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[ Abstract] Traumatic Brain Injury (TBI) is a severe neurological injury with an extremely complex
pathological mechanism, centrally characterized by abnormal activation of the immune microenvironment—
triggering persistent inflammatory responses that severely impair post-TBI repair processes. Immune cells and
their secreted inflammatory factors play a pivotal role in shaping and regulating the post-TBI immune
microenvironment. This paper aims to review recent research advances on the role of the immune
microenvironment in TBI, exploring its critical functions and association with disease prognosis, while
highlighting current limitations: how to precisely regulate macrophage polarization, maintain the dynamic balance
between pro- and anti-inflammatory effects, and modulate the temporal functional switching of inflammatory

factors. These insights provide new perspectives for TBI treatment from an immune regulation standpoint. Future
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research should prioritize developing targeted regulatory strategies for specific immune cell subsets, optimizing

stem cell transplantation for therapeutic purposes and addressing immune rejection, elucidating the synergistic

mechanisms of multi-component traditional Chinese medicine, and establishing biomarker-based personalized

treatment regimens.

[ Keywords ] Immune microenvironment; Traumatic brain injury; Inflammatory response; Microglia

P 1475 2 A BRI A B R T s e ) 2
JiH Z—, BEAERZAA 5 000 7 N # 32 i 143
P B 473 58 I R YT AR SCAT 2 285 [l R O
EORSH, ABRIT R A S T s A
i A0 05 i v R e 2 R G A S B IR P B A R
b, G BE 2L B Ak B JRAE SN AR A S i A vh A
AEAEH] . SAEBERIL, AUk e T 2%
ESNTRFEEI S, ELMELASE 40THIR , SXRh 5 19
TP TN g I N5 1 Jm D REVK A2 32 R 14 T
RN Z—P, ARk, B S M 2R
PR A, MCEIETEAUN A i Ak . KR AER
H S T T, 5T AR B S e R
S A UG B 5 BRI R R ) SR, O AT
AIBFTE PR . AR SCETE RGBT AR TARPE
RBEAE 47 A RO RIS BRI, i S e 240 M
e A S 00 G S A i B £ ) A O B FAE
SRR P PR IMLE, IR AR I RYA YT T
TER AR . RIS, AR SCHURE A8 S BTSSR R
P, RAM TS5 17

1 B e R e R R R A

FRUGE 03, S A0 B A T AL R RS 2 S S
IEEIE ) P IR 2 — o o 29 e /N I
YRR, ELMEANM . A0S S 4 i A5 i 5 2% A AH B
VEFH IR S AE S A 208 52 1 F20,

1.1 /NERRARE

ZIN 8 JET A LA Sy rh AR o 48 R e Y A A
JeL, 3 g e W ] PRI A A AL, BB R A
452 5 DX 5k 1 TR B 440 R 200 LA 9 [T /DN e S5
N AL A A% 3 ) SR T, AR O AP R b 22 B
FZ 0] 52 A A0 AE MU kA, /NI
O 0 61 % Ak RN ) R B A5 A b S B A2 2% P R )44
FAPE . A5 A DG oA R R AH OC A R AR Sy
W5, nT il & /0N o 4 DA R A 1)
PR HL AR o SR TE AL B T 25 5l
FIE AR S, L 5G TLR4 5 5 % . STING 15 538
% DL S NF-xB 3l #5736 £k 14 /0N e Jo 240 it 3l oof g
it TNF-o. IL-1p FlIL-6 2541 % Fl 7 &% CCL2 Fi
CCL3 %5 b K+, 7EW BRa 5 X S0 38R 43 T 18

BRI o SRAT, /NS 5 4 At 1 3 3% Ak ] R
S 2O LR 1 JE S R BFSE R, RREE R
P25 PR 1T 15 5 1 22 0 I SRR Ty RE B A AT AL AL 1
e, DR fk A AR R UR TS0 N TR AN M A 2
IR 55 18 ORI B L s DI ARG, X — el At o 20
i A5 S B R R B SR A B 0, i — 2 B
S, IR SE R B, TERI5 P 45 47 2
RIS A P e O IR A S K P A T R T
Ja AN R BV, A A, IL-4, IL-13 5%
20 L R - 5 /0 2 S5 A4 B 1T A I A2 AR EE A, O
STAT {5 5 18 %, 27k M2 BIAH G 35 K 40 K 2 iR
fitg 1. H @M Z AR FRIR, s /NI 5 4 i
TR M2 FERALARAS L AR, o B /) Jie 5t 41 it
FERI 3 S5 ShASTIREAR AL 19 2 F-HLAT, K AT &
TRYT AW P F E AR
1.2 B4

E WA AR R e R G T BN 5, AE
Xl 22 22 G5 1) S 3 W A RN ZH 406 5 1o i v R 4 6
YEF o MRRA6L43 J L I G o e 118 18 R (5 A1 ) 7 2 44
AT AIE RS S A5, T ) 1 5 5 200 A ) gt i
RN, HARRR 28 R G0 ) A0 B AR B T B R
fiE, A4k M1 BRI M2 RIS E 22 AL, M1 B
R OB TR R A (172 d e 1 ] P e 7 B = W ¢ XL
U R FE 0 B AR IR SE L SUR A E T, AR BT
FR G M 28 0 40 i 2 R S RE 2 g, 53k ke
P2 TS, 52 M, M2 R v A )
WPLAR AN N F A LU R N T, eI )5
HERRZ UG A FE ) WA I B AR S
Z R ZRH R, AR RO A . 4l
ML 2%, DL R 22388 AR . TL-4 R IL-13
SRS PR AN M K AT DA S M2 AR I 40 G 1)
1k, MilgZ B (Lipopolysaccharide, LPS) Fl+4
% -y (Interferon-y, IFN-y) Wi Fi% 5 M1 B E
Wik 2 B A 15 4L, TL-4/ IL-13 5 LPS/IFN-vy A] 5 i
STAT/NF-kB [ AH B4 il F1 52 14 3 38 B IR 4508 1 3l
AOVAl, e B EAN AR AL T 2 eAk, K
P28 22 G 1 R S8 PR, 5 T 5 4 1) )
PRASY iy 388 2 R 458 1 5 200 1 P DR 2 A 3
WG TS, S Y ETPR S A A, (HIHIG IR 1k



% % E 4 3L (Biomedical Transformation), 20254E12 H , 45635, 454 ?

TS TG 8 Z2 PR AR, A5 QDS iff 18 45 5 058 200 i 1
IRE, EFefE R SHURAEM -4, LN
o 5 R 0L S B X T 2 40 g IR o 45
1.3 TZHRaF0 B 4 A

A1 G2 240 R A PR 497 ) 1 TR S T
R R A B G E A {4, CD8™ T 4 BERE
CEEFLER RNEURL i B, X200 A B IR EAE
FH, X AT RE R G B 45 5 i el 24 s [WlimE, 3
SCRETEE bR AN M N s AR R VR, fE—E
R AR SR A 005 PR AR . 7E DR JC TR P AR E
Bt CD8" T L E 47 1 9 sk ml s e FL A &2 B 1
Sirbulescu FEPIWFFE &I, E UGB /)N BUBLEL 1 i
ST LU S 2 106 A B S HE NG B A AT
e/ NRIA I E e . 542 3h K 305 I T 40
ARFRE /N EL, 45T B A0RIA YT 19/ B 2 21 45
KPR 40% ~ 60%, FE— LR KD, S
[K ¥ 88 R IL-10 5 B 4fi jfd & #544 28 A 47 1 I % VI AH
X%, Wi = BERE N T 88 BB = TL-10 A LA/
FUrP Ak ) B 4i M S B OB 0L fS , 5K ST
AL A s/ NN AIY RE, I AR
fJ, T 40M Y B IR A R AR E ™, 25 1
T, A1 G A0 A U 05 ) 4 PR S e A
EHERE R ZH, FEIHIRA . BARHNITSE
7K — 5 2% B R 0 2%, LA B ol R At A g ok
PG 05 i B4 SR BE BN o A SR 1T 3 FH B 240 Al B
ARIRASAT T A0AAT B 40 LAE i i 46349 J Hh X fe 2%
TOREE A S Bt 48 s LA AN R BB B i 2
A FL
1.4 rRPERIZA A

TERZHAALA O, Pk 4 MR 98 0 20k
HE e B IR S B A . B R AR A JE SR AR A
SUBT B A A 5 53 AT DL S 4AR S5 rh Mk 4
ML, JFAE 24-48 hik B Ry, 78 P #h 248 R e
b, kLA M R K R E T 2 A TNF-an, 62
APLMEN . RRAEEON . MR ARrE
rh VR A ML AR R B, S SO A3 A AR 4 A 4
i, HSMERITHEMCAEF L, Ghozy S5
R, AN R, b PR S I L 4
J LA A 22 I PR 25 TR AR OG I HL v rh M bz 4 g
59 40 L LA 6 S H R AR B T R A T e
5547 | (ERCER SR 0 S e ol i 3 e R THT B O = 91 € B
R R A A R, AR 7= 8% sh M I 2
F BT AR TE 2 11 90 A0 , (2 F A A B A
HAUEE,

1.5 B HEEER

/NS 5 A4 LR I 4 i 6] 47 v 1 4 P L
A E W PMEE, XA EE I e ATTTE SR S
R B SRR BRI IR S . MR I A4 i )
@ e AN DA i O 2 S e S R S € 1 P
Al DU ML RS B 20 L ) A s, DT iR A
JE, HEBTIE R B AAR o /DN J03 4 L 5 IR A
.57 5] A1 JE] 495 41 A 43 0 1) 400 i IR P e R 4,
IL-10 1 TGF-B 55 A #0675 e 5 48 B A 805, DA i
RS G E SN AR5 RN RS, LA i RNA I
AT AN, /NS T A0 R L T M I 0 A i ) 4
W 2 PE ] 52 S e e ™ F A A 5 0 a) A TR BT
WY, /0N S5 40 it/ A28 Jie Jo 44 i v e 25 i i 2 30 5
K- 7 . Z230E ARSI E AN S E S
T AU Y O 2t E B s B AR s, A
T R UG RS I AR 11 308 A U A1 1
SV R, BRI R 5T A B R G ) 45 ) T A PR
TR0 1) FZORTER, 55 A IR AE R R AR X
iR AN 4 P 5 e ), 3 3 B A i RNA I 43 &
WG FER A/ NRAR L, AR/ N RRI AR/
Ji 5 4 A R R E A T 40 BRI A B . /DN o 4
JHL 35 R R AIE R 30 R AL T P 22 3R A T PR AR O /i
FTARL B RTE , H 25 4RSS 4 R R i 22
BRHATFESERI®E; T MR 65 ERE
X F CD8 ZLNiCZ . CD8 4hffERE . CD8 H 7
PE T 4B AT Th ZHAC", (H2 SR E, e
JHL TR EL A g BRI, DA B sk e 72 Ak ] 52 e
B IPK B AT A it — AR

2 AU e R R IR R R S T HLE

FEGEOI0 J , A2 A A A 2R T RN T 1) £ 98 A i
SRERBEZ MM, IR U
N, 3PS E Y SR TS AN 2 T B £ T Y BE
T2, SR R EE R e s, it K RS
it — 20 A A5 I AR B R
21 BUEYETF

AL FRERS I T T 20 AR A 1) % 2 SO0
RO IFHOE R Y R . B AR YR S5 R REAE
AR EER . CXC L T CC ik A
T CXCHafLH v BA MRS, 1l
B — IR P, Bk 4E i AT
ek, i CC Rtk & A P A FH AR 17 2 e 2R
TG AL R A AE G 5
ZRZ MM Y R ES A EEH, — 1k
KA LL S Z 2 IR E55 . TR 5 M2 =2



10 3 HE 's%x 3L (Biomedical Transformation), 20254E12 7, %564, 4541

TUAREA, AR R 17 P i 153 475 i ) B2 40 B 4 S A0
SE N LR CEEVE F o 91 CCL2 1 Sy A 40 i
fatkE M, i S HARR 2R CCR2 45 A, AU
A 1E AR A0 B 1) 5403 DX I ) i A, IR REAS A I
P AL 7 P4 (1 QB L By, iE— 28 i) 98 e
R WF9E M, CCL2 fEf% 2 1 2R 40 i b
IL-6 Fll TNF-o %42 2 R TR ek, Il Ak f 2 1
LAY, CXCLS & — v P 4 i s AL R -
3 5 B CXCR2 22 AR i vt kr 20 i i) bR
SRR R 55 I I A S 1 3 A T, A
CXCL8 A5l % M 40 it 32 i 1) 3 1 (8 A1) 451, [
EF-U 38 T 4 2 e B A 11 U0 33X i 7 A A
BJE, AR 75| & 0 G SN 75 EEAEAE 2 A 4%
T A RSB A SUE S AR ok A, 33X ARk
PR AB AR T 5%
22 |

LRI S A i 153 405 ) G 2 B A 35 S A%
WL Z—, A5 5 i B R vp % ¥ T AR
FH o Ffiki #1453 It S0 ML B9 510 o R it — P34 45
s BRI TP AR & RGN TEEEOKT, R
T PESEAOGE T B A A S gon R iR T BE R
3. DNA 45 UL K 40 i g it A fk, S8l
YRR TSR, i3 L AR B ML S 2R RE
fEo i, FERERMNKE, K, EHHEEN T
() NF-kB {5 5 il 300G Jo o 2L, 36 PR 4 T R
NF-«B 5 =AM 8 11 kB 19454, 28 NF-xB % i
EANMIAZ, PR R AR 5 PR BB SR TR AR
Xof B S5 TR 5% 1) 5 M) NS BR 02 2% R 7 ) R, F
5 2% BRI A2 ] aE Ak AR ML o A A 46340 )
BPE L. BE, TEYEETIE SN T A L
NADPH & Ak ik A U5 A 05 1 480 A A, T B I 2 5t
W, PR RIE N R, T GE B
EERAMAGTR, Shoas wh 25 A i i sh ik,
Wi AR P DIRE s PR, Q5 SR s 1 4
(IR BN AR L Te R T — A R, AT
FCa> N . AP TR K s B e, TR
RERL A I 5 B ) S 2 bk, (A5 AN S 8 4 i Fn 2R
PEN FRE 2 G HEA PR R G0, NN S8 E Sk I
RECY, A, A ST 440 i R R A BE Y
SRR R AR X LA DG A S B i R4 Lo I
AT NG o-Jun 2 3L K v J A (c-Jun N-terminal
Kinase, JNK) #Fp38 22 %4 i I b 85 11 I8 il 40 15
TS [ A 28 0 IR TR S 4T L T 4
VEF o {HAS R 2 TR f) 240 R %o 306 P G005 3 O M 53
BRI AE S . fEMgoed, A EhE

WG p38 22 24 I I b B 1 e B S A LR T
EL ik A8 Sy 17 M U B AR BT ASK1-MKK3/6-
p38 MAPK 4 ik %, i i p53 HKHi 1Y Bax & o Al
caspase-3 ififk, LM AMAITTIIT; ML/ N
ML, T P AR U R ] T RO INKGE B, R
28 R4 43241

MIRTE BRI, B X S Ak R SR 3 6 A 1
TR W 2L B — e B T . N- R B
M2 . AERLIE R S AR 34 7 SE B AR A v B R ek
6 P AR 403 )5 JRAE I RN 28 T RE BB AR . AR
M, XEIEST T Benyim R ATy e i 2 Pk ik, TR
AT SR 7 SR B P 483 3 ) S e TR B 1) 43
BUH,  PRZR AN AaT 70 38 B T e 4 A [ ot a4 HL 1
WIAEBETIRE, KA BT I & U B RS TR T
FWE

3 BERINMERIEESRT R

X P A 405 5 B B AN ) S T, Y
HPE T — RV, BRI RR . Tl
My . B2 T A X EERNE F AE I U Y e
92 240 L ) 3 4 R ARE S R B, (R e B A R
Uit & .

3.1 EEHHIF

BPZE IR AR SOE 4 h R A AR,
Y FBLARIAS A R -4 41 2 PRI (%) R s s BEL OB 922
YL . T S Z AR S TR B . DA 2
Iy (Methotrexate, MTX) ], o o ] —
AR S, TR 1A R, DTS e e 4
ML AR B A, X —HLHIFE T 40 TS A ot
R OCAHE  MTX AN RE08 EL 30 i /N 2 5t 48 B 1) 3%
1k, IERENS T R AR AN 0 R e, A A P A
R PE T 45, XA OSUER R LI AE A 2 SORE T Y
YERIE N B3, MMUBERRIRR s st T3, ik hE
WA PR AR BE AN I T A G 1 REA, &
FERR R AP M (EAE B R, MTX R
TEERH 2B AL T ik a Rz g,
MTX BE % 380 2ok 1L i 57 P & 4% Jmy 308 S 28 0 15 A T
AESR E A Zr 0 32 25 2 4 ] 4 B fo 28 S5 1 ok
SEPLARERE T, X2 2R Sk B AR PR R v
B BEIR T PR HE T BB ARHE ), G2 4 ] R Y 3K Fel
ZALH . ZEWTEEVER], AR S AE PR 1Y
TGYT TR B SRR I RAN (R, (HEEAE I R IV
1) SE PR SRAFAE T Z BRI FOAE 1, o Bl
FH G52 410 5700 7T e S BOULIA S0 32 D fig i)l 2 ]
TR IXURS: TR A A2 R, BRI Y Y S A



% % E 4 3L (Biomedical Transformation), 20254E12 H , 45635, 454 1

T BAERGHENE 7 T8 1 A7 R AT 25 1]
3.2 FTHmYTE

] 7¢ Bt + 40 ffd (Mesenchymal Stem Cells,
MSCs) E R —FiELA i B2 AT 7 0 AR T4t i
TE P AN 47548 52 40 3k e 2 0 Bk RR A O $5 . MSCs il
I HARZE VR T R E AR 2B SRR, U B3R
SR At TR RS . — T, MSCsBEE 3 W 2 Fh
PR N T, 4E1L-10, TGF-B M PGE2%5, A%
il BE R SR SN, Ak A R i, A
M 18 52 A 1 A AR Y S OAR B . D — Ty,
MSCs b 73 i F= 5 W 28 SR I, i P b 8
BRET . A KBTS N EERKRKE T, X
S R AU R AL PP 22 o 0 AR, I e A2
IS AR B R G IR, A 2 AR 2 A B it
Fo B E SR SRR, BT I, T N ] 4 A5 A
H, NGEE I MSCs B ] i 25 ol 35 4 48 1) i i 4
WOy, 45 s Y By s B U O RE 0 RN AE 2 i1 )
RE™, B MSCs [RIRE AT sl 5 i i ) 495 R LA
SE SN, e JERR 22 D REVR 1. I 1D R IR A MSCs
e it A s PE i d s Wil fs . HOWT AFE Apelin-13
R B SRS AR, [REF, MSCs 43 Wb 1 4k
WA FR HEHF 22 microRNA FIEE 1), REUSTE T )=
WRRIE B, (R R FE S L FE . Jones
SEURIEGE R IR NG 105 T 248 L %) B/ R 1
R A RCE S oA B A A R . TR A Y
5 MSCs 1y b W (R T 40l s 22 1 05, AT fE S
miRNA - 21 #ll i /)5 ¢ 5T 240 M 5 B2 005 A 6™,
MSCs i 12 H 22 J7 o i) S 2 8 5 R 28 2 A,
Rk AN G T AR A TSR R T 22, H B RS
Wi e e HE T AT SRR AEROR ), D)
oAt oR e M S OE 10 A
33 PEHATM

r & 24 R RS P AR 5 S Y S RO e B
IR R G HRIE LGP R EZ A
BCER Ay TR AI 8 52 AR HIALHI 215 3 R 51
WFGEIESE o FL BT I B o R 45 s — S L I, R
B A SO U P i ) SR R TR . BT R IR AT
DA dnd 2 1 R A 8 LR e 4 6 DT o g R o 22
Bl RyRIA,  [RlI T AL 4 B F TNF-o Fl IL-6 (17K
o ZREAEAECONE 35X 270 461 ik 1 49 £ I 5T &
M, BT S T GE RE B s YIRE . M
ZUihe, RFBEIRPRE . T A AT AT
WA LUK M, I8 2 40 ] Fas/FasL {5 -5 %4
TP R T A AR DR A A 43 A BRUR 22 T R SR A5 RN A
ZIoo TP, PEZ R B ER B OB A A

il /I o A S P e JEE AL, Ik AR 5 PR R
[F P i AP 2 2 flh ) BB Sk B rp R 25 R
AR AR TN 005 RAE KPR, A
THEAZHE . ZRRIRETIE . hETEm
T3 167 R S i S B TS S TR R SR
LA PUEYIEOR, TR h 28R, Pl
W1 64 A= 0 R P JEE R SR B AR SR e PR S T
KR

4 INEE

GUPEIA SRR U B 0 & A . R MBS it
PR 2 R O 400 R I A4 e ) A Ak
RUER IR S U B J5 SR AT A% L, SR
24 L K HL 53 W ) S TRl 2 SR B SO B TR B ) e
PERZR . 5 e [R] Ao 40 i R XU ] 355 A o e
I, CCL2 F1 CXCLB &5 #afb A+ F s 2 i iE 7%
SEUR AAE T [, AN J0E I S NF-xB fil MAPK
WS S5 ai . BT RN b, S i an
MTX 3 i S0 il S e i R T Ak R #EVE T, T 41
TR N M EE RN R BE, TR
W B A RN R B A ik 22 B 0 A R IR T T
J1o BRI, HATHFRAAAAE— 2 B R BR %, B g
20 AR AL RS B RS L SOE BBl AEAS [ s [ 7 1)
RSG50 55 [ B AR S A I o AORRAIR S 10, T 0 T
A o] R G A0 TR RS TR R AR SR, Ak T4
L7 VR RS AR SR T e o e HE R RIS, GRS T
T2 Z 5 U RIVE ML, gy ST A Wbn
A RATRYY 758 o IXSERIEF0RE A i i A 47 1 1 IR
TRYT PR Y SR R

S 3k

[1] MANLEY G T, DAMS-O'CONNOR K, ALOSCO M L, et
al. A new characterisation of acute traumatic brain injury:
The NIH-NINDS TBI classification and nomenclature
initiative[J]. Lancet Neurol, 2025, 24(6): 512-523.

[2] DAMS-O'CONNOR K, JUENGST S B, BOGNER J, et al.
Traumatic brain injury as a chronic disease: Insights from
the United States traumatic brain injury model systems
research program[J]. Lancet Neurol, 2023, 22(6): 517-528.

[3] VAN HAMEREN G, ABOGHAZLEH R, PARKER E, et
al. From spreading depolarization to blood-brain barrier
dysfunction: Navigating traumatic brain injury for novel
diagnosis and therapy[J]. Nat Rev Neurol, 2024, 20(7):
408-425.

[4] TANG X, HUANG L, MA W, et al. Intestinal 8 gingerol

attenuates TBI-induced neuroinflammation by inhibiting



12

% % E 4 B I (Biomedical Transformation), 20254F 12 A, 4564, 4541

(6]

(7]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

microglia NLRP3 inflammasome activation in a PINK1/
Parkin-dependent manner[J]. Phytomedicine, 2025, 140:
156580.

REHMAN R, FROEHLICH A, OLDE HEUVEL F, et al.
The FGFR inhibitor Rogaratinib reduces microglia reactivity
and synaptic loss in TBI[J]. Front Immunol, 2024, 15:
1443940.

HERING C, SHETTY A K. Extracellular vesicles derived
from neural stem cells, astrocytes, and microglia as
therapeutics for easing TBI-induced brain dysfunction[J].
Stem Cells Transl Med, 2023, 12(3): 140-153.

MA Z, NING Y, CHEN X, et al. Hydroxyeicosatetraenoic
acid regulates the Src/EGFR/NF -«kB signaling pathway
via GPR75 to activate microglia and promote TBI in the
immature brain[J]. Neurochem Res, 2024, 50(1): 7.

LU Z, LIU Z, WANG C, et al. CD300LF" microglia
impede the neuroinflammation following traumatic brain
injury by inhibiting STING pathway[J]. CNS Neurosci
Ther, 2024, 30(7): e14824.

SHI L, LIU S, CHEN 1J, et al. Microglial polarization
pathways and therapeutic drugs targeting activated microglia
in traumatic brain injury[J]. Neural Regen Res, 2026, 21
(1): 39-56.

SHIMAMURA T, KITASHIBA M, NISHIZAWA K, et al.
Physiological roles of embryonic microglia and their
perturbation by maternal inflammation[J]. Front Cell
Neurosci, 2025, 19: 1552241.

ABEDRABBO M, KAZEMIAN P, CONNOLLY C, et al.
Emerging roles of microglia and neuroinflammation in
huntington's disease: From pathophysiology to clinical
trials[J]. J Huntingtons Dis, 2025, 14(3): 241-257.
BAMSHAD C, HABIBI ROUDKENAR M, ABEDINZADE
M, et al. Human umbilical cord-derived mesenchymal
stem cells-harvested mitochondrial transplantation im-
proved motor function in TBI models through rescuing
neuronal cells from apoptosis and alleviating astrogliosis
and microglia activation[J]. Int Immunopharmacol, 2023,
118: 110106.

JULLIENNE A, HAMER M, HADDAD E, et al. Acute
intranasal osteopontin treatment in male rats following
TBI increases the number of activated microglia but does
not alter lesion characteristics[J]. J Neurosci Res, 2020,
98(1): 141-154.

STOJANOVIC N M, RANDELOVIC P J, SIMONOVIC M,
et al. Essential oil constituents as anti-inflammatory and
neuroprotective agents: An insight through microglia
modulation[J]. Int J Mol Sci, 2024, 25(10): 5168.
CAPLAN H W, COX C S, BEDI S S. Do microglia play
a role in sex differences in TBI?[J]. J Neurosci Res, 2017,
95(1-2): 509-517.

[16]

[18]

[19]

[20]

(21]

[22]

[23]

[24]

[26]

[27]

ATTA A A, IBRAHIM W W, MOHAMED A F, et al.
Microglia polarization in nociplastic pain: Mechanisms
and perspectives[J]. Inflammopharmacology, 2023, 31(3):
1053-1067.

ABIKENARI M, HA J H, LIU J, et al. The immunological
landscape of traumatic brain injury: Insights from patho-
physiology to experimental models[J]. Front Neurol, 2025,
16: 1668480.

HU Y, TAO W. Current perspectives on microglia-neuron
communication in the central nervous system: Direct and
indirect modes of interaction[J]. J Adv Res, 2024, 66:
251-265.

WIENS K R, WASTI N, ULLOA O O, et al. Diversity of
microglia-derived molecules with neurotrophic properties
that support neurons in the central nervous system and
other tissues[J]. Molecules, 2024, 29(23): 5525.

SIERRA A, MIRON V E, PAOLICELLI R C, et al.
Microglia in health and diseases: Integrative hubs of the
central nervous system(CNS)[J]. Cold Spring Harb Perspect
Biol, 2024, 16(8): a041366.

KENT S A, MIRON V E. Microglia regulation of central
nervous system myelin health and regeneration[J]. Nat
Rev Immunol, 2024, 24(1): 49-63.

SIRBULESCU R F, CHUNG J Y, EDMISTON W J III, et
al. Intraparenchymal application of mature B lymphocytes
improves structural and functional outcome after contusion
traumatic brain injury[J]. J Neurotrauma, 2019, 36(17):
2579-2589.

SIRBULESCU R F, MAMIDI A, CHAN S C, et al. B
cells support the repair of injured tissues by adopting
MyD88-dependent regulatory functions and phenotype
[J]. FASEB 1, 2021, 35(12): €22019.

PARK Y, RYU B, DENG Q, et al. An integrated plasmo-
photoelectronic nanostructure biosensor detects an infection
biomarker accompanying cell death in neutrophils[J].
Small, 2020, 16(1): e1905611.

SALVADOR A F M, KIPNIS J. Immune response after
central nervous system injury[J]. Semin Immunol, 2022,
59:101629.

GHOZY S, EL-QUSHAYRI A E, VARNEY J, et al. The
prognostic value of neutrophil-to-lymphocyte ratio in
patients with traumatic brain injury: A systematic review
[J]. Front Neurol, 2022, 13: 1021877.

PEISELER M, KUBES P. More friend than foe: The
emerging role of neutrophils in tissue repair[J]. J Clin
Invest, 2019, 129(7): 2629-2639.

ALIZADA M, LIN S, GAO H. Recent advances in the
treatment of traumatic brain injury with autologous and
non-autologous multipotent stem and progenitor cells:

Preclinical models and clinical trials[J]. Folia Neuropathol,



% % E 4 3L (Biomedical Transformation), 20254E12 H , 45635, 454 13

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[37]

[38]

[39]

[40]

2021, 59(3): 298-316.

ABRAHAMSON E E, IKONOMOVIC M D. Brain
injury-induced dysfunction of the blood brain barrier as a
risk for dementia[J]. Exp Neurol, 2020, 328: 113257.

QIU X, GUO Y, LIU M, et al. Single-cell RNA-
sequencing analysis reveals enhanced non-canonical
neurotrophic factor signaling in the subacute phase of
traumatic brain injury[J]. CNS Neurosci Ther, 2023, 29
(11): 3446-3459.

CHEN Z, ISLAM M B, FORD K P, et al. Microglia and
infiltrating T-cells adopt long-term, age-specific, tran-
scriptional changes after traumatic brain injury in mice
[7]. Shock, 2023, 59(2): 267-276.

WU X, SU C, TIAN D, et al. Utility of serum chemokine-
like factor 1 as a biomarker of severity and prognosis
after severe traumatic brain injury: A prospective observa-
tional study[J]. Brain Behav, 2024, 14(5): e3522.

GOBER I G, RUSSELL A L, SHICK T J, et al. Exploratory
assessment of the effect of systemic administration of
soluble glycoprotein 130 on cognitive performance and
chemokine levels in a mouse model of experimental
traumatic brain injury[J]. J Neuroinflammation, 2024, 21
(1): 149.

ZHANG M, HUANG L, DING G, et al. Interferon
gamma inhibits CXCL8-CXCR2 axis mediated tumor-
associated macrophages tumor trafficking and enhances
anti-PD1 efficacy in pancreatic cancer[J]. J Immunother
Cancer, 2020, 8(1): e000308.

SEMPLE B D, KOSSMANN T, MORGANTI-KOSSMANN
M C. Role of chemokines in CNS health and pathology:
A focus on the CCL2 / CCR2 and CXCLS / CXCR2
networks[J]. J Cereb Blood Flow Metab, 2010, 30(3):
459-473.

HAO S, YUAN S, LIU Z, et al. Neuroprotective effects
of takinib on an experimental traumatic brain injury rat
model via inhibition of transforming growth factor beta-
activated kinase 1[J]. Heliyon, 2024, 10(8): ¢29484.
GONG Q Y, CAI L, JINGY, et al. Urolithin A alleviates
blood-brain barrier disruption and attenuates neuronal
apoptosis following traumatic brain injury in mice[J].
Neural Regen Res, 2022, 17(9): 2007-2013.

HAN Z, HAN Y, HUANG X, et al. A novel targeted
nanoparticle for traumatic brain injury treatment: Combined
effect of ROS depletion and calcium overload inhibition
[J]. Adv Healthc Mater, 2022, 11(11): €2102256.
GHAMRY H I, SHUKRY M, KASSAB M A, et al.
Arthrospira platensis nanoparticles mitigate aging-related
oxidative injured brain induced by D-galactose in rats
through antioxidants, and MAPK
pathways[J]. Int J Nanomedicine, 2023, 18: 5591-5606.
AUGUSTINE C, CEPINSKAS G, FRASER D D, et al.

anti-inflammatory,

[41]

[42]

[43]

[46]

[47]

[48]

[50]

[51]

Traumatic injury elicits JNK-mediated human astrocyte
retraction in vitro[J]. Neuroscience, 2014, 274: 1-10.

YAMAMURA M, HANAMURA K, KOGANEZAWA N,
et al. Impacts of methotrexate on survival, dendrite
development, and synapse formation of cortical neurons
[J]. Genes Cells, 2023, 28(8): 563-572.
FARIA M J, RITA D, RUI B,

methotrexate exposure in patients with suspected or

et al. Optimum
confirmed CNS invasive hematological malignancies: A
systematic critical review[J]. Ther Drug Monit, 2023, 45
(3): 287-292.

LIU H, NIE T, DUAN X, et al. Cerebral delivery of
redox-responsive lenalidomide prodrug plus methotrexate
for primary central nerve system lymphoma combination
therapy[J]. J Control Release, 2023, 359: 132-146.

FANG Y, QIU W, LI X, et al. A combination of umbilical
cord mesenchymal stem cells and monosialotetrahexosy 1
ganglioside alleviates neuroinflammation in traumatic
brain injury[J]. Exp Brain Res, 2023, 241(3): 713-726.
ZHOU H, YI Z, LE D, et al. Intravenous administration
of human chorionic membrane mesenchymal stem cells
promotes functional recovery in a rat traumatic brain
injury model[J]. Neuroreport, 2024, 35(2): 81-89.

JIANG E Y, WANG K, ZHANG Q Z, et al. H20: precon-
ditioning enhances the transplantation-mediated therapeutic
effect of bone marrow-derived mesenchymal stem cells
after traumatic brain injury[J]. Int Immunopharmacol,
2025, 161: 115018.

HUANG M, ZHANG Y, SHEN Y, et al. Apelin-13 can
regulate adipose-derived mesenchymal stem cells to
improve traumatic brain injury[J]. Mol Cell Neurosci,
2025, 134: 104016.

JONES B, PATEL R, WANG B, et al. Lyophilized small
extracellular vesicles (sEVs) derived from human adipose
stem cells maintain efficacy to promote healing in neuronal
injuries[J]. Biomedicines, 2025, 13(2): 275.

CUI L, LI D, XU J, et al. Exosomal miRNA-21 derived
from umbilical cord mesenchymal stem cells inhibits
microglial overactivation to counteract nerve damage[J].
Mol Biol Rep, 2024, 51(1): 941.

TR AR, BRI, 45 LY AT U 54 e
ZYIREWE HISZ MBS (1], ThAe P B 252 1), 2025, 43
(5): 40-43.

WREENI, o Ve, B0, 45 . B A Fas/FasL {5 5
ER S U ) 0 A A 403 DR SR 2 2 R e £ R o 2258 1
To[J]. KHPEZG, 2024, 52(5): 469-474.

K, TLL, AR, 55 . FPHEyRR B d i 40 ) Toll #3214
4/B I kB AR5 IE 0 /N BBV 2 2 S AE B (4 £
MEHEFEL]. e 2 SNRHEBR AT 52253, 2024, 18(1):
55-61.





