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Abstract

BACKGROUND: Recent studies have shown that Du Meridian electroacupuncture has a unique effect on alleviating spinal cord injury, but the underlying

mechanisms require further clarification.

OBJECTIVE: To investigate the regulatory effects and the associated action mechanisms of Du Meridian electroacupuncture on ferroptosis after cervical spinal

cord injury in rats.

METHODS: One hundred SD rats were randomly divided into sham, model, Du Meridian electroacupuncture, RSL3, and Du Meridian electroacupuncture +
RSL3 groups. The sham group underwent only laminectomy. The other four groups were subjected to cervical spinal cord injury by the Allen method. The

Du Meridian electroacupuncture group received electroacupuncture after cervical spinal cord injury. The RSL3 group received intraperitoneal injections of
glutathione peroxidase 4 inhibitor RSL3 after cervical spinal cord injury. The Du Meridian electroacupuncture + RSL3 group received both electroacupuncture
and RSL3 intervention after cervical spinal cord injury. Samples were collected on postoperative days 7 and 28 to assess motor function, histological
morphology, neuronal survival, glial scar formation, oxidative stress levels, Fe”" content, glutathione peroxidase 4, and long-chain acyl-CoA synthetase 4

expression.

RESULTS AND CONCLUSION: (1) Finally, 90 rats completed the follow-up experiment, with 18 rats in each group. (2) FLS and BBB scores were significantly
higher in the Du Meridian electroacupuncture group compared with the model and Du Meridian electroacupuncture + RSL3 groups (P < 0.05). (3) Compared
with the model group, Du Meridian electroacupuncture improved cervical spinal cord tissue morphology and mitochondrial ultrastructure, while these
effects were inhibited by RSL3. (4) Du Meridian electroacupuncture increased the expression of microtubule-associated protein 2, glutathione peroxidase

4, glutathione, and superoxide dismutase (P < 0.05) and reduced the expression of glial fibrillary acidic protein, long-chain acyl-CoA synthetase 4, reactive
oxygen species, malondialdehyde, and Fe* compared with the model group (P < 0.05). However, RSL3 reversed the inhibitory effects of Du Meridian
electroacupuncture on ferroptosis, lipid peroxidation and oxidative stress. (5) The results suggest that Du Meridian electroacupuncture inhibits ferroptosis by
regulating the glutathione peroxidase 4/long-chain acyl-CoA synthetase 4 axis, thereby reducing secondary neuronal damage and glial scar formation after

cervical spinal cord injury and improving neurological function.

Key words: cervical spinal cord injury; Du Meridian electroacupuncture; ferroptosis; glutathione peroxidase 4; long-chain acyl-CoA synthetase 4; oxidative

stress; neurorepair; engineered tissue construction
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P Rngk R B e SRR BT AN B T
AREDIE, DR AR 5 AN AT, YR T M BE UK.
Ak R AER WP e E . BRI EE — R AR Y,
BE— BN T AR B E Y BT Ak R PSR 95
P FE AT BRRF LA,  HARE nT LT T (), DAL,
TR 4k PR B A0 A2 I PR VBT IR Je S T, X R
PR B s i 7

BRBETAE 9 — o 45 8 i Bk v 4 B sE T2 5K
03 BB 4k S k40405 s B R PP kR SC B AE L 0 BN
RGN I SRR I Y €A A 1 R | RANE S S R DN
i, AT 52 180 2 4 X SR ko B A, e
A5 3 B g P AR P SRR B — 2B 1 SRR T
RAEM, R4, BRALHESZAMAENR, L5
AAGT PR IR T e P A, B TR S R TR
PESR A B, AT IS 1 BRE T M IR AR T 0
HE T TR 2 i B R A i 9 R SR A A, S EUR R
2 0 RN At AT B (0 RE S A5 T ARk, dI kAT T
LM 3 8 4 R B A 1) — S B LR T RS .
H kit 24 Y ES 4(glutathione peroxidase 4, GPX4) Ffl1-K-4%

Pk I AR A 5 Gl 4(acyl-CoA synthetase long-chain family
member 4, ACSLA) 22k BF T3 F v 56 5 1 3 1 bR 0,
GPX4 & — M i Z T g, ik JF AR SH AL ok
B AR RS A AR R, AR ERE T R A L 5
B, ACSLA fERRAET-HR A (REER], e Z A
MEITR 55l A 455, JFRGIIESD, XU
i Sk AR A 1 3 A i O ARSI S, GPX4 TR
B A1 ACSLA Y 14 386 2 3 BIUIG B A 1 S A, AT
FARRFET IR P, R, 4% GPX4/ACSLA i ~F- i 241
HIERAE T RAPA RELIAL . e300 Bl 07 )5 Tk R i) B 22
W5 TT 1A .

K5 0 (1 Bl g 453 1 1S A L, SR 5143 B A B 1
FET-F M m, SRR R, R EUEE ) K B AR ST AR
S B SR, T B A BE A AR FRAE M. e
R BEAR AL A B B B A S5 T AR AE — € 2 5, BRIA 1
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Bk, Bk 4R P, sk, £ AN TUE LB
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RO, HE KRB B0 J5 R0 T A D v e SCBR A
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1 #EFN53%E Materials and methods
1.1 &3t BENLRREPSLLG . 0 TR/ IE A2 A 50,
8 FH DRI R 7 22 e BT AT b O SRR R, SR
LSD AT S fakade; B AFT & IR /A0 87 2 5 1A
WAL, WA RS Bk A 5 o
1.2 BhiE RS SZIG T 2024 4F 4-8 AEIL R EZ K
230 B 5E
1.3 Mt
1.3.1 SEIGENYI oy i SPF A fEPE SD KRR 100
W, 8 JAle, 4K E 200-240 g, T H 4k 5T 4 B 4 S5
AR AF, VFAMIES A SCXK( 5 )2021-0006. Kk 5 4
FRAEAC R R 2 KSR AL, HEAE: IR 21-
25 °C, ¥ 40%-60%, JEHEFIHACY 12 h i & . @il
BEALE T RIEH R B AR T AR AL Bk et 4
RSL3 41 DL R B fik rL T +RSL3 41, 440 20 H, &M MEME S
1 JHJE IR S5

SRR IRAF AL Hrh BR 25 K22 B W S g A B 2 0 2 i,
#4445 : BUCM-2024040805-2021. =246 it Fi80& 7 [H br
B giE T2 OCT 3 SHEF1EZ TR 3D
FAHY S B ZE R . SEI S AERRIE N 64T A IR,
T aR R PR P /D P . e MIAE T .
1.3.2 FEAFALEE  TRRHKE - A (R EE
WIEARAR AR, db5T, G1120); Je YLk ( Bk E4E
MIHEARGIR AT, Jb5, G1436); HIEHIMEAHXEN 2
ZrlEhilg ( RN ZEAMEARFR AR, ®iX, 17490-
1-AP); A HERRYE SR B 2 s BBk (R EMEARH
PR &), fidh, ET1601-23), GPX4 £ i [ fifA (MCE, £[H,
HY-P80450); ACSL4 % wafEHifl (U =AM E AR A IR
Aw], BB, 22401-1-AP); At H ML S AL 4 0 71
RSL3(MCE, 3E[H, HY-100218A); #ZH 234k & & ik &
(VL5 3 A AV RHCA R & 7], R4, ADS-W-D007);
AR BPEH IR TR B ALY B AL B ELISA i
F& (BRI AR R A w], g, ml926281,
ml531010, ml077384, ml059018). — Ykt A% FH JC B & %
B (TR N ERIT H A BRA =] )s 58 IR 28 A (/e
WO EETRHEA R AR, 5L, HANS-200A); NYU
BEFT i %% (WM.Keck #122 Bl WA 0y, £, model-ll
manual); JHERYI ML (FkI~, FEE, RM2245); 5IE 750
BB (BAREE, HA, IX51); MR ( HA
¥, HA, JEM-1400).
1.4 E£¥%FH ik
141 HEEHOGA AL A NYU B 84T 2l
Allen 3 ST BB (AR 2, K Rt 1% 1R B EL 22 4
RIS, AREME €, BL C ML IARITITTFL) 3 am, B
PRAEM S e C BoRfiE, JRiEE NYU 4T d s A w4
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PEFRE A (/S 12.5 mm, i 10g), BH)5iE)=5%
G Rk

1.42 FHTHTE OBFARAMT C HERTIER, AX
FRESATE, TEHAR T T MR ZH 47 20 45 45 45 A
fg, THAMTH; @B kA4 T84 4 h pyidid it
T, R “ES” CRME” SALEATEAR, KR A
FNE T B AL E, KR CRME” AT 5 7 3 S
51 MHEZ 8], TR R R B 28 (R EE 2 mm), [\ R
LR K FRORHES (IRFE 5 mm), Efll 58 5 Ja o BB G 2
EFREFIER b, AT R ISR, A 2 Hz,
& H T 18] A 15 min, 3E4: 7d; @ RSL3 4L7E 30 HE 1
JE 3% 5 mg/kg RSL3 M iE ST, &K 19k, #8:7d%,
RSL3 i i 41t GPX4 J& 1, FHEUIRFUL AR, AT
FSEIET: OB kAR +RSL3 4L7ESBET )5 T LUK
HLEH DL & RSL3 T+l

1.43 ATV fEIRER AT R e 1, 3, 7,
14, 21, 28 K4y HlEt4THI iz 38 % (forelimb locomotor
scale, FLS) PE/r AR Z — LLaE — 17 85 Bi497 (Basso-Beattie-
Bresnahan, BBB) 173 WA/ K BRI T IR AN 5 i 3 Th fie
BENISLEE, BOFSMENE R 2T . FLS BRI
17 4y, HMEMETE B B KR = EZ 1A,
DA B & JICAI TR JEE A A5 T Re, DY 23 8 v T 15 B i JR I2 30
ThAgtar ®7, BBB EHIL 21 70, ZE R T KRN
WREI MKATIE BN TR e PE A 1, v
TR KBRS i iz s Th e B

144 HAEGM RIFH 28K, fAHM3 LK, fH 1%
I EL LG Z A AT R 5, G 40 g/L 22 5 R K0 U g
ATHEYE . BBV XA A ts, KB 1.0 em ) #EE 41 21
FEA, 1540 g/L Z RIS R, BEJERHTHLUE .
R AALEE,  FEAE A AT I, A RN S um 1A
BT R o DR ACKE — LG 8 F T W8 3 i 2H 23 X R A 45 40
Je KRGt TS s & u i TE 24k

145 BTGNS REH 7R, HHI3 KK, B
iR Je BB 5 S0 AT R BB 20 2, SRR /NN 1 mm? [RFEAR,
JRCEAE 4 “C 1) FUA ] e W [ 2-4 h, i PBS V5% 3 UK,
BER 15 min; 7R IR FRAEATICE T 1% SR [E € 2 h,
PR R PBS IR 3 1 AEARIR G IS LT 2 Ji /K AL 3L,
WFEATANTNEA S 812 7% 1 ¢ 1 ELBiR & it
BB, WA 812 L4k 4B iE; FEATE 60 C
TNERA 48 h, il & JEE R 60-80 nm K Y, VA&
o A AT X e % 15 min, FIR T EA TR, &
SIm I E S T R AT R .

146 HIEegE RIGEH 7, 28 K, H W) SRR E
3 HRE, KA CIEEEZERM, fI&Emaw . 7+
YIA EARURGEAT B ab 28, Z b FE i K s, (LR
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BEREATIURAESE, U)R FH S K BEL W A 8 1 i A Ak
VIlGTE I, IR E 30 min, B 58 A AR AR 4 2 10% 1L
FIMFE B Y A 30 min, EKEREFWE, BINRIEDUR
B PUME A RE A 2 (1 ¢ 500). RFTAF4ERRIESE (1 :
1000). GPX4(1 : 100) £l ACSL4(1 : 200), 4 CiHELH,
PBS IF¥E 3 X )5, TINAHN B EHT R IR P, WRE A
B 1h, PBS BE¥, WINEA DAPI I Fr7, A (5 &%
N BEMEE, EIHRE Image ) BT 2 B0

1.4.7 HHEHZ Fe> SR KRFZH 7R, HH e X
KB, BRI 5 B 7 6 7 S BE 0 22 0.1 g, I 1 mL
PR, RV SR T IT 2128 403, 4 °C . 12 000 r/min
B0 5 min, U ETEMR. RRREGHE U BRI PR, Kk
TINARSRF, B JGAE 562 nm KR 4 A B0 52
JEE, HEIEEHSURH ™ SR

1.4.8  PBEER GBI E (ELISA)  ARJFE 7 R, B K
BT 7] 1.4.7, 4218 ELISA RS E/E B 5, Al
P IEE T B E A SBEH R, TR BAAY
TR AKT, H B O USCEE 1 VS 5 A B 1 AR R )
J% 30 min, #J5E 450 nm i K T I i B ARSI E RO
18-

1.49 it - REBgaE B (RT-PCR) REH 7 K,
M 1.4.7 R BEALE 3 R 4T RT-PCR &l {5 TRIzol
7 $2 B A X 4 39088 2 23 5 RNA, BRI 1 pg
RNA j#i i M-MLV RT it 71 £ )2 % 3% 4 cDNA, RT-PCR %
% 1 Z2 A0 4% 2 uL cDNA, 10 pL SYBR V& &1 UL & & Ff 51 4
0.5 uL. PCR X M2k . 94 CHIAZME 2 min, B j5 4T
40 NMIEFR, BRI 94 CAME S5 s, 60 CIB K M4t
1 30's, f8H Exicycler™ 96 RGuikAT & /i, KT
FEENFE L

=1 | 519F51

Table1 | Primer sequences

R RS (5-3") FFESI (5-3')

GPX4 AAT TCG CAG CCA AGG ACA TC AGG CCA GGA TTC GTA AAC CA
ACSL4 AGA CAA ACC CGG AAG TCC AT AGG CTG TCC TTC TTC CCA AA
GAPDH CAA CTC CCT CAA GAT TGT CAG CAA  GGC ATG GAC TGT GGT CAT GA

ik GPX4 NEMEH ML LA 4, ACSLA 9 KEEMLIE S A &5 4.

1.5 EZMRFEARA OFHKRRISIEEWS: OFHEKR
BRI ZH 2T A s (B) 4% 2 K Bl 801 i 4 442 e 0 AR e o O
REE; @FHKXRIBEH G LR EHUIES: 6%
ZH K FRAERZE T2 AH SR B % 01 GPX4 AT ACSLA [ 14;
©%H K I HEH VR B 1 & B UL A R IA
1.6 it o4t fdFH SPSS 26.0 B A #EAT 40 B, FdE vl
AL AL FH GraphPad Prism 8.0 #ff. IELEAR & DL xts IR .
P HHE AT IEASYEATT 2 A e, DA OR R £ & IE
Aot AT 27 RABRINER T 250 et 2 H

BEAT R X T A RS A AT E 5 R, BT
LSD iEFH o HT. B EHRAST & LA A BB, WERAAE
SRR TTE. Gt BEMKF BN P<0.05. XEST
FI7E Bl AR P RS KA MG T K .

2 Z£ER Results

2.1 KshhAE AT 100 RN SD KR BENL A 5 4,
TESIBEER A B A i I AR R 2B T 3 R, e i R AL B ALk
018 H, it 90 WK R SE s 4505 .

22 BAKRAIMB EwBEE s RE K FLS WM
BBB Vi MU iz s thie. BT AL, HREHE
RIGH 1 RIBRI ™ E RSN DhReskiE. MRS 3 d JF
45, EF K R AR ZH R FLS T2 AT BBB F 2 JT 4R IE W K
TR A RO ik FL L +RSL3 AL bR 2 S B MEE L (P <
0.05), W.IE 1. 2553 BBk fo gk S E 4 195 )5 DU Jh 1
REMKAZ, AR P AT R R R 2155 77 RSL3 FHLIT .

2.3 ALK AIFMANG 5 L8R B F R K AARIT
TN - AR ER, ARG 28d, BFEFARAKRRE
BB G5 IR 58 %, oK, BUAYZE K R BEZH 23 45
P SR, KM, OKTAR A ZUBE R, ZH 2R [l B
KPR, G [ KRR 1220 Bk H e B AL 2
FRRELE A TN EUE, KR, HRIBRA A 450N,
TP [ RGN HIRIEAR B PR Bk BT +RSL3 ZH SN RE 4
FIBMAT R, (PR KIARH B ST iz s | &
VRN AIRIE, UL 2A.

JER Yt Bon, ARG 28d, BPARAEANKFNIELE
KEMATT, JERETEEMN EERPR, B 454
FIBALR KB, |2 MEIeIeT:, £ WAL,
AT LHICEE ) 20 M P Rl s B Jk R e 2 R DL 0 A7 A
6, WAMET R N B KT +RSL3 ZH SN 4G
MR T R, n] WOREM A TOIET: 40 HR v A,
.[& 2B,

LRARTERZH SR R T EE R, KK
FH 37 555 FR B WL SR 2R R IO O T A o BTRY A 2 0 AR AR R AR
N, FEJRE TR T s B KA R R T A I
LR RLAR AR YD 15 DL AR A A s, T FR TS FE R,
W LE ) E T 52 B, WEIE M 0L, RO — @ M IRE
Fs BBk LA +RSL3 2H 2R R A I ol P73 T A B Ak L4
Fhisr, WS SERET > SE SR, R HH RSL3 W% 1B ik ri
XFERLAR RS M, 33— 2D SCRE GPXA FEERAE T Hh (1) G
ER, WE 2C.

WL MGRAR OISR, BBk T A 2L
PR S RE A J5 R IE T
2.4 A4 K R IMARAG B A 2 Lk K ARG RIS e e
AL SR ARG ER 1 2 RO L 21 4 R 14 2 1 2 ¢
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AT ) e EEAA A
15_“"" = " ab -m- BRI
) AR
. \ b Bk A
B ab /i ~¥- RSL3 41
2 = Bk LA +RSL3 41
HEARLLH
0 T T T T T T
01 3 i 14 21 28 T
Bk A4
RIGHTA] () :
B - EFAY
® 14
ab L RSL3 £
ab ab Bk AT
5 e
B e ~¥- RSL3 41
2 = HHKERER RSB A kgl +
RSL3 4
B
01— T T T T 1.2
01 3 7 14 21 28 : -gijzkéu
NN AL
AJ5 I 1] (d) % Bk A 4H
By B A SRR FLS Y243 B KB BBB 4. SHEAI4 AL, *P < 0.05, Bl DRSL? 21
; ‘ R ER FLS 45 ! PN V4. SHEAIZH A 2 Bl +RSL3 41
5Bk Bl +RSL3 ZHAHLL, °P<0.05, ) a
1 | SEKXEHIERREEsh TS ‘Nr b
Figure 1 | Motor function scores of rats in each group after cervical spinal % 0.3 o
cord injury 2 o

BFARH

KR

Bk R4

RSL3

Bk +
. RSL34l

o

BIE: B ARTIARK - Haget, 4Ry 100 um; B AJE KRG,
e R 9 100 um,  BOFESLFRAFHIIAIE T CONERRIIES,
e R 1000 nm,  BAAET SRR R

2 | BHEKR B R TEEE L F AR AR S

Figure 2 | Histological and mitochondrial ultrastructure of cervical spinal
cord after cervical spinal cord injury in rats of each group

o't Gt WL S BE kPR A ot 453 0 A L e 22 7 1 PR 97 A P AN X
IR0 IR T B AR A . 25 R EoOR, Bk AR YT e
fip 85 25 N SUE4R 5 TR A OR B 1 2 [K3RIX (P < 0.05),

(7 Iyl 2 Jo 21 44 I 1 2 1 B3R 3% (P < 0.05), T RSL3 ¥k
55 7B BKEEER, WE 3 ME 4, X REIKHE AT
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K. B AH MAP2 H i 58 et Mg, L R 100 um; By MAP2
TR I e BT, SIRAARLL, *P<0.05, Sk HAT4AHLL,
°P<0.05. MAP2: PEHIFREE 2.

E 3 | HEXRIIERAG 28 d HHETHRFIER

Figure 3 | Neuronal damage in each group of rats 28 days after cervical
spinal cord injury

DA 368 3ok 400 1) 2% B0 T 9k 2 35 B 453 1% 5 e 2 e 4 R A
JB I IR T o

2.5 BB K RIS GPX4 A= ACSLA #9 kA K
G Yt F RT-PCR A GPX4 Fl ACSLA 7KF- . 25 SRR,
Bk LRI E IRE R J5 GPX4 1135 (P < 0.05), [
ACSL4 )R 1% (P < 0.05), Ih4h, GPX4 i 5] RSL3 9 55 1
B K EEXT GPX4A AT ACSLA [1EF, DL 5 AIE 6. XK HH
GPX4 ] B2 B ik L 4100 1 SR 403 1 J AR T 1 EE B
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