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Abstract

BACKGROUND: Ferroptosis is closely associated with the pathogenesis of ischemic stroke, and targeting ferroptosis is a promising regimen for the treatment of
ischemic stroke, but the specific regulatory targets are unclear.

OBIJECTIVE: To screen ferroptosis-related characterized genes in ischemic stroke by bioinformatics and machine learning methods and validate them by cellular
experiments to investigate the role of ferroptosis in ischemic stroke.

METHODS: Eligible ischemic stroke-related datasets and ferroptosis expression datasets were selected based on GEO database and FerrDb database, and
ferroptosis-related differential genes were screened by t-test. GO functional enrichment analysis with KEGG signaling pathway enrichment analysis was
performed for ferroptosis-related differential genes. Characterized genes for ferroptosis in ischemic stroke were screened by PPl network analysis and machine
learning. The reliability and biological functions of the characterized genes were explored using ROC analysis and GSEA analysis, followed by cell experiment.
HT22 cells were divided into control and ischemic stroke groups. No intervention was made in the control group, and 0.1 mM H,0, was added to the ischemic
stroke group for 24 hours to simulate cellular oxidative stress injury and ferroptosis. The ferroptosis and the expression of characterized genes were verified by
real-time fluorescence quantitative polymerase chain reaction (RT-PCR) and western blot assay.

RESULTS AND CONCLUSION: (1) Forty-five ferroptosis-associated differential genes were obtained, and GO and KEGG enrichment analyses revealed that the
differential genes were closely associated with oxidative stress, autophagy, ferroptosis, adipocytokine signaling pathway, and mitochondrial metabolism. (2) A
total of one ferroptosis characterized gene, nuclear factor erythroid 2-related factor 2 (NFE2L2), was identified by the MCODE plugin and cytoHubba plugin in
the PPI network with the LASSO algorithm and SVM-RFE algorithm in machine learning. (3) Receiver operating characteristic curve analysis of NFE2L2 revealed
that the diagnostic prediction models constructed in the training and validation sets had good accuracy and specificity. GSEA analysis of NFE2L2 revealed that
the characterized gene was involved in the regulation of ischemic stroke pathogenesis through immunity, inflammatory response, amino acid metabolism, and
neurofactor regulation. (4) RT-PCR and western blot analyses showed that the acyl coenzyme A synthetase long chain family, member 4 (ACSL4) mRNA and
protein expression levels were significantly higher in the ischemic stroke group compared with the control group (P < 0.05), and the glutathione peroxidase 4
(GPX4) mRNA and protein expression levels were significantly lower in the ischemic stroke group (P < 0.05). Compared with the control group, the mRNA and
protein expression levels of the characterized gene NFE2L2 were significantly higher in the ischemic stroke group (P < 0.05). (5) It suggests that ischemic stroke
is closely related to ferroptosis, and targeting the characterized gene NFE2L2 may provide certain ideas and directions for the study and treatment of ischemic

stroke.
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Funding: National Natural Science Foundation of China, No. 81603713 (to MSJ); Baoshan District Medical Key Specialized Project, No. BSZK-2023-BZ12, BSZK-
2023-BP08 (to MSJ); Baoshan District Science and Technology Innovation Project, No. 20-E-43 (to MSJ)
How to cite this article: WANG M, MA SJ, LIU Y, QI R. Identification and validation of characterized gene NFE2L2 for ferroptosis in ischemic stroke. Zhongguo

Zuzhi Gongcheng Yanjiu. 2025;29(7):1466-1474.

0 5|= Introduction

B i A R ) T R A
HRARR, P EEERNE M
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ZAILTHH] . IR BRI APZRP R
WK 4 AR 3 AR 69 A0S AP 2 AT
TAREFTHLEG®, Bl Ak
V)8R 9% R 0 R BEALE] . FRATE ST
FiER—REEAE S

SkILTAR A —FF AT A am e AE 5 b
T A, Bid TR TR AL,
T VAR AR % AN 22 gk gm0 R B AT AR,
ol AP T /R KR R B A AR R
& O RugE gk dn A 7| AL A kAL
e, FAgRT ), LEHB
T oy BT LG R EAC LR L, F
Homin il BALIR 69 B AR, M xtdk
A S 2 G K TR A R AR 1Y,
B sb, &b w2 P e VA e 4k LT
W%, B4R T 6L A TG4
dbEfE AR A, BAET, KRBT A
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M. B, ¥e@skIit T 5 a8 T B
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EWE EF LN AAMAEF ) AR
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T Ik R 89 T AUk Ao Al X 89 £ 4 it
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AT VAFRM) € 4o b4 g5 5 ¥ 5., 5T
ARG e de b, EIRA Y FH
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SR B BEATIRGE, AR e dn bt
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B,

1 FZRFN/55% Data and methods
1.1 Rt AW & FoERARIN
sm i, 2 B4 R IA4E, Student’s t 255,
1.2 MNERMSR %3 F 2023 F 6-9
AL+ EHRKFHEEMRTHE
SHEERT NIRRT TR,

1.3 BH

13.1 4 kR A A GEO %45 &
(https://www.ncbi.nlm.nih.gov/gds/),
VA “Hredfnp AT CAR” ARk

S, N AF A F M 69 GSEL6561 #K
4. GSE140275 #t38 4 F= GSE22255
HELE, TERENRIEE T REE
AR5 B4 8, £ P GSE16561
¥ 3B £ 5 GSE140275 %% 45 £ 4F B
EE- S N & RO E &
GSE22255 # 4% & A 4 A7 45 R e 4L
¥ %. GSE16561 %k 4% & L4 vk J& 28
39 AN b i A & 91 R A o A
A, B4R 24 S E R AL B A 4F
AK; GSE140275 # 3 £ 614 & ym4a 3
A b i B Bk S B A d K
iE 4 3 AN R ASR B A A K
GSE22255 L4 & 0.4 & y& 48 20 A 4k
A b i EE b B b B A At AR
A, B4 20 AN AL B $ A%
e, # LK1, AL RIEF “sva”
@, %+ GSE16561 4 4% & 5 GSE140275
BB EHATER IR Z A, ¥
H)a—1b, FEHA “limma” &+
normalizeBetweenArrays % 4% 5t #& 3%

LHITARE, REREGEOHIEL.
132 @i EAFREA A RED A

Z Mm% HT22 40 i, (FH1027),
B ik A AR TR E) .

14 J35&

1.4.1 ik B oo b 3 2 P 4K S0 T AR K
EFRB it s o A4k
=48 % 35 4% % FerrDb 4% 4% J& (http://
www.zhounan.org/ferrdb/) ¥ T 244 5t
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1 | GEO BUR&EHIMZEPIEXHIES

i WEPTG BORA IEW FEAR SRR B

(Gl L K G %
Pl BEA ) i
Hrfr)

GSE16561 GPL6883 39 24 ANE 2010 I

41 £®
GSE140275 GPL16791 3 3 AME 2019 N4

4xifi £
GSE22255 GPL96 20 20 A 2011 BE

I H £

T4n

fi

—AREY . WHIF S A48 &,
BN HE & 0% i AT M A confidence:
Validated, *} 3 AN#4% & #4774
#, RBERETAKXAR. FRRE
$RIL T AR X K B w2 AR S 69 2L4%
v, REKATHXLBGRAE,
WLt AT RIR A 2R IL T AR K AL B
VAT IE WAL R R Z 1) e st F £
FoHT, RIRGFLTAI L EF AR,
@it R @, “pheatmap” *F4k7LT48%
EZAERALH KB, kT EF5HLE
.

# F R & “clusterProfiler” x £
7+ 35 B # 47 A B A K (gene ontology,
GO) g &t m AR KB 5 AR AT
#H4~+$ (Kyoto Encyclopedia of Genes and
Genomes, KEGG) 1z Si@¥%&n#r, M
A FEAFEE Wardd Hikaf £ 754 H
T R 0E T BB UATIRE AT, H—
WIRAR £ F AR G £ 6.

142 MEEZFABAERALSEG A
Mk I £ 7K F it STRING £3%
JE (https://cn.string-db.org/), X B 41
2 medium confidence: 0.4, %] & B 4
FREFENTE, MEZRAOS5EALK
(protein-protein interaction, PPI) M4,
ML & T # £ & & B 4% interactions 12
8., 1% Jf Cytoscape 4+ (v3.9.1) 2 PPI
W & 2t AT 4R AL, F) i MCODE 4 14 2
PPI W 24 Bt AT R K #1, S 4X E H:
.5 K B4R = 2, haircut = 0.2, .5
score B {8 = 0.2, K-core = 2, & K&
J& =100, Jhik PAZ 64 EEIREAL S
@1t cytoHubba &4 5 K 4R B ok
(MCC) Jik At PPI W % 490 & 4747
M, RIAZS ¥, & K F 44,

143 (R4 MERE B A RN
WL %5 L 45 B F (LASSO) & )2 447, iR
i{R & “glmnet” x4kstT £57% K HE
HAARARIIAE, fhik£F AR

ARt A AR IFG S
AEIH 4 (SVM-RFE) AL3E 5 5] $EAT 5547,
BEEZ F ARG EAMEEIRE, AL
AR, MUE, ¥ LASSO )3 AHF
5 SVM-RFE AL 2 % 3 4 5 JRIR 49 #7it.
A E 5 MCODE 464 = MCC F- ik k4%
s E AR E, REFIH
JER B A% B F E2 48 % B F 2 (nuclear
factor erythroid 2-related factor 2,
NFE2L2).

1.4.4 HFAEK R 69 & GA K Fast B dn
M 2 P 5 e TR R At AR K
HEATHEAREEFHAS KRN
Z_ 18] 8 RA KR SR AT L B AT R F
oM. i8 L% K E TAE4FAE (receiver
operating characteristic, ROC) # £ 5~
M, AR AR E wh & T & AR (area
under the curve, AUC){&. # 3 MH 5
A, MG AT AR R My 21T 4R
= )2AEA, iE ] ROC # &R A 2
1545 ) A AEA 64 A A M 5 BT
R R Pt RN R 6y Rk F e
ROC Wy & BHATIE .

145 AREGESI vAKEGG 155
BIEE A MR R KT T
FHEAL, BEARE “GSEA” sT4FAER
REAT AR &5 &1, R EARL
BAEZEFId, FE>HZEE
kAR, WAMNAR S at
AT, IWERFIEAE 648 X145 518
3%, P<0.05#ikAHREEEE,
146 M@EmieRER Kk A
R D A2 T m e 2 HT22 @ )i
(FH1027), /A 4R 4 4 10% 9 7 &
3 Fx A (DMEM 3% 7 & +10% 6 4 fo
FHH1% HF4E L), £37 C. KA
% 5%CO,. 95%AIR ¢4 3 F 45 & ik
T3S, Il AE T25 320 ko
JE 3| 80% vA kg #ATHE K. mBCK
ARIFeymie, B F 6 LM,
3x10° A /3L, AR E 2|34 A
24 h, % B 2t RR LA Aw bk oo b Ji 2E A
4, B E3IAMLI. HRAR
PRAEAT F TR, Hk do b i 2= P 28 A 50
#7 A 0.1 mmol/L ¢4 H,0,(10011208,
LiEE B EAMMF RN A RG] ) T
R 24 h, ¥ -FA40 2 T 4E I BAL MR
Fodk b1, i@ iTA M 4K T AR KA
AR B IK A B A SR B K 4R K AR AR R
4 [long-chain acyl-coenzyme A (CoA)
synthase 4, ACSL4] 5 % bt H K it &
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1% 4 B4 4 (glutathione peroxidase 4,
GPX4) £ A HATAZA 3hqE 1,

1.4.7 RT-PCR AN H Tz 69 mle R
JBl TRLzol 7% (QP020, GeneCopoeia />
) ) #2ILE RNA, W Z RNARE. 1&
) B4% F X 7 & (K1622, Thermo 2~
3 ) BB RAEFKR AR A, #HATREE
%, B E 4. 25 °C 10 min, 42 C
60 min, 75 C 2 min, [ & 1& A 2X
Universal SYBR Green Fast qPCR Mix X,
%) (RM21203, abclonal 2~ 3] ) # 47
RT-PCR &3%, 3|4 /57 v 4E KA F 4
M, NF2, X GAPDH A A, R A
IR L4695 'C TR #£ 10 min, 95 C
M 10s, 60 CiBK 20s, 72 Catfy
15s, #4740 ANRBIR, R4 REIL
FCTA, FI R 22T ik AT 4038 A7 0,

*2 | 5IFIER

B4 Al (5-3) JrB

(@) KR
(bp)

Hi F¥f#: AGA CAG CCG CATCTTCTTGT 207

B -3-  Fii: CTT GCC GTG GGT AGA GTC AT

TR it

Al

(GAPDH)

KA4EfE 7. GACTGG CAG GAA GGTGGTTA 86

SEHHE  F: CCC ATG GAG ATA TTC TGG CCT

£ B

4(ACSL4)

A B CCG GCT ACA ATG TCAGGTTT 166

KL% R ACG CAG CCG TTC TTA TCA AT

&

4(GPX4)

#B¥ L. CTG TCA GCT ACT CCCAGG TTG 137

E2 #¢  Fi#: GGC AAG CGA CTGA AAT GTA GG

B2

(NFE2L2)

1.4.8 &G P iEAeN KT HE
9 4 i m N RIPA ZLAR ., RIE &
€. 1%/ BCA EAMAE L& G IRE,
i@ it SDS-PAGE B ) M Bk fie 5% i AT
Wk B & A, MEAE H 453 PYDF
JE Lt AT d 4%, b4k 45 R ) PVDF
ARt G, 4 EHMRT ERIEKE
FEHE2h, leA—, 55 H DA
#L GAPDH ¥ 5%, & 414k (1 @ 6000,
abcam 23] ). #&ILACSLA £ E &R
4K (1 : 1000, ABclonal 23] ). %ii
GPX4 3% %[44k (1 © 5000, abcam
B ). R4 NFE2L2 % #4474k (1
2 000, proteintech 23] ), 4 C 3R 3%
TMH LR, A= HRP FRiLF
# % 1gG(1 : 10000, Searcare 3] ),
TIREGH RN Lh, 2id ECLIRAE
B DR e EBIRR A LR
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P8, X GAPDH % A A&, i& it Image )
BAF AT B AR R BAL, VA B AR
O R EAL | W ARG REAAAEH B A7
F G QAR E.

1.5 FENREIR AMELFHM
335 3] S B oM i 2R P AR LTS
AR, mAeARR o AR AE R g R
Ky ST RAIIEL R,

1.6 ZRitEDM  AIA RStudio #k4F
(4.3.1) #= GraphPad Prism 9 4k 4 i#f 47
Gt F o, E AR xis AR,
AR XA ES A, KA Student’s
t I AT Z R ¢ £ ., P <0.05
AT £ R BEREETL,
ey siitF ki@ P ES K
FHEERTBHELASERLITFF
KA,

2 458 Results

2.1 EY)ESRBREDNER

211 MR THAXEZFAR #
GSE16561 44 #% % &5 GSE140275 4445 &
HATHAK ML SRS, KRIRT
RIEG#HIESE, JLE 1. f& FerrDb
HEET RGO TAILIIEE, L
WFEMBEEECLLSILANAKRR, H3
FI B £ 04 280 AN, 47 F 4
BEEOA 297 NERE, REEER
B 378 N EIRIEMG A K4k LT A E B
. FBIRIREG 378 4kt L et B
RIEGHHAEE T, RIF 101 ANkt
TARRAE. MBI A4
Ep EEE A R Sk T A KA
B #tAT £ 707, F T 45 MR T
MK EFAE, HF 3344 AR
B, 1244 TFRAKRE, FFx+45 M4k
LT X EF AR BATRE LT, L
& 2.

212 ST EFARGIRE &0
MR GO FENME T, ST
ERARANAED IR ETEE Y £
TRHAE et SR 5 B A
FAC L8 R A B 5 AR,
a7 @, AT EFAR LA
. KERA AR F B MK, o
TFTHEBRASRT ZFARNTE
T REDNALLMZIATLE LS. A
AL BB E M Fed BALE S, ILE
3A. #R4E KEGG 12 5 i@ A 047 B 7~ ,
ERAREZZEIR S )k

. A, s, BEhaieR 12
TEBFEA Y G ERE, REME
TTRETEBREG AR,
o5\ A RE W tm e B F AL A v MR ¢
7 EGFR- E 0 Jl&L & 25 Ao B A M 0 9 5
AP S XA T RaIEH%. 4
T, REARRBBE K EFA A
SR, X526 £ 5 KR E AR
%, JLE 3B.

2.1.3 PPl M#%#9Hy32 i@ iT Cytoscape
A% &y STRING £ 38 A 38 09 4% 5L
T £ 7 A& B PPl W 4 347 T L4105 48,
i, ZM%QIE3AANT L, 1115
i, JL[E 4A; i@ it MCODE 4% # /%
ok PPI M489 2 AN hheAfsh, i
REM>SHEABM SR LML, LE
4B; cytoHubba 41 18 if MCC %
HIRAT 15 MR AE Az s H &, I
[ ac.

214 44 R NFE2L2 94 2 4 7
xt 4k 5t £ 5+ A B 2t 4T LASSO 9 )2
ST, HE 18 ANARit A E, JLE
5A: i it SYM-RFE AU % % 3] 9 #7,
R 10 AR A B, JLE 5B, RE
F MCODE 41 3k 45 44 o AL AL T
MCC Hik ik B 6947w ¥e 5 3L B 5 # A+
B 5] Fik Ik 49 AR T AR B AT R
B, RAFIFHAEL F NFE2L2, JLE
5C,

2.1.5 4F4E L NFE2L2 4 I 25 &
WhEF, mmAL EFTHEAL, 45
FEF ) NFE2L2 69 & A KT8 B38 35
(P<0.05), JLEI6A, %3, Witk
NFE2L2 ¢y kA K-F 5 %L —%%, L
E 6B, & 3, £REYWTHFAEARE T
B b i AP K A R

*3 | FHEREAEREEDRABNRIT IR

HR (xs)
ER4 EWA goRA off P MRk

NFE2L2 0.22+0.31 0.46+0.33 -2.980 0.0052 il Z:5E
NFE2L2 6.59+0.27 6.98+0.36 -3.805 0.0017 HilF4E

Mz, @it R & “gimnet” 4%
S AE R R T A o S 4G R
A R, | % E F NFE2L2 49
ROC #) £, AUC{E 3 0.701, ZF =
JIAEA 49 AUCAE 95% Ck 0.563-0.817,
LE7A. F B, i@ iE B HE £ F
NFE2L2 ¢4 ROC ¥y &, 547 5 18 48 1= )2

BRME, L4R5BEE4E4, L
& 7B, & T 45 4EIL B NFE2L2 2 82
A B 2R 0 K A R R B R
BrNE.

216 ARG ART E5HT4E
R GSEA TR T 7, 4FEARL
THET20NEZEETHEN, £2F
FERTE KIERM . BABRRH A
ih2 B FiEdE S @, £ F £ Em %
AR ZAR R . AR AR T4 P R
XTI, AR METEB AL
B, weT@les B @itk 5id
B, RoMasmiss. FREARAE
REARHBHAAY 2T B T3 5 8%,
JLE 8.

2.2 {BIESEYRIEIFER I ANZACPELSE
CTHAREAREERNRE ki
A 4w R AL AL F ACSLA 5 GPX4 49
A, IR do xR 4 R AT A
hiFEFSIL TR A, FEA N
NFE2L2 49 & iA &, Bo4E if 45 42 &
B ) a5 5T S, 38 3T Western
blot #= RT-PCR 523045 £ & 9, 4k dnit4
3 2 28 o ¢4 ACSLA & &1 5 mRNA &
KXERFSTARY, GPX4 & a5
MRNA & iA K- 4 3 B 28 9] B P& 1K,
X ARKAZ bR T B f A o
Sk BT 6K A NFE2L2 & & 5 mRNA
FEKF GRS, EFEL
HEFHEN, £V LG ks d
Jisd 5 P 4K ST T A AR R 64 A A M AR
WA, JUE 9.

3 REERE Summary and
prospects

B o M 2E AR R AR L)
ARG R AL —, ERIENE A
WHARTEPH, RREFTHER
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