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Acetyl-L-Carnitine Inhibits Neuronal Ferroptosis and Promotes Spinal Cord
Injury Repair by Activating the Nrf2/GPX4 Pathway

XI Huilin'?, WU Jiajun!, TIAN Chunping', BAI Xinyue', WANG Qingyan', HE Mengze', YANG Yanling'*
("Yan’an Medical College of Yan’an University, Yan’an 716000, China; *Rehabilitation Medicine Department, Cardiovascular and
Cerebrovascular Hospital, Affiliated Hospital of Yan’an University, Yan’an 716000, China)

Abstract After SCI (spinal cord injury), a series of pathological processes occur, such as the serious neu-
ronal ferroptosis, which is one of the important factors leading to functional disorders after SCI. Therefore, this ex-
periment is designed to explore the effect and mechanism of ALC (acetyl-L-carnitine) on neuronal ferroptosis and
functional repair after SCI. The HI-0400 spinal cord impactor was used to impact the T10 segment of the spinal cord
of rats to establish an acute SCI model in rats. The BBB scale was used to evaluate the motor function, HE staining
was used to observe the morphological changes of the spinal cord tissue, and Nissl staining was used to observe the
survival of spinal cord neurons. By examining the expression levels of molecules related to the Nrf2/GPX4 signaling
pathway and ferroptosis marker proteins, and evaluating ferroptosis indicators (MDA, GSH, Fe?") in PC12 cells in vi-

tro, the effects of ALC were investigated. The results showed that ALC could significantly improve motor function

Wk H #: 2025-09-14 252 H #: 2026-01-08

5K B AR (L 5 82560280) RIGAE R HORT— I H (ibHE 'S : 2024SF-YBXM-037)RIAE %2 K% 20 A BT RI(YCX2024102) % Bl ) R
SEIGIEE . Tel: 13891184889, E-mail: yangyanling8889@163.com

Received: September 14, 2025 Accepted: January 8, 2026

This work was supported by the National Natural Science Foundation of China (Grant No.82560280), the General Project of Shaanxi Provincial Department of
Science and Technology (Grant No.2024SF-YBXM-037), and the Graduate Education Innovation Program of Yan’an University (Grant No.YCX2024102)
*Corresponding author. Tel: +86-13891184889, E-mail: yangyanling8889@163.com


https://cstr.cn/32200.14.cjcb.2026.03.0006

JOE TRI PR S5 s 2T 7 Jie PR e o YA N2/ GP X ATE B H01) # 22 To R D8 T IR bR BE S 1B 5 631

and spinal cord tissue morphology in SCI rats. Its mechanism is related to upregulating neuronal Nrf2 expression,

thereby enhancing GPX4 activity and improving GSH content, while simultaneously reducing lipid peroxidation
MDA and Fe*" levels. The Nrf2 inhibitor Brusatol could reverse the effect of ALC. ALC promotes the functional
recovery in SCI rats, ALC inhibits neuronal ferroptosis through the Nrf2/GPX4 signaling pathway.
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FHEG % PE A BB 549 (non-traumatic spinal cord in-
jury, NTSCD)". TSCIHAZ S BB Az 4i1%
LRGSR, M NTSCIEZIHFE T ERE% . HEEN
i e LA R TR S50 e R BRVEHI Y, SCIH AL
FREE LT, BAEL 352075 B 8D e, TSCI
HIL B NBOEEE 7575, BB B 20 673 2 ) .
SRR, NTSCIR Am R th 284 LT d, K
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& ALCIR A 0518 2 RV fENLE] . AT 78 1R}
) BAE T ALCRETS I8 I A Nrf2/GPX 438 1, #1ii|
SCUG AR LR IET, MR 1B 5 ThRe K
Ho AW EZER S0 AR & 0K ALC
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BRTI067 &, DA A R A4 2~6 emXt K Uit
1T IOHTE . R REEARE, 2B, R
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A, BTN KR DT . DS SRS S mLAE
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R s E S ALCAI Brusatol, ALCYE: 5554 300 mg/kg,
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B DY R S R R AR AT AR ARIT T SO, B
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T4 CHAFTE 24 WaH T A . [ e EKHN
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JEE =t (1:1 000, BP I LAY TG R AH],
BA1060)7E =16 N & 2 h, il it ECLEHBUR G
AL R ISR .
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Trizol. WK B T-HAB AL E 4 SURE
EPE AN 025 AR &, TRAIE T UK b, B E
10 min/5 2.0x(4 °C+ 12 000 xg. 15 min); &0 58K
ek B E KM SRR EPE . IR A
Wi, VRS, UK F#E 10 min, 5004 °C. 12 000 xg.
10 min). E505EAE, RNANEESTIE. TIAT5%IM 4
FEEAT IR, VRAD, ARG 5004 °C. 7500 Xg+ 5 min), 7
B . FTIME S, [ RNABET. I DEPC/K{# RNA
DUUE R, BEARICIRNAIKE .
1.7.2 RNARAEFR  fEHEvo M-MLV % 5% Tk
AR & (91 SRR A ) TR PR A R ), & 23
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5% Evo M-MLVRT Reaction MixflI /K , 20 pLik
R, AT SRR
1.7.3 ZBEEPCR 5&IFILE . % qRT-
PCRY 1A & , £ )\BE HH LI S SO K SOSRTR,
AT (EiE. 4 000 t/min. 5 s), JEN PCRINAY 1.,
PR NP AL, 95 °CTRARPES min; B f595 °CAE M
10 s, 60 °CiE K/FEMH30 s, SLAONMEIR . J4 i Hh 2872
FPAEAER BN BB AT
1.8 ZHREEEF
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PC1240/{s. PC1241 /i 4) A ControlZl. ErastinZf.
ErastintALC#41. ErastintALC+Brusatol4l. Erastin
W JE 9 805 nmol/L, ALCH# %420 umol/L, Brusatol
W A5 nmol/L.
1.9 pRiEIINE

{81 FH CCK-8ll 3 40 fuvE 77, VP Z540%F PC124H
MO EEPE . 26, K PCI24N Rk B 96 LR , FEAL
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%1 qRT-PCRE|¥F7%!
Table 1 qRT-PCR primer sequences

25 Jitel FFAI(5—3)
Gene Direction Sequence (5'—3")
xCT F GTC TTC TCC AAT TCG GCA CCA G
R ACT CCT CTT CCT CTT GCT GTA GC
GPX4 F AAT TCG CAG CCAAGG ACATCG
R GCC AGG ATT CGT AAACCA CACTC
f-actin F CAC TAT CGG CAATGAGCG GTTC
R CAG CAC TGT GTT GGC ATA GAG G

5 0004 . FHAS R B B 25 AL FRARM , H7E 5%
COM137 °C R K7#£12 ho ZRJ5, MMA10 pL CCK-8%
W E 2 he A FHBEAR AT 450 nmAb I &R AN FL
RO BE (D) fE
1.10 MDAUE

I LREAR ) % FREURZ90.1 g2, A1 mL
SRBURHHTURIR 215, 8 000 xg. 4 °CEJ0>10 miniX_Fi,
BEUK ERRI; AHHAEA 4 IR E S0, 5
O a7 RIS, FES< 10N I mLAEHGHE, faitE 5
TEHE, 8 000 xg+ 4 °CEL.Cr10 minHX_ i, Bk B4R, AR
P MDA IR AL ZR ERHA R AR, 185
JNBC0020) Ut B AT #:4F, 1HE MDA & .
1.11 GSHZE

IR 2GR, SR G Rk K o 4% H8 GSH
AR (RS RAEMHARAIR AT, 755 450052)
FRE AR IR, 4 °CHCE 10 minj&, 10 000 xg.
4 °CE5.010 min, B3 T2 8 B H KA 2 . PBS
VRGN LR, SO, F7bE Bl . #2HEGSHIR
FE VLR IR, 4 °CEUKIBTHE S min. 4 °C.
10 000 *xgZ5.0210 mino 35 A T S A B H IR e
1.12 FeME

FREXZ10.1 gZH24, IINT mLIEBGREE T VKB &)
4. 10 000 xg.4 °CE 210 min, B35 B UK B,
FEIR 110NN mL3RBUOR, VKIS H 7 e AR
YHRL; SRJ510 000 xgv 4 °CE.0210 min, B EIE & T
UK EARFIN o 42 IOk B A a7 & (b R =
BHEER AT, 585 ABC5410)3 B BARARE, it
BB ToE.
1.13 FirZEHHh

AT AT S B ML B E 3R, R
GraphPad Prism 8.0 3E47 4t vl 27 ab 3 A0 B 3%
ol FH xtsRORBR A T . MOLFEAR b 5058 H

T RTALHEE 2 M L, BT ALEE DL H A
FH K 577 %2 53 T (One-Way ANOVA), Z J& R H
Tukey st 36 HEAT LB, 7 s A5 & 7 2 AN 57 4
RS E A oA, WAL RS B 1208 AT 0. P
(R BRI gE it 2 L, Hoh P<0.05 U A 4
RS

2 25
2.1 ALCHNEEIER A KREaIhEEFIER
RS

XF SCUK BREATIZsh I REvE &, H 25 R an &l fr
7~ (B 1). Sham#l HATHF T10MERR , XF T KR 23
DhfeJoRem ; SCUa , HigahThaeis 2k, bE ARG Hf
(] )RS , KR BIPE 20 FF4RZ 8 E 7t ; SCI+ALCA
L SCIAALL, B3 RIIEFN I ReIEA LK, W3R
TG, BAE VUGS T SCIZH, HIhRetk F 2
P, WEE TRIFUE, PR G2 2 R (P<0.01);
XL ZAY) AT HEGL 4 (¥ 2) . ShamH B 45 K]
DLBARGETE SRR L), TEAS 08, M4 e MR,
S A e R, SCIAFT o s A7 W A5, S SR,
TR A U0 SRR, A oA iRz ge . R, 5
SCI ALY, ALCH: 25 40 n) WLFT o A Bl 1 20 5
& MU E 2, SEMEE R B R E SR
AR Ik (K 3). ShamZH AT I K i i
ZIuHEPIR %, R IRMEFEE , WA B4 58
HE, SCIZH 1] WLAHE JuM B, % 5 AR, JB PRI A B
TH R, R oI, 5SCIZLMLL, ALCY 2541 n]
WA TCHEB 'R %, B IR H &£
2.2 ALCIBITIEMNr2HIFTIEKFRIRIFHE T

Nrf2 /& — Fh H 2 P a4 RO s R 7, &
s WBAT I 15 8841 15 DL K& 45 2 J5 Nrf2 85
RREZN(E4). 4R KI, 5Shamifltl, SCUE
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BBB scores

U T T T
1d3d 7d 14d 21d 28d
n=5; *%P<0.01, ***P<0.001, 5SCI4L L4
n=5; ¥**P<0.01, ***P<0.001 compared with the SCI group.
Bl FHEARBBBIFALER
Fig.1 BBB scores of rats in each group

SCI+ALC

E2 BEERGARBREEAMSFEN

Fig.2 Histological changes in spinal cord injury rats at 28 days post-injury

SCI+ALC

Fig.3 Neuronal changes in the rat spinal cord at 28 days post-injury

N2 [ I RIE KRG, BAEENSGI ¥R X FKHHALCH LUERESCIR A BE N2 28 F 3R IE
(P<0.001). ALC#Z%jJ5, 5 SCIZIAHLL, Nrf2& 1Y 2.3 ALCH#|Erastinif SPC124A05K L =
Lk KT E, BAWENSTEE L (P<0.01). X WBZE 5 (K5) &% FIl, 5 Control414H L, ErastinZi
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FIPC1240 il GPX4. xCTH HRIE T &I HAFE E X(P<0.05, P<0.01).
(PP, Erastind (I PCI24HliGPX4. xCTHE X 2.4 ALCH LA ZEErastiniE SPC124ABERI LS

K Control 2 B A B35 MG 11244 2 5 (P<0.001); AH BT T UK 6N, IEH 4 PC1241 il K/
5T Erastin4l, ErastintALCZH ) PC1241 it GPX4. —, MOV, FCBRIEET, Pt ihnm, gn G R B

xCTHR HARE S ELEAFREE R T 5, Erastindl ErastinZH 1% 40 i e I g b, i KRANA—, B
GPX4. xCTiE AR IAK Erastint ALC4L &G gt it 2 FF, HB Ak, #6322, ErastintALCZL TG 1

1.5
(A) (B) -
|

& &~
N N
& & F

Nrf2 |---| 68 kDa

B-actin I- — — I 42 kDa

Expression of Nrf2 protein

N
& i Oﬁo
A R A B ASIA EAR K B I TP N2 8 KT B BB K SO BE N2 R A RRIA K UL, n=3, ***+P<0.001, “P<0.01.
A: Western blot detection of Nrf2 protein in the spinal cord of rats with spinal cord injury; B: expression of Nrf2 protein in the spinal cord of rats with
spinal cord injury. n=3, ***P<0.001, *P<0.01.

El4 HEERGEIRAREMEARFNREBNERL

Fig.4 Nrf2 protein expression in rat spinal cord tissue at 3 days post-injury
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or [ 5o
B-actin I r _' '_ . l 42 kDa
B) 1.5 ©) 1.5 .
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3 — 5 I
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<t 1.0 == ~ 1.0
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=9 B3
b s
° g
8 054 2 0.5
2 &
] o
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0= T T 0=
QI SN S & ¢
00& & & <F &
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A: Erastini/s FPC1241 U2k FE T2 )5 GPX4. xCTHE [ [ FIA K ; B: GPX4HE [ M A /K P 4i i Bl; C: xCTH A M FIA /K F 4iil- Bl
n=3; **P<0.05, ***P<0.001; *P<0.05, “P<0.01,
A: expression of GPX4 and xCT proteins in PC12 cells after Erastin-induced ferroptosis; B: statistical chart of the relative expression level of GPX4
protein; C: statistical graph of the relative expression level of XCT protein. n=3; **P<0.05, ***P<0.001; "P<0.05, *P<0.01.

El5 Erastini5SPCI2ARMSATL T/EGPX4, xCTEHMEN

Fig.5 Changes in GPX4 and xCT proteins after Erastin-induced ferroptosis in PC12 cells
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AR AR I, AR AS I B 2, PR .
2.5 ALCi& iINrf2-GPX4i& B # | Erastinif 5
PC124HRASRFE T

NI ALCE 5l i Nrf2-GPX 418 % #
HERAET, ATHE T 404 . Control4l. Eras-
tinZl . ErastintALCZH. Erastin+ALC+Brusatol
H. F3E4T WBSLEE (K] 7). 5 ErastintALCZLAM L,
Erastin+ ALC+Brusatol 20 /] Nrf2 2 1 R IA = FFIG, B
H it L (P<0.05), 38 Brusatol g 2| 1 #)
N2 FJPEF . WBSRER 45 R, xCT. GPX4HE H
7t Erastini?5 3 PC124H B0 T j5 FRIA B FEK, BA
BERGT R L (P<0.001), ALCT Hi)g H#E ik
& FJF, 457 Nef2 405 BrusatolJ5 , xCT. GPX41%
1% 04 B 4% Erastint ALCZH R %, A St
X (P<0.01. P<0.001). iXiH] ALCIEIT Nrf2, 4%
xCT. GPX4d ML, NITHIHIERIET:

2.6 ALCH UIHISCI/EZHAELIE =

WBSLZIG 45 1R L (K A~ 8C), 5 1E# 41LAH
Eb, SCUSBRFET HH2SH I xCTHI GPX4R L B K,
BAHP RS E L (P<0.01. P<0.001); ALCZ:
Z5J5, 5 SCI4LAHLL, 30 7 K RE R4 LI
FREAXCT. GPX4EAMKIL, BAGIHE X
(P<0.01. P<0.05). X3 ALCH LAfE#E SCIK B
BREHL P PICTACEE XxCT. GPX4HEHIME
%,

BRAE TR AE R WS F A B L g it
AL RSB H AR A, FRATRE 734004
Sham#l. SCI4l. SCI+ALCZ, #E47 % (K& 8D~
K 8F). 5 ShamZiMfilt, SCIZIMDA. Fe*' & & k-
Tt, B G225 (P<0.01. P<0.001); 5 SCI4
FILL, SCIFALC4IMDA. Fe* & & T, BA 4t
R (P<0.05. P<0.01). 5 ShamZiAftL, SCI4L

Control

Erastin

GSHE ®FK, A G222 5 (P<0.001); 5 SCIZ
FHLG, SCI+ALCH GSHE & FF, RS %R
(P<0.01). &5 W, ALCHJ LI G T2k 257 AR 2R
B I A DA R A IO TR BV A

qRT-PCRZE . (K] 8GAI K 8H)E W, 5 Sham4
FHEL, SCI4] GPX4F1xCTHImRNAK T R %, B &
F Gt L (P<0.001); ALC4%)5 , SCIKRAE

EH 2 GPX4. xCTH mRNAR L KT, BH %
T L (P<0.05. P<0.01), X W] ALCHT LA i
SCURRAE T AR H xCT. GPX4[") mRNAFKIL/K
2.7 ALCIB 3 Nrf2-GPX4if & #) #l $% 52 - 1R it
SCIf¢ &

T RFTALCAE 7l 1 Nrf2-GP X438 i #1
HIERFET:, FRATHE T 4404 Sham4l. SCI
/H. SCI+ALC4 . SCI+ALC+Brusatol4l.
SCI+ALC+BrusatolZH K fi i% 227+ 4 Brusatol 3
K, 4T WBSZE (K9). 5 SCI+ALCAL AL,
SCI+ALC+Brusatol 41 [{) Nrf2 £ [ R L B &L, B
it X (P<0.05), W] Brusatol A2 2] | 41 Nrf2
FIVERT . WBSLIRSE KM, xCT. GPX4% H7ESCI
JaRIBERL, BA S L (P<0.05), ALCTTi
Ja BTk & BT, 45 Nef2401# 57 BrusatolJ5 , xCT.
GPX4E H MR IAEH SCIFALCAH F %, B %t
27 X (P<0.05). X HH ALCIERE Nrf2, % xCT.
GPX4H H Ik, W EIET .

G N 485 (B 101 11) &R, SCE 7
157 X NeuNPH MEA#H 25 TC H Nrf2 )z GPXAEK L KT 5 2%
FBE. ALCARER R IR T: 7 #1470 N Nef2 1 GPX4
HIZIE AT, I E T Nef2fIR% €7 . Brusatol4b ¥
REHT 77 BHLIBT ALCX) Nrf2 5 GPX4RIEsRIE . & i
ATt — PR S ALCH]_E A2 e Nrf2 5 GPX4

ErastintALC

od S UsXTNES
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Fig.6 Changes in cell morphology of PC12 cells after Erastin-induced ferroptosis observed under a microscope
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