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[(HE] BR BEBEEEBN/NRKMPNIIEZFNPKAZE (middle cerebral artery occlusion, MCAO) &
B, HRAFEEBERETHE (human amniotic mesenchymal stem cells, hAMSCs) EIRAISMNHK (exosome,
EXO) BUERRIM AR ZR R RS2 AL ZE T (ferroptosis) RIGRITERNEI. FiE 1532126~ 8EE SPF4
1M C57BL/6J NRBEN D RBFARA (Sham). EEA (MCAO). BEE+EIBEIKA (MCAO+NaCl). EE+4b
R (MCAO+EXO), B8R, FRBENAE /MR KM MCAOEE, ShamBERE AWM EIFKEARLHEREE;
TEFREHEIE 24 hal, @ MCAO+EXOH/NREERFKEST 100 pL kB hAMSCs 157 EBRAIIMER (9.5x10" N/ mL),
B MCAO+NaCl B/ B BkiE ST AARIRAEE K, EE 24 h G, KA Longa AINEERIRITF D IZITFNSHNEN
EEHANEIRERE; Bid2,3 5-=RESUNERASXITFAESENRRERARSUES,; BEHEREZX
TFESENRBMEANARFHEARESZER. BIMESHE L TESANRRETXREBREER ST %
BT (Fe”). WZHE (malondialdehyde, MDA). S & BtHAL (total glutathione, total GSH). &M EABHHEK
(oxidized glutathione, GSSG) FIIXREABHEL (glutathione, GSH) HEE8ER. BIILR RN ES PCRIE
RUZSANEHEFXXERERARALPHEATHXEFEEZRF-AMABRR 2EBXEF 2 (nuclear factor-
erythroid 2-related factor 2, NRF2). AREMAKIE 7R 11 (solute carrier family 7 member 11, SLC7A11). & ht
HEKZSE W YEE 4 (glutathione peroxidase 4, GPX4) BImRNA FRIXKFE. BI1TEH REDTE NS H /)5 e
X REHBEEELNF NRF2. SLC7TANFIGPX4AERRIAKFE, FHR ERFMCAOH, MCAO+EXOHMI Longa i
D EERME (P<0.01). MCAOHE/NEMALREIBEEEZLE, MCAO+EXO AER MCAO AR MIEILATR S E
Z//> (P<0.001), 5ShamfB#Etk, MCAOBREMHZME=BEME, MEKESR. BE, ARKEHETBENW,
HEMBHESIZYEL. 1R T MCAOH, MCAO+EXOE/NRIHEMBEN R ANTE, MEZAMNE, MLTHAE
figt, MCAO B/ AIIAESE X & B EHLE T Fe” F1 MDA S 28 Sham B EZE1EI0 (P<0.001), MCAO+EXO BRI
Fe”#1MDABEBR MCAOHEZE R/ (P<0.01), #8EF Sham#B, MCAOEIELA/NEAY total GSH. GSSG. GSH
SBWEZERS (P<0.01); BRFMCAOE, MCAO+EXOE/NEH total GSH. GSHEBEE#EIN (P<0.001),
GSSGEHEXEBETM (P-0.05). BEF ShamE, MCAOHE/NFHINRF2. SLC7ATI. GPX4 mRNAFIEHFIAK
TR ERE (P<0.01, P<0.001); BRF MCAOZEH, MCAO+EXOHAINRF2. SLC7A1. GPX4 mRNA RERZFE
BKFHEERS (P<0.05). it ENRMCAOERESF, EFRIKFE hAMSCs SRIRMIIMNGATT LI E/NRISEh
heg, BAOBEREN, RIPHMEMBES, BREBRSIRGEE. SN ERTT 828 IS #E NRF2/SLCTATI/GPX4 @1,
> MCAO R B/ G A B R 4 AR S T8 T R R R IP(E Ao
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[ABSTRACT] Objective A middle cerebral artery occlusion (MCAQO) mouse model is established by
electrocoagulation of the middle cerebral artery. The study examines the mechanism by which exosomes
(EXO) derived from human amniotic mesenchymal stem cells (hAMSCs) improve ischemic stroke and
regulate neural ferroptosis-related injury. Methods Thirty-two SPF-grade male C57BL/6J mice aged 6 - 8
weeks were randomly divided into four groups (n=8 per group): sham group (Sham), model group (MCAO),
MCAO plus normal saline group (MCAO+NaCl), and MCAO plus exosome group (MCAO+EXO). The mouse
MCAO model was established by electrocoagulation of the middle cerebral artery. Mice in the Sham group
underwent exposure of the middle cerebral artery without electrocoagulation. Twenty-four hours before
MCAOQ induction, mice in the MCAO+EXO group received a tail vein injection of 100 pL of exosomes
derived from the culture supernatant of hAMSCs at a concentration of 9.5x10" particles/mL. Mice in the
MCAO+NaCl group were injected with an equal volume of normal saline via the tail vein. Twenty-four hours
after model establishment, neurological deficits were evaluated using the Longa neurological deficit
scoring system. Cerebral infarct volume was assessed by 2,3,5-triphenyltetrazolium chloride (TTC) staining.
Hematoxylin and eosin (HE) staining was performed to evaluate morphological changes of neurons in the
ischemic brain regions. The contents of ferrous iron (Fe’"), malondialdehyde (MDA), total glutathione (total
GSH), oxidized glutathione (GSSG), and reduced glutathione (GSH) in the infarct core and peri-infarct
regions were determined using microcolorimetric assays to evaluate differences among groups. The mRNA
expression levels of ferroptosis-related factors, including nuclear factor erythroid 2-related factor 2 (NRF2),
solute carrier family 7 member 11 (SLC7A11), and glutathione peroxidase 4 (GPX4) in the infarct core and
peri-infarct regions were measured by real-time quantitative PCR. Protein expression levels of NRF2,
SLC7A1, and GPX4 in the infarct and peri-infarct regions of each group were analyzed by Western blotting.
Results Compared with the MCAO group, the Longa neurological deficit score was significantly reduced
in the MCAO+EXO group (P<0.01). Prominent cerebral infarction was observed in the MCAQO group,
whereas the infarct volume ratio was markedly decreased in the MCAO+EXO group compared with the
MCAQO group (P<0.001). Histopathological analysis revealed that mice in the MCAO group exhibited
obvious neuronal damage, including cytoplasmic vacuolar degeneration, nuclear pyknosis and
fragmentation, unclear nuclear structure, and disorganized neuronal arrangement, compared with the
Sham group. In contrast, neurons in the MCAO+EXO group showed relatively preserved morphology, with
intact cellular structures and large, regular nuclei located centrally within the cells. Biochemical analysis
demonstrated that Fe* and MDA levels in the infarct core and peri-infarct regions were significantly
increased in the MCAO group compared with the Sham group (P<0.007). These levels were significantly
reduced in the MCAO+EXO group compared with the MCAO group (P<0.01). In addition, total glutathione
(total GSH), oxidized glutathione (GSSG), and reduced glutathione (GSH) levels were markedly decreased in
the MCAO group relative to the Sham group (P<0.01). Compared with the MCAO group, the MCAO+EXO
group exhibited significantly increased levels of total GSH and GSH (P<0.001), while no significant change
was observed in GSSG levels (P>0.05). Furthermore, both mRNA and protein expression levels of nuclear
factor erythroid 2-related factor 2 (NRF2), solute carrier family 7 member 11 (SLC7AT1), and glutathione
peroxidase 4 (GPX4) were significantly downregulated in the MCAO group compared with the Sham group
(P<0.01, P<0.001). In contrast, both mRNA and protein expression levels of NRF2, SLC7A11, and GPX4 were
significantly upregulated in the MCAO+EXO group compared with the MCAO group (P<0.05). Conclusion
In the mouse MCAO model, tail vein injection of exosomes derived from hAMSCs can improve motor
function, reduce infarct area, protect neuronal cell morphology, and reduce the degree of nerve injury.
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Exosomes may exert a protective effect by activating the NRF2/SLC7A11/GPX4 pathway and reducing

ferroptosis in neuronal cells of MCAO model mice.

[Key words] Ischemic stroke; Middle cerebral artery occlusion; Ferroptosis; Exosomes; NRF2/SLC7A11/

GPX4 pathway; C57BL/6J Mice
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CEZu it S LT 2 F ORI 7 E2VA
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i W, BITIRARE, AR SRR - B2 R R
iER (system Xc™) Dhfgszfi ), AUM0SNDREBRICIEEL RS
AN G RABEHL (glutathione, GSH), i GSHH
B B AR A S R %) (lipid hydroperoxide,
L-O0H) [MAgFEE (lipid alcohol, L-OH) W J&, &
BoI B L-00HHR, i TPt Fe* MANINGR, &
K Fe AN B 2 S R s E A ke s
SMR R — PR TR RO A AP i, ER A 30~
150 nm, JZAAE TR, ASEAR. BB DNA,
RNA SEWIBT, HERNREPORUZE51, il 7316 E HY
SMAREEE, WICD9. CD63. CD81, mI{E il
W&o SINBARIE N —FIRIRBI AN &I, mIER
W oIz Fan A 2 ok I i e e, S B  4  R] B0 o
S ESR . IEHENR, SMNIMATEMZRIT . A R
FEERGE B EM AT 22 26 T Shusa]
RS F %2 Fpoan Mo 2% B, f 45 AR R T 4H
(mesenchymal stem cells, MSCs). fHZT-40HT. %%
AR e 1% S 2 68 T4 (induced pluripotent stem
cells, iPSCs) &, Hr, A F WA 72 i+ 40 i
(human amniotic mesenchymal stem cells, hAMSCs) 3k
TREY N G SREUTH GREEMEAR. Fruha Al
AL RE BRI P AR, SRIET N
YT PR R 200 B ) /N BT DAFE s T T AR A v &
HMHIZIoE T, FEREMKE, A RMEE
EHRIA, B XA o B LR 4P A0 5 ik = 28 A
F o AN, T N bk B 4 sk g (i o1
WARIERH, SMNAMARRES I 2RI RAER T3R5, TGE
PAFIG . BRI T E AT RS 1 VERAT
FORI, MMSCs SRIFATSMNAA AT FE A N BRFE T4

HIZEH 1 (ferroptosis suppressor protein 1, FSP1) 7K,
FEAKIE PSR, (reactive oxygen species, ROS). FeHJfH
2, MHlmEdpsT, SGE/NE S S R
i M, BEMIFEEIL, MSCs SRR A SN B H N &
f miRNA~194 A] i I s+ BTB 55 CNC [R] 54 1
(BTB and CNC homolog 1, BACH1), iE#A -4
A0 2 FH R Al F 2 (nuclear factor—erythroid 2-related
factor 2, NRF2) /IMZLZEMN%E/E 1 (heme oxygenase—1,
HO-1) {5518, Zmamipsie: ',

SN ARAE S BRIV 2R TP O R AR R R R 2
I IR T R AR AR RN, AR H 537
Pldlanfal, HETHMATERHAT . E, AREFFH A
L B SL /N ER B Bk ] %€ (middle cerebral artery
occlusion, MCAO) #58Y, I ] SEAG 4 /)N B # Ak v
SHONIMA, SA)5181S Longa A TIRESRIAPE ST . 2,3, 5~
—OREEE A (2,3,5 —triphenyltetrazolium chloride,
TTC) Hefh. HE G5 5iERFTINUEXS MCAO /IR
HOGAE 58 N A 22 A i ) 22 e 5 ORAP S8R 5 T8 e A0 e
FEHR PR E 1 (Fe?t). A& (malondialdehyde ,
MDA). SABEE AL (total glutathione, total GSH). 4,
LA B H K (oxidized glutathione, GSSG) #11 GSH
(R EBLABEHIR) . PARBRIFET- MR A 7 a
NRF2. VAJREAARZF 7B 11 (solute carrier family 7
member 11, SLCTA11) F1%3 Bt H ki & 16 ¥ 5 4
(glutathione peroxidase 4, GPX4) FIRIANKFE, R
MCAO /NERIRFEFE X I B BRFE T & ARG, AR S
BRI TR ER 3 ALH . DUk za . Sk
FHRRFET AR TR LB IR 25 .

1 MR55EE

1.1 SEREHY

6 ~ 8 JEI & SPF 2 CSTBL/6) /NFR 32 H, REEH
20~25 ¢, MBI TREEVERKEDERAF
[SCXK (L) 2020-0001] , fEi& &KiIiE%H S N
210726240101571568. 210726240100686636, it & 5/
P+ RIEERIRY: [SYXK (1T) 2024-0002] BFREER
BN, 12 hBHE/12 h ABREERES s N R R 1R, A
ML FE N 55% ~60%, TN (24+2) °C, H[A]FFEE
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PRAEETEOKAIERL, R EVRNETE T i SLie
BB RIERF I @R E GO B R B Wit
W (H152023-118-01),
1.2 k.G FIFNIES

hAMSCs 18 B R R R R ARG IR A Hb
WA EGAF & (BB-3902) 4 H g Il 1AM R
BIRAE; FRFEH =R 0 (M2940) 18 H R Z I
VR EIRAE; TTCYR (G3005) WWHALRZSE
FERHGHEIRAF; Fe* (S1070S). MDA (S0131S) #i
GSHME & (S0053), TRIzolif7] (R0016), X
R KA (DT168M), TEHEYLRETB Green (D7503),
2Rz (PO013B) , BERREGHIHIF] (P1045), K
FEEE i B% %0 (phenylmethylsulfonyl fluoride, PMSF)
(ST505), PAK BCA FHE&iF& (P0010) HIIEH
R R REMARBARBRAT ;. PCRH NRF2,
SLCTA11, GPX4F1GAPDH EIX5 ¥4I B A& T A 1.
2 (ki) B ARAR: B J5E B RRA &
(KGC4401) . j@ARIHUAMREE (KGC4310). $E5m7d
b2k BAIRF] (KGC4601-100) 04 BT 7R H1EE
EVF AR ERAE ; & HREZEAH NRF2 (SYP-
M2004) . SLC7A11 (SYP-R1241). GPX4 (YP-mAb-
07891). GAPDH#ifk (SYP-M0946) FisktiitE /L
BEAEIE L 2EHT %R =80 (YPES00105) I E YTk
mmAEYIRRS AR A A

ARRIEIL (ViewSizer 3000) T EHHESS H 31X
# (%) BIRAA; BEHHETFEME (Talos L120C
TEM) 4 HZE[E Thermo Fisher Scientific N : &=+
REE (SI-1) WH BB ERREAESERAT; SLH
PENE R PCRIY (FQD-96A) I I H7iM 1 M s 173
HIRAT; SXTHEF (GZX-9030MBE) WH _EiffE
M RAA; &FAREE O (2206A) 1§ H
= Hermle AF]; 10 pLfE AL A IG3E (L)
LR R M AR A VKL (FM-120EE) 1 H HA
Hoshizaki A& ; &KX (A4000D/220) T H 5[]
Techne ANE]; HEKXKES (ES-315) m@ﬁTomy Digital
Biology A ; —80 "CHBKIRIKF (EWS6L628) TWHE
/RN FRVESL (235 mm#3) HHETT ML E
ST EAE R A
1.3 MBI IRENREE

hAMSCs i & 10% iy 4~ ML i A9 DMEM/F12 55 72
Bz g 5 4% (9 g 500 mL hAMSCs 5535 RV,
F2~8 ‘CffE. HEMAE4 CHMET . MKIREL3 000xg F

10 000%g 1 ZE B0 15 min 120 min, 433125 KR40 A X%
HRiEF, BIRE L EIEE RIS . KRS LIEK
R RINMARLAE B LB C (R) WEH, 4000xg
B0 10~15 min, IREAEZELI5~10 mL; fIA 200 Lo MKk
FEBURA, FRVREL4 000xg 500 10~15 min, fREH5~10 mL
WAL . WO IR He8% B IMIMA AL B OB 1Y
D () W&, MAS mLINMEIRENRB, T4 C%
7R 11 000~13 000xg Z5Lr 10~15 min, HLEE 10 mL AR
& o HL200 WL AMMARTERGWE , FH i 5 L~ 2
MG, FHE PO B SGEITRAZ AT, BRI
Vel rh MM BRI AR RN, PR JE R HR B S s A
BT -80 CUKFEIRTF o
1.4 HYMPESERFIE

R AN ECERIER NREEN L N 44 (BFEARA
(Sham) . A 40 (MCAO) . #5 A + A= B £h 7k 45
(MCAO+NaCl) . EHEI+IMNBFRZA (MCAO+EXO), &4
8 Ho MCAO+EXO AH/NFRA R FHIKIEST 100 pL #2HUHY
MAE (BEFE R 9.5%10" P/mL) , MCAO+NaCl 21 /NEs
22 B e ki 5 100 wL A= EE K (T 0.9%NaCl AR ) o
24 hfg, B/INRPL10 pl/g RE R EREHE TS 2.5% =
IRZTEREE, MEFAREG L, AMEML, R EE
VUi, AERFAREETARMEME N TEEERE.
Sham ZH/NR A ZREE RN MK, AREME, HR&
/NS AR R A 8 W IR FEBER N 3K

225 ARGE  HEEE Y A MCAO AL, HF
AREGTI /N ERE BRI 5 72 B NESEE LR SRt ARG
f—mEYIO, VIOKEDZR T R#ESINE (42~
3em)o FIEHFEAREELLS W DR e BEE L D5 5 i
&, HARUESLATE RISk E Rk, B
ZRINFEkE AW, HIRRHEE ARG — B
DIz B iR mihank, G ESMFEARELL8 W I
BRI ENk. KAK-spkiE B SNk, VEM
ARSI I R e, EF &y BAAIMNE K805
BRI UL BEAERREEHLEE, KN30k Mk T, i
mAERIE L, REXAVNRESGFATID, HFEEET
SLEBI N AT 307 fRAL, BRI RN, EE
M,
1.5 Longa #HEZTNEEERIRIT D R XA LR N7

/NERIERE 24 h 54T Longa #I 2 T BEBRIAIE 4 113,
P RIEANR . 043, EEMAERER (Esh kR
W) 15y, BMEIhReR . IR/ sE B
B S, HARITUGIEME, 29, FEMAEIE
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B, BVNRIARTEsI A MEE; 3537, mEME
Theed, BV/NRIRTZshet A misE; 44, xik
HEizahg ke ARl DISHER FAR RN,
FTOMIEETE 30 mL A BRER K, BUHI/NER 2B RN BE
J& PV G ] Fr DTEUR B8 X 35k R L B R4 2R, FEBE X B
RFRZ) 5 80%, FHET-80° CUkFEH{RTF. FT HE
N L E T 4% 2 R PRI R B B R
1.6 TTCR&iT(E/NEMEARPIEIEATR

/NI A 2 UM J A7 T80 "CUKAE E %Y 30 min
[EEUH, FAFARTIEINA LR R AT MTIEZ 2 mm
JERE R, BRI A 2% TTC 44, 30 °C
M5 30 min, FES minFESR—IR, @5, BT
5 IR ZD] B 4% B JZ R R HEF R — 1 7, 4
PSR T o ] Image] AT INALR (EHE
2ih) REAFERXE (2E6) MER, FitHE
AR F G b FESEARTR dibt= (B B 5T X3k ) T
FUIRAH AU x100% ',
1.7 HEZBUBHEMIMEAE

/N2 E T 4% % 5 R VAR P [ E 72 h,
PBS W 3 IR AL R R B fG, &S LA
(75%~ 85%. 95%. F/KZEE, %5 min) BHK, T
THZRAEH (10 minx2IR) . FfETE 60 CE&14 Rk
WET WK | AEELESRFIRIEL L, T
AEEHRES 1 h (23R), SERUE T A 5 A I &
B S wm )R, W F#Edk R B& . IR TE
60 CHEHIEAFER 1 hjG, & AR (10 minx
2IR) MBS CBEAT (FTEAKLEE. 95%. 85%. 15%
#%5min) K, ZEMWAKKM3 min, BEEHIIFAARKE
JeR G2 min, RKMVEGH 1% 8RR 2310 1 s,
HAME ZEEREK, BEETHRARRPRE

%1 PCRE|#1F5I

Tablel Sequence of primers used in PCR

1 min, £ 95% ZBEAMRFNTCAK CEERRK, —HRGEH
(10 minx2¥K) , g A PR ET [ o 5 [ 5 B9 9T A
TEEF A TSI E G, 7Ex40. x100 B
TERAG AL NS AN AR, FEARE R
EAFEMAR AR A P . AL E G s . A5
TEWE, D& oHRS R SE B a e
1.8 MELL& XN X4 22 5 Fe* . MDA. total
GSH.GSSGHIGSH& =

524 hf5, B 200 mg /NFRANZHZR (FH AT X i
211580%) T 1.5 mLEPEH, [[]5 100 mg fNZHZR N
A 900 L Fil e RU R RS i, FEvKTS A8 A i
519%20~30s, HEHFRZRSK, FEIEL CEHF
N 10 000xg 25,0010 min, W8 BTG FERH&
SN ZHZA R Fe** . MDA, total GSH, GSSG & &
TR, RITE 520 nm iR E LA H Fe™ YRS
fH, 7£532 nm PRI EREAHF MDA BRIEREE, 1E
412 nm I KAOM E FEAS 1 total GSH FI GSSG IR E
fH, REHEEABHFRENARHERS S &8,
GSH & &4 total GSH & &5 GSSG &A% E.
1.9 SCRY 3R E 2 PCR U E NRF2.SLC7A11
GPX4 mRNA 133 FRiX7KF

s /N SRR SE X R A 1221, (i A TRIzol i
AIFEEUAHZAE RNA, i e B s sl A1 & & B cDNA
{f F e /K AL R SR RIKE N 5 ng/ple SERY S E &=
PCR X RLfRZ 3L 10 wL, F35 2xTB Green 5 pL. IEX
M5 [#)4%50.5 pL. cDNA 4 wlo RRIZ(E: 95 CHizsi:
30s; 95 CAMESs, 60 ‘CiEA30s, HH:40MEER, DA
GAPDH E RN Z B, R 2722 i 5 NRF2.
SLCTAT1. GPX4FE[K B mRNA FHXS Rk & SERFZE T
ERPCREWIFHIF 1,

5|1¥ER s5IMF5 (53" PR/ bp
Primer name Sequence (5'—3") Product size/bp
GAPDH F: AGGTCGGTGTGAACGGATTTG; R: GGGGTCGTTGATGGCAACA 165

NRF2 F: CTTTAGTCAGCGACAGAAGGAC; R: AGGCATCTTGTTTGGGAATGTG 219
SLC7AT F: CACCGGGGTCGGTTTTCTTA; R: GGCAGATGGCCAAGCTTTTG 200
GPX4 F: CTATGGTCCCATGGAGGAGC; R: AGGCAGACCTTCATGAGTGC 185

iE: GAPDH, HIMEE-3-BiERfiSEE; NRF2, REFAAMBRR21BXETF2; SLCTAN, BRUMARIK7RR; GPX4, AREHKIANLEE

4; F, IE@514; R, RE5|#.

Note: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NRF2, nuclear factor-erythroid 2-related factor 2; SLC7A11, solute carrier

family 7 member 11; GPX4, glutathione peroxidase 4; F, forward primer; R, reverse primer.
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110 FEHEREDE;E N E NRF2,.SLC7A11 #1 GPX4
EHEEXRIEKE

W75 20 /N BRI FE X R HL B BBl 2R Y, R T
B PBSTERE2 ~ 3R G, £ 100 mgZHZANA 1 mLFAHY
SRR . 10 wL BEEREGHIHIFIFI 10 pL PMSF, fE
K LR EIRER . IRIGT 4 CE&MFF 14 000xg B0
10 min, B _EVER. KA BCA & H & &Ik &l &
FERPEHRE, ITHAERKESAEHRER
5 pg/plo HX50 ng B EFER, MIA 1/4RFA 5x EAE
e, JRAET 100 CARIGHEE S min T,
EEFEMZ 10% SDS-PAGE 43 B, HLIKZEN SOV
40 min [GVHEEZ 120 V 50 min, B2 4RIERARIEER .

HVKES R G, SRAR A% 5 0 ## 2 PVDF if
k(200 mA, 60 min)o. ¥EHESERLSS . F 5% BRAEA-W)
ZREA 1L, MET4 CEETHE —Hid®.
HIEHINRF2FiE. HiSLCTALL HiUfR. FiGPX4Hifk &
PLGAPDH Hifk, ¥IfZ1: 10008, —HilFs 4R
G, FTBSTRRE3 YR, HIR 10 min; FEMALFEDT

Particles/mL

T lgG ZHi (1120 000#8%), EiRMFE 2 ho BEREE
TN RER R R, TR RGEE S
R T EFEM . RA Image) BT H IR H 41
MR FE(EREFT o347, DL CAPDH /ER A2 TIA—1k
b,
111 #HERE

{ifi FJ GraphPad Prism 9.1 B SEAGES SR AR HE T
AR . BERIRMIES AR, Plves R, AR
EAS H T ZEF R 2 HIR EL BRI T 25y
r, ZHE PR ELBCR A Tukey 256, P<0.05 RRZER:
HESH#E

2 #R

21 SMBFRERRIDEAERS
SR TANEE TSI, hAMSCs B AR
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Note: A, Exosome observed under electron microscopy has a diameter of approximately 100 nm and is spherical in shape (the scale bar is

100 nm); B, Particle size analysis of exosome suspension.
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Figure 1 Electron microscopic observation and particle size analysis of exosomes
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CORREE e U AmllN _
I A, BEESLFREAKRMFEIK (MCA), 2YFE,; B, EEBER (K2~3s), MmFAR#LD; C, HEmE (Ritd5-~6s), MR
B, D, moBE (RitH8~10s), METEME; E, Fahfki@E (MCAO) REAMIFAI2,3,5-=FXEQNNAKR (TTC) &
HR, ZESLAAEBEREXEAMAEIRXE. A~DEEIRI3mm; EELLFAIRIAS5 mm,.

Note: A, The black arrow indicates the middle cerebral artery (MCA) , which is Y-shaped; B, short-duration electrocoagulation
(approximately 2-3 s) , during which blood flow begins to decrease; C, continued electrocoagulation (cumulative approximately 5-6 s) ,
with blood flow largely interrupted; D, sufficient electrocoagulation (cumulative approximately 8-10 s) , resulting in complete vascular
occlusion; E, 2,3, 5-triphenyltetrazolium chloride (TTC) staining results of brain sections in the middle cerebral artery occlusion (MCAO)
model group, the white area indicated by the black arrow is the infarcted area. The scale bar in A-D indicates 3 mm; The scale bar in E

indicates 5 mm.

B2 MCAO/MEREE T2 MCA MR NESEX TTC B R
Figure 2 MCA blood flow changes during MCAO model establishment and TTC staining of the cerebral infarction area
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A, SHENARHENEELongai®n; B, SHENRMIIARN2,3,5-=XRESHIER (TTC) £EER, SY6KINAMT R/NERHNTEKX
i, EEMARRLE, WEREKALR IR, C, SENBRRERARRS. BFARA (Sham) RABZJAM TNk, FHEENLE, &2
A (MCAO) FEASMFANEIUSWINEBERMFENLK; HE+EEERIKE (MCAO+NaCl) JCilEid BEREKIEST 100 pLEIBEIK, REHT
BEEEIEE,; ERIMNUAE (MCAO+EXO) Scilid BEpEST 100 LB AFR B RETFMIE (hAMSCs) 15 EBERAINBIE (9.5x10"
NmL), REHTEREXERE. HNES8R, “P<0.01, ™P<0.001.
Note: A, Neurological Longa scores of each group of mice; B, 2,3, 5-triphenyltetrazolium chloride (TTC) staining results of brain sections
in each group of mice, each column contains six slices representing the complete brain of one mouse, normal brain tissue was red, while
brain tissue in the infarcted area was white; C, The percentages of brain infarction volume in each group of mice. The sham operation
group (Sham) only exposed the middle cerebral artery without electrocoagulation of the vessel; the model group (MCAQ) used high-
frequency surgical forceps to electrocoagulate the middle cerebral artery at a power of 8 W; the model + normal saline group (MCAO+
NaCl) first injected 100 wL of normal saline through the tail vein, and then performed electrocoagulation modeling; the model + exosome
group (MCAO+EXQ) first injected 100 wL of exosomes (9.5x10" particles per mL) from the culture supernatant of human amniotic
mesenchymal stem cells (hAMSCs) through the tail vein, and then performed electrocoagulation modeling. There were eight mice in each

group. P <0.01, ™ P<0.001.
3 BHENMBHEINERIRIT S RNEFEERR SLESH

Figure 3 Analysis of neurological deficit scores and the percentages of cerebral infarction volume in each group of mice
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MCAO MCAO+NaCl MCAO%%EXO

BRFARLE (Sham) REE K0k, TEE.:ﬁJIIl“", E 448 (MCAO) FRSMFARELLS Wlb?ﬂlaijtﬂmqﬂﬂ]ﬁﬂ( ’fiﬁ:+$f¥ 7J<iH
(MCAO+NaCl) 5ciBiIEsbkiE57100 pLEBEK, AFHITBEEER,; BE+IMNUAE (MCAO+EXO) sLEid EF#IkITEI 100 nLRBA
¥EERFRETHE (hAMSCs) 1555 EBERAIIMNLR (9.5x10"4N/mL), REHITREXEERE. BPE1/T-40MBFLHIRA50 pm, 5217~
100 MEFELBIR 920 pmo BEFLFIIENMAERT ETHXE, BESLMENHARZESRS. BREXE.

Note: The sham operation group (Sham) only exposed the middle cerebral artery without electrocoagulation of the vessel; the model
group (MCAO) used high-frequency surgical forceps to electrocoagulate the middle cerebral artery at a power of 8 W; the model + normal
saline group (MCAO+NaCl) first injected 100 wL of normal saline through the tail vein, and then performed electrocoagulation modeling;
the model + exosome group (MCAO+EXO) first injected 100 pL of exosomes (9.5x10" particles per mL) from the culture supernatant of
human amniotic mesenchymal stem cells (hAMSCs) through the tail vein, and then performed electrocoagulation modeling. The scale bar
of the x40 field of view in the first row of the figure is 50 pm, and the scale bar of the x100 field of view in the second row is 20 pm. The area
indicated by the black arrow is the region of cytoplasmic vacuolar degeneration, and the area indicated by the blue arrow is the region of
nuclear pyknosis and fragmentation.

B4 SHENRRELT R HERBMBHELMBAAES

Figure 4 HE staining of brain tissue sections from each group of mice to observe neuronal morphology
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F: AE, SROABRARPTHET (Fe”). AZE (MDA). RBMHER (total GSH). EMHEBHEAK (GSSG) MEREABHAK
(GSH, BDtotal GSHFIGSSGEEMEME) BEN . BRFARLE (Sham) REFEAMFsIbk, FHRME; BEE (MCAO) FHBMFEAR
BIASWINREBISEAM ANk, EE+EEBEKE (MCAO+NaCl) LB BEbEST 100 pL &K, AEHITBEEGE,; EE+INUEKAE
(MCAO+EXO) %ciBid BA#ikiTs 100 uL REAFEEBFREFME (hAMSCs) 57 EBERIOINBIK (9.5x10"4/mL), AREEHITEEEE
. BHNEE8R, ™P>0.05, *P<0.01, *P<0.001, **P<0.00010

Note: A-E, Contents of Fe’", malondialdehyde (MDA) , total glutathione (total GSH) , oxidized glutathione (GSSG) , and reduced
glutathione (GSH) in the brains of mice from each group. Reduced GSH was calculated as the difference between the contents of total
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GSH and GSSG. The sham operation group (Sham) only exposed the middle cerebral artery without electrocoagulation of the vessel; the
model group (MCAQ) used high-frequency surgical forceps to electrocoagulate the middle cerebral artery at a power of 8 W; the model +
normal saline group (MCAO+NaCl) first injected 100 wL of normal saline through the tail vein, and then performed electrocoagulation
modeling; the model + exosome group (MCAO+EXO) first injected 100 pL of exosomes (9.5x10" particles per mL) from the culture
supernatant of human amniotic mesenchymal stem cells (hAMSCs) through the tail vein, and then performed electrocoagulation
modeling. There were eight mice in each group. P >0.05, *P<0.01, " P<0.001, ***P<0.000 1.

E5 ZA/FIKALEH Fe” MDA total GSH.GSSG H1GSH A EMHELL BiZDIHER

Figure 5 Microcolorimetric assays of Fe**, MDA, total GSH, GSSG and GSH contents in the brains of each group of mice
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GPX4F1GAPDHHERRENTLERE . BRFARE (Sham) REB APk, FBRME,; HEE (MCAO) EABMFRELUSWIIZREB
APk, EE+EIBEIKA (MCAO+NaCl) SEiEid Ef#ikiEss 100 pL £ EHK, RAEHTREZER,; BE+IMNUEREA (MCAO+
EXO) %ci@id AR5 100 pLRE AEEEFRETHI (hAMSCs) 15 EBERIINBE (9.5x10"1N/mL), REHITBEXER. SHN
R&8R, *P<0.05, *P<0.01, *P<0.001, **P<0.0001,
Note: A-C, mRNA transcription levels of nuclear factor-erythroid 2-related factor 2 (NRF2), solute carrier family 7 member 11 (SLC7A11) ,
and glutathione peroxidase 4 (GPX4) in the brains of mice from each group. D-F, Relative protein expression levels of NRF2, SLC7AT11, and
GPX4 in the brains of mice from each group. G, Western blotting images of NRF2, SLC7A11, GPX4, and GAPDH. The sham operation group
(Sham) only exposed the middle cerebral artery without electrocoagulation of the vessel; the model group (MCAQ) used high-frequency
surgical forceps to electrocoagulate the middle cerebral artery at a power of 8 W; the model + normal saline group (MCAO+NaCl) first
injected 100 wL of normal saline through the tail vein, and then performed electrocoagulation modeling; the model + exosome group
(MCAO+EXO) first injected 100 L of exosomes (9.5x10" particles per mL) from the culture supernatant of human amniotic mesenchymal
stem cells (hAMSCs) through the tail vein, and then performed electrocoagulation modeling. There were eight mice in each group. *P<
0.05, *P<0.01, " P<0.001, ***P<0.000 1.
El6 &H/FINALTH NRF2.SLC7A11.GPX4 mRNA R E B RIE M 2 Hr4E
Figure 6 Detection and analysis of MRNA and protein expression of NRF2, SLC7A11 and GPX4 in the brains of each group

of mice

T-FH 8k Fe*. MDA, total GSH. GSSG. GSH f{4; G RSB AT T, i IS & i [ 5% p 22 467
B, 459 % P MCAO+EXO 4 /N8 bk g fxdH & RIS TIMNBMR T B R T 20 H A KN, EiEY)

MCAO BARUNRAR AL T B . H—Pra 7l DEONIENE, VIR g, PRl s /41 sh

HIEFFEE R, NRF2/SLCTA11/GPX4 i 48 A1 i TS
Al AR IMIMA R AR BN I B R A

SMIR R — 2K E AR 2 30~150 nm (R4 L S 8 16
AR T Z MY, AIMSCs, MIZT4H. e

YA K2 iPSCs & o B I BYSMIMA 73 85 75 5 AL 175 e i
O HEMEEL, REVTTRE. RAFHRREIE K
RERAESS o ARSI BRIEA 7 B R EEA
ME|Z 4L EFEhAMSCs MY BE BRI, R

PERAAAE RS HEFHZE L DU 0.22 wm BERR, ANMSGRIET
TrEEMAE, WOAE TN SEEE T, b
FREHEIE S KBS SRR . [, T
MCAO BRI MEE, MR TG P, ARIfFR
KA T EEEREN AL, SR DME NRE,
LR A RN BB T, ASsZim i N sk At 73 37
FRUE R R IR R AR FESE . A B i & sk
BAHR/NRFEEREY, 5248 Longa P53 J2 TTC %



30 LIS R SELE E S Laboratory Animal and Comparative Medicine

Feb. 2026, 46(1)

o — PR T IRERE R

Longa f& DNREBHRIT53 7T F T MCAO B YT fF5
/N T RE IR REFE B PR o ARHIF 584 B MCAO+
EXO /N Longa P43 i 3 I MCAO 4 /N FR, 2
" MCAO+EXO A/NRATIZ 3N BE SIS M T S 152
TENE,

TTC G e m] 0 7E Ao 20 2R A FEARFR o ARBIF 55 K& B
MCAO+EXO 2H /N BRI A 8 AR FA o bR 2 I MCAO
4, RN AT HIE R S A0S0, s ik
VLR o HSE50 H A 2D ¥F MCAO+EXO AH /N KR
Longa 1%43H1 TTC YA FEAATH 5 MCAO 4H/ N FEEL 2
SN, XA HE S MCAO &R F AR BB U/INE
SN 2R () 5 A AR MR R 22 55« I ™ R
EENBRMEREREEGR. FEMATRATGET K
AR, DB BIRRZATSLIGAS R T

AR FRIE I HE Gt i g 1 I AT 8 X 2 40
A, &REM: HET MCAO /N, MCAO+
EXO 4/NRA S M LEIE e R, AHHOAZ K T
HAiF4afarho, sh&onHp | R% . 855, [EHEH
(IR A TR N, AU SES RE, JNbE
FH AT MCAO FHL /N R 2 AT RS

Fe?*. MDA, total GSH. GSSG F1GSH 2 ekt
TR H FHERR . ARBFFEAIL, MCAO+EXO 4H/NER Y
total GSH & EAHE T MCAO 4/NFRUE ZE T, #Ell ==
EH 2RI total GSH &% . MCAO+EXO ZH/)
FRAZAHA AN GSSC AR MCAO AL B E £ R, AlfE
JE L2 SN T-FAIME T GSSG i J5 LUEHT A AL R
fio MCAO+EXO /NN ZH R Fe* AIMDA & 8 5 3%
T MCAOZH, FRAFYMLA AT I AXAE S [ A B &4
FERFET 1 AR

NRF2 240N B E S G s K 7. NRF2 @
i SHEAM R TS E, RE SRR ARER T
NAD (P) H: BSA IR TR B 1. 2 Bt E K& s BE 8 (T
FEAATTEA R A R A G 1 B9 5%, fEskifl i
R 5 A AR A A E R 2, NRF2 0%
[& AT IE AR ST ZRAR AR At ATP FEVEFINE IR Dy RE
AR, AR MR R AZ NG M 2. SLCTALL 2 Xe
BB AER Y, TRy N = IR L R S Amia A
e BRI M 5 4% GSH B & . GPX4 DL GSH ok
HF, AEfL4ai N L-O0H &5 h L-OH, Z4H A
BEMPIANEE. EAEFMENAFR, a4
FSLCTALL, GPX4 %A B, AR 1E4AMIPN ROSFTRER
HAIHIRRAET., i AR MR 5 2> ARHESE

fEmRNA. EHWRDKELFB A, MCAO+EXO4AH
] NRF2. SLC7Al11, GPX4 RBAKEH EEH T
MCAO 4, FRHA AN b AT 8 i 3% NRF2/SLCTA11/
GPX4 s, /D> MCAO B/ N I AR ERBET

AR ERE, WARERAF L AERIFE MG
ARG R (EEGE . MIREERGE. BE
257) SERZ NI MA T I fe 2 A L HR 5 97 R 52 R
B EANLHI, ARSI A 4R FE T 2 A
BREST (WmicroRNA), XEEBJERFEEER AH T

i bR, AREFFIESE T /E/NR MCAO f A
JE i Bk 5 hAMSCs SRS SN AR AT 2238 /N FRiZ 30 2
BE, J/INRESEIAR, 4B MAAIRER, RIS
EALPT x2S 0 b NG I O St 75 N A N B G S O O
NRF2/SLC7A11/GPX4 i@B#%, /> MCAO #7Y /\ R AG i
ZAMMIERIET. . AN FTES SR AT REN 45 Fa b I ik 22 o
][ REUR g e a3 e

[EZ{CIEEHP Medical Ethics Statement]

AR PRSP IR I EBE REXRZWEHEERCE
HBEZRSEEE (S :2023-118-01), FFEXLIITEE
B ESLEMIEREERAERHT, BE(IT R ER
FZO) (ZRz¥ BRCEFHERE ™) (GB/T 35892—
2018) %,

All animal experiments in this study were reviewed and
approved by the Ethics Committee of Xinhua Hospital
Affiliated to Dalian University (Approval No. 2023-118-01).
All  experimental procedures were performed in
accordance with the requirements of laws and regulations
in China related to laboratory animals, including the
Regulations on the Administration of Laboratory Animals,
Guidelines for Ethical Review of Laboratory Animal Welfare
(GB/T 35892—2018), and so on.

[¥E& =ik Author Contribution]
BEERENYLR BRERICEH;
FREDRLWHIBRN;

M RELIEEIED
RBERELRIRIT,
FHRORIREESIES;

HEXZMBEESERIEX&REET.

[#I2575 B Declaration of Interest]
FrEFENFEBEAXY A EEAN DR,

[& % 3k References]

[11 ZHU Z B, SHI M Y, YU Q, et al. Burden and risk factors of
stroke worldwide and in China: An analysis from the Global
Burden of Disease Study 2021[J]. Chin Med J (Engl), 2025,138
(20):2588-2595. DOI: 10.1097/CM9.0000000000003778.

[21 GREEN T L, MCNAIR N D, HINKLE J L, et al. Care of the



Feb. 2026, 46(1)

LR ENM S E S Laboratory Animal and Comparative Medicine 31

3]

4]

3]

(6]

(7]

8]

19]

(al

m

(12

[13]

(14

[15]

(16l

patient with acute ischemic stroke (posthyperacute and
prehospital discharge): update to 2009 comprehensive
nursing care scientific statement: a scientific statement from
the American heart association[J]. Stroke, 2021, 52(5): e179-
e197. DOI:10.1161/STR.0000000000000357.

QIN C, YANG S, CHU Y H, et al. Signaling pathways involved
in ischemic stroke: molecular mechanisms and therapeutic
interventions[J]. Signal Transduct Target Ther, 2022, 7(1): 215.
DOI:10.1038/s41392-022-01064-1.

TUO Q Z, LEI P. Ferroptosis in ischemic stroke: Animal
models and mechanisms[J]. Zool Res, 2024, 45(6):1235-1248.
DOI:10.24272/j.issn.2095-8137.2024.239.

ZHANG Y F, LU X Y, TAI B, et al. Ferroptosis and its
multifaceted roles in cerebral stroke[J]. Front Cell Neurosci,
2021, 15:615372. DOI: 10.3389/fncel.2021.615372.

JIANG X J, STOCKWELL B R, CONRAD M. Ferroptosis:
mechanisms, biology and role in disease[J]. Nat Rev Mol Cell
Biol, 2021, 22(4):266-282. DOI:10.1038/s41580-020-00324-8.
YANG Y P, NICOL C J B, CHIANG M C. A review of the
neuroprotective properties of exosomes derived from stem
cells and exosome-coated nanoparticles for treating
neurodegenerative diseases and stroke[J]. Int J Mol Sci, 2025,
26(8):3915. DOI: 10.3390/ijms26083915.

SONG Y, ZHANG T, SHI P, et al. Exosomes derived from
human amniotic mesenchymal promotes
angiogenesis in hUVECs by delivering novel miRNA N-194[J].
Mol Med, 2025, 31:173. DOI:10.1186/s10020-025-01192-8.

SUN J, YUAN Q, GUO L,et al. Brain microvascular endothelial
cell-derived exosomes protect neurons from

stem cells

ischemia-
reperfusion injury in mice[J]. Pharmaceuticals (Basel), 2022, 15
(10):1287. DOI:10.3390/ph15101287.

QIN J, ZHOU L, YU L, et al. Exosomes derived from HUVECs
alleviate ischemia-reperfusion induced inflammation in
neural cells by upregulating KLF14 expression[J]. Front
Pharmacol, 2024, 15: 1365928. DOI: 10.3389/fphar. 2024.
1365928.

CHEN Y X, LI B F, QUAN J, et al. Inhibition of ferroptosis by
mesenchymal stem cell-derived exosomes in acute spinal
cord injury: role of Nrf2/GCH1/BH4 axis[J]. Neurospine, 2024,
21(2):642-655. DOI:10.14245/ns.2448038.019.

LI X, ZHANG X, LIU Y J, et al. Exosomes derived from
mesenchyml
deprivation/reoxygenation-induced
transferring microRNA-194 and targeting Bachl[J]. Tissue
Cell, 2021, 73:101651. DOI:10.1016/j.tice.2021.101651.

HUO S Z, SHI P, PANG X N. Culture and identification of
human amniotic mesenchymal stem cells[J]. Chin Med Sci J,
25(4):211-214. DOI: 10.1016/s1001-9294(11)60004-7.

WANG M M, BAI'Y, CHI H T, et al. miR-451 protects against
ischemic stroke by targeting Phd3[J]. Exp Neurol, 2021, 343:
113777. DOI:10.1016/j.expneurol.2021.113777.

LONGA E Z, WEINSTEIN P R, CARLSON S, et al. Reversible
middle cerebral artery occlusion without craniectomy in rats
[J]. Stroke, 1989, 20(1): 84-91. DOI: 10.1161/01.str.20.1.84.

SWANSON R A, MORTON M T, TSAO-WU G, et al. A

stem cells ameliorate oxygen-glucose

neuronal injury via

(17]

[18]

(19

(20]

(21]

(22]

(23]

(24]

(23]

semiautomated method for measuring brain infarct volume
[J]. J Cereb Blood Flow Metab, 1990, 10(2): 290-293. DOI:
10.1038/jcbfm.1990.47.
LI C, LUO Y P, LI S G, et al. Mechanistic insights of neuronal
death and neuroprotective therapeutic approaches in stroke
[JI. Neural Regen Res, 2025, 21(3):869-886. DOI:10.4103/NRR.
NRR-D-24-01324.
TANG D L, CHEN X, KANG R, et al. Ferroptosis: molecular
mechanisms and health implications[J]. Cell Res, 2021, 31(2):
107-125. DOI:10.1038/541422-020-00441-1.
SHEN K, WANG X J, WANG Y W, et al. miR-125b-5p in adipose
derived stem cells exosome alleviates pulmonary
microvascular endothelial cells ferroptosis via Keap1/Nrf2/
GPX4 in sepsis lung injury[J]. Redox Biol, 2023, 62:102655. DOI:
10.1016/j.redox.2023.102655.
LINFY, CHEN WY, ZHOU J H, et al. Mesenchymal stem cells
protect against ferroptosis via exosome-mediated
stabilization of SLC7A11 in acute liver injury[J]. Cell Death Dis,
2022, 13(3):271. DOI:10.1038/s41419-022-04708-w.
MR, B, BB, & . e iR KR AR o0 Bk ik R MR 2 A9
TN B EDRV]. TR SHREZ, 2013, 33(5): 339-346.
DOI: 10.3969/j.issn.1674-5817.2013.05.003.
XING F Y, ZHOU Y, MA Z W, et al. Preliminary study for
evaluation system of rat permanent cerebral artery occlusion
model by intraluminal suture method[J]. Lab Anim Comp
Med, 2013, 33(5): 339-346. DOI: 10.3969/j.issn.1674-5817.2013.
05.003.
SUN Y, YANG X, XU L, et al. The role of Nrf2 in relieving
cerebral ischemia-reperfusion injury[J]. Curr Neuropharmacol,
2023, 21(6): 1405-1420. DOI: 10.2174/1570159X2166622112910
0308.
VILLAVICENCIO-TEJO F, OLESEN M A, ARANGUIZ A, et al.
Activation of the Nrf2 pathway prevents mitochondrial
dysfunction induced by caspase-3 cleaved Tau: implications
for Alzheimer's disease[J]. Antioxidants (Basel), 2022,11(3):515.
DOI:10.3390/antiox11030515.
LIU H, ZHANG T A, ZHANG W Y, et al. Rhein attenuates
cerebral ischemia-reperfusion injury wvia inhibition of
ferroptosis through NRF2/SLC7A11/GPX4 pathway[J]. Exp
Neurol, 2023, 369:114541. DOI:10.1016/j.expneurol.2023.114541.
FU C, WU Y F, LIU S J, et al. Rehmannioside A improves
cognitive impairment and alleviates ferroptosis via activating
PI3K/AKT/Nrf2 and SLC7A11/GPX4 signaling pathway after
ischemialJ]. J Ethnopharmacol, 2022, 289:115021. DOI:10.1016/
jjep.2022.115021.

(W k5 HHE:2025-03-04 {&[EHER:2025-06-13 )

(B REE KRE, PFR)

[BIAAX]

Rty ERF, M, F. SNLAREIE NRF2/SLCTATI/GPX4 BB AR
BRILTAT /AN BRI MR 2 TR [J]. SRR Eh Y SR E S, 2026, 46(1):
20-31. DOI: 10.12300/j.issn.1674-5817.2025.034.

XU YT, WANG M M, LIN P, et al. Exosomes treat ischemic stroke
by regulation of ferroptosis through the NRF2/SLC7A11/GPX4
pathway in mice[J]. Lab Anim Comp Med, 2026, 46(1): 20-31. DOI:
10.12300/j.issn.1674-5817.2025.034.



