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Abstract

Objective: To assess whether early running inhibits ferroptosis in rat cerebral ischemia/

reperfusion (I/R) injury by regulating the activating transcription factor 4 (ATF4) /heat shock protein
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A5 (HSPA5) pathway. Methods: SD rats were randomly divided into 7 groups using a random table
method: Sham group, running group, I/R group, running+1/R group, running—+1/R-+ Erastin (iron
death agonist) group, running+1/R+activated transcription factor 4 (ATF4) siRNA group, and run-
ning+I/R-+ scrambled siRNA group, with 7 rats in each group. After 7 days of I/R, the neurologi-
cal function of each group of rats was evaluated using the modified Neurological Severity Scale
(mNSS); the grip strength of each group of rats was evaluated using a hanging line test; the activities
of glutathione peroxidase (GSH-Px), glutathione (GSH), malondialdehyde (MDA), and iron ion con-
tent in the ischemic penumbra of rats in each group were evaluated using detection kits; the Western
blotting method was used to detect the protein expression of GPX4, acyl CoA synthase long-chain
family member 4 (ACSL4), ATF4, and HSPAS5 in the ischemic penumbra of rats in each group. Re-
sults: Compared with the Sham group, the I/R group showed an increase in mNSS scores and a de-
crease in grip strength in rats; The activity of GSH-Px and GSH decreased, MDA activity increased,
and iron content increased in the I/R group; The ACSL4 protein level increased and the GPX4 pro-
tein level decreased in the I/R group (all P<<0. 05). Compared with the I/R group, the running+1/R
group showed a decrease in mNSS scores and an increase in grip strength in rats; The running+1/R
group of rats showed an increase in GSH-Px and GSH activity, a decrease in MDA activity, and a
decrease in iron content; The ACSL4 protein level decreased and the GPX4 protein level increased in
the running+1/R group (all P<C0. 05). Compared with the Sham group, the expression of ATF4 and
HSPAS proteins increased in the I/R group rats; Compared with the I/R group, the expression of
ATF4 and HSPAS5 proteins in the running+1/R group rats further increased; Compared with the run-
ning+1/R group, the running+I/R+ATF siRNA group showed a decrease in ATF4 and HSPAS
protein expression (all P<C0.05). Conclusion: Early running may inhibit ferroptosis by activating the
ATF4/HSPAS pathway, thereby improving brain I/R injury in rats.
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H . I/RA H+T/RA P +1/R+ Erastin(#: 5
TR Al B P +1/R+ATF4 siRNA 21 Fl i 45
+1/R+scrambled siRNA 4, 4540 7 H K K.

1.2 EWaHEwMAEIRF Bz RP I (ZH-PT 8 ;4%
BOEe =Wy i 45 A R A R ; Erastin, ATF4 siRNA
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A e HORK A A Ak P i (GSH-Px) . GSH ., N — i
(Malondialdehyde, MDA ) F12k 7 & 6 I i 7 & (8
SR TR T ; GPX4 ACSL4  ATF4 Hl
HSPAS Hifk (£ E Santa Cruz A ) .
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(30 mgekg ') JBR I K B o 78 SR DXl ik 47 v 2 1)
FL fife 3 A s 0 s Bk o AR 08— AR Sk B A ) i A
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FEAT I %5 o

1.5 MR EES MR EE T 570K 1\ kit
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(2 pgepl DTEU/RIG 2d % TR B Gl T 50t A
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plemin '3 BE T AL A 2, SR J5 76 5 min P12 18 L
Sk o BOT S E B B AR AL .
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1.10 Zit=Z=4H8 i SPSS 21. 08K 1 #4758
P AR BB SRR B 2. R R
J5 225 Wk WA [ 4L =2 TR 9 22 5, Bt 5 64T Tukey's
K. 4 P<<0. 05Hf FR 2 S A G4 Lo
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2.1 MPEZHYUEARMURGHHBAIIEE X
Fl mNSS W43 PEAG 1/R J5 K B i2 3 9 fig S 15 Fn
AT B B H TIEA R RAIE . 5
Sham 21 # Fb , I/R 41 K B mNSS ¥4 3, 942 S
BEAR ($ P<<0.05); 5 I/RAM I, # +1/R4H K
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4151 mNSS P4/ 4> PRAEF ] /s
Sham #H 00 21.34£2.9
M 221 0+0 21.0+2.7
/R4 8.140.9" 5.440.7"

B +1/RA 6.4+0.8" 7.940.8

1 55 Sham 41 L #5,"P<C0.05; 55 I/R 41 1L 4 ,“P<C0.05,

2.2 BMSEBEHNABRBMUREELNHIMGEF
M N T K B P B B R A 38 A 4 AR AL %
P R AR E R FRATTPEAL T A 1 0 A2
WhrEY . &5REW, 5 Sham 4L, /R KR
GSH-Px Fl GSH I V£ B AR, MDA i £ &5 (3 P<<
0.05); 5 I/RAMIL, 1 2 +1/R 4 K GSH-Px
A GSH % ¥ 7 %, MDA 3 o B I (¥ P<<0.05) .
5 EREEE K, 5 Sham 4140 1, /R KR X
BRE g n(P<<0.05); 5 /RAMLIL, 8L +1/R
HARYH BRI (P<0.05)(£2), FiRgRE
WY, 1/R 545 W] g <3 51 R gk A0 T, i 5L 0 40 is Bl
(LA U AT RE S5 3R T A K.
2 BSEARELERERTSLEDIREDLE

GSH-Px/ GSH/ MDA/ #k&T/

20 5
Usmg ! nmol'mg ' nmol'mg ' pgmg '
Sham 4 44.6+£5.1 77.8£8.2 6.0£0.7 5.1£0.6
Hib 2 45.1£5.2 77.3£8.1 6.2+£0.7 5.3+£0.7
I/R4 30.4+3.6" 59.2+6.3°  9.8+1.1" 7.9+0.8
B2 +1/R4l 38.3+4.07 704475 7.4+0.8 62407

1. 5 Sham 41 FL %5, "P<<0.05; 5 I/R 4 e # ,"P<C0.05.
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FREME AR S R BoR , 5 Sham 4 L, T/R
R ACSLAE HR B, GPX4 & [ R IBFEAL
(#P<0.05); 5 /RA A ,i83) +1/R A KK
ACSLAE IR IBEAL, GPX4 1 R iA N (3 P<
0.05) (1M 3) . LR RLELW, Mz shal
il /R KRR 5 X AR IE T

2.4 ErastinfEi# KRR U/RBE#H A Erastin
P g i A S RSB T . AR A R AR,
5P+ /RAM I, M2 +1/R+Erastin 41 K §l
mNSS P53 I, IR ) B AR (34 P<<0.05) . 5

A B € D

ACSL4 [, 7O KU

GPX4 A — L —— 17 kU

Bt 1.

A. Sham 21 ;B. M0 4;C. I/R4;D. M2+ 1/R 4.
1 GREEHENEEKXRFEFEX ACSL4 1 GPX4
EARIE

R3I BAEAXARFEEXACSLIFIGPX4FEHKTLLE

4151 ACSL4 GPX4
Sham #H 1.040.1 1.0£0.1
#2020 1.1+0.2 1.0+0.2
/R4l 2.140.3 0.440.1°

b+ 1/R4 1.3+0.27 0.8+0.27

. 5 Sham 4 4, " P<<0.05; 5 I/R 4 4,7 P<<0.05.

A T/RAHM L, #8454+ 1/R+Erastin 41 K il GSH-
Px Fl GSH i P FEAR , MDA 36 11 F1 8k & &5 59 hn (1
P<<0.05)(F4MES), XLELEREY], Erastin A]
WG R B /R G M B s & R E . it
b ARBIFER 25 AR, M 2P + Erastin+1/R 21 #1825
+I/R+ATF siRNA 4 /E RO — 30, #2718 ATF
AIREZS 5 ML s s 8 1 IR AT .
x4 BAKR mNSSIFESFIIIE N LB

415 mNSS P4/ 4y R /s
M+ 1/RA 6.4+0.8 7.940.8
#14 +1/R+ Erastin 41 7.840.9" 5.640.6
HiA+1/R+ATF siRNA 44 8.0+0.9" 5.540.7
#1454 1/R-+scrambled siRNA 21 6.3+0.9 7.740.8

W5 /RA T, P<0.05,

2.5 MPIEENIE T EE ATF4/HSPAS i@ B 3 5l £
JET N T HFSE ATF4/HSPAS i 38 0% 76 1 4 2
BTl T/R A5 v g VR T, FR AT 38 5 A i B A
T ATF4 f1 HSPAS £ H ik . 45 Sham 4 b %,
I/R 40 K Bl ATF4 Fl HSPAS & /K F 4 fin (44
P<<0.05); 5 I/RALE, M2 +1/RA KK ATF4

®5 BAXRBRERIELEDHREDLILER

20 5 GSH-Px/Usmg "' GSH/nmol*mg MDA /nmolsmg ' BB F /pgemg !
i+ 1/R4A 44.6+5.1 77.8+8.2 6.040.7 5.140.6
#1424 1/R -+ Erastin 41 35.344.0° 64.547.4" 9.14+1.17 7.54+0.8"
i+ 1/R+ATF siRNA 24 34.44+3.9° 65.247.3 8.8+1.0° 7.6+0.8"
B 4 1/R-+scrambled siRNA £ 44.9+4.6 76.8+7.9 6.24+0.8 5.240.6

WS A T/RAL R, P<<0.05,
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FIHSPAS 8 K — 2534 i (¥ P<<0.05) ; 5 i
B HT/RAWH, M +T/R+HATF siRNA 41 K B
ATF4 F1IHSPAS £ 1 /K V- FE IR (¥ P<<0.05) (& 2
MFE6) . LREEHRER], M iz 2 v] 58 8 o WS
ATF/HSPAS il B il 2R FE 1=

A B C D E F G

ATF4 [ - - - e W 39 KU

HSPAS 55 S & S s W e 78 KU

B-actin ."-42 kU

A. Sham 41 ;B. FiE 41 ;C. I/R4L;D. i +1/R41; E. fisb
+1/R+Erastin 4 ;F. #4 +1/R+ATF siRNA 4G, #4+1/
R-+scrambled siRNA 41 .

B2 wEHTelEEXRFEZX ATF4FIHSPASER

K6 HEXRATF4FI HSPASE B K ELLE

2151 ATF4 HSPAS

Sham 44 1.0£0.1 1.0£0.1

iR 1.1+0.2 1.04+0.2

/R4 1.74£0.3" 1.840.3"
B +1/R 4L 244047 2.64+0.47
#4 +1/R+ Erastin 41 2.240.37 254047
B+ 1/R+ATF siRNA 24 1.64+0.3" 1.7£0.3"
#1454 1/R+scrambled siRNA #1 2.34+0.37 2.540.3%

W5+ T/RA L, P<<0.05; 5 I/RA M, "P<<0.05.
3 itig
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TEABEGE H 38 1 mNSS PF 43 A 2l 56, Fe i1
£ 3| B B 2 G2 s 3 4y e T /R KR ELRY 32 Bl g
71 V- e 1 R R ST T RE O 9% i 2 Ty e R A
DL 5T B 2% W B A 32 3 T DL RE IR mNSS P4
I 1 S TR . 7, [R] 5 0 G A b S 132 sh T RE D
WA E . X SRR AR~

e i i A 5] R R R R R B R AT AR
HAMARIE T . BRI AS 5E T BRI T B AL
il AR E 0 5 ks 7 R OB IR O Sk AN R

U R R R AR OC S R BE T ML 5 e a1 i A v
AL IR OGS S HE a0 4 kT
S UUBUAT AR P 2R AT MR T R HE AR 4 R AR
FH o BIF9E0H % B, 32 sl 2k RE A% 8 4 R S i Ok B
BRAE T B 3B Ko B, 32 3 I 25 nT RE A Sl —
FRAE 2590367 Jr s Rkl . ARBF ST A SR R,
KBI/R 5 5 I8 Bt E 4k ¥ (GSH-Px. GSH.,
MDA B 1) KR . R, 45 B 45 i 8
Jei B i SR AR KT R B b . SR
HiE iz g B M H K R /R G ERE T 00 .
Ab A0 Bl e K R 41 20 b 4 i B R Ak i
GPX4 F KK B FE RN, GPX4 fE1% 8 J5 40 il 2
PE NG 0T 3k S804k 9 R R L 14 B 5 AL Ok, 0 ) GPX 4 263k
A RE T B4 i N IR T A e B R Y S R AE
ToOCHEEE M, H AR A AN B WO R R RSB T 1 AE AR
B AR KB, A2 B JE KRR 4 40
ACSL4 FEKFETFHE. ACSL4AE Ak 2 A il
JIgs 107 2 A 35 R 15 4 L Bl 5 2 B 2 S R BE T M A
o A0 BOE ACSLAMR #F TR FET- 4 19 ik 1/R
A . Ik, B2 8, GPX4 Rk K F 3
1M ACSLA 3R IE 7KV AR, T Re £ 1 KM e )23 2
L4 A A RE 7, IR0 T R BRI /R 5 51 B Bk
BT

BRAE T 2 — Fh 5 20 M TR (W) A A8 i E TR
2 HRR AR 2 A AP T M A R g T
SARHE I, RSN AR A RN A 24 T 4
PR TR W SR T AEAE 25 5 o HSPAS (5% 5% ]
Ll H ATF/CRE ¥4 5 ATFA 256 k3406 . |
ATF41% 5 HSPAS I8 7] B8 J2& 41 M 72 2R At T 51
AL 1 P BT D) R SR Y DG B 3 . HSPASAE SN —Fh
B SFHEE, TS GPX4TERE &Y, Ml
GPX4 FEfif . M2 BT  , DHA 5 5 19 4 5T 1)
N7 38 5 5 el ik PERK/ATF4/HSPAS 3l % 384005 40
JHL X R AE T B AR A, DN 38 3 GPX4 335 D fi 75 3
AALIERR'S . AR VEAL /RGBS A oot i Ja
AL 2 g R R R, & 3 ATF4/HSPAS
ST 4o 5 A ) W e el s S I P N
FE I R VS IR FE T I B0 )R] 4G n B T it 4R Ak K
SRR SE T A OC B 1 R GA JF B AR B 2P A8 Bl X
RE/RE 5 0 R 3E

MR AR — W R BRI
FEAL PR T ATF4/HSPAS i [ X 8K 58 T~ 1 52 i 1 £
Bl o b, RS A BL ] o VR, A ARG 0 il 2k
e T bR A W, W 3 A B8 2 (prostaglandin -
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endoperoxide synthase 2, PTGS2) K& % 8 8 1 & 1k
1 (transferrin receptor 1, TIR1) , RV ATF4 I iF
PEPEHLH] (I PERK-eIF 2a 38 ) o PR, 5 Z i —
A WIE 5T BRFE T Y i ML AR AT ik 5 R DG e

i

JrZ IR AR o
L8 Lk AR BTFE A R R T, B B i gl

3 AT ATF4/HSPAS i # S il K B 1/R #5245
JEMEIET . X — EMiE— LUk T R s
AR 2 AR 7 VR O R I R A iR T B4t
T T AR
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