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Research progress on the mechanisms and treatment of methamphetamine-induced
microglial inflammation
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Abstract  Methamphetamine, an amphetamine-type central nervous system stimulant, is a synthetic drug characterized
primarily by strong psychological dependence. Long-term methamphetamine abuse causes severe neurotoxicity and dependence.
Methamphetamine abuse has become a major global public health concern. Studies have shown that methamphetamine activates
microglia and induces inflammatory responses, but the underlying mechanisms have not been fully elucidated. This paper
systematically reviews the main mechanisms of methamphetamine-induced microglial inflammation, focusing on the pivotal
roles of dopaminergic and glutamatergic dysregulation, the canonical Toll-like receptor 4/nuclear factor-kB inflammatory
pathway, and sigma-1 receptor-mediated regulation of neuroinflammation. It comprehensively summarizes the anti-
inflammatory effects and therapeutic targets of natural compounds, including melatonin, curcumin, gastrodin, and cannabidiol,
as well as other agents such as betaine and metformin. Research advances in nonpharmacological interventions including
exercise therapy, repetitive transcranial magnetic stimulation, and acupuncture are also reviewed. Targeted inhibition of
excessive microglial activation, blockade of key inflammatory signaling pathways, and reduction of oxidative stress and
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inflammatory mediator release have been demonstrated to alleviate methamphetamine-induced neuroinflammation and nerve
damage. This review aims to provide a reference for further research on the mechanisms of methamphetamine-triggered
neuroinflammation, and related pharmacological and nonpharmacological interventions.

Key words methamphetamine; neuroinflammation; microglia; mechanism; therapy

LK E (methamphetamine, METH) & —Fh& B A, Foids & R 170N g J5i 20 i 98 i I W 3%
PUNAE S . LRI EWFEARIIR A 2R SN, REF RIS, METH fIER/NRFE4I M1 ¥
W, AR Bl R 2R E R T -a0 Ctumor necrosis factor- a , TNF-a) - FH 410/ & -1p Cinterleukin-1p,
IL-1B) « H4HM/r -6 Cinterleukin-6, IL-6) %5 #AEK 7 FRIK 5REBOKFTHim, #Em &R A7 1%
B, SR, LA FALE] . DS 5 10 B R I 2 DA AT TR s AT R S A B B, IR R B AT
Bz v AR TSR TR, Tk, ASCHEISE METH 75 & /N5 5 41 28 A 1 & A= AL
Hl. KBS SHSESE. A THSELGWIRIT IR BT RALR, BEHN METH A&
RAEME R, RN R METH M B MENLH . TR BT R 5 ol Wi 7 Hng . 30 I K H
EANA RS N TSR T T

1 METH % & /N S48 B 7= 4 28 FiE

P22 I B WM B SN A AL 4 DN RERFAE: (2 2 PRGN R R 0 4 e R4 M i o 4k
RVESN AL TR S e A0 BRI . E AT O 05 B R — A SERRAE R AT e SO A & ER], METH A
B AT I AT E RSB AT MR AR, RN RS & /N B 5 40 B S AR e 2 JRED), L pE B 5 2
FRRG FRE TR B AARAE 81, Hf 50 Rk B 7 0 SR I M Mk METH 155 % IR 4 48 98 RE 2 77 40 9iE 48 ) Bl 48 o B
SbAk, METH & 0] 5 N R G2 SR b 55 U R VE A, S 38 4 28 2RE 100 /) 5 I 400 i 2 K i +h 32 21
WO RN, FERE RORE R PR R HEAEA, AR AR e E AR E . 40
W ERK, AR R ARG EALE R I BRI, METH M A ONEE M P 280E B8 1 4 i A
#-18. IL-6 & TNF-o W] 3G INI2181 METH 4524 )5 3 BOK B 2 2L L3 Hp 9808 PR 7 3Rk 438,
F R R BN G A S R AN R AR« /N BB N TR I L 2R A HIE S, METH A 375
RN RIS . B RRER FRIE, ZN 5 Toll #5214k 4 (Toll-like receptor 4, TLR4) @A
S8 METH 512 A& JOEE IR EE METH 37 & [0 R0 B SR A 2838 4799 28 07 T8I S 7 30 i
FO8, kst METH {8 ] F%H5  (methamphetamine use disorder, MUD) #&4L 7RG T KM% . (15—
PE) A, fKHIE METH A7 AEXUA RN, A HCH & METH /s B AH 5 S50 7] B 45 2 AH I &5

whl,
2 METH #S/NKRMME £ XK ERMNVLEIFFR

2.1 £ZEB& (dopamine, DA) R&SE ( glutamate, Glu) 8E3E2 7 METH i & /NER R BE 28 5 Y

1€

METH 7] % 3 i FE % (blood brain barrier, BBB) i & TNF-o 1A hnle11 HyL# A% &
DA. S-Sl S IRERMRR, 5l DA FEHP, phah, B DA Sk R 2R
i, JE A RN R R TR R, ERE I A B R A S SR R, BRI s R
R e A AT N T A g g i P S RFAUEW], METH il it {23 DA Fil Glu i RiE 7
FRMG R AER223, AR Glu 52 3 FIU0E A 8% 8055 254 - SRAT A R/ e g A an Th g4 {H Glu #7
AN S Ca? TR SR £ 4 N UHE B SRR, b Ca? YEEAR S USRI BEE . WEERES LA
Fe—SE AR A B, FEEHE NO P24, & NO "I &K Wi M (endoplasmic reticulum, ER) M fix
A FE METH 5l EEph & 2 L) g a4 5 8 F1 38 (extracellular regulated protein kinases, ERK)
e —MARR MBS, 7ETT DA R Glu A& o gt i b B E2ERMPY, 590 E i,
METH A #5148 i Py 75 45 FH 7Y, 38 in 5 6 O [X Jsf b ERK B R AL WS 81, W0E J5 . ERK 22 51 i3
IR IR 1 S S e E 454 8 - (cAMP response element-binding protein, CREB) Witk JF48n N-H1 %
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D-RAZMR %Ak 2B WA, Wik ERK. BER{k CREB AlJix i P #h 228 2 Kl + (brain-derived
neurotrophic factor, BDNF) (R, ZidfE R HEsh M4 R G RAE R E M E TR,
2.2 TLR/NF-xB {5 Ei@ &7 METH 5 & B/)7 B 5 48 B 2 i 891 F

TLR4 J& —Fh Al LSS B8 4#E 7016 X -7~ 88 (myeloid differentiation primary response 88, MyD88) &
HiE A MyD88 AEAKH IR R 2, METH A SAIE 5E 5 /MR B MG 4k % TLR4 A KB, 7
MyD88 fi it i 5+, MyD88 il TNF-o ZAKH ¥ 6. HIr 3 1 ZARAH GG, 3FW 75 K % A
T x B (nuclear factor-« B, NF-«x B) J54LBY, 78 MyD88 ARk i thig /2, @id G TRIF %14
T FRHTIMRFTE T 3, 26y -FHRBRIEEFBR, i F b R AT S NF-xB, (H L3805 AR
T MyD88 #iithigale, ok, KM TAK-242 (TLR4 KB EMHI7)D 8/ T3 RNA 43530
TLR4 ThRE. T TLR4 ik, X METH 5 A& 5 40 i 77 A 16 4 0 B B s i 4 B4, 3 — D HiE st
TLR4 {5 S & X METH /i 3 I #2200 H A S E R EEH
2.3 o013k (sigma-1receptor, Sig-1R) 7£ METH % BI/INER R 40 R ¢ i R R91E R

Sig-1R & —Fl ER fHEE A, fERMH ZRIEHX METH B oM, Sig-1R 5 METH
g1 D ) 2 B PN JORE IS UIAH OC, Pl i s faAs . W% (reactive oxygen species, ROS)
A ER FIERRR T RESE Z FiLEI S 5 & O FEBe3T, W FE R, Sig-1R & BE I WG £ R R
AL R I (mitogen-activated protein kinase, MAPK) ik i Bt LA 3-W4 g/ 2K A il B 15518
P8, T MAPK @B NF- x B SR I B 2 [ 4775 B2 22 SO 50 KRB, jk4h, KA Sig-1R #59i
7 SN79 FilkbHE, w[9E /> METH i SR L% 68 B FH545 541800 T 1 AR R AYEANAL I 1 5 B
() mRNA 7K-F_Fif, #2278 Sig-1R T T BE W i /N R 4 ey 48, 9% METH AH ¢ 4 48 4 RE 12,

3 ZGYIRTT METH i & /NI 53 20 A 3¢ JiE B BF 5 it e

3.1 #EZXETE METH X HHE RIE

HEIEZE (melatonin, Mel) 2 FA BARH EZ AW =4, AIAE N M < AR S EE, Mel Fikk
HREWS 22 i METH 5 S 10K BUNR B4l il R O E,  J0#] ROS FigE &AL B, FF R R &E R F IL-
1B+ IL-6 Jz TNF-a fIRIEBI, Mel FAb B 4 2 16 5 J8 40 R T A 0TS % 7 B2 MG 7, %%
METH %5 3 NF-xB i&fb. Mel 7] B MARAAE 1. BREADIEE 1. v -B 200 RE N
A RIE, REBANY BB PUEAEE; [FEATHIH] NF-« B $0fl&E A o BFF5S p65 T
AL, B —FR AR, WA NO ARk, HEMmEEma RAEUs48l, ok, Mel ] 3
METH #i15 KR K BBB 5E% P, KIE 5 k45256 AL 5 Bt 2 18 A 7481, Mel i n] 38 i # #i)
TLR4/MyD88/NF-kB {5 5l %, Ml 2 0E H k38 METH i S 100 s g9, 22 1, Mel Al i@ {x
$ BBB se M. MIHIEALRLE . NI RIER TRIAE L KIBE, WBE METH BRI E R
3.2 EEHRFTE METH B A MNMAB A

Zw & (curcumin, Cur) FAIECEEZYIIEHN SHIME RN, WL HIREIH, SRR 2EMN
M T 4ERFE TR RUWBL . Mo prEIEE /1. B CREB DLA#% BDNF 15 54 5%
B0, Cur i AT Yk A i K B S pR 2R oA, B0 A5 X ) BBB i, $2 FFHK Y BDNF AT DA K7, M
Mg METH S dPY, Cur @k sl A0 i v S A0 RL R JRE SN R A5 40 48 LR 47 3K
N, %08 A BEMK i CREB-BDNF {5 Sl %521, Cur v] 52 40#] METH % S 00D R 5 48 s 4k, iR
FREAL Y SR . S H I EAL B KT, BR(E TNF-o 5 B & &, HEENE METH 42455]
ER R R 2 ez B ag B3, ghal, SIAMURAT Cur 49Kk A ) E AR T R R, W) 5 2 PRI
METH SN RO 255 . AL N 23 e 2R . 25 b, Cur & B 24 ok 5 HoAth 25 4 %
A RIEGR KRy EH, HAERPVHIEERY BBB 528tk s/ i gnfuiffb . - BDNF
Tk PraL N B R 4ORE R 43 W SR 2 AN T I
3.3 REZERE T METH B A MBI KE

Kk (Gastrodia elata Blume, Gas ) N = BHEY) KRR TR 2K, HEEHRMRS RIKE (RER
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I -B-D M 4 IR B ) B s A RS . BEREIR . PUROW . BUR. fEy. s &
REEH . Gas AJF#(K METH 5 K I K B2 TE IR T4 S0 2 o4 . B am &REK T IL-6. TNF-a
[ 72k, o 55 SO0gf 95 F Sz, AS[E] ) B Gas (10 mg/kg. 30 mg/kg A1 100 mg/kg) AT & 3 40
# METH % & I8/ R 40 i35 4k, Herf 30 mg/kg. 100 mg/kg 771 & #0610 R 8 o B 3%, Gas REf% 71
AR APE FEAE METH 4% 81k SR 2% 1442 B fw 5% (conditioned place preference, CPP) %, i3
METH BB AT N, %3N 5 TLR4/MyD88/NF-kB 15 5B I Z V)M . AN, Gas % METH i S
(/I8 S SR 20 LA S AR A RO, BT RE S Akt. MAPK 25(5 546 Sa@ kA <07, 4 1, Gas mli@idil
/N RS 4B B S A U R, H0) JORE R 1R SR R AR R AE B R S AR ER
3.4 KBRS METH & HME RIE

KK — M (cannabidiol, CBD) & —FhAEKE #d M KR 2, B A 58 K I B 28 R0 e 28 40 i) 4 1
CBD & F LT METH 42551 IL-1p. 1L-6. IL-10 A TNF-a 2 R5EH T THa, KRIETR K HiE
O N8, A FE, METH A1 /N RZIRAT A 25 (EC A g . B I 52 A Ay 7 0 g W 7Y
15 Ca? sk, 40P T AI4E AL R, 17 CBD FRALEE Al Js 42 METH %5 25 /) § I b3k 45455 = 3 10,
Uksh, CBD nI ] METH 2 fhicdZ M3k EU AR L, BEBEAT METH K& ) CPP 2 6061, iz {E F AL
HITTRE 5 £ D24k D1 (dopamine D1 receptor, D1R) 2 D2RIS364 | iy A1 Z4K0T )7 Sig-
1R/AKT/GSK-3B/CREB {5 5@ M ¢ . A M@ NIE S RNA M, #/x7T CBD JAJ7 METH
PRI CPP R & AT NEAL I LENLHICT, IR RF 7K, CBD Al 4 Pk iR 2h R AR 21 25, W
METH %5 & ¥ CPP w81, CBD it w] i@ it i 45 F 3E CpG 454 & 1 2 Al DRD1 /311 Ca?' {5 = il i
Bk, Wi METH BRI e, 5kFER, CBD ni## DRD1-MECP2-BDNF-TRKB {55 i
B, 0 METH % 50 DA B, iz s s 2wl SAHFuE, CBD I fEH T TLR4/NF-xB
fE5EE, X METH SERMEIIREEGE . #4850 K& 2801 1A ) it e i k2 21 T BR3¢ b,
CBD "B 5 DA 24K, 40/ R 40 s 4k . i BDNF %Ik, HiEfL. 8 Ca il &% £ M ig
BRER R SHAERTIER.

METH i 3/NR AN A T E R & — N EE S RNERE, 2MEsE. s, suiEe
T T A PR B2 )l AN S S IEES EE METH B R AR OE . PUAR 2RI E I HLER R B4 8 R 4%,
EFX METH e milbi, 48 as 70 BB RIT i mzmia, JF s 28 259 0GR 56 &7
BVPAN e A2 2R SR 1Y) B AT F 7 1) o

4 JEZEYIETF RS METH 5 & B AR A E

4.1 IEFXT METH B X MR ERETI1ER

BT PR D METH 35 2 (8 A2 7 72 SR8, METH 2525 S 800 B B 3235 sh 3 7= 4= CPP
R, AR B B EAT METH i K IR 4 SR AR 4 R A B0 B R e TS, iR e 42 T o bk
METH {5 F & ) o X 2% ] 3 061, Sz ml DLE I B 1 BBB MR, B3 i O 3R 55 25 5L 530 1 28 0 K]
FIE, R METH B R s a d UMD T 08 8 7 /N REOIRIR . #5501 3E 2 METH
SR 2 40 B R 7 3, o T /N RAMAREE EEAT N, SR B ED P AE REAE FH T s e 2D /) e
W W SORE S ETE, ghAl, SR g s MUD B E S DI R e B BUA BE U, R
A AE S gm AT e ) T O KSR IS sh T MR R . S IL-1B. SUIRME 1L-6, DL KN
B 5. SURMA TNF-a /KF, WiRSREZE )T IR G R, #nEs)imE2iiE METH /MR
29N AAT S R i P 98 S B DR R (8182 SRS E B TR N AR 2GR 2 AR A, IR METH 18
PR SRR BIABE S N, W . TNF-a. IL-18 Jh & LB B ALY SUAL B . S H ikt
AL YDBE DS e H R S5 B I 1 PR, 1% R N AT RE S p-CREB/BDNF {5 5l %A <3, & M1 [iz
IR AT R NRF2 5 5@, RIENIRESTUEAIER, R METH 5 S0 4 JOE 51 1 % 2K 5145184,
i S Ay HT Rz 2h il i METH 383000/ % ) RHcAZ ThsE B g 18] (R el 22 45 biE s, 12
TS METH BIAUNR A EREAT . AR DhBE I st 25 DI AR S0, el ghw] L, 3 B 5 B 1) 12 3 i
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HARY BBB SeBEME. HIH/NR A M E AL FRAREAL UK, RIEFURAEM, dEMiZiE METH BT
ESQiR IS T U
4.2 ZFEEERIEREE METH i & B 2 R IE

MUD 5 35 17 76 45 0E 14 11 Ao fE P AYOIR 2545 5087, 8 &3 446 i 0 7 3% (repetitive transcranial magnetic
stimulation, rTMS)& —FiJC LIRS G IV, CRH TR . EEE . Ko RE. meE
RIS 2 RS RO IR ERIR YT, %97 vt T MUD &8 3% 1T w78, (45 rTMS A] I K
B MU SCIR A y - TR B B A2 KW 3L 1 3Rk, IR PHIWT METH i 5 SD KR 7= 42 CPP 25 89,
EA ITMS 1B FRIAUL T, REfE 0 MUD BB 15 45 515 71RO [al Bt rTMS 18 kil ot
METH B N BE I $0AT T RE B A BT 1067 ROR B, ghah, 4l B BT 22/ METH i S (104
LRIE; ZFUREBEERER METH &R, B> 209008 5 R R & M . 25 b, AFEER
rTMS Je A B+ 1507 ST RS RIEF, 5 METH M & 8,
4.3 $t%A55 METH F &% 2K E

BT RO E O 2000 24558, W FIRIT 2R o ae R, A 25 W0 il F A OG0
JELZ, BERCR B, A AT @I S A AL Glu 24k 2/3, HHRBEAZ Y DA B ZEfiR METH 5 S ¢
K AIZ Bl D6 75 B 2B R O 4 S 9394 (AT FRL T T 6 3 SR AR PR AR AT M R B A, X AT RE S 0
N SR A B A K . BBB e B pEAT SCI5T, A, A AR AR RGBT T AT SR AR B AT R8T, A AT
Vo, &R BRECE A ESGE MUD BE AR . A RS R REAR TG &, PRSI 25 i SRk T, 4
F AT E N R AR A . R BBB e ] DA RS R A RIETU A ER, Ik
# METH N St & &1k

5 INGS

NI &b > > 75 EL y: Ly . I 2L
METH i H] B85 75 A /N B BT 40 M A 5 HO AL J8RE, T Ao 28 SOE AEATLAK b A7 AE XU EE AR W) 22 0
N N e N ¢ ) " N ey et = R N

KGR E METH 355 19 8ORE rTAE ML B2 VE B A8 s B, R AE — 2 RIPER: &7lE METH BRI

<,y > PP > T > == N =PI Y ==

FE B RAUA R REVEGIIAET:, #E— B INE METH #& @i, Wik, AR METH M4 &S

e s L S < P S \ e N ot

RAEZ R EAER], B # 2R ROE R 1208 i 5 R BERE B 1, G0 ROE A% 0o B ROT SR BE 1R 25 ) i ik 5
> &b > A s e ik VA > ) NVAN e

Wk, REE 9l R I7 ¥ METH T L V897 B3R 4L 408 JER 5 V8 7 3Rng .
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