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BT 7R 3% 153 2R 4% H 4L N AR R {5 S 1 B
Eingsigfr
WHOH O hE Ak BiaE BRFH HTRE OGS x| 4ET

(RAITREF B 2EEB, FRIM 434023)

TEE  BIRIIGHIE (Alzheimer’s disease, AD) Z—FFLIAKIDIREIRGR | £ TEAE ) FRE SR T80 5 MG IR FB L R
GURTTHEENS, SR IRIR R ISR, B X ADIFSRRA, AR TV 280, b & e e AD &
Pl ARG EEAEH, BIRT 2. AN EORVURRE A A B R, YL 2 3t , A AD BE
K, SAACRIHOKT 2T . AL AD A 22, IO EA, TR EMFEET (amyloid B-protein,
AB) UM, MM CEF (tubulin associated unit, tau) BRI, FEERRAADIRERRY, JIRMARAES, A CESLE
RT AD 5 AR ARG T, AR SR TR 2 M F 2 (nuclear factor-erythroid 2-related factor 2, Nrf2) .
EEJERBERR MR T 8 1 (regulator of calcineurin 1, RCAN1) ., EFI#§fRMAE 2A (protein phosphatase 2A, PP2A) . FRHFRIEF
W TCIEE ST (cyclic AMP response element binding protein, CREB). Notchl, #[HF B (nuclear factor-kB, NF-kB) .
HNEHE I E (apolipoprotein E, ApoE) MERFCT- M AT S E M, JFESE T S miilE AR FH ARG BBt S A TG 7H TR
Wit RS S IR RIE @ B R R AL, Ak R I BN 58 35 (0 22 B A TR YT i 2 L B B K A -0k R G R

MLARGERRE, A AD 40 20 ST U6 7 s

KR BRI, SN, tau, PIEMFER M, {5558, by

fE4#ES R34, R338

023 4FFE EI GBS Sl & AR M 1
N, HEG60% KL AT ER 18.7%, Hk
654 KU BN EHHIAS] 13.5%, Ei a2
AR = R B OCHEIR B N R 2 —, FE2Eki
FEl N 15 B T R ARG A . AL pefign . B
IRPHFERIR (Alzheimer’s disease, AD) J&%A4FEH]
PR B UL YRR, 7E 60 & L 224 A RN
Ik 5% VL b, 7685 % LA I BAE N ik 30% 2,
ORI Z W5 R W], AN AR AD g O
HAE, 7EADBE NN, KRS N2
Fh SR N 3 A s B K B 35 T B AR
WO R A R, BeRS B R M AL . B ik
Fi. HEFBAIDNA, 5HEERE AL, EH A
PR AR

AD ) 4% 0 s LR AIE 22 B B VE A HE AR
(amyloid B-protein, AB) TERNZAZITFHTIH, LA
R B M EE T (tubulin associated unit, tau) i
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JE B R Ak 5 B A P 8 R AR 4E 25 45 (neurofibrillary
tangle, NFT). X4 ABFLRE|—E AR, X
oA F RIS R EALN, A Xt
BB RO AR, D IR A Ak AB K™
WG4 ZS  (reactive oxygen species, ROS) F1 AR
RAE T, i, ABTRYIMIR N-H JE-D- KA
2 (NMDA) ZiKM3EPE, S840 5k ROS 197
R Z I AMLTT, Bk he R
3, FEMPRL ARG FNES A A 8 D e g film] YA 1
PITERLEE ' S—Tr T, ABRERYIRE 4 ABLT
e s AR, SRR 2
MLT 7 AR RS E R A KA ROS, ixX 4t
ROS it — s S0 A5 Z i, BUlph & u iR
E S ANE], InEE A s . A AN T DL
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i B B (VR 5 tau A9 L B B R AL O
tau B R AL 1G22 IR tau 25 P RO AR B AR F A9
EE, FEMEBEEG, RAFEMAEITOR
T MY tau B ARG 1A 2SO0 RAFTE UNFT, T
Porh A0 o s s G A%k, dE— 2D

RIS, BopiitoE & B AR v LLE i 5| & mhas
TCEE AR tau /4K 120 AL, ZekifkDlRek
A AR R AR A Y ROS, R

ABFINFT RN, HE—LRIUROS LR 1 AALN
es] L%ﬁﬁﬁﬁ WIS EAE I, HCT AD &Rl
IR

AR AR AR R AR AR YT 7E AD TH AR ]
CO I . AR SCEZHS T AN A R
AD FAH ML LA K F b T 5 B 0 8 A0 R 3R A5
SiEg (B 1), BFEERE SR 20 3R 2 MG £ 2
(nuclear factor-erythroid 2-related factor 2, Nrf2) .
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Fig. 1 Oxidative stress—related signaling pathway in Alzheimer ’s disease
Bl B/R%RSERRE R RN HE XSS

B[R ki BRI%  (Alzheimer’s disease, AD) HEALR AR S A e £ 2 U\ﬂ?’[—]%, ARV B F AT TR T S IR O R HE S,
IR ENE R RZR TR, AR BT X ARG S, N aFRRNF-«BAHCE 5@, #OFRRNIRA G S5 W, Nrf2:
Wt e 740 2240672 (nuclear factor-erythroid 2-related factor 2); Keapl: Kelch#fECHCE(# 1 (Kelch like ECH-associated protein-1) ;
sMaf: /INMaf#& 4 (small Maf proteins) ; ARE: $T% fk. W i JGf (antioxidant response element) ; NQO1: NAD (P) H i i &0 /i 1
(NADPH: quinone oxioreductase 1) ; HO-1: ILZLE M1 (heme oxygenase 1); GST: Mt H k4% #2i (glutathione S-transferase) ;
ferroptosis: kAL T-; GPx4: 5Bt H K3 A L ¥ R4 (glutathione peroxidase 4) ; DHODH: — & FL 7% R Il & (dihydroorotate
dehydrogenase) ; GSH: #J5AIBMEH K (glutathione); SLC7A1L: FREXc WHk; P53: MR H53 (tumor protein 53); RCANT1: F5iHMH;
TREEJE T & 11 (regulator of calcineurin 1); GSK-3B: HHIRG A EE3B (glycogen synthase kinase 3p); CN: #5JHMEH2ME (calcineurin) ;
NFAT: TZHMI#% A F (nuclear factor of activated T-cells) ; PP2A . 7K [ #if2fitf2A (protein phosphatase 2A) ; P-tau: {45 #H ¢ M85 AR 1k
(microtubule-associated protein phosphorylation); cAMP: @RI TT (cyclic adenosine monophosphate); PKA: A (protein kinase A);
AMPK: AMP{Gfb B9 25 B B (AMP-activated protein kinase) ; CRE: ¥ 8 I 1 1 2 JG /4 (cyclic adenosine monophosphate-response
element); CREB: BRI B eI &8 T (cyclic AMP response element binding protein) ; BDNF: iy #4232 K F (brain-
derived neurotrophic factor); SOD: #BE LY fLEEF (superoxide dismutase); GPx: AHMEH ML AL (glutathione peroxidase); GR: 4%
e MKGE UG (glutathione reductase) 5 AP: PIEMIFELE 1 (amyloid B-protein) ; APP: &My EERTIAR#E 1 (amyloid precursor protein) ;
MAPK : {43255 Ak iy 8 (5 (mitogen-activated protein kinase); ApoE4: #XJJGZE 1E4 (apolipoprotein E4); HDACs: #1712 2Bk
AL (histone deacetylases) ; TAGLN3: #4[KFE 1 3 (transgelin 3); CDKS: i it J&] 9] & (R ME 3 B S (cyclin-dependent kinase 5) ;
NF-kB: ¥ F«B (nuclear factor-xB); TLR4: Toll&:3Z{K4 (Toll-Like receptor 4); IxkB: #%HFxBMIfil& 1 (inhibitor-k binding protein)
IKK: IxBi#fff (IxB kinase) ., AR fFigdraw#2 il
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B JH TR B JE 79 25 11 1 (regulator of calcineurin 1,
RCAN1) . % H #% 2 i 2A (protein phosphatase
2A, PP2A) . FRWEMR R VA U AT 4 A & H R
(cyclic AMP response element binding protein,
CREB) . Notchl. # X+ «B (nuclear factor-«B,
NF-«xB) . # % 1 E (apolipoprotein E, ApoE)
RS TSGR Sad i, e T PR A
R AR e 2 1] ) — SEAH B AR 2[R 8 45 AD B89 i
J&. Db, SCEEERRHET PR IRY T RIS T T
MEESIA9Y, WIERREE R AD FERLAF S FIE R
M EALTE 2 (BT R B

1 FR% R AL MR XS S @

11 Nrf25 S8

Nrf2 15 2 40 L N S A0 S R 285 1 DG S 1
T, WP — RIS 5 S AR N SR R 3R
ik, 5 B A R A X A B B A R
Nrf2 3 % % Kelch £ ECH B8 1 (Kelch like
ECH-associated protein-1, Keapl) 77, Keapl i
A2 R E3 HE T (Cullin3, Cul3) 45
B B3 2 R ML 51K (Keapl-Cul3-Rbx1),
Keap1 i i1 H: Kelch £5 435, 5 Nrf2 i) Neh2 25 #4525
A, B Nrf2 5 5E 2 Cul3-Rbx 1 72 RS A 14
JE i Keap1-Cul3-Rbx 1-Nrf2 UL &K, &4
fENrf2 292 A, (4 H R R T %
fite, ZEFRE Nref2 76240 H 5z v AR R A . 4l
A AL, ROS K Keapl B9 2 bt 2 1R 5% 3615
i, S8 Keapl #5228 I BH 1 HYZ R AL Nef2 1,
Nrf2 #F A 40 Ml #% J5 5 /N Maf 11 (small Maf
proteins, sMaf) JEMR K, RAITFEEGPiA
Ak % JCAF (antioxidant response element, ARE),
JE BT R AL R 1 SRR, NAD(P)H Fit i %
fif 1 (NADPH: quinone oxioreductase 1, NQOI) .
ML EME[E 1 (heme oxygenase 1, HO-1) . 7+t
HIKE:F20 (glutathione S-transferase, GST) Z5471
FALEE A KR T 7 ik S A A AN
REME I TR ATP A= i, TSR IRTE M, REA AL
FCAEE AR5, DOMTAERF AR Y 1 A B

TEADIRELAAM T, Keapl SEHFREB LIH, 5
Nrf2 (45 G 158, 8N 8607 W 200, Hil
S RAG ) N TR ST ARRE T, TR IR 20 0 28 Ak
IO SRR 28 98 B AR 1 o FE AT N2 (170N B
ZICNAEI PR R T RGN, Lk T g sz i
W, NI RERE AL B 2, X R Nef2

53 2T B R AR ER . (A
ERE, AD R AT Nef2 By 9E Y 2 1R e
Bfits AD R EINE, Nrf2 fOTEEZHET R, /Mg
Jo 20 B ot AL O 8 R BRIl 3 NF-«B 5
N JB A L ) (2 R SR AL A, AR M/ NI Jo 4 i i
Ja e A w2 ) — AL R AE R A I,
il A5 . R AL tau B (1 09 B R a4 o0 i
g 20 AR/ B A TR K 52 Nef2 BT D) BHLE £ 48 P
JINIE B T M B SRS L O Bk S BELIT AD /N R Y tau
HEAER ™, HEMH Keapl I Nrf2 22 [0] i) AH H.
YEHRE—FERORNS, Wt i Ap 2 tau 25 A
Rt FE , B AMIRE, JEIMAENS S B H 1
ARG 2
1.2 RCANUSSi@ERE

RCAN1 J& — Ff oy P ¥ 45 % B iR
(calcineurin, CN) #i4l5%], FESHIFTEES
RN LN R N, RS A ON LT
S, BHWT B R MG PR, DA B0 T 40 M N T
(nuclear factor of activated T-cells, NFAT) Z=#§fig
fk, V¥ AD RO EUERR 2. CN AT E R T
P25 T 2 fipk 117 R 2 ik J A0 SRR 0, i L Do B IR
b, WES 5 %o nT 8YE 510128 B 24 26
731, RCAN1 X CN JE T W EHEAERH, —J7im
RCAN1 A 3@ = 41| CN/NFAT {55 % 2 5 2 Fhvig
AT FE, 55— 5 1 RCANI A] i5 4k CN {5 518
B, HAriE 5 RCANT BERRILA C . MBEE A AL
fiff %4 i 38 (glycogen synthase kinase 3B, GSK-3B)
I RCANI (Serl08) BEMRILIT, FIFLE CN, 12
HERC BRI A & A 5 TS 8 S A (protein
kinase A, PKA) /5 RCANI1 (Ser93) #ifgfLm,
W24 CN, (e E BT RIS 015 S ', #£ AD
T RCANL 3 i I8 5, 38 8 CN/NFAT 3 # 4 il
145 A B A R 3 3 ON RS AN A 1k s A 41 1
G Ry 24 O N TD)11 E =R A AR € 1E 225 v 5 ) B

RCANT [RH: Y 750 4 S L R B HL A 22 )
JEAVEN . 72 AD BRI, RCANI A 38 2o 9 45
GSK-3B MICN TP, i B 430 Bl A1y 43 WA B AH 5 B
Hal Rk, RIFEEMFEMAKER (amyloid
precursor protein, APP) il T.#f i 84 51 Ap A9 =
Az 0L SRR SRR R IR AB R, RIFERI T
1155 RCANI Rk, SR omiass, Jf
Bt b 28 0 S A N B R . T L RCANT 3l
R R T Rt — PR ROS A=A, TE AL AD
R HL A SEPEFEER PO, fE AD BRE NN, RCANI-1L
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FEEKTE 245, EAR ON AT LB 200 tau 505K
b, e 5 M tau LB FR 1L 19 A 2 10%, 1M
RCANI-1L 1 #i1% GSK-3p, A 1L iR
fbtau, V5% NFTs AT ML 4Efb =0, s,
RCAN1 ] A5 IkBa 254, #20 IkBo (Tyrd2) )
WAk, 4 NF-«B 254 60 F DNA 45 G v, il
NF-«B TP I8 T B B SRR REAL . T8 =,
TEGHLRZASIE, #I3H RCAN1 £ 518 NF-«B 5 5
AR —ERIRE , WA SRR RS, A
B RR H 3k DAL

1.3 PP2ASSiEK

PP2A VBN —Fh 22 R/ 0 AR BE IR G, | 125
Rty OV I R e SN A 2t VA G T = 2
Franfid e, HE5ma k7 dmamEeE . 7
H S I RN T, PP2A 5 H B e Ak B AN
PREEAH EAER, MR R, dEm R S
S, AR S AT M TR A S I K
W R Ak A Y AR S TR s 0. SRR L B eT i
PP2A W34k, M 496 7 1Y PP2A 4l — Rk
i B T MR I R IE X, PP2A BYTE AL B B
PRt T A A R B TR A E TR T s, Y

FE AD 1, PP2AGE i HAALTE M . WA ERIA
KB e Cani 32 fb/Biiatl) JR4% tau id FEBE
FRfk . ABAE BRI R 28 RAE 7, SR AL I BT iR
PP1/PP2A 23, FE(PP2A FHRALALTH, X £hsm
tau 3 OB IR L, FET 51 4 tau B AR 7 . T
BROETE TR, JHEMLIciRizmne, &
fili b 2 ot A AR RS R M, B RO 2R Y
IE4h, ROS #Hil PP2A 3£ 23 i i#F GSK-3B I #41 ,
11 GSK-3pB i M Tt = n] BB #E— 25 il AD H tau 9 33
JE R 1L N NFTs JE % ' BAFGR £ B, fli
PP2A W& (I = IAGfE e ) 7T Ik AD B8/
B Y tau B R AL K7, 03 Bl 22 AR E N LT
A . IeAh, ROS AT LA i 7 [ 9E5 NF-«B 43
(AR R A58 PP2A 3%, (2 25E AT BT 75
SEALR B, Ao Y TEBUE B
T, PP2A A o MR AL Nrf2, iR iF HoA% B
LA AL R B FE 58 5 47 PP2ATE PEREAR, DUl<s
THINe2 38, 55 AR hT AR B I RE T
1.4 CREB{ESi#@

CREB {5 51 i B2 ANAME S (Anppgis
Fi. WES) ERTHNZEE, #id G A
ZARGERAIE MR RIS, 1 240 B N IR B IR iR
1 (cyclic adenosine monophosphate, cAMP) 7K

FhiEr, #BEMEOE PKA BEA A%, {ff CREB B2
b, WL ILAY CREB 5 DNA |- i) FRBi IR R 2 T
f  (cyclic adenosine monophosphate response
clement, CRE) %54, JA#HMILHE P, £
ZH4 AR, KE . % 0 FEERY
B RHAEMS RS, CREBENIFZIES
P NZAE 5SS, S 5METAIMEE . 400
JAEEE . Mot oA, X T AT R
KB BCHEZE, /5 T RhCIZIm K Be 2
Bl

— TR XN B A S A B, 2 W S
CREBF*7id M, nJME ADBIAYNRAIAHIDIRE,
U /0 fiki P9 SR AR SRS Y FE AD BB R ik,
CREB 15 7 i i 3 52 it , il 88 481k ) B Ak g
(superoxide dismutase, SOD) FI# Bt H Ik A4k
Yl (glutathione peroxidase, GPx) Z5PrafbKEHA
FIKTRE, ROSHEBRAESIFEAL, hml &g o,
AMP 5 16 B9 25 1 i B (AMP-activated protein
kinase, AMPK) n[ill i 4% LR 500 F a4 %
Wi CREBIGPE. 7EAD Y, MREm S =% (N
PR T RE R M) 4 H 4% 5 BUROS & B AE AL,
AMPK A DL BcsE 5 B I AE B AT, AN AT LApsib
AB UL, I8 A] L) i PP2A Uil /b tau i JE W iR
£ 97, ARt AT A F ] CREB A9l iR Tk f 1 428 i
U5 M #2578 9% I 1 (brain-derived neurotrophic
factor, BDNF) %5 f%% 5% *'. BDNF 2 5ikF12)
REFIFR T Al PRI IRTY, tRess iR —Lehi s b
it Fi%) ¢ 35 48 B H KA J5L  (glutathione reductase,
GR) F1SOD ', #F CREB-BDNF {55 544 Sy #L
)T 2 Y Bas AL VR YT T AT RE R — A AL AD
TRIT R
1.5 Notchl{ES@EK

Notch j&—Fh 4l R Z 1A, FE3W) LB L2
th - AR AR TR, 7E #2850 Notehl 5538 [
PEE ARG LR, RIS 5 58 A N o
HYILZR P, Notehl ZK FEER T, X
SRR 2T R R, 825 T KB 5%
2 BUAE A IEIZ I A i 2R A TR 5 A
fC27% PV, Notchl 52 44 B 1% LA HS v 43 W g/ =
S R X UTE, BN 25 R 38, TR 4
sge U 3E I FH vy A A o) ) B R M R
Notchl S, 4fififi Py NADPH AL EER A N, A
A N KT Bl 2 TR B N2 A a5 SR O
Notch it {AFIZ {4, H45% Notch il B75 4, Notch



+2490- EMUEEEYIEER

Prog. Biochem. Biophys. 2025; 52 (10

TG T — 2 B Nrf2 557, AT 58 T BT A AL
263k 5, PRI, Notchl {5538 & 4 B BE Bk 2 )
Il =R AR QO R =W AR & K |
Notchl Al Nrf2 {5 538 iy 32k, DIdEsm b Ak 1%
PE, {H & ROS & & it 7 sk 55 & A1 = A 1Y
YRR =,

y A3 W BEIR T BT Y] Notchl 2 4b,  [] if 1, 17 3¢
APP 1y 544], Notchl i [ i K 7 25 2 EL APP 57 7]
WX ABULR, mZA5IEADWRHM K ESE
J& B fEAD T, —J7 T, K AR Sl T IR
LRARTREF ROS A AL, 33U Notchl £ TR,
(i ol = 1B e o = A U U EZ BT LR
HEFMEERETT, 55—, Notchl {5 538 4 7
238 i Notch1-APP i iUl ,  IF(H /NI 40 i % AR
BEHLIFFERE S TR, AR HE AB Y AR AR 7
Ak, AR 55 T, Notehl 32 55 D) /b,
A fig 38 2 0 1 mE AL 3 4% (phosphatidylinositol
3-kinase, PI3K) %5155 i 0% I8 # 280 H W
A, FERLIOSET LK AD P il R R
JE45 Notch 1 5 )R B FH v 431 B 19 770 45 22 0
JBCA T LIAE A AD BYIRTT IR
1.6 NF-«B{5Si@%

NF-«BiE W S5#Z KA T «BI#HE T (inhibitor-k
binding protein, IkB) Z54&, VILIEMHREGET
OB o 240 A 2 1) 9 E PR o AR T IO SO B
IkB i (IxB kinase, IKK) #fgfk kB, fEfdik
B B AR AR, B NF-«B - (U p50/p65 — 3
) NG BB IE RS S, PR . RAE K
I AR S5 A 9500 NF-kB 3258 52 5 4 it 19
ROS K-, J& BB ) 145 B A7 ), NF-«xB 7§
F NADPH E b5k, SHGMROS £/, W&
E SN PP AR WEAIAL Y PRIk & Y T NF-xB i
i R R LA IR, T A AR Ak I AL T
(manganese superoxide dismutase, MnSOD) %5 ,
AT BRI ROS, BRI B i B s

AL S 9 0E 2 N 38 1 B3 R] 4% NF-«B il
%, KN AD PR . 7E AD BFE NN Ap42
i 3 45 A /N S 5 40 ) Toll ¥ 57 44 4 (Toll-like
receptor 4, TLR4), 4% IKKEE, FENF-«B#Z
BEL7 12 T NF-«B _EJE A9 3E K B AR R R, 34
PR AR R, B TR 6 02 240 ifd v NF-xB 38 2o
AN FE-1B SRR TR L R, WL
JG 1 NF-«B 7] g3l i 175 P07 T 28 11 40 s SR 4t

K2 ARFHOCIR 453808, R EH &
NF-kB AP A R 1 R 2y, R 1T 1k N
Y S N PR, NF-B 1R B 0E RE A5 (5 4 g bl
TN TSN, AR 2 R G IEH DI RE AN IR
BeheE o (HAE /IR o 40 i b RF S0 25 5 20 DNA
MEALE S, Bl “RAEICIC”, IR ABJF
JH e Ah LA ISR 3R I NF-«B 38 i 717 i 2k
RLARAE ) A DGR D - S B 2 e bR D g
BEE RS T IR S AR R

1.7 ApoElsSi@ERK

ApoE VEh—H S5 g A OC Y E A i, H
AL B3 E RN 2| €3, ed Gt 3
Fi A4 (E2/E3/E4), PRIEAAS S BE R 22 S 1 HAT
AN A Y 32 1 2% R ) St | A e oy e, Hor,
ApoE-€2 A 3 128 {1 7 JIF [ A QAR s b 48 £ 5
RIFARIPVER 7, il ApoE-e4 JE DK AT i 2538 in &
AD XU, 7E ApoE-e4 #54 #  K ki rh , AN
KRR, BIERAMERAET (lipid droplets,
LD) feJ1a2 4 Houf g it A usbe s, i
T pl 22 ST RS R DA S i 707 ATV PE AR MU
5] J5i % P B3 B L ApoE SR AARAR S G O Xk A
ApoE4 [HRRAL T ApoE2 B¢ ApoE3 7, ApoE #ii%
P22 T v Y A 28 A 43 24 D TR AR Y B 5T
(mitogen-activated protein kinase, MAPK) {555 i
B, RIS 5R APP 5 A, AL U 4 ApoE4>
ApoE3>ApoE2, 5 AD XUSIIT—2L ™,

ApoE4 #1150 g RGN TIRE, GRS T
YR AYTE AL, 2 T 308 2 00 A AR PE R 15 RN 90T I
N7V, ApoE4 R SEA HE M A L WAL (histone
deacetylases, HDACs) ¥/ H 3 (transgelin 3,
TAGLN3) Ja 3 Xk, (48 2 mEAkK-F %
fi&, M TAGLN3 % 5% ' . TAGLN3 14 JJL2h &
HEEAE M, ] FRoE 40 2R 40§ NF-xB p65
EBERAZIE AT, H TR 2o e {22 15 Jo 4 2k
MESARTE, IFH RIS RAE ™. ApoE4 4547 4 1)
I/ A AR L 20 A A T I JROIR A, S5 0ie) E I A4H  17)
ABFFMEREST, MM ABTERGN AR, DTN 46
TER B FREE 7 ApoB4 #7% GSK-3p FHIZH fid & 1
B OH K MM B B S5 (cyclin-dependent kinase 5,
CDKS5) 2 tau R L 7', L4L, ApoE-e4 #
W BRI SRR RE AT BEAZ 0, SebiiAR i1 1)
hnfal s e ACHER AL, I HZb AR it 2
B 1K= 2 B TAO J  2 Fvd411 167 AR
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1.8 HRATIESER

BRIET S ol R PR B ok 48 T AR 3R i Bk
)RS e 117 A iy W 1 [N AN R QU 753 VO
A AR HURPIE TR I OCHATY ,  E ks
{1k Fenton 2 ., M ROS f=4:, Tk — 242
AR A, SR ShERFET HERE 8 2RI
iR (polyunsaturated fatty acids, PUFA) J&JJg )i
AL EERY), fEBE T ROS BIMEHT,
PUFA 8L iUl Bt %8468, Hrhsifg i Ak
PSR A ML A S5 R AT R, 2 SRR AL
(R, WIRA ARSI, TERRIET i fE b
FEEIAEH ™ ARG A 20 ROS 21
AL R G, R fl AR BRIET . RIET:
b AR PR IR 0 i BT 481k 7 ) A ROS AT HE 22 4R
UT AR, 20 R AR A I IR e £ T 24 L A
1, TR 2R AT AR R

2 H O E L4 (glutathione peroxidase 4,
GPX4) ZHICT-HOCHEPAE A 1, X 4Er i N
() BRSSP AT IR BRAE T A LR e A 28 G i
W £, GPX4 "] LL A AT & 5t B 45 Bt H K
(glutathione, GSH) H4BifEZ it AL )5t, M
g B A . PRI 24 GPX4 15 Mg il 2k GSH
FEIRIN , ANfETCE A ROERRIE BT A, 251k
BRAE T dokn iR by UL VE R B A
(dihydroorotate dehydrogenase, DHODH) 5 GPX4

PrE, 98> ROS p= A IR i 800k, D ik 24k
FET-M A S AN, R AR 1 pS3 vl ik
AN R85 Xe 5L SLCTAT FE N 263A, HISS
IOt 2R/ Ay 2R s 1) e a2 TS M, DT 0 i 4
Jo X e 2R (4 L, BN GSHRTIR (R
R 2830 I A B 2 ) AR, SRR GSH &
T M HARHR ) GPXA 1T, Fe i A i X 2k AE T
PRI

2 PR R E AL R

AD BIBTAALTR YT 322 FAR R I th A A
Sl mmzsiti. HAr, T ADBTAALZYIR
TR THTFE T B, (HEA —LEiTERIR Y T AT
HAME o LU S — LSBT P LA AL R (3R 1) .
T H YR, RSO IR R IFARER £
BV FOFE RS0, NSO 22y
WrAE AD BIEFE R (8 F2 24 HI DT 1 Anp A AR/ DA K
i, FFEET PR TR o). B, R
HEARER (210 mg/d) 7EF IR AR PR
UEZAYIRIRTTRCR, H I PR RE (AT 7 T 22 T
BRI, FATAR R R AE AD T b 24
FRFERUEIT O JHR B 3~20 mg/d), W AR ARAHIAYT
PEZG At E, DA SCERIE LIS “#hR7 . %
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Table 1 Antioxidant strategies for Alzheimer’s disease

®1 FRRBERBITRLE XK

EEER A 25/40 57 TERTT B ES SR
I AR FH 24 4R (Memantine) 3B 3% G MEFHITINMDA %2 1 PHLIBTNMDA, i) % 2 B2 M v 5 [87-88]
P, D BT T U AU R
£ Z5URF (Donepezil) 1] 2 T A% P ity T ZBRNBKST, a2 oRL  [89-90]
REAL 3% A AR AR, R b STk
ML
8l offi R (alpha-lipoic acid, ALA) P 7 FEMARIGEER AT A, E [91-92]

BO%ECREB/E 5l %

N-ZBE B &R (N-acetyleysteine,
NAC)

PUAALA

bk 2 FIROS, I A I Ath H1 AL
(%A ZCB), HidFEEX S5
FIRIT B IRGSHIT I AL e )1, B

Gk, BRI TIRE, e A,

D ABIITIRR,  IREE P 2e 20
ENGSHAT#E, #REaM A GSHAK  [93]
F, THFRROS, iR TS A=

MUAE R, AR ABFI AL NI 5 i)

2 el
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WA Notch 138 % PRI R RN, SRR
fili T g
LKA 4HEFQ (mitoquinone, UL, BOENr2IE % P, B, WoOEZRLR P [96]
MitoQ) MBS TE, BGE SRR DI fE
f&$i Kk (Elamipretide, SS-31) P, H5OBIRS S FasE bR I, W SRATPIIE =,  [96-97]
By kA AR
HeERE, 4R HEC (vitaminE, Bréa AL PrE AL, i a p A A, e [98-99]
vitamin C) b ABRENE
HRATHFEEY) (Ginkgo biloba extract, Eie=R e Pk, Bugk, puET, ks [100]
GBE) ThRERARS, EFTARA AR, T
tau i B RR 1L
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Nrf2id #% fEH
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Fh R - BEN215 538 % FEACROSIKF, JlgzZ e, Ak [104-105]
TR O SEE M TR, Bk
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E Rl A

NMDA: N-HI£-D-KRAZEFR (N-methyl-D-aspartate) ; CREB: PR IR S o5& (cyclic AMP response element-
binding; ROS: #it4 3% (reactive oxygen species); GSH: ifJRFIASBEH K (glutathione); AB: PIEHMIFEE I (amyloid
B-protein) ; Nrf2: #%4%FH FL R 2K F 2 (nuclear factor-erythroid 2-related factor 2) ; tau: MK A (tubulin
associated unit) ; NF-kB: #%[H T kB (nuclear factor-kB); PP2A. 2 [#EfLM#2A (protein phosphatase 2A).
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Abstract Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive cognitive
decline, functional impairment, and neuropsychiatric symptoms. It represents the most prevalent form of dementia
among the elderly population. Accumulating evidence indicates that oxidative stress plays a pivotal role in the
pathogenesis of AD. Notably, elevated levels of oxidative stress have been observed in the brains of AD patients,
where excessive reactive oxygen species (ROS) can cause extensive damage to lipids, proteins, and DNA,
ultimately compromising neuronal structure and function. Amyloid B-protein (AP) has been shown to induce
mitochondrial dysfunction and calcium overload, thereby promoting the generation of ROS. This, in turn,
exacerbates AP aggregation and enhances tau phosphorylation, leading to the formation of two pathological
features of AD: extracellular AP plaque deposition and intracellular neurofibrillary tangles (NFTs). These events
ultimately culminate in neuronal death, forming a vicious cycle. The interplay between oxidative stress and these
pathological processes constitutes a core link in the pathogenesis of AD. The signaling pathways mediating
oxidative stress in AD include Nrf2, RCANI1, PP2A, CREB, Notchl, NF-kB, ApoE, and ferroptosis. Nrf2

signaling pathway serves as a key regulator of cellular redox homeostasis, exerts important antioxidant capacity
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and protective effects in AD. RCANT signaling pathway, as a calcineurin inhibitor, and modulates AD progression
through multiple mechanisms. PP2A signaling pathway is involved in regulating tau phosphorylation and
neuroinflammation processes. CREB signaling pathway contributes to neuroplasticity and memory formation;
activation of CREB improves cognitive function and reduce oxidative stress. Notchl signaling pathway regulates
neuronal development and memory, participates in modulation of AP production, and interacts with Nrf2 to
co-regulate antioxidant activity. NF-kB signaling pathway governs immune and inflammatory responses;
sustained activation of this pathway forms “inflammatory memory”, thereby exacerbating AD pathology. ApoE
signaling pathway is associated with lipid metabolism; among its isoforms, ApoE-&4 significantly increases the
risk of AD, leading to elevated oxidative stress, abnormal lipid metabolism, and neuroinflammation. The
ferroptosis signaling pathway is driven by iron-dependent lipid peroxidation, and the subsequent release of lipid
peroxidation products and ROS exacerbate oxidative stress and neuronal damage. These interconnected pathways
form a complex regulatory network that regulates the progression of AD through oxidative stress and related
pathological cascades. In terms of therapeutic strategies targeting oxidative stress, among the drugs currently used
in clinical practice for AD treatment, memantine and donepezil demonstrate significant therapeutic efficacy and
can improve the level of oxidative stress in AD patients. Some compounds with antioxidant effects (such as
a-lipoic acid and melatonin) have shown certain potential in AD treatment research and can be used as dietary
supplements to ameliorate AD symptoms. In addition, non-drug interventions such as calorie restriction and
exercise have been proven to exerted neuroprotective effects and have a positive effect on the treatment of AD.
By comprehensively utilizing the therapeutic characteristics of different signaling pathways, it is expected that
more comprehensive multi-target combination therapy regimens and combined nanomolecular delivery systems
will be developed in the future to bypass the blood-brain barrier, providing more effective therapeutic strategies
for AD.
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