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Abstract:

Aluminum is a light metal which is rich in the earth's crust and widely used. Recently, the
adverse health effects of environmental and occupational aluminum exposure on human have
attracted more and more attention. Aluminum exposure has toxic effects on the central nervous
system and is believed to be closely related to the development and progression of Alzheimer's
disease. The neurotoxic mechanism of aluminum is complex, especially the role of regulated cell
death (RCD) in aluminum-induced neuronal death remains to be further studied. RCD refers to
all modes of cell death regulated by multiple intracellular signal transduction pathways under
physiological and pathological conditions, including apoptosis, necroptosis, autophagy, pyropto-
sis, and ferroptosis. This review summarized the morphological characteristics and mechanisms
of each RCD mode in the process of aluminum-induced neuronal death, and discussed the rela-
tionship and transformation between different RCD modes, providing a new scientific basis for
future studies on the treatment and intervention of neurotoxicity induced by aluminum expo-
sure.
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BianhE), UNBRAR(HE. BERERS) %M,
WL AR LN RPEIFSHEABRETEH
EIEREZSHEANEERR. ANTREBIESEHE
ML T X BESHEIR JR D IFIRFER VSR S
EXREENAT MR IeELM, BRIIANEES
HREARE T BT EaIBAT M HMEIE T (regulat-
ed cell death, RCD), RCD 2 %2 /& 14 40 A8 3 T (pro-
grammed cell death, PCD) FYSEEFTARIBE, 1454 A
HERSTZAMEMEFTHFERIZERER. 41
AT RREEN RCD 5, ILSMNEEIFEIRFEMAT.
Bk, ETMERILTF, AXLR T RCD ERIFSH

ZAMRT TR SHRENVSIAREHRE, LHH
s RPARTIR IR R,

1 RCD EIRiESHELARETHIEESETL
AREEBRRG, AL BEHETIZEEM. B
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B AK . 158 T 4BRRAY AR BT AR B DL A% R A S 40 AR
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BT /IMES, pc12 MR EEE, AIEMRATE. %
B8, RALESR. AR RS, SHRAIEH
BRAR. ATRASE"), RCD EIRIESHAAMILT
PRESETHUEEGLUTILM, IR 1

R 1 RCD EEASHEMAMIETPHISFLEL

Table 1 Morphological changes of RCD in aluminum-induced neuronal death
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caspase-9” MM ITE F caspase-3*RAF =, MR
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2.1.2 HIETHEE (1) MAPK 55 1BE. ZHRR
BUEEHEES(mitogen activated protein kinase, MAPK)
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&f caspase REXR N, FF AR BIHELMMATY,

(2) PI3K/AKt {5 S BER. BiRSELALEZ 3-31E8(phos-
phatidylinositol 3-kinase, PI3K) &2 HH T iif 0 F 4 K EL/
AR L H BB B(protein kinase B, PKB, 3 #R Akt) &
NSEMARMENEEESER, SFRATARE
Z. b B OBATHAEE, 188D PI3K/AKt {5
SEREAEZMESEFHNRAKERIESHEL
FRAT ., "I B IR S £ & B (mammalian target
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Atg) 13 IYERIRISS, SR KIEMHE B EAZEH 200(fam-
ily interacting protein, FIP200) . ULK1. Atg13 #1 Atg101
FEWMEXEFARN Ukl ESHEIL R, 1FS
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o BRAR AR — MENR 9 B R MARIIKAZ RS
BN AFRESR, MEERNES ABAEESERE
WA B, SYARRR AL 7 #H1TRE R, BB/ NMERIRZ RS
ERMZEFEEERNAS INERXELERE
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RirFEFX™Y,

T — M RAE/ MR R S A R FRY 75 TURK
&, BHBENFLE B (gasdermins) LITHI R MH T
HIRBEFE iR R, £ PAMPs 3 DAMPs BT, 5t
REBARABHAEIMERIALENE. KENMEZE
FH NOD ¥ 5K ( nucleotide binding oligomerization do-
main like receptor, NLR) « JAT-tHxH =1 ZE H (apop-
tosis-associated speck-like protein containing CARD, ASC)
0 caspases AFMARFEZERE Y, KHEMK
TEMAKRENE AR EE T 245 caspase-1 B S FIRIE
IMEBBRZ B T 1F5E ™Y, 7B LAY caspase-1 MR
gasdermin D(GSDMD) , ERRFLZ B, H SR RIER
F IL-1B 0 1L-18 B MMRFKIE/ MARME T RZE:
caspase-4/5/11 #i A8 Z¥EHUE, HiEZfR GSDMD, H M
FESETW, BEEXRAE/IMVEF] gasdermins &HAYR
AT R, BREZHNMALMECKEEXETES
MHIERARPEEXREIER. NEREEE, KX
ZE Nod ¥ Z{A XK %% B 3(nod-like receptor family
protein 3, NLRP3) . ASC 1 GSDMD HJ mRNA F1& H 7K
FEEEFHS, cleaved caspase-1 1 IL-18 FYE H/KFEF+
o A5, BV2 /NRBAREZIAIE, NLRP3, ASC. cleaved
caspase-1. GSDMD. IL-18 1 IL-18 WEHKFEEFH
Bo XRAET AR ESELAMILTRINGIZ
—, HFEETRAUESRE/NDRAMME", £5—I
R, €M R K E L HERE R BUE
(LR T 8 B(cathepsin B) /NLRP3 5 S BE N F AR
BENRRAMET, B2, RIMERRKENR
BAEIES B/ NRAARET. X—ERAIER
TR PR E IR YT 2 4R a0 2 BB BT (8] 15T,
REES ISP E BRI RMIBHEFZTHE, Ik, ZM
MREZMEBREESHARINE"™, X585
NEFARETE X, RATENHFHET, IR
RS EI SRR, (EEETRRAMRER
ATP, #H— & HUE/ NR B RRE _EHY P2X7 B2 1E, SENL-
RP3 i EERUE, 20 IL-1B 5 SHE RIE, INEIMER,

BT E—MAE T ATHAME T IIE, Hin
SR HKEFIHBERE SUMMTRRS, FEHI5E

4 4 ( reactive oxygen species, ROS) {HE EF, M %X
WAERRTRNEET, FREREBEE, BES
SRERRNEERERIEEY. BF, BERIENK
MR E Z AR )2 B S B H K (glutathione, GSH) VIR
R = Nz 89Nl GSH B & BAIIER IR R N 73 5 EH Rt R ER/
AERRAZEERRR(BILE sLc7A11/xCT
SLC3A2 £ARY, fEFRA System X)) AP H I &M
B 4(glutathione peroxidase 4, GPX4) 1T § ", & Sys-
tem Xc 3 GPX4 fRIIFFINE, 5 ERBRT AL
MEREEREYRER, SBERARE . ARS5EN
THAESHE, #MmBhEE T, HaiifnzkA, B
SEBUREISET S VNS =R AVD S S epri: Bl 0k s
T, ARBERER, BRI NEBBEFRENR
1(divalent metal transporter 1, DMT1) FRiAF+ =, R
¥z H 1(ferroportin 1, Fpnl) . ¥ & B E# (ferritin
heavy chains, Fth) #1%% £k & B X {& (transferrin recep-
tor, TfR) FRIAPRMEK, SEUES TR, BIHANEEFEZ
B EEWEIR, BIEREEASY. B, Pc12 4
RZR$E/E xCT. GPX4 BB RIXKFER, R ELIE
[R5, RILA GSH. GSH-PX 7K FP&1E, ROS 7K - F+
= teAh, R A RRFI AR TR XK BIAT R
F, p53 @0 System Xc I E SLC7A11 IREHEE
2581 SNHAAMEBIE T I E",

FRRNBREBFETEM RO AR EREFSEHES
MBI ER. AT, FEARNGETIREREE
Z%, REIZEERY RCD AR A WA A— M ARV ARESE
LR, HPENMESBERZBSEXKNEE
£, AT RCD BENENSHI, MIFE AT B
MEBRTELZERTRIN SAMMRLARIEH
R, HRAI, H caspase-8 #INH]. FERIBE
BB, 4pR & ERFEMEE T, 5140, 150 mg-kg™ B9
SRS IR KRS MEMEAT, M 450 mg-kg™ BY
KRHBEBZ5EFEERT. XegERRANETIEMN
KB INE] caspase-8 JE M, SHHMELAMMB AT
AT T Ik, KIMNZE SR caspase-3 siRNA [,
SLRIE S SH-SYSY BAEIA TR LC3-1l RIX
e, RAHFTZEERE, 50 E 15 S ML
BES SH6, EERRFEMEATINHIF Nec-1 18
RN T 3-MA f5, 3515 F B9 cleaved caspase-3 IS 7%
IR EE, X B SE IR T B S 5B Al
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REZ5TRAESNHLARET. BRIXTRIASH
ZSMIIEFAR RCD AVBREABHRLARER
D, BEEEMRBETHYARRE RCD S EEFRE
ZRNHEARBBRARN, XE]gER R HEEEYH
W—NBERRAE. Z5 RESHHIARET
HIFIRERE IR L EYIRIME R T MAFARE. BaEIIA
7, ALETBERSHLAMBATMATIEAT, M
PRENEIEFSHEAMER, XATESHKER
HRRKIIRE /), BEZEARME, NTSHERKEY
HRpSHH X",

EBEFEENE B3 ENEMRIEEET L, I
LAATNRERRRS. SUNAMRIERNS, SHIES
BYJLM RCD B HE IR, HR, LA {AIHEIEES
WRNBESFHLABIETHFOEN B, EH

T3 129, Bax/Bak —RIFFH— T EM L RIK, 1E
ZRAIMNRF= ERE AL, SEELALIRIMNEZ B (mito-
chondrial outer membrane permeabilization, MOMP),
Cyt c BHAIPEERY caspases BliE. HIR, fE/0 ROS Y
FERRZ—, LH K] aE@:d T ROS (€3 RIP1
BRER1L, HTIE SIFFEME R TR A £ FEY, ROS 5
BHERIEMEHR T HEAMKETY. &G,
MOMP X & 5 #7& NLRP3 R IE/NME, SEHAMET,
HBEBAERTF IL-1p F 1L-18%, Foh, £ IiES
B GSDMD & & K i R % /5 EX Bl 15 & MOMP, BUE
caspase-3, M\ HAARE T, 2=, AFE RCD
AREDFKRKELEEERE, HEFESHARET, B
mAEEPNEFERMNSINE TR,

RCD 1E55IESMEAMMEIL T H D FHHILE 1.

FasL J l [ \
Fas. IS NIR  ASC
IL-18 ) DAMPs/PAMPs —> Inflammasome Fpnl
DR4. N3 ) p
DR5 pro caspase-1 Nutrient
ERK/ Akt N l LPS deprivation DMT1 TfR Fth
PIBMAPK INK l
caspase-8 oh o i J_
GSK3B @ agocyte cleaved
- caspase @
\' l ‘ l/ \1 caspase-1 -4/5/11 753 Fe <= ROS
Bol-2 | WRL TR N\ J/ 1
1 N/ prollip SRR uu<|1 ULK1 Atgl01 System  SLCTALL(CT)  (jpid free
B complex - atg13  FIP200 Xc SLC3A2 radical
RIP1 pro IL-18 % l | v
\l/ \l/ GSDMD-N Lipid
Apafl Cytc l PI3K VPS34 VPS15 GPX4 —> GSH — peroxide
Apoptosome RIP3 \l/ complex .
caspase-9 IL-1B Atgl4 Beclin-l <
\L Membrane pore
IL-18 formation i PE
LKL \ / Phagophore \'4 .
l — LC3-Il <— LC3-1 «<— LC3 <«— Atgd
Pyroptosis \L
caspase-3. 7 Tl A B S— Atg12-Atg5 complex
A utophagosome
Nearepess P f Ferroptosis
Autolysosome
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[E] Aluminum: $8; FasL: Fas BB{&; Fas: ZARIRMEFETZA; DRA. 5: JET-Z{A 4. 5; Caspase-3. 4« 5. 7. 8 9. 11 FHRFLEHES-3. 4. 5. 7. 8. 9.
11; Cytc: AAREEE c; Apafl: AT EAEESIERTF 1; Apoptosome: JAT-/ME; Apoptosis: ZAREET; ERK: AAREIMS S IHTIEES; p38MAPK:
p38 £ HFEHNEBE MBS, PI3K: BERSHIANLES 3-4E8; Akt ZRER/ARERE R HES B; GSK3p: TER & AESEES-38; mTORCL: FEFLEIMIEIRE
FESYEES 15 IL-1B. IL-18: AN E-1p. BT E-18; INK! c-jun SERIGHETEEE; DAMPs: IRBEX D FIERX; PAMPs: FBIREAEX 2 FIE;
Phagocyte: ZMEAARE; TNFR1: FVEIRFEERIF 21K 1; TLR: toll B 24A; RIPL. RIP3: ZABAEERAEH 1. SAMEEREA 3; MIKL: BARN
BSXI#¥ & B ; Necroptosis: IRFEMEET; Nutrient deprivation: EFFERZ ; ULK1: unc-51 ¥ BRREUERES 1; Atgd. Atg5. Atgl2. Atgl3. Atgld.
Atgl101: BMEFEXER 4. 5. 12, 13. 14. 101; FIP200: RIEMHEBEEAZE A 200; ULK1 complex: ULK1 2 &1&; VPS15. VPS34: EEE A 5% 15.
34; PI3K complex: PI3K £ & 1K; Phagophore: &ML, Autophagosome: BEE/MA; Autolysosome: BHERAESA; Autophagy: EME; Atgl2-Atg5s
complex: Atgl2-Atg5 E51F; LC3: MEHRXERIFEE 3; PE: BHSELZERRE; ASC: AT HHXBI=HEE B ; pro caspase-1. caspase-1 HI{K; In-
flammasome: A E/)MA; cleaved caspase-1: JETLHY caspase-1; GSDMD: ESFERFLZE R D; GSDMD-N: ESFRALFLEH D-N IF; pro IL-1B. pro IL-18:
IL-1B. IL-18 Bi{A; LPS: AEZZ4E; K efflux: K'INAT; Pyroptosis: £ET7; Fe: k; ROS: SEME; Lipid free radical: lEFREHE; DMTL: —NEEBBEF
BIE(R 1; Fpnl: EEHEIEER 1; TR RBEBRTA; rth: REBEHE; Lipid peroxide: BEFT E1b4; GSH: AP HBK; cpxa: AP HE R
LHES 4; System Xc: LERER/ B EEER [M5EE H RS SLCTALL(XCT). SLC3A2: System Xc ILE; Ferroptosis: $KFET o

Bl 1 RCD 1EIRiESFHLEMRSET RIS FHLH!

Figure 1 Molecular mechanisms of RCD in aluminum-induced neuronal death
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