GSH and decreased expression of MDA and ROS (P < 0.01).
Simvastatin pretreatment reduced the contents of Fe?* and Fe®" in the tissues (P < 0.01) and
alleviated mitochondrial damage. It also promoted the expression of KLF2 (P < 0.01), up-
regulated the expression of ferroptosis-related protective proteins GPX4 and SLC7A11, and
down-regulated the expression of ferroptosis-related damage protein ACSL4 (P < 0.05).
Conclusion Simvastatin pretreatment may inhibit kidney ferroptosis by promoting the expression
of KLF2 to alleviate kidney IRI.
Key words simvastatin; kidney; ischemia reperfusion injury; Kruppel-like factor 2; ferroptosis;
mitochondrial damage
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fitfA& (donation after brain death, DBD) ALk, {AEFET fit4A& (donation after cardiac death,
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BN, RN RS I O R R — M B TSR B RS T AR o 2K
FyEPES (reactive oxygen species, ROS) AR, 'B/NE LR 4N E & 28 ki AR Fn 4 i Py 2k,
T MRS AN B T AEZ X S D e R LIS B, ) ol L R S T L v BE U, R NV B
MM T RE ARRIE T T RS S BBt . FBLE R, (RSB HHi57 Ferrostatin-1 7] 25 )i
BAMES, midRESMH KA NYIEE 4 (glutathione Peroxidase 4, GPX4) NIgEfS
I BRSET 5 57 Erastin SIAIRAET: . R UTET 25 T BRI ERIET:,  ReieA 20
BENE IR, At yT 5 PR IR EAEEHEF A C(hydroxy methylglutaryl coenzyme A,
HMG-CoA) I& J5 B 77, & 52 e 1 400 oh) P 00 L] M 2 5 R S B g, Tl 5 3
Krippel FERF 2 (Kruppel like factor 2, KLF2) ik, Po4EHidk. ke, HilEFi ROS 4
AR RIS, fEE e D, KLF2 iRk B R ERIE TR 7+ GPX4 [HFRIAE,
TS AR T FAC AL D W T IRI R O T B 237 Bl

1 PR 5751

7y

1.1.1 SERE)

15 )1 6~8 Jille A HENE CS7TBLI6 /N, MR (18~22) g, W HBIILA LIz Ymt 7t
O[S RIEF : SCXK (%F) 2020-0018]. /)N B # 77 76 b vH 4% € 5 JEL & (specific
pathogen free, SPF) Kz )5, WANJEERMEEFE 1, AFRMEAER 23 °C. MHXTE
JZ& (8535) %. 12 h otl/12 h MG . NRATH BRSPS EOK . Shsein i (L
Wrzh i SR E A IR ) HEAT, A B R H — IR E R s e B A il (it
5: CDYFY-IACUC-202404QR007) .

1.1.2 SEIGFEMT

FARARTT (B85 abs817897) W H FAME (L) EMBHEHERAF: FRAKE -4
(hematoxylin Eosin, HE: #'5: G1076) 4y ifif| &l B Qi FE 4k /R AEWH ARG IR A
Al RS MEH AR (glutathione, GSH; T%'5: A006-2-1) . A —fi¥ (malondialdehyde,
MDA; %%5: A003-1) . #BSEALPE{LEE (superoxide dismutase, SOD; %5 : A001-3)
AT I 7R S0 R R AR ) TAEA SR Cy3 Béfi% (Cy3 tyramide; $3%5: 11065)
3= E AAT Bioquest A ; DAPI 44 (185 D4080OKB) 4 H Bl A AR A R
AFEl; DHE 3 (1845 S0063) M H Lifg 2 = RAMA R A Al =8 5 B K %
(diaminobenzidine, DAB; #%%5: D0078) ZuiH LifF TCl Ar]; WEAFAH (T8
P112418) W Eigflh T ANRLRM AR AR R (51%5: 10011008) W H EiHE %



LR ERF AR A NP A & (55 E-BC-K773-M) 11 E iU B 3 K
KR I AR A ] B-actin Fifk (Fe5: AC026) I H RN % M4 T A MR A IR
Al KLF2 §itfk (555 : ab314430) WY HUE Abcam: GPX4 itk (1%%5: T56959) .
W RBAR S 7 iR 11 (solute carrier family 7 Member 11, SLC7A11l; 1%%5: T57046) i
. BRIEGHEG A S KABE SR 4 (acyl-CoA synthetase long chain family member 4,
ACSL4: Ti'5: T510198) HifksiiygH L HIFrEE 2GR (L) FRAR: Zhi: B
i 24 YIRS Chorseradish peroxidase, HRP) -1gG ($t'5: LF102) Wy i mERg A e 258}
BAMWAH .
1.2 58
1.2.1 YL

SCEGHT, 15 KX C57BL/6 /NRAS R 12 h, W H HRK. /NN A 3 4 (n=5) .
BRFA (Sham ) 4. B IRl (R) A, FfhiTHALE+EE IRI (SIM) 4. IRA: 8
eSS 1% E % (50 mg/kg) , BREES, MMENTAINMERWRIES B, 4R IRIRAE
(3740.5) °C. WHEHZHBIBIERE, BEMEEE, e ANRE, IO Ik m A
0B Bh R bk, B BRI . R M PRI O, (E R R A, 8 A R
0.1~0.2 mL A BRER K, DL A K 7> AR R SG . BRi 30 min J5 BT T MGG, g
B e, MR G M. I S FLAE A A S Bk Bk R, RECE M
FIE, WSS RGES, Rk SRR F AN 0.2 mL A IRAEFEERK,  LATRANEIFF
HEHCR R Sham 4H: BRASICPATZE AU Bk izt o, AR ACFRTE) IR 4H. SIM 4. 8t
AT 30 min, T LA S = RMIT (2 molkg) » AR IR 4H. SHFAREGR, fAR
WEATENRE TG, TR RSB A FR . B 15 N R A AR R e 5%
1.2.2 i3 RE R ab 38

FRHETE 24 h 5, FRIRZE T /NI ST 50 mo/kg [ L EL AN RREE . BN Bk, SR
4 0.5~0.8 mL MG ASE/IN R . BEJE MIE EB KIS 1~2 mL FZK,  FERR A
fE. K REM MR A EEEE 1h 5, 4°C &0 (3 500 r/min, 10 min) , B EiERIRLT
FE-80 °CUKFEH T Ja2taill. MRS B TWA . 4% 2 BT 2.5% Bk
7, AT JG SRR ARG .
1.2.3 B ITREIPAY

R A BB 5 g B Bt I A S 36 =5 1 AL B A e A CHAR RS HAL A F]D € ML

FEAF MLIE I (serum creatinine, Scr) . FLERLZHE (lactate dehydrogenase, LDH) [1)



K, LS ThEe.
1.2.4 HE %1

INREHLR 4%L BEREEEREE 24 h UL EEEMT A, DA, DA HE
FdE P CBREK 10 min) J5, FIBRRE ZEE (100%. 90%. 70%) /K, 1o A o5 AR e ta
7 min.  VKAEE 10 min 5, LG 1 min, BEEELE ZE2(100%. 95%. 75%. 50%)
BB, ZHRER. KU R, HE R, e R TS, Fr-RA
paller o3 3 25 PP 43 VAL B TR 15 12
1.2.5 Western blot &l

PR E R4 ZL, N RIPA ZUERFEHCE A FRE &, JFEid BCA VEIIE & HA R E N
RIS A TR ST -+ b B R RN - SR A I e I FEUK (SDS-PAGE) , HLK
SR T R M LM (PVDF) B, BE/S{EH SwBRYIH iR EH 2 he HHSH
-20 WIRERR SRV SE i (TBST) HelliE 4 4%, &FR 5 min. BHJ5 E AMHMF B-actin (1:10
000) . KLF2 (1:1 000) . GPX4 (1:1 000) . SLC7A1l (1:1 000) . ACSL4 (1:1 000)
PR EIEN, T 4 CCOKFEARRIK B AR KH, FRA TBST YR, A
S 1 K. MAFBMUCEK =41, £\ FHE 120 min. WETEEE, % 3 KH
TBST j8E, IRECSHEIFESE 1 k. EMEE R, BaH Imaged BA: 04 25 (¥ K
fii
1.2.6 E L IEYf

BT A, D)y, H RS 2K, AU U) R O T AT T HIRT (20
min) — “HZRIT (20 min) —JE/K LEET (5 min) —TE/K LI (5 min) —75% 4G (5
min) , SRS AEAKIENE 3 k. MR BT S E LI G RN 2% gAY 2%Eh
B LLIRA, WU Mg, 30 min U, JERIZBKIED 2 . 25T DAB
Jett: DAB IR SZ) 5~10 min, E A AK QR BT, 45 A0S FH B 2k 22 ik
(PBS) FIZEMH/KMKUGHATIBYE, BN LIRFI 3. JRskits. ik, [ HE 4
. e, R P S AT R AT WS, RERE.
1.2.7 ALK 8

B EREAFRE G 0.1 mol/L PBS 5J2¢. #5HRARF G Ui W45, 43 3R FH AR AR ) Eont
AT GSH. MDA il SOD 7Kl 5
1.2.8 REER T

KA TR S AU i B R ST AR U R, AR RS 4~20 pum , Hh



Wi T B E I b REHTERER (4 10 min) , HSATR. HHANE
WEMALGVY R E R, LR ARCR . FINA B ARG KA, BOGKA TS 5 min,
ZEREIRKIESE 10 mine 7RSI XIS AN ROS %4, R DHE %ukl. &6 37 °CiFE 30
Srh. W E 4RSI PBS SNV 3K, K 5 min. BESS, AN DAPI G, B = iR I
B 10 min. S55 FCH PBS Bedk, XECHIE RIS 19Kk. foa 3 R Rl v, o b a6 )
Fro BSER RSB IRIVI R T 4 CCREGIRAT, A6 9 AR 7E = A BT S HE PH P e £
MRS, 5 A Imaged BE M T 19 R

1.2.9 FE 5 AW
B2 S R SUREAS, St A/NAIA 1 omm <L mm {22, 2 rasE ek (2.5%
) [H5E. 24 h 5, A PBS #EATERE 2~3 ¥k, BEJEEFAMRE AN 1%HI8RFR VA WK [H 2 241

2k, 2 h J5, FIXH PBS KWL, 1BVEA ARG AT KL, KUK ZH U AN R B
(1 Z B (50%—70%—80%—90%—95%—100%) , HEANUKEHE I 15 B i A1 4 15
min. BE/K5E RS AT G . 2 JE AT V) AREE, A DDA MU GG A T U A, RS
N 70 nm. B SEREAT et A AR H AN R 43 T V) AT e, IR SRR TR
15 min Zifi. Qeadinin, FIF G IHIE G A SO B I AR AR A M AT LS
HEIEARAE
1.3 Givt 243

BT BUE R X + s R . dHLIA) FLBCR SR 307 2200, SNK-Q A 36 T EL 420
[ 2553 . 4 s # R A GraphPad Prism 8.0.1 B EHEAT Gi it 240 M HEAE R, P<0.05 N2 5R:
eS8
28R
2.1 FARMYT B R B IR

BRI Scr. LDH RIE IEZHZY HE KPPk 2 MR fb VT FUALEEX B UE IRI (520, 45
BE7R: 5 Sham ZAHEL, IR 40 Scr Al LDH &3 LF+ (P<0.001) ; i SIM 41f Scr
LDH W] &% (& 1A, 1B, F=80.02. 45.15, #J P<0.001). &4 'FIFAH L HE 45 5B ox:
Sham ZH/NER B IEREATER IER, TR IR AHBKHAE NEHEY 7. BIAR
GEEUVE . AU K. AR TR RIIRSESE, 0 B NE BT AR R SIM
PR B EREMET IR 41 (K 1D) . @i x S4B 44 HE Jeeidtir
Paller #5074, Z5HR &R, IR 41M1 SIM 4355+ Sham 41, i SIM 445 B EMET IR

4 (] 1C, F=234.6, P<0.001). FIRZEHEFEH, FARAMIT IR v] 4 5 E IRI,
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Fig. 1 The effects of simvastatin pretreatment on kidney IRI
A: FHIMTE Ser /KF; B: ZAIMIE LDH KT C: &4 Paller W45r: D: &2H'EIELH L
HE Jett, HBIR=200 um (>40) ; a: Sham#H; b: IRZ; c: SIMZH; 5 Sham 4LAHLL:
#p<0.001; 5 IR 4AHLL: ***P<0.001.

7: A: Serum Scr level in each group; B: Serum LDH level in each group; C: Paller scores of
each group; D: HE staining of kidney tissue in each group >40; a: Sham group; b: IR group; c:
SIM group; *#P < 0.001 vs Sham group; ***P < 0.001 vs IR group.

2.2 FARMTT TRALEE TR B IR AR A BB

R 4% 2H /N BB IE AR A USRS 5 (SOD A GSH) AR AL R (MDA Al
ROS ) (K F. &5RE R, 5 Sham PIEMNFEAFAILL, IR 41 SOD Al GSH /K11 i
PR (P<0.001) : T IR ZAHEL, SIM 41 SOD #1 GSH /K-F&EZEHn (&l 2A. 2B,
F=72.94. 43.46, P<0.01) ; B4, HAAMLNER (MDA 1 ROS) [ IA T L &
N, 5 Sham 4AHLL, IR 47t (P<0.001) , ifi SIM 41f#fk (K 2C. 2D. 2E,
F=56.61. 134.1, ¥ P<0.001) . Z53EH], ¥ AMbyT FALH AT L FE IR1 (AL 3%
S o



B 2 FARARTTHAC IR FAE IRI B840 SI8 = BL K 5 i
Fig. 2 The effects of simvastatin pretreatment on oxidative stress response in kidney IRI
A: BHABMEHZ SOD K B: HHBEMAL GSHIKF; C: F4LEIFHL MDA /K
5 D: BAHFNEHL ROS HIX YOG, E: FAEEAN ROS SOt Hth, HHIR
=200 um (>40) ; a: Sham#l; b: IR4L; c: SIM4L; 5 Sham ZHAHEL: #P<0.001; 5
IR ZHAHLL: **P<0.01, ***P<<0.001.
7E: A:SOD level in kidney tissue in each group; B: GSH level in kidney tissue in each group; C:
MDA level in kidney tissue in each group; D: Relative mean fluorescence intensity of ROS in
kidney tissue in each group; E: ROS fluorescence staining of kidney tissue in each group >40; a:
Sham group; b: IR group; ¢: SIM group; *#P < 0.001 vs Sham group; **P < 0.01, ***P < 0.001
vs IR group.
2.3 FARART AL EE S # RIS R F I IR



NSRRI A /N U AT LS Fe¥E R, 5 Sham ZLAHLL, IR 41
FeS B AL B B30 5 IR 4LMIELE, SIM 41 Fe®*PH M AL Bk (B 3A. 3B,
F=202.7, P<0.001) . il &4l IEHL T Fe* SRR E/R: 5 Sham 4AHLL, IR 41
Fe & BRI (F=79.49, P<0.001) ; M5 IR ZAHEL, SIM HEIFHLN Fe* & &
Bk (B 3D, F=79.49, P<0.001) . BbAb, 75 HLEE T W5 & 4L I 4 b A4 45 475 175 10
(L afisk) 5 S5 &R, 5 Sham 4IMILL, IR AUEAELERAR AR/ . AMBERLZE . IRk
b, SIM A IR HLRRAT IR (B 3C) o 45RKW, SEAMhyT iAb L3 ik 4 i k4

TR IRI,

3 FARAMITFALET B BE IRI FHERFET-HIR A
Fig. 3 The effects of simvastatin pretreatment on ferroptosis in Kidney IRI

A-B: 2B S W nsR gt e Fe® BHPETRIAN,  ELBI =200 um (>20) Al 100 um

(>40) ; C: FHFEHHBIEE /NE bR RAR ARG (8K FIx15K) ;
D: #HBNAHN Fe? Kill/KF; a: Sham 4H; b: IR 4; c: SIM 4; 5 Sham ZAfHLL:
#p<0.001; 5 IRZAHLL: **P<0.01, ***P<0.001.
7: A, B: Prussian blue enhanced staining and Fe3* positive area of kidney tissue in each group;
C: Transmission electron microscopy was used to observe the ultrastructure of mitochondria in
renal tubular epithelial cells; D: Determination of Fe?* level in kidney in each group; a: Sham

group; b: IR group; c: SIM group; P < 0.001 vs Sham group; **P < 0.01, ***P < 0.001 vs IR



group.
2.4 FARITFAEETHES KLF2 RRIEMNHIZFE TR T IRI

oI % 2H B I b KLF2 B A BA RRBRAE A R EE 1 (GPX4. SLCT7ALL,
ACSL4) . £ R: 5 Sham AU, IR AT E M6 KLF2 I3 IF R IEIET R4
HH GPX4 Al SLCTALL Kik e BiRBAET HifiitH ACSLA 315 (P<<0.05) : M5 IR
AHLL, SIMHRTEEFEST KLF2 FIRIE, FIHBIET Ry H GPX4 fl SLCTALL f#kik
TSI T ACSL4 3Rk (B 4, F=19.45. 36.69. 295.0. 170.6, ¥
P<0.05) . FRZERFM, FEARAMIT AT A (2 KLF2 (3K, MM ST IRI
SRS

B 4 AT FACEEST SRR IRI ZRFETHI R0 FRIZHI W
Fig. 4 The effects of simvastatin preconditioning on the expression of ferroptosis-related
molecules in renal IRI
a: Sham#; b: IR4; c: SIM4A; 5 Sham AHAHLL: *P<<0.05, *P<<0.001; 5 IR 4AH
tbk: *P<<0.05, **P<0.01, ***P<<0.001.
vE: a: Sham group; b: IR group; c¢: SIM group; *P<<0.05, *#P < 0.001 vs Sham group; *P<0.05,
**pP < 0.01, ***P < 0.001 vs IR group.

3R

B AR IR YT AR W88 B DD Re 3 oA SR T B H H a0 SR B = N
HBITREE LRHEEI . BRoR BRSNS 8% B RIS 3 E & B A LR — &
kR, SRS DBD (donation after brain death) #%FiAfLL, DCD £ fELERK (kB i



i), B RS AR S B D RERE IR K A R A R A ) Rk, e AR AT IR R
J5 FERIE A B SR B T A0S . B 25 ALKk IR DCD A 453495 /2 B A i st
7 Rz — B9, S fRfhyT 2 —Fh 2 L R Bt 48 A Chydroxy methylglutaryl
coenzyme A, HMG-CoA) & JF BT, A2 5 S 1 300 i) Py 90502k L ] 2 4 6 B ) O
g, T B PR 2 2 B AT o L5 25 XU 5 R G ) B JEL A 90 1) 0 R 2 I8 % 32 1
TILIRE, X P T DR RS T AR VR IO, SR T T AT ORI, SE AR T F A
BRI IR, AR XU IR PR A7 B FOAR D) 437 WL 1t A 56 4 e B

IRI 7E T b 5 S 2 Fh A i S R, B I8 K ROBLH 2 SRl s B AR I R AL . RIAER
R B AR MRS . BRAETS7E 2012 4E i1 Dixon et alPlE ki, Hhgkmz5E
XPREER AN AE TR U — N RERE, TS 5 2 M TR . g, By
(IR TR SET T B i A R 1) ROS BBAR, B /N b Bz 4 & 28 A A 4 i
Wk, REMEE R S 7 DRt FE BRI ER AL, X s i i e L RiURR, DRI B /N b B 4
MR A T RELARIE T T A 5P R FO 4 AR, e Aty T SR E B IE IRI (¥
TRAFE S5 HPT BRI E A O, JURRE v iR mp LA B A R SOD A1 GSH &
&, BOEMRNEIT MDA Fl ROS I8 & . it — X B IR b Fe? Il Fed HEAT RN &
U, 5 IRAAME, AT BACEE IEH S Fe? Fl Fe® & &8 b i@ 4T i s a4l
Fi I R RLAR TR SO0, 45 RN IR LA AL 45 AR, Yt R, RS
VAR A AR A AL, ZRRLR I K . ZRRLIRIERBTRI AN, T L RIS BERA VAR SRR
AT P Ak 2R 25 40 Al 20 A A L B A 40, R 5 B A AR TR, A L T L
AR e K R L R A AN T e R S5 SRR IR S A VT A B AT DL e
BEE IR R IET .

YT 2 #l b G AR A Rho/ROCK B REYS T KLF2 Rik, =4
Pt BUMARTE B, BUERI. PO Lo Ry AL, 7R 384T Py B 20 o T e AR v
AL E TR, Gallinate et all*” 18N 52 (it 5 Hvigh ifit f5 28 kb QAR IRLAL A T R A7 3 i
A JE AR TR AU 1 DR AT e W S ) G BT AT KLF2 IR0 . B ARSI ik it v e v
AR LU EE Y3 3o ok e VR Bl e 52 1) ' Bl BKBE Y ORAFR, VT BT 1 o 40 s 81 490 2 3
EREYINIER, SN R RIE KLF2, XAt E R BN . AT R R,
5 Sham ZHAHEL, IR LA BE MK KLF2 B AMERE, H FRZIET /Y EH A xCT. GPX4
Ik f EIRBAE T EE E ACSLA fEkik; T IR HAHLE, SIM W55 KLF2 (13
ik, B BB TR R xCT GPX4 30k R AN Ek e T4/t 1 ACSLA [k,



25 LRTIR, SEARARYT AL B AT AR I R i KLF2 RIS, MMM ST IRI 58008kt
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