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[ Abstract] The pathological manifestations of neurodegenerative diseases, such as Alzheimer's disease,
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Parkinson's disease, and multiple sclerosis, are abnormal protein aggregation and accumulation, microglia
activation, and mitochondrial dysfunction, which eventually lead to the gradual loss of neuronal structure or
function and deteriorate over time. These pathological processes are related to the production of reactive oxygen
species (ROS), which can cause oxidative stress and damage proteins, lipids, and DNA, leading to cell and
tissue injuries. The Kelch-like ECH-associated protein 1 (Keapl)/nuclear factor E,-related factor 2 (Nrf2)/
antioxidant response element (ARE) signaling pathway is the main mechanism to maintain the redox balance of
the body and defend against oxidative stress injury. Nrf2 activates the expression of a series of antioxidant genes
related to ARE through the dissociation of Keapl and nuclear transfer in the cytoplasm to protect the body from
oxidative damage. Therefore, the discovery and study of the Keapl/Nrf2/ARE signaling pathway activator is of
great significance for the prevention and treatment of neurodegenerative diseases. Because of the remarkable
biological activity and slight side effects, natural products are a treasure trove for new drug research and
development. Studies have shown that a variety of natural products can activate the Keapl/Nrf2/ARE signaling
pathway and play a neuroprotective role. According to the structural characteristics, natural products can be
divided into flavonoids, terpenoids, volatile oils, polyphenols, and phenylpropanoids. This study summarized
the underlying mechanism of the Keapl/Nrf2/ARE signaling pathway in regulating diseases and reviewed the
research progress on natural products based on this signaling pathway in neuroprotection to provide references for
the development of clinical drugs for the prevention and treatment of neurodegenerative diseases.

[Keywords] Kelch-like ECH-associated protein 1 (Keapl)/nuclear factor E,-related factor 2 (Nrf2)/

antioxidant response element (ARE) ; signaling pathway; neurodegenerative disease; oxidative stress; natural

products
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T Nrf2 {5 5 3 i R il 56 52 S8 A 4 o
313 ZWMAEAGY TWRE-FANER KM
BB — LA YR ZE PRI RIRZ B K5,
A A AL PR PP SF 25 BAE ] . RAHAMAN
SR B 2 W VT JE A v A0 IS T K n 4f i
GSH 11 7K - Fl1 3 5 B 20 B A 3R 48 (9 e ), sl 4% 2
JiL PN %) i 25 5, [ AIK LDH 4 & £ A DNA F 451455
AR FEXT PCL2 40 M i pi 2 R B E . 5 A BESR
P, 22 B KA o WG Keap 1/Nrf2/ARE 4§ 14 21 fifg
LR TARI1 N (A A A QO A - U N 7 SRS TN
PRI A5 A8 TG Y7 HDY

P P T R — T A A A I B e T AR A
W Z B KA E Y, BABUA A BT i &
O IR AR 25 BRAE o R SE 3R W, (2 i mT LA
i i PI3K/AKUNrf2 {5 5 38 i L5 HO-1 9 7K, ik
555 AB,, T T PC12 40 i ) b 25 25 1

F i T T S MRS Yl v — B 2 W S R AR L
FH B A AL B 55 5T 2 B P T A2 B Ok i
LT, PENG 25100 % 3 55 5L s st 75 14 M A 2500
Bk A %L 7E PC12 40 b X 6-OHDA i 5 & Ak I i
P 0 B AT PR Ve L A R AL ) 3 238 2 TS Keapl/
Nrf2/ARE {55538 H , 340 40 i £ 3 3 R 3k .

TR R -FEZmELEGY, FENR
SR 25 B g R, B PR AR PO L BORE PR
Bt & RO I A8 PR B 25 25 P S R g R T, R AT
A D3 2o 900 Nrf2 5 5 3 6 40 i e 32 S A i 4
I 1 Nre2 45 i 1 Bt 801k ik R 1 2R3k 7

UE4h , RONG %% %z Bl ok 32 F iR 7] 3 43 X Nrf2
YIS L W55 PC12 4 M AB I 5 Y A Ak N AR
fi. THUMMAYOT %" 55 1A\ 0 46 75 23l i ) i
SK-N-SH 4 i ' TLR4/NADPH % fL./ii 4(NOX4) T
U7 1 NF-xB 7 P S 055 AB,. s U5 T 1 M 48 980 , I
e A H AR HE T N2 D20 S ) 40 A% 1) 2 Ao, b iR
2 DR 4 il 1Y) 1
3.4 RINFER SRR 4 AR PR —
RN R EAEY , BAPUAAL HBR A o 5%
AR R G HAE . YAO 517 R R 4k i
R AT DL b T AR g 55 2 PR Y 263K, W HO-1 .NQO .
GSH . Trx1 %5 , 1Ml Nrf2 PR R BRI 5% 1 X F e L OF:
2% J5 R AT A Ry B2 Bt A Ak 550 R ]2 B Ak R X
Y1 i 2 15 LU LR

AN By 2 AN B 32 R P A A B R
PUo U YU PR R BUE Y R &R
PrAE 2 PAE T . DRI R R E AR M AT LA SE i 0

Nrf2 {5 5 38 F% Ul 5 S A0 I 05 5 i i 22 2 e, 15
A e H R OK P F0 E I 2 F A M Ok 5 8 H (HO-1 .
NQO1 45 ) K3k 55 H,0, 5% 6-OHDA i 5 19 % PC12 (1)
20 e 2 P, F0SERN B 40 A OR 4 VR i D0 R Nrf2 ik
FrAE P, FWANR2 25 7 Ho 4 i i fR gt f27

WANG 5§71 1A 2 5 88 46 Bl AT LL3E & Nrf2
ERK Fl PI3K/Akt 4515 % it J% , Wl ¢ AB 4 2 W2 Fl ik
AL G R 25 75 5 09 Pl 28 3k 9 o 40 L O T
3.1.5 HAhZE B MR EZ -FNE =R F o
ORI i SR L, R LA LB P E R &
N B 2 AT D SE I 34 0 Nef2 Al HO- 1A 7K SF 3k & # #f
AR P VE A, I 1 Bl 5 B K 2 1 -3 (Caspase-3) 1%
P 1 1 R B O AR I R AT B R R
24 8 3% P PR IO — Rl A= W e, B A AR PR i
T A 25 FRAE D R 90 W, B 3% 3R AT LAY 5 i 46 (A
Bt R R R S B Ve o NS P R R R P B § T
Keapl/Nrf2/ARE {5 5 38 [ o 98 5% 0 25 50 40 i 1) I
TR AR 7
3.2 WA Kb 2y A T AR
WZR GAE, WE 98 B, 99 0 BoA P A A A b i o
B AR P, HL 38 o T Nef2 , B AR c-Jun %20 3 A< o 4 T
(JNK) 5936 1, e & F  H,0,15 S5 09 35 U1 59 e K &
[ i -3 (cleaved Caspase-3) . cleaved Caspase-9 F
B 4f fifg bk L2 98 -2(Bel-2) AH 56 X A 1 (Bax) BY 7K, B
IR Al 2R AT MR 7> 0 1K 2 7 2 T il 9% il
2 MR, )z TR 9T AR h R AD. LU
E S BRI I T I A
(Sirtuin1) /T A9 Akt/Nrf2/HO-1 15 = i % , A s i
il P 25 A B Y S AR N BB P R T . B R E T
SN CH T B RLSCRE IE |, BT R W, FE ALS B )
AU & B 2 BB OE T SR AT BONE N2, O A AU
FEK B ) 11 S A A7 U TR R s AR AT
4 BEERE

DL AL I R 32 B R I i R AT R B
RHL 5 2%, ¥ KAS [R5 530 % 2 (8] 9 A0 BLAE T
BIT L — TR W R A O A ME R, TR 25 1 A g
BEL 11 B9 1E R DR G 4 X6 9% 0 A R 2 W 9 ik kL
AEEE L. Nrf2 S AU TR PE B AL R e 0
s PR, Al Bl O 5 A0 i fR 4 M R DR Y R 3K Nrf2
MIBTE 23 00 K2 B R 255 7 F AR, 51 & X R
SiE L W R TSR S 0 PR T Y, R, N2
= EEE A TR B 25 YR R . TS Keap1/Nrf2/
ARE {5 5 38 [ & #5022 R 30 4 G KR 7 ) Je AL
(iPSEL T UE
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* 1 #i& Keapl/Nrf2/ARE ESERB A EHERIPERANRATM R E
Table 1 Natural products and mechanisms that activate Keap1/Nrf2/ARE signaling pathway to exert neuroprotective effects
FKH R FE R S i A Y YE LI 2% 3k
WA ARBRERE ARBE PR CEMR.  MPP T W A9 PC12 41 DL ERK A5 A9 5 TG Keap1/Nrf2/ARE {5 538 [45]
A BN fitd F1 C6 2 fifd
HEH B ORI A 6-OHDA T il ) PC12  #4i% Keap1/Nrf2/HO-1 1% 5 il }% , I 8 Nrf2 \HO-1. 40 [46]
41l i o #% Nrf2(nuclear Nrf2) %3k, T i Keapl ik
i e % Fi A B AT R W AR, TR PCI2ANML ¥ Sirtuinl/Nrf2/HO-1 {5 5 %, £ 18 SOD .GSH-Px. [47-48]
WL A i E AL S (CAT) (Sirtuinl Nrf2 ik
I Ty ML 7, H,0,.6-OHDA TH#if i Keapl/Ntf2/ARE {5 5 i # , |4 HO-1,NQO1. [49]
PC12 401w TrxR1.Trx1 .nuclear Nrf2 £ ik
[B= g - H,0, T Bl (1) SH-SYSY #4i% Keapl/Nrf2/ARE {5 5l i, |11 HO-1 NQO1 £k  [50]
4 i
NG B H,0,. 6-OHDA F #il  i# % Keapl/Nrf2/ARE {5 % il i# , I~ ¥4 HO-1.NQO1, [51]
I PC12 4 ity Trx1.TrxR1.GCLC . %% 24 R - It 22 R 3% 422 [lg ] v 7 5k
(GCLM) %% 5 K F
FRE R MPP* T i fy C57BL/6 il it GSK-3B/Nrf2/ARE {55 3d #% , % GCLC \Nrf2 %&ik  [52]
JNERFTPC 12 41 i
SHHE R N EE S SD K RUIR Y A5 R G Nrf2 {5 5 3 B, 111 ROS \NF-«xB 4 5 () NLRP3 [53]
HE &1 i RARE M FE
FAET E B, Wik CYP T Wi iy C57BL/6 i it i P13K/AKt (5 53 5, W95 Nrf2/ARE {5 i s [54]
AN NV LT
BER hF oS EM R AB,, THi CS7TBL/6N W Nrf2/TLR4/NF-«B fi %5 38 [ , [ Nrf2 HO-1 & [55]
SRR R NR CHT22 4008 \BV-2 ik, T TLR4 ® 2 fk NF-«B(p-NF-«B) W98 K58 H F--«
B Mg i AR S 4 i (TNF-a) T4 L4 R -1B(IL-1B) £ ik
KKEIR  FLE ZPbFE(DTX) T ¥ I6 Nef2/HO-1 15 538 ¥ , - Nrf2 ,\HO-1,Bcl-2 #% [ 56]
) SD K Fl %, N E Bax #% 55
WRK KREFRAB AT, EBEL G HO, 6-OHDA T M  #1% Nrf2/ARE {5 %5 3@ % , £ NQO! . TrxR1, Trx1, [57]
Y& % 16 fLee ) PC12 4l fifg HO-1 .nuclear Nrf2 3 ik
FOMERNR 20 AB, THIRIPCI2ANM  B% 1 WA Nef2 /v 3 19 p62 {5 53 #, |- Nrf2 . p62 s8]
23k, T AR AL Tau 5 A (p-Tau) \p21 £ ik
RERR Rk E HE U373MG 4l i 3 b Nrf2 FE 5 S R T 4(ATFS) B R AE AT, 1A [59]
TrxR1.HO-1 51k
FEEE,  JH3 6-OHDA T il fy SH- il if miR-153/Nrf2/ARE 1% 5 3@ % , F# HO-1.NQO1 .
SYSY 41 i GCLC. GCLM #% & , F 14 cleaved Caspase-9. cleaved [60]
Caspase-3 %3k
B-AFEE A1 B AB,, T BRI PCL2 40 id it P13K/AKYNrf2 {75 453l # , b p-P13K., p-Akt, (61]
HO-1 .nuclear Nrf2 3% , F 4 cleaved Caspase-3 % ik
RER R SR B RS 8 NERUR KRG BN AR 08 Nef2 (5 538 8%, 9 nuclear Nrf2 (HO-1 363k, i [62]
AR T AR TLR4 NF-«B % ik
2 ZWER A4 23 AR A T HIY PCI2 41 B Nrf2 {5 500 B, 198 Nef2 Akt ERK W FL3h 75
L&Y il 175 Z $8 F1 (mTOR) \Bel-2 %35, T i Unc-51 £ [ 1 [63-64]
BT WO 1 (ULKL) BOR AT 56 26 (- 85 3(LC3) (p53. i
Bax 4l {5 % C(CytC) &Kk
Sk IR FERL RE R A AB, L, TTAY PC12 40 W% PISK/AKY/Nrf2 {5 538 % , [ & HO-1 Nrf2 . PI3K [65]
% A p-Akt £ ik
FEILmEEE  BONE Y SR SE AR H,0,. 6-OHDA + #i  #i% Keapl/Nrf2/ARE fi§ 5 il ¢ , I- 8 HO-1,NQO1, [66]
I PC12 41 ity TrxR % ik
e TRMRY W H,0,. 6-OHDA T #l  #i% Keapl/Nrf2/ARE {5 % il ##% , £ ¥4 HO-1,NQOT1,
B RIRERARZE M B A PCI2 i TrxR1 . Trx1 19 %% K F [67]
e IR RPN
KT REE AB,s . W PCI2 401 38 i Akt/GSK-3B/Fyn {5 53l s , ¥ Nrf2/AREf5 il s [68]
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KRR EER S A5 1 F DL E= PN
TEHH WAE MEBE R W AR, T T SK-N- @ if TLR4/NOXA4 553 % , 1 il NF-«B {5 538 % F1i%

L RBCE LR T SH i il

KN S5 KR A& 4RAE M B H,0, T PCI241E
RS B % NN N

HE AN B JE b 0t AN H,0,. 6-OHDA T 7
TR R B K B 1 PC12 41 il

BB KRB RN T . AB,, THIN PCI241
HOEE A S

Hoftr L ANES P22 46 R EE AL D7 O B SR e i Y

[IEa
BIER O OO A T H |

(t-BHP) 1 Tt iy C57BL/
6J /1N LB |] 78 5% T 40
R G e JE M 42 0T

I Nrf2 {5 538 % , I nuclear Nrf2 \HO-1.NQO1.GCLC [69]
ik

% 1% Keapl/Nrf2/ARE 5 5 i #% , I #/ HO-1,NQO1. [70]
Trx1.TrxR1 . Nrf2 & ik

W I Keapl/Nrf2/ARE {5 5 i i , [ HO-1.NQO1. [71]
Trx1 . TrxR1 £k

i i ERK Ml PI3K/Akt {5 538 % [ Nrf2 \HO-1 &1k [72]

% Keap I /Nrf2/ARE {5 %538 i, L8 Nrf2 \HO-1 %3k [73]

4G Keapl/Nrf2/HO-1 {5 5 38 ¥ , I+ #% nuclear Nrf2, [74]
HO-13%35, T A 4088 5 Nrf2( cytosolic Nrf2) \Keapl £ ik

Keapl fE 4 Nrf2 i f£48 70 7, % Bk nl 5 24
Y= e AR A, BT B R R e
1% , 259 /N3 A 3E S A ST T 5 Nef2 5 G 1 1 45
& Keapl, ILES , Nrf2 # B T Keap1-Cul3-Rbx1{Z &
ARG WA T 09Iz AR R R A TR
b Nrf2 5 % 2 40 M i v, 900 T b AL S i 5
FER Y 2R 35 o Keapl H iy BE 16 1 19 2F JbE 22 2 4% 2
Cys151,Cys273 1 Cys288 & £ g iF W J& i 5 Nrf2
Bty ST R I A5 SRR B R () B 5E DGR &
F 5, 4 Cys513 . Cys368 U, 1] B & V8 75 1Y 0 M 2 1
Pra e /NG5 Keapl A A EAE & 24 1M 2 8¢, 1fii
B WA R AR A 5 ML A fr i — 20 1942
FERE o weah, HoA 98 45 HLH o v] L2 5 Nref2 19 3%
L AR S M 18 1 Keap1'™, i1 845 GSK-38"" [ 1
Ol C Y B R AL B p38 & A MY B MR Ak DL A E
Nrf2!$24

1M % % B (BBB ) & — i ik 5 PR 18 38 Bt B, 76
AX A 28 2R 55 (CNS) HeRE A6 4 100 3 -5 A i 240 Jif /03 43
B I, AR B CNS B 52 A U M 54 407, (0 2 Bk T
ik A RN . % BBB (9 fiE S A B T 25 W X
CNS B3GR I7 N, B, 78 X6 K 8R 7= 49 1 2 %) [ B
2 BBB [ B8 ) 2 B A 0k A . KRR
PR LA R B I B O A R TR R 2 AR AP T Y AF
RO ZE, FEbc &M T inKIBIT,
mAZE P EREGZHTIRIT AD, KR &
TR R T AL TR YT AR AT R B I IR
I B, SETOAMREE R, A o, B- AL Al
Tl 2% ¥4 ) KSR AL A W0 T A5 Keap b A9 2 JbE 2 R &
A2 8 S SR NN, PTRE TR B TN Nrf2, K il

ifF 7% B 4 00F 52 K 8R 7= W 1 it PR M (8, I Itk Keapl/
Nrf2/ARE {5 5 3 [ 0] 75 S By i i 2208 17 1 9 0 19
B S I MBI 2 PR S AR i

(&= 30Hk]
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