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HWE HE KT markl (TMS) 5 AR ) R T 4816 (hUC-MSCs) BE&-8 77 3+ K RA-M B4 (SCD) B8R T8 % .

FiE R AAllendt &k 5 K ASCIEEA 60 XSDK R AL A 18 F KA (sham) SCIZE  TMSZE  hUC-MSCs£L . TMS+hUC-

MSCs#i, H4112 2 . R B F 6F 5 (BBB#E %) 46 K RiE ) T sk K AA- M2, RN HE S & WL 40 LU 45 A2 B, R )

R G EILEAY 2 U B XARTAL, R L & kA B4k & F (Fe™) Foif RA B BH AR (GSH) 4%, KR B 41 W IR & AR

AR LE M, R ) Western blotting#-i 4% 5t =48 5% & @ SLCTA 11 GPX4FoACSIA®y £ ik BER  HshamzaA8t , SCIZE X K. BBB#E 4

HAK,, B-RE20 28 P Fe 4B AmACSIAE & &k KT 73 ,GSHA FASLCTALL .GPX4% & & ik K-F AR (P < 0.05) ; AR 4L &

PRI, Y IS G AP 2R T, B AR T IL, 5 SCIZA A8 b, TMSZE \hUC-MSCs 20 A= TMS+hUC-MSCs 28 X A BBB# 4+

B, AR PR A F AACSIAE & £ A K BAK, GSHA E #2SLCTALL GPX4%& & £ A K FH+ & (P < 0.05) ; %Mié SE K
PR E H e SN T R FRG RB AV EAT AWE, EXARFEW TR TMSEhUC-MSCsIRA~75 77 18 i 7%
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Transcranial magnetic stimulation combined with human umbilical cord mesenchymal
stem cells promotes spinal cord injury repair through inhibiting ferroptosis

HUA Zuoyu, WANG Yashi, SUN Shi,ZHANG Lixin
(Department of Rehabilitation , Shengjing Hospital of China Medical University , Shenyang 110134, China)

Abstract Objective To investigate the effects of transcranial magnetic stimulation (TMS) combined with human umbilical cord mesen-
chymal stem cells (hUC-MSCs) on ferroptosis following spinal cord injury (SCI) in rats. Methods Allen percussion was used to estab-
lish the SCI model. A total of 60 SD rats were randomly divided into sham,SCI, TMS,hUC-MSC, and TMS+hUC-MSC groups, with 12
rats in each group. Motor function was evaluated using the Basso-Beattie-Bresnahan (BBB) score. Spinal cord tissues were sampled and
stained with hematoxylin and eosin (HE) as well as Nissl to observe tissue damage as well as the changes in neurons and Nissl bodies,
respectively. The colorimetric method was used to detect the contents of ferrous ions (Fe®*) and reduced glutathione (GSH). Transmission
electron microscopy was applied to observe the ultrastructure of the mitochondria. Western blotting was performed to detect the expres-
sion levels of SLC7A11,GPX4,and ACSIA. Results The SCI group had lower BBB scores, higher Fe™* and ACSL4 protein expression
levels,and lower GSH,SLC7A11,and GPX4 protein expression levels than the sham group (P < 0.05). The mitochondrial cristae reduced
with membrane shrinkage , neuronal damage was severe,and Nissl bodies were absent in the SCI group. The TMS,hUC-MSC, and TMS+
hUC-MSC groups had higher BBB scores, lower Fe’* and ACSIA4 protein expression levels, and higher GSH,SLC7A11,and GPX4 protein
expression levels than the SCI group (P < 0.05). The mitochondrial cristae increased with an intact membrane structure , the pathological
damage was attenuated , neuronal morphology was restored, and Nissl bodies were clearly visible in TMS,hUC-MSC, and TMS+hUC-MSC
groups. Conclusion TMS combined with hUC-MSC inhibits ferroptosis through activating the SLC7A11/GSH/GPX4 pathway , alleviates
secondary injury after SCI, and promotes functional recovery and neural remodeling in rats.
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A7 (spinal cord injury, SCI) JEF5 SMJi 85 AR
S R - BOS RS H B I RESZ L, M- 4t
5 F- T LA T 32 30 &S A B e g gk
FET R — R AR T AR AE TR 30, HARIE SR 2R
R A B AL R R BB T I & A
LR BT PEAS o RS A R R S
T2 INEESCIJ 2 & AR A5 45 , SCLEE 7 M5 YA 1ML 35
BB T bR S kR O  SCUMNRTP 2 5 R

L RRE I A BEH K (glutathione , GSH) AR 5T
A R R SRR K A  UE] T SCIEBR
FET KAz, HERBET A5 nl e SCr Nz s E A
AP IESE T HRAET AESCIR R B AR

2% 1 05 ) 38 (transcranial magnetic stimulation,
TMS) Sz — kT H SR ny (8) I s AT Bk 3
B, Hh A2 A Y 1 325 78 1 N 385 B0/ B9 I R
UL, I8 1 fil A A I 242 v 2 B % T RE, A 4
il B AT AR B 2 R G, R TR R E AT
TMSE #% )1z 1l TR Y7 SCI5 iz 3 ) e i pfi 22
PRV Pa 2 P 2 UL JB5 IO AR I 0% Ty R o i 25 O
KAED NS ) 3 BT 4 (human umbilical cord
mesenchymal stem cells, hUC-MSCs) 7 i 7 SCLJy T
FA BT hUC-MSCs i A2 WA K2t A K PR 7 i
MZEIRNTRBE 2R 20, fedt i 2440
PR BRI OL AR B ABRFE AR T TMS
S5hUC-MSCsHt & IR Y7 X SCIF 2 , LA S 4R BET-7E
AR A, LU ASCIRY IR ARG 7 S A8 Y
LiLY=e

1 ##EREE

1.1 A

L1l SEEG S A A - 16 FI8JH i SPREMEESD R
F60 ., AR H200~240 ¢, 14 H bt 4 B AR W Rk
AR A B2 ] . hUC-MSCs, g F sk i 384 it
HAMRAF]

112 G A S T2, 1 [ 58 [ESigma-
Aldrich/A ] ; Fe” FliA JEARIGSH Fb (4 12 A &, T H
DU I T R A R By A BR 2 ) 5 45 e H ik
A ALY 4 (glutathione peroxidase 4,GPX4), 7 T 2,
RFEGETR R 11 (solute carrier family 7 member 11,
SLCTALL) Hiik, W [ sl DU 2R ) TR BR A
A5 K B R L 4 BEAS I B4 (acyl-CoA synthetase

long-chain family member 4, ACSL4) B-actinfii {4, 114
B I A Y AR A FRA R CCY- T RURE S 1
A0, 1 A BRI TR B IR A AR R A W

1.2 ik

1.2.1  SCHUSEARIHENT : KRB IR 1% 8 B 22 (50
megrkg) BRI, AT B PEbR & SO U0 U IF, 8502
AT, A B BT o S5 43 1 T HEA R 28 A
MMER , % 85 5 T I A 5 SR FH el R AlleniZ: (10
gl , 10 mmy= BE) AT 88, LA S i f5 iR
25 AR O S B R T AR M AR S AR BRER K
H % BhHE PR 2 R B 7 1 5 HE PR Ui . 2 LK BT
TR 5 48474 SR AL, BOR BB 05 3B o HF B 41 2
BT ARAT v [ B R 2 i it B o 1= 2 AR 22
TasIbE (B3G5 : 2024PS057K)

122 ¥4 K60 2 K EBEAL 5> A shamZ \SCI
ZH . TMSZH .hUC-MSCsZH FITMS+hUC-MSCs&H , % 41
125, shamZ X 7E JBR I S g R ME A, AN A0EC Ath 4k
P A4 ST SCIBE R . TMSHLAE B A 553 KA T
TMSIAYT , B S H0: 10 Hz,90%iz 3 R {8, 435 . 6]
HRET ] 453 s, 60U, Sk w1 800, 5¥k/J , i%E
ZL4JH . hUC-MSCsZH 7E 8 152 58 U5 , 72 AR I i 58
S LA R 1 x 108/ 248 it B v v
TS A% T 28 10 T4 E i rh k. TMS+hUC-
MSCs2H 75 i 155 5¢ 1 J5 , #F 17 TMSHThUC-MSCsik &
BIT

1.2.3 S DIRE IV RE : 45 41K o0 ) 7 3 A5 i A
KIG1~4)E #1712 3 1 fE (Basso-Beattie-Bresnahan,
BBB) W55 4 K BUICE T2E 42 1 miy [BE W5 &
I, BERREEA min, B4 VAL & BP9 (E 1 0
L4557

1.2.4  HARZEALL (hematoxylin-eosin, HE) 47, . B
KA BELAL, 4% 2 T PR A 224 h, A 54
WS YR VR HORLS , IR AR R Y, ToK L5
1k, B ge o, IKE B, th PR S S T72004%
BN WA BRSNS

125 JeIRG: OR BUFBEH 2, 4% 2 R W T
W 7224 h, A SRS U0 R o U0 AR ORI | £8 3
YLt JooK SEES AL, KB R I RS
T400f545 P A EH S h iz oe B k.

1.2.6  Fe B8 il : BUE & K A sG55
PR I A2 2R 50 3 9 gl 50 B 1 TR 45 FH o B
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AN B A o S RTREAS I B0 48 v AL, )
FE A AW IR G EE B, BE L
Je B ROMA96FLAR T, AEEEARIXS593 nm/Ah i 5-FL
W' R o AR AR A 8 WO 1, I P s o it 2 3
BREATFSWRE

1.2.7  RJEAIGSH S o - HGE K A 14,
SRR S A ZUS) 3R 28 o, 25O B T T Tk
L AREI R HGHS A L VRO TR R B L AN
[ei) e B A vfiz L L 00 5E LN 23 AL, 32200 i A T4
VR, TEREHRX 405 nm il 7 25 FLIK G BEAE ARYEFEAS
(R S BEAEL, I AR Fh 2R T B REACH GSH A i
1.2.8 3% S R GE A« B BT A 20 2, IR 21
mm’ [ ZIER, F2.5% %, [ 2 WP [ 5E24 h, £
R B K S5 HEA T8 3% VA VIR U0 R ZE RS R WL
U IR TR Y )5, T T AR T ISR

1.2.9 Western blotting : BUK A BEZ1 4L, BU#E 5 N
N AR P R T R A 7 A AR R P, vk
2430 min, 5.0 ISR, 5 208 B ok
BCAE I B AR VR B 4% FR A 2130 e (3 I
FE, #E1TSDS-PAGE , % 5%, B Ae ks 34141 .4 C—Ht
EE R (RS LLA], GPX4 SLCTAL1 M1 = 2 000,
ACSLA4 B-actin’y1 : 5000), f5 “HiEIRFF1 h,
IMAECLK U, FHBEE AR 7 Ge et 5%, >R
ImageJ AT AP TE & .

1.3 geits ot

& HImage) F1GraphPad Prism 10.0%K 1 #F 17 %%
8 53 o 1 1 BERE Hx £ 53R 7%, 24 18] LU R T
5, 22 40 ] Fe AR R B IR 3R Uy 2293007, i — 20 P
HBCR TILSDE S . P<0.05 2 S A 522 L.

2 #R

2.1 TMSHhUC-MSCsER BRI X SCIK iz 3l Y fig
1) 5

BBBiT-345 5 ik 7% , TMSHIhUC-MSCsi& 7 1l L)
UESCER FUz s Dige, BIKA 1R YT 1Y cE1E L
T 3697 R 1, 5SCIZH A L, TMSZ \hUC-
MSCsH FITMS+hUC-MSCs2H BBBIY- 43 TF 5 , 1H 22 5+
LG5 X (P>0.05) . RJF2JE, 5SCI4LAH kL,
TMSZ] FhUC-MSCsZH BBBIE4> THisg , {2 22 F 6 4t it
27 (P> 0.05) ; TMS+hUC-MSCs#41BBBF- 43 1
1 TSCIZH (P < 0.05) o RJF3JH, SSCIZHAH L, TMS
ZH \hUC-MSCsZH FITMS+hUC-MSCs£1BBB 73 FH .
TFE5 (P <0.01) ; HTMS+hUC-MSCsZHBBBIT-43 B it
1 TTMSZH FIhUC-MSCs4H (P < 0.01) . R J54/8, 5
SCIZH AH Eb , TMSZH \hUC-MSCsZH FITMS+hUC-MSCs
ZHBBBIT/3H i 715 (P < 0.01), HTMS+hUC-MSCsZH
BBBIT- 73 BH i /5 FTMSZH FThUC-MSCs2 (P < 0.01) .
WAL,

F1 HHARBBBITS

Tab.1 BBB scores of rats in each group

Group n Week 0 Week 1 Week 2 Week 3 Week 4
Sham 6 21.00 + 0.00 21.00 + 0.00 21.00 + 0.00 21.00 + 0.00 21.00 + 0.00
SCI 6 21.00 + 0.00 1.33+0.52 3.00 +0.89 4.17+0.75 5.83+1.17
T™S 6 21.00 +0.00 1.33+0.52 3.50 + 0.55 4.83 +0.98" 733+ 1.21"
hUC-MSCs 6 21.00 + 0.00 1.33+0.52 3.500.55 5.33+0.82" 733 +0.82"
TMS+hUC-MSCs 6 21.00 = 0.00 2.17 £0.41 433+0.82" 633+ 1.03"2% 1100+ 1.10"*"

1) P < 0.05 vs. SCI group;2) P < 0.05 vs. TMS group;3) P < 0.05 vs. hUC-MSCs group.

2.2 TMS5hUC-MSCsE G IRYT AT SCIK FUA #4141
LS 520

HEYL 845 58 i 7R, shamZH K FRB Ha4h f 52 %%
M TCIE A IEH s SCIALK BUA B 211 73 ™ &, 48
AT, M2 0B A8 S, RORE IR B 35 5 SCIdl
AH E, TMSZH FIhUC-MSCsZH K FR A B 41 21 25 44 Fn
B2 T IR AWK A, 403405 2 3R TR 2D, R RE R

TMS+hUC-MSCs2H K FURf 28 08 A ik — 0 el s, T
L A A5 R 225G, ARE A MR a2, 2 2145
7R JEATEM . WAL,

Je &40 45 B ) R, sham#H K LB 6 2H 41 5¢
B A TCIE SRR e UATR YL H A3 % SCIZH
PN e R AT R T TR S B W NI s R I
2RI i, JE AR T UL TMSAThUC-MSCs 2l
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KRB BEH LMK, o ks, e s
i, BT UL/ B F0A TMS+hUC-MSCs 41 A U 8640

GG KRR T WA 1 W 2 R
R WL,

A, sham group; B, SCI group; C,TMS group; D, hUC-MSCs group; E, TMS+hUC-MSCs group.

E1 HERBMRETMSSEhUC-MSCsELEE

FrXtSCIKREBARTESHEN x 200

Fig.1 Effect of TMS combined with hUC-MSCs therapy on spinal cord tissue morphology in rats with SCI detected by HE

staining x 200

A, sham group; B, SCI group; C, TMS group; D, hUC-MSCs group; E, TMS+hUC-MSCs group.
E2 REFBMNETMSEhUC-MSCSEEIATTXSCIXREMWMALAFSHEI x 400
Fig.2 Effect of TMS combined with hUC-MSCs therapy on spinal cord tissue morphology in rats with SCI detected by Nissl

staining x 400

2.3 TMS5hUC-MSCsHk & ¥f J7 9 il 45 5 41 21
Fe ' 2ih

Hjsham1AH Fr , SCIZH K FUE BEL1 2L Fe™ 5 fit B
IR (P <0.01) 5 5SCIZH A H, TMSZH .hUC-MSCs

41 FITMS+hUC-MSCs41 K U BB 21 hFe™ 5 1
W R (P <0.01) ; 5TMSH AThUC-MSCsZH A HE
TMS+hUC-MSCs4 K FUE B 21U hke™ & it — 25
TR EERIGFE L (P>0.05) LR2,

R2 BAARBEWALTF” . GSHEEMBHRETHAEANKIX

Tab.2 Contents of Fe®* and GSH and expressions of ferroptosis-related proteins in spinal cord tissue of rats in each group

Group n Fe™ (umol/kg) GSH (mmol/g prot) GPX4 SLC7A11 ACSL4
Sham 3 136.62 + 30.30 39.24+ 1.72 1.00 = 0.00 1.00 = 0.00 1.00 = 0.00
SCI 3 274.90 + 11.25" 13.62£0.11" 0.39 + 0.05" 0.26 + 0.08" 5.51+0.81"
T™S 3 184.69 + 5.33% 20.20 + 1.19” 0.59+0.11% 0.60 +0.14” 438+0.78
hUC-MSCs 3 176.88 +5.97% 20.42 +0.58” 0.73 £ 0.07* 0.64 £0.16” 439+1.03
TMS+hUC-MSCs 3 157.78 + 8.437 31.00 + 1.74799 0.86 +0.10” 0.76 + 0.19” 230+ 0.56”

1) P < 0.05 vs. sham group;2) P < 0.05 vs. SCI group;3) P < 0.05 vs. TMS group;4) P < 0.05 vs. hUC-MSCs group.

2.4 TMS5hUC-MSCsEX A 1A 7 2 2F K BUE 4 21
HHGSHI A

Yjsham41 # H, SCIZ K FLUE 8 41 21 h GSHE
i ] B BRI (P < 0.01) 5 5SCIZH A HE, TMSZH \hUC-
MSCsZH FITMS+hUC-MSCsZH K A #6204 P GSH A
B T (P <0.01) 5 5TMSZH FIhUC-MSCs#H #H
L, TMS+hUC-MSCs4H K 5 i 20 241 P GSH Y it W]
WIE (P<0.01) W2,

2.5 TMS5hUC-MSCsEEATRTT I HISCUS 2RI T

5 5 L B 4 SR B, SCIZ K UG BB 2 41 4ok
PRIGAS S 5 SRR U/ FL S A AR | 35 o5 (5145
AP IS4 4 s TMSZH hUC-MSCs2H Kk B 6 4 41 4 b
PRI I e SCIZH A i el st | JEss B A1 ; TMS +hUC-
MSCsZH K FUE BEL UM S5 F e 3L, SR AR I 45 it
)TN & i o N K

Western blotting4i {718 , 5shamZHAH L, SCIZH K
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B i 4H 21 TP GPX4AMISLCTA 1145 [ 2635 K B 2
AR, ACSLARE 1 R 3R /KB B THE (P < 0.01) 3 5
SCIZHAH H, TMSEH K BUH i 2H 2L P GPX4 SLCTA1
AR IR BT 5 (P <0.05), ACSLAZE H #ik
AR, (H 22 S e ge it 2% 5 L (P> 0.05) 5 5SCIZ A
Fe, hUC-MSCs2l K FUA E 241 21 GPX4 SLCTA TR

235 7K1 5 15 (P < 0.05), ACSLAZE [ 36K F%
fIE H 2R TS 27 X(P>0.05) 5 HSCIALAILL,
TMS+hUC-MSCsZ4H K VA B4 F GPXAFISLCTATL
B IR TR (P < 0.01), ACSLAZE (4 # ik
T BREAG (P<0.01) L ULE4 22,

A, sham group; B, SCI group; C, TMS group; D, hUC-MSCs group; E, TMS+hUC-MSCs group.
E3 BHEEURZHXREWALALHEES x5 000
Fig.3 Mitochondrial morphology in spinal cord tissues of rats in each group observed under transmission electron microscopy x5 000

1 2 3 4 5 1 2

4 5 1 2 3 4 5

SLCTATT | g e s s | 55 10

Ty

B-actin |

.| 42x10° A  P-actin ‘-----‘ 42%10° B PB-actin ‘-----‘ £2x10° ¢

A, GPX4 protein; B,SLC7A11 protein; C, ACSL4 protein. 1,sham group;2,SCI group; 3, TMS group;4,hUC-MSCs group; 5, TMS+hUC-MSCs group.
B4 HEXREBANPRETHXEARIE

Fig.4 Expression of ferroptosis-related proteins in spinal cord tissues of rats in each group

3 itig

SCUR & A s S5 45 O Bk 18] 2 A= 1) th 20 g
PR RESZ T R BRI, TR A T3 Ak
P 2 R MR 3 ) A S RN R RS, S — P A 2 1 )
YR R S, 7 B 2 T B EAC AL 6 7 5 1T A0
25 S B0 PR A N B AR ST | A
7 AR T A R 4 TR R ORI i F 2
T BRI AR 7 P TR AR A0 S AT
A AL PRI ) 2k A AR, RN 5 PR BTk A
RAER 2 TTAE T R AL AR FE S5 2R W, TMS 5
hUC-MSCsIRAH T RERS e BESCHE I, 235 SCIR B
BYIYIRE, R g E Y, HiX — R AE T
AAHZER.

TMS&— R AR R4 HOR ) ik e
137 RS FE I 221, 5 S 2 A L 7 A WL TG B
AT AR e A BRATAL R BIT 5 R 22
fi ) B 0 % A& 2RI (intermittent theta-burst stimu-

lation, iTBS) JA¥7SCI, 45 5L W 7R , iTBS AT LA 38376 i A1
HHE I 28 TT, T B G AR, B Lk A 2 oo
PrFnd T, i s 2l B R [ I8 B g
T4 R A 2E SCI J5 T REVK &2 1 ST S5 UL I BIL
Tl O PR Gl A A2 oT gk
T BRI A AR BIESE R FITMS S5 hUC-MSCs
BEAIBITSCL, 45 R %, TMS 5hUC-MSCsBES AT
A TTMSERhUC-MSCs 2 — 3097, RE8 i & 12 5
SCIK FBBBITAr, (2 i B 4 A i i 52 | Je ik
B AR T B X e 2 AR R AR T AR
TR

BRIET SR | Hh B T AL B Sl Y R 7
PN AE T )5 3K, A O R AE AL 45 20 A P ik R AR
GSHAEIE LA K g o0 0 M o B A i, 3 S50 L P
G E AR . SCUR 3 2k BAAT B
SRR T A5 9 L2 i K i S 2047 20 B R i
(9 R S i B Bk, DA SZ 4 P KR 28 R e RET BK, LA
B AN RS IS, 3K LU R FBSCUR K2k R,
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R aot BT A 0 e AR B AN L, B I A R
MeaTPETE R, B T AL T RN R, e & R AR Bk
FET:MY ARHFSE S R R, TMSFThUC-MSCsi4 7 7
DA AICFe™ 25 2 1 B4 I GSHAY 23k , T I SCIS
BRBET . SLCTA11/GSH/GPX4iH B2 4k A0 T 45 i
ATIE R, SLCTAI R B NS sE N, T ES Y
£ L PN 2 R A 2 IR A A, 2 TR 4 I A R A
PUAALABRIET I s B ™ . GPXAE—Fh et
(BT AL , BB 0% ) FHGSHA 4 M b g Bk 2 Ak
W R TC T R T, LR A M AR G 7 S Ak 4
EBPRFET A L ACSLARE —Fh B R 5
ARG, 30 3 f2 0 22 AN A0 R I IR T A, 38 i g
AL, NITIREHBRFE T AHIFSE 45 58 7R, TMS
HIhUC-MSCsi&¥7 il LA JHSLCTA T FIGPX48E [ 5%
ik N HACSLAZE 1 3R 35, UE W] T TMS 5hUC-MSCs
BCAIRYY 0] RE 8 1 G SLCTA T 1/GSH/GPX 43 %
THIRBET , T SCR THBE, Wi/ SCIZk & 1 4t
B3 o PR R BE T ESCI VR T A T 57 3L,
XA RE A SCLAIE RIG YT H AT i) SR B R

ARBFFE B R HIE T TMS 5hUC-MSCsIE A 1A T
FEIDHISCIUR BRIC T h I ZEVE F R ATA7 7E — L
SRR 1 2, TEIRYT T TE R MR B hhUC-
MSCs A A FEHMELAGIIE , AR T5 ZE0F 58 FIT & =
SR A FIGIT T % IAh , BRE T — R 4R
MR PESET IR S, W I 22 2% B S5 PR LA
ARHFFEAR BR T-SLCTA11/GSH/GPX43% 54471 A Ak
%, TMS 5 hUC-MSCsER G 1RYT X BRIE T (14 52 1 18 75
HE— 2D ARG SR AIE BT SR R A AT DA KRR
SEIRE, (0 H T T 58 08 5 BRI i, AR
A E 1 A P s R AN ) e A I

g5 TR, AW 45 SR R W], TMS 5 hUC-MSCs
B AR Tl 1 0% SLCTA L 1/GSH/GPX 43 H310 il 2%
FET, I8 SCIAR S VA543 , 2 2E K R DI e K 52 R
25 & 9, TMS5hUC-MSCsE & VA J7 *FSCHk & E.
A — 2 A, A W 2R A8 T-#ETMS 5 hUC-
MSCsE. A A 7 SCIH (14 7 FH 147 58 R A 1 MLl A
8, A RIS T B AT AT

S E 3k
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