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Abstract

BACKGROUND: Human umbilical cord mesenchymal stem cell-derived exosomes were found to be effective in promoting neural repair in spinal cord injury.
OBIJECTIVE: To investigate whether exosomes derived from human umbilical cord mesenchymal stem cells are able to attenuate neuroinflammation and
promote recovery of motor function by promoting polarization of microglia toward the M2 type.

METHODS: Totally 48 SD rats were randomly divided into a sham operation group, a model group, and an exosome group (n=16 per group). A rat spinal cord
injury model was established using the modified Allen method. The exosome group was injected with 20 pL of human umbilical cord mesenchymal stem cell-
derived exosomes intrathecally via neuroendoscopy 24 hours after injury. At 3, 7, 14, and 21 days after modeling, the recovery of the motor function of the
hind limbs of the rats was assessed by BBB scoring method combined with Rivlin’s slant plate test. The damage of spinal cord tissues was detected by using
hematoxylin-eosin staining and Nissl staining. The expression levels of brain-derived neurotrophic factor and vascular endothelial growth factor A proteins
were detected by western blot assay. The expression proportion of M1-type markers (inducible nitric oxide synthase) and M2 markers (arginase-1) in the spinal
cord tissues was detected by immunofluorescence method. gRT-PCR and western blot assay were used to detect the expression levels of inducible nitric oxide
synthase and arginase-1 in spinal cord tissues. ELISA was utilized to detect the levels of pro-inflammatory factors (tumor necrosis factor a, interleukin 1B, and

interleukin 6) and anti-inflammatory factors (interleukin 10) levels in spinal cord tissues.

RESULTS AND CONCLUSION: (1) At 3, 7, and 14 days postoperatively, the BBB scores of the exosome group were better than those of the model group (P

< 0.05). The angles of the Rivlin slanting plate experiments of the exosome group were significantly higher than those of the model group at 7 and 14 days
postoperatively (P < 0.05). The results of hematoxylin-eosin staining and Nissl staining indicated that the spinal cord tissues and nerve injuries of the exosome
group were reduced in comparison with those of the model group, and the levels of brain-derived neurotrophic factor and vascular endothelial growth

factor A in spinal cord tissues of the exosome group were higher than those in the model group at 7 days postoperatively (P < 0.05). (2) Immunofluorescence
experiments showed that the number of inducible nitric oxide synthase-positive microglial cells in the lesion area of the exosome group was significantly
reduced and the level of Argl-positive microglial cells increased in the lesion area of the exosome group compared with the model group at 7 days
postoperatively (P < 0.05). gRT-PCR and western blot assay also confirmed the results of immunofluorescence experiments. (3) The secretion of pro-
inflammatory factors tumor necrosis factor a, interleukin 1B, and interleukin 6 in spinal cord tissues of the exosome group was reduced compared with the
model group (P < 0.05), whereas the secretion of the inflammation-suppressing factor interleukin 10 was increased compared with the model group (P < 0.05).
These findings conclude that human umbilical cord mesenchymal stem cell-derived exosomes could promote the polarization of microglial cells from the M1 to
the M2 type and decrease the release of pro-inflammatory factors, thereby reducing the secondary damage of neuroinflammation in spinal cord injury.
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1 #EF153%E Materials and methods
1.1 3kt BENLSHESI SR, ZH IR LR R A B R R Ty
ZorHT.
1.2 B RE SZIGT 2023 4F 3 ) & 2024 4F 3 HAEWT
SRR ALK 22 B P S 0 5E B
1.3
131 sE¥EhY METE SD K R 48 ., 6-8 A #4, SPF
9, PR E (220£20) g, KW TR BRI RN K B
L, VR AR 5: SYXK( 1 ) 2016-0002, Hff 5t 77 % & @
M EEER KF MR R Sd i, FHitm SN
IACUC-20230321-07, Sizie ik R a8 1 [ Bim 55 12 5 G 5
2 CRT it B 5 AR R W AE 5 fr w250 AiAHE & [H
FiEM . LI BVIERE T AT A MFEAR, HEKR
o5 bR P . R FAET .
1.3.2 SREGANM NG B 78 5T 40 M) B 7 a8 G 28
AEMBHEERTTE AR, 2R AR K& = R0 sk
B A AT G bRt o
1.3.3 SEIGAC B AR COo, fH IR 1% IR 4 (35 | Thermo
Fisher, HERAcell240i); -80 ‘CHEKIRIKAA ( H E A AESESE,
DW-HL388); ikt =y B0 #/L ( #[E Eppendorf, 5430R);
JEH I BSCoHL ( 45 [E] Beckman, Avanti XE-100); HL¥KAX (3%
BIO RAD, 164-5050); #E/i% %1% % % ( 2% [ BIO RAD,
ChemiDoc MP); VI #L (#EE SR~ A R, RM2235); HE)
TE IR A (B AE R 4ERF B, TK-212); (5] 5 % W e
( H A OLYMPUS, 1X73); %% % & PCR X ( 2 [ Thermo
Fisher, QuantStudio 5); i #r X ( 3¢ [E Thermo Fisher,
MultiskanGo); i £ N 5i ( B Ak &7, QK III-16090); [k
T E FR I TPk (NI =8, 25699-1-AP); L& W
FAERKEF APk (B0 =%, 19003-1-AP); 558 —4
WREEEHUAR (I =T, 22226-1-AP) K2 IREE 1 Hi4K (X
W =J%&, 16001-1-AP); GAPDH #ifA ( BiiX = /&, 10494-1-
AP); B-Actin Hiifk ( X =¥, 20536-1-AP).
1.4 7 E
1.4.1 Nt 5] 78 4 B S s A/ WA 1 () 4 e

(1) Jo &b s A I 3 1) ) & IR AR I TE AE 4 C
120 000xg B> 17 h, JGFMiED N 2 )2 KEEGAIF
MIERIRE B GOE, BERANMER Mg, Mo
W FE s, BT 4 CUKFEHIRAT

(PR MR M TN E -3 O = AW i - T w0}
T T75 BE RN 3G 7%, Rt fh & 28 3 70% i, $
B R Ar B 10% Jo A AR (LI ) DMEM £ 77 1 4k 4 1 75
48 h, WCEANMEEFREL i, BT -80 CUkH IR A7

(3) M IA PR ] 2% (B B 0E): O FD IR 2
() EISCE Tk ERbtk: @4 °C. 2 000xg &> 10 min,
0 F3%: 4 °C. 10 000xg 5.0 30 min, 2[R 40 ju % F,

WG EREHRNEOEf; 34 C. 100 000xg &0
W2 biE, BUTHE, 19 BUTIE F 2SNk
MFHEE; @\ PBS 4T, 4 ‘C. 140 000xg &5 >
90 min, Wik BiE, BHUHE, V8L 23, SRIMUTERN
AMIAMA BN 100 uL PBS, B T--80 CHBAR IR K AE T 7A7 »
1.4.2 NJBFaT 8] 78 07 T4 MR ORI 4 (1) 45 5

(1) JEH B EE: FHR VAR T X 20 L AR s 4 B ik
TN E AR R, UTUE 2 min J5, EHIEARNRE 2
IR SR 5, FEA R E 0 10 pL 2% BEES R AW,
i TRt 2 ming fEER T TR 10 min J5, AW,
{5 FH 200 kv W22 HL g AT 40 R, BIVR] SR A A0 A A 1) 3 S
RS

(2) Ki42 4 #r: HL 10 ub A0 W A 4% i, FH PBS i B¢
%230 plo T S AE FH AR A b R AT 90K UK IE R 43 AT 1
Rk, ORI RS B T. HelhiakE, &
HMUAMAFE AT BRERRRE, DLk R AR SRR ST . £
FE R I 58 B S5, B RT 3R 15 A1 WA 4 19 R 478 43 AT AR JiE
= E‘o

(3) Western blot ¥l CD63. TSG-101. Alix [{j3ik: HL
50 WL ZRIAMA I I SRR IR RIPA R, FEUK EdkAT
ZUR, S min T 1R, 2L 50 min, BSL S B EIE,
RIAsM A SR, ¥ NMEAERAITER &S,
i 5 SxLoadingBuffer & & DL AH R B 5, 100 °C 2
10 min, #3£47 SDS HE% HLPK 5 %% %8 PVDF I, PR ) P i
F 30 min, B CD63(1 : 1000)., TSG-101(1 : 3 000).
Alix(1 : 20000), GAPDH(1 : 20000) —#i, 4 ‘CiE it #,
2 K IXTBST ¥ 3 K, HFK 10 min, JOAAHMN 41 (1 -
25000), Z=JEHFE 1 h, 1xTBST % 3 ¥k, 4K 10 min, i
1T ECL 50, . [T Image J FAF AT S5 Ak 38
Kortfr, S5 RUNH BB AKEAE [ NS KEEER,
i GraphPad Prism 9 47 A #AL 7 o
1.43 RECHBEBOIEALHIIE &4 K SD K BEHL
FRFARM R TSN AR, 4l 16 K. 1% % E
L Z NI R IR S, 7E T B S8 & A U1 K
JoR e B R, SRR ToTy [ 3 AR . fRFIAFIE E R T,
TR A e RN, Ty BRI AL T-rh STAL, 1T Ty BRI [r) S AN,
X 3 AR AESAE — A AR E AL bR & (B 1A). 7
AN NBEEAT 5 SR8 R, 8 /R R B Ty R,
FEH G B PRAL To MR . 7E Ty PR SR AL B P AN/
W 5 BT I8 T HES AR, PR/ A AT B BTGk 1 4k
PIMERR, ¥ @R AR s FIRIT a8, &AM
N B RS RO Ty MR, 7840 Bk H AR BEBL Tool
1B, C). K 1 mm EH ) M b AE A B L (& 1D), H
H #9747 7 Ty BOHBE (30 g, 2.5cm), FTdirh&EA
75 g/cm, JRORFRVEIREHEEE 55, HEH RERII A (

90 min,
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1E-1). BFRH: BEERHGNESTID, SEHALTE,
BERYLH . B ER A BEfG @ K RERER A, BN vE ST
20 L PBS. AMMARZH: 550 B )5 i r K R RER 5,
H45 24 h JEEE TS 20 pL A (8] 78 5 T 4 M R Y5 A1k
4 (1.3 ug/uL).

144 RE¥#H FARERKBEEFE, PibossH,
3 DA RIURIEEE 13k, 4T 10 1 U BE &= REES,
gz 3d, NTHBMER, ®H 3 K.

145 KR#ZIIREW HiEREH 1, 3, 7, 14, 21
K, K&K R HEAT BBB PE4r P2, DABhAS WL 4% 4K
JG IS B ThRE MR 1L o SIS IR B AR RF 22 %, kN2,
DR DX 3O8 — AT P X 3, DU T s K R iz
BNE B R BRLE B I X T 4 Ao VP 78 K X 3 A B PR
B e, DLENIES. B3 &ML S T R oK
SR f0 BBB Y4y, SZUGE ASAIBE A ALIE I, MK RS B
EENRA (B 2), s R =5 FME.

1.4.6 Rivlin RHSCLS fESHIGEE 3, 7, 14, 21 K, X
F K RIEAT Riviin RHRSEE,  PLVPAL & 4K UG 2 3)
Dfie BE I a) i) A8 4k o S B8R FH A FE T R R, W46 A
FERE N 0, RIS -FAT. K KR E T A Riviin BHK
b, WRORFC DY AR T, JF AR B HIESh. 218N
TR f R, ARG 5°, B & KRR TSIk 4k S 4 R B ik
Fag IR AR, e KRB MR KMAE. BHK
REE MR 3 7, B3 AR K FH41E .

147 FiAHKE - g GRS 3, 7, 14, 21 KKK
JEALFE KSR, BRI TR SRR 4 OB, BURGER AL 1.0-
2.0 cm HHET BN E T 40 g/L Z R W RIEHEE. &
RIS, KEBEHAYI A (R 5 um) DAfF
Jetty, R OKRBENLIER 3 5k U1 A, $RBBIFAKS - frar
Ge IR0 BREAT Be . SLTIUBE T LS A5 73 30 A6 1R JiE ot IX
230 SR IR LR T s o

148 JBIRYE RAPER 147 hissHa T U A, X%
YUERRA L) AT e IR, ISR & U T A A
IYAT, TR 5 AR TE I Th REIRAS AT VAL . J8 IR
7k BB T Y s 2 on A b 0 IRP R (T N
JR ), XA BT PR T R S5 e B AN S L

1.4.9 Western blot £l %18 1.4.2 3K Western blot
GRS 55 3, 7, 14, 21 RIS H KR EBHLR T
MR PR 8 IR R - I N AR KR A R BRI,
EH —PU R LL B I s MR M 8 7R 7 (1
1000). MW EAEKE T A1 © 6000). 2 GAPDH (1 :
20 000); >KHH Western blot il i 15 /5 55 7 R &4 K B
BHEALATIE SN A A G, KMERE 1 EARE,
i —Pr L RE LB T 15 58— S E A B (1 500).
FEEeHE 1 (1 @ 20000). Y2 B-Actin(1 : 8000).
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1.4.10 G ekl K aEZH 2 H 40 g/L 2 J W g [
JE 24 h, B JEERERER MK, K S F UK D) L
VIR FE N 20 um BFESEY) v, FER) v i 0 8 7k 3
WFeES A B Yl =ik TS, {8 0.3% Triton X-100
FEACH R 30 min, SRR 73 H 10% 1EH L =F LS )
PBS fE =i & MAAERF I G 1 h, FEEIRIKIEE
—P(FFH -EMEEE. HEARE 1K), 4 CH
HidA. H, A PBS BRIV 3k, IR 5 min, SR
S o3 B B N I e kRe T, =R N ELE 1 h,
FRCH PBS Wi V) fr 3 Ik, HEIR 5 min, FH % DAPI 47
PEICVE KL, A LB B AT R . SRIR %
B B DR AR R 2O R A5 5.

1.4.11 gRT-PCR KGN J&ERIE3E 3, 7, 14, 21 K, MR
HHEH PR RNA, {5 Trizol 575144 & 1l it 5 1) 14 BH
AT ERAE. $RHUY) RNA B i@ ik NanoDrop 730t 5% FE 1A
W46 R A . K5 500 ng 2 RNA S #4555 54 cDNA, i ] )
SN S A IR G R Y U B AT R A . PSS, A SYBR
Green Master Mix 7E 96 FLii 34T qRT-PCR [, BFMFEA
WAL 3NEE . qRT-PCR [ BMAR R E N 20 ul, A7 2 uL
cDNA # 4. 10 pL SYBR Green Master Mix. 0.4 ulL Fi [A] 5] 4
(10 pmol/L). 0.4 uL Jz 17514 (10 umol/L) BA K% 7.2 ul JeAZ iz g
7Ko PCR JZMAE ABI 7500 TRIE T E & PCRAX FiAT, M
25A1: 95 CHALTE 2 min, #3540 MEIAT) 95 ‘CAEME 15,
60 “CIE KAEAH 30 s, KR 2 Jiikit AT oobr,
GAPDH 1E NS . S EERMNZ 5751 3k 1.

®1 | SEEMAS5 955

Table 1 | Sequences of each gene and internal reference primers

HE A 1975 (5-3')
GAPDH-F CTG GAG AAA CCT GCC AAG TAT G
GAPDH-R GGT GGA AGA ATG GGA GTT GCT

FRH AR AW F
FRH-HR A R
R = b 1-F
R 2 Bl 1R

CTT GGA GCG AGTTGTGGATTG T
GGT AGT GAT GTC CAG GAAGTAGGT G
CAA GCC AAA GCC CAT AGA GAT TA
CAC CAG GCCAGCTTTCCTTAAT

1412 EUSA RGN ERISSES 3, 7, 14, 21K, H KRR
B8 42350 J T 48 P RIPA 2R VR Al AR I B T,
W 100 uL & SN 8 E bR AE n BOREAS B TN 96
FLELUSA MR, MAHWREINELE; MG, HHEKRES
() 45 4 7 s, 481 2 5% BSA ) PBS 7E 53R TR E 1 h;
F PBS P A AL 3 ¥k, 4K 5 min, Jil A\ 100 L fif 8 S8
JER T o H4EMEA 2R 1B H4IENM R 6. AN FR
10 —Hi (MR FE IR BAIERT W ), £ 4 CHEER: &
H, H PBS Bt L 3 ¥k, £FK 5 min, JiI A 100 pL /i
PP, fE=I NI E 1hy H PBS PRt AL 3 K,
AR5 min, I\ 100 uL TMB i 4% ¥, D% i A/ 10-
15 min, 2 5 A S NIk B FUH AR EE; @ n o 50 pL
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SRR AR, FFTE 450 nm i K TR A ARSI B
JEFEAE . ARGEbRUE 2R TH FREA R JERE R Tk o

15 EE2AMEMEAF OFHKBE B G L IhEET
o @QFARREMR LI R OFAKMEHMALIIA
K - trageta, Je RGPt R, @F A KREHEH L i
PHEMAERE . WENEEKETAEAERL: 6
FHRBRAERALAPH T — AR A B 2R 11
Fik; ©FYKRBBEAL AR T KT

1.6 %itFodr SEEEHEHLL xts Fon, f#H SPSS 20.0
BTG50 HT o 4HLIA] HEBER S R 25 77 22 43 BT (ANOVA),
FHE4T LSD £ E LR, RN EHT 255 R K, P<0.05
NESFH D EEE L.

2 58 Results

2.1 AR AT A RoRIN RS SR AT
F0 5T 4 R YR A A A R A0k A 3.5% 10 LY, Ak
PRIIRL BLAR K/ 100 nm A2 Ay, B ST HLEE N R AR,
rhEIIRE 5 N BT 18] 76 5 T4 et R A B, M IAAR )
5 T PEARIC ) CD63. TSG-101 Al Alix Fik & 2 THar, W& 3.
2.2 ZRFHMEE M FEFILGAN 48 A SD K, Bl
INBFARL.,. BERHFMIMNBAA (R4 16 X ). 7E5L5
IR, 54K R 4 R B 1R S50 7 SR AT AL BR AT LS,
Bk NG5SR

2.3 MZHEits KI5 1, 3, 7, 14, 21d 347 BBB 147,
BRYAH | AR 356 AN R RE B 1) J5 B2 B Dh e g, 76
RJ5G 3,7, 14 d, Sk BBB Y/ 14 /& T HE AL 4 (P < 0.05),
L 4.

2.4 Rivlin #Hh L3025 R 4K RURET Riviin BHSEER
N 55°, AEEMGE 1, 3, 21 d BB A ANK R ZH Riviin
R Szt &k 2 R o i S R L (P> 0.05), {E7dAfil14d
BF A AR 4 Riviin SRR A 5 35 v T 15541 4H (P < 0.05), UL 5.
GERRM: SNMAAK RS ROE 3 iR B3 O, (HEEE
IR RE G, RORIBHTRES, 14 d J5 7 IN5RIaTT .

2.5 HAM -FLEELR CHRENULEE 3K, BIEHA
ANIA AR 2 J2 I 23 IR R IR L T RRARABL, - 8 47 ) 5
7 R, IEHE BRI UL 5 X I A AT DU 5% 3 K & )
P2 UM, B A BN SIRMRRALSIE K. Mtk
T, BRAZ T B T KRERIRALR, AT
RIGIRFE X IR 174 IS A 2H fih 22 T 1) B0 B AH A 1
I, SRAEIX IR Z b, R, ILE 6.

26 RRFELR FHETIEE 3 RIS, BRI SMb A
MY, Mm%, ERuEnliEeE 7K,
BFARET WREIEF 3P E TG, AR H 24015
BN E, WX A& e i, ML, 4h
WERHBPZE TR T ERAAH, WE 7.

2.7 AL P RBRHEAZETRETF. 0F A KAKEF
A &G FA A T AR 48 7% R AL N
B AR R A B R &I TE) s SRR R v AR e, T 2 AN
AU AL A R ZH A3 R IR P R S TR R R R B
BT RRAR AR, (B AN AL i 5 1 A 28 R IR 7 BRI
RANG A 7, 21 RIS PAEEM S E 7N TR AL
RAFE G T 2 7 (P < 0.05); AL HEH 2 ML A
FAEKR T AR AREZIZEH A R, sk
T 52 I 50 T v e ek P 3 ELPE 28 7 R I PR AL A Py
FAK T A B ARIKAFIEG S Z 5 (P<0.05), LA 8.
2.8 FFA —FA RSBl R BRBE 1 9 LR R AR E
B AR M ML AR AR L5 5 8 — A AL A A M2
MRS R IR 1 55 \bal HEAT W E G v e, Ll
VAl R RUA BB 97 )5 /N T 40 I AR AR AE o A 9 FTow,
BFEARUAFE S WA ST AR 1 REBD Hi
SE, AR FNAMIMARLE 2 18] Thad BH /NI 57 40 i ) 5 & 6
BEZER (P>0.05), SR, SHERAMLL, MBS
JE 5 7 RIRAR X3RN 75 5 2 — A A B T B /N IR o 41
R (P<0.01), TkEZEREG 1 FHAE/NK 5T 4 A i 35 1
(P <0.01). XEEZELRAT, HMMALL B G BRI 5 /D
B2 JR A PR PR ATE R R R R U L) B S 3 5omi, IF R
AN TRA IR M1 RS Sy M2 A,

2.9 QRT-PCR &M A A LR F 5574 — EUL R A Bt BB
B 1 AR eh A8 N TIRIEREE A S5 R, SR oRT-PCR
ST ML (SRS E AT ) 1 M2 (RS EIRER 1) 2
MRIETEN . I 10 s, SHEBAAEL, SMUMARLRE
AIREG 1 FENREHET &, FSFH SR AR E
LA, ZHBTELE 7 K HONIA .

2.10 Western blot #5444 40 22 F i A — Atk R B A
YR BB 1 &8 0 E3L K Western blot 6 15 & 15715
J& 7 d B % A B 2 5 5 2 — R A B RO R R
1EAMEIZL, FT gRT-PCR 4558, BTEARHAWFEG
RIEED Ao fae, SHEAAMLIL, FMBRIR IRE
1EARKHES S, B2 SN AEIEORIERFK,
DLE 11,

2.11 ELISA cAe | A-RE 4545 5 K2 B F 49 R3iA  ELISA V%
Rl g R B, fEAHIE 3, 7d R, SR ERE
ML P R 7 M A FER 1 o E4HEA 3R 1B A1 A
AR 6 B A kb, HZERA R EER XL
(P < 0.05); T4 4 Kl F A H A 35 10 43 b B A 28 20 D)
B, Z5AREMER L (P<0.05), H 14 d N 45 R AH kK,
FE R T AKCE L TF 5 (P < 0.05), TTRE & R 4 i 4k [
YR R ES O F AR B, B I (] R HERS, Ak
BTG PEZEWIR TS, S 14 R RAE bR A BT,
12,
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