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i ZE:BH) T Kelch £ ECH 588 [ 1 (Kelch-like ECH-associated protein 1, Keap1) /#% A E2 #H5¢HF 2 (nuclear
factor erythroid 2-related factor 2, Nrf2) /Pué LM G (antioxidant response elements, ARE) il B FHAF &S AL ER T2
MEFF (total saponins of Panax japonicus, TSPI) X&) 2L — /KA E AL Celesclomol-CuCl2-2H20, Ele-Cu?") 51
SRR IR . 5k WESIRA. R4, TSPI (25 pg/mL) 4. Nrf2 ##]7] ML385 (10 pumol/L) 41 TSPJ
(25 pg/mL) +ML385 (10 umol/L) 4. #J# Ele-Cu?'i5 31 AML-12 HMHIE TR, S TAY TS, FH MTT %
KA IE A1 R ARA A AL B i A8 (lactate dehydrogenase, LDH) BB K 40 i hid E AL E 5 (catalase, CAT).
BEH K (glutathione, GSH). 7 ./ (malondialdehyde, MDA). #&id & fb¥f (myeloperoxidase, MPO). #B% L
{1k (superoxide dismutase, SOD). M$i%fLAE ] (total antioxidant capacity, T-AOC) 7K*F; X Sytox Green. DCFH-
DA.JC-1.R6G % Y644 23 A I 240 A SR 8 M: 7 1 | 36 1 48 (reactive oxygen species, ROS ) 7KF « £ 4 4 JiF B3, {37, ( mitochondrial
membrane potential, MMP) Fl Cu?7K°F; K qRT-PCR #l Western blotting ¥4l il -H Keapl. Nrf2. A& M E MR E
B4 2L (glutamate-cysteine ligase catalytic subunit, GCLC)+ ILZL &M% H¥-1 (heme oxygenase-1, HO-1). NAD(P)H
FRAAIE T 1 [INAD(P)H quinone oxidoreductase 1, NQO1]. & i LM% # M (dihydrolipoamide acetyltransferase,
DLAT). #%iLHE A 1 (ferredoxin 1, FDX1). i =R A& HF (lipoic acid synthase, LIAS). #KF7i & H 70 (heat shock protein
70, HSP70). =HEMZ AR (adenosine triphosphate, ATP) [#4fi#%12 25 7A (ATPase copper-transporting 7a, ATP7A). ATP
figf %12 & 4 7B (ATPase copper-transporting 78, ATP7B). 4l & Tl 18 A i 24 % 31 SR 1 (copper ion channels solute
carrier family 31 member 1, SLC31A1). B4 1 HfEEE A (antioxidant 1, ATOX1). #8444 S AL EE K4 18 | (1
(copper chaperone for Sodl, CCS). #liffifaz C FMMH 1B E 17 (cytochrome C oxidase 17, COX17) mRNA Fl& H
Fik. R HHEMHLE, TSPIAMMAFEZEM MMP K F8#THE (P<0.05. 0.01), ZIEARSEIEIHT:- 2. LDH &
A ROS. Cu?*. MDA 7K1 MPO W& £ 2 Z %K (P<<0.05. 0.01), CAT. GSH. SOD. T-AOC V&1EE#ETt@E (P<
0.01), Nrf2, GCLC. HO-1. NQOI. FDXI1. LIAS. DLAT. ATP7A. ATP7B. CCS. COX17 mRNA Fl5& [ & i&/K T 5 F
JHE (P<<0.01), Keapl. HSP90. SLC31Al1. ATOX1 mRNA F1E [ iA/KF B FERIL (P<0.01); 1ff ML385 gty B3
0| TSPT XA ZE TR B /E ] (P<0.01). 4538 TSPT Al REIE I % KeapI/Nrf2/ARE {5 5B, MRS NE
Ele-Cu?" 5 5 1) T4 2t
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Abstract: Objective To investigate the effect of total saponins of Panax japonicus (TSPJ) on cuproptosis induced by elesclomol-
CuCl2-2H20 (Ele-Cu?") in hepatocytes based on Kelch-like ECH-associated protein 1 (Keap1)/nuclear factor erythroid 2-related factor
2 (Nrf2)/antioxidant response elements (ARE) pathway and copper homeostasis. Methods Control group, model group, TSPJ (25
pg/mL) group, Nrf2 inhibitor ML385 (10 umol/L) group and TSPJ (25 pg/mL) + ML385 (10 umol/L) group were set up. Ele-Cu?*-
induced cuproptosis model in AML-12 cells was established. After drug intervention, cell viability was detected by MTT; The release
rate of lactate dehydrogenase (LDH), as well as levels of catalase (CAT), glutathione (GSH), malondialdehyde (MDA),
myeloperoxidase (MPO), superoxide dismutase (SOD) and total antioxidant capacity (T-AOC) in cells were detected by reagent kits;
The levels of necrotic apoptosis, reactive oxygen species (ROS), mitochondrial membrane potential (MMP) and Cu?* were respectively
detected by Sytox Green, DCFH-DA, JC-1 and R6G fluorescent probes; The mRNA and protein expressions of Keap1, Nrf2, glutamate-
cysteine ligase catalytic subunit (GCLC), heme oxygenase-1 (HO-1), NAD(P)H quinone oxidoreductase 1 (NQO1), dihydrolipoamide
acetyltransferase (DLAT), ferredoxin 1 (FDX1), lipoic acid synthase (LIAS), heat shock protein 70 (HSP70), ATPase copper-
transporting 7o (ATP7A), ATPase copper-transporting 73 (ATP7B), copper ion channels solute carrier family 31 member 1 (SLC31A1),
antioxidant 1 (ATOX1), copper chaperone for Sod1 (CCS) and cytochrome C oxidase 17 (COX17) were detected by qRT-PCR and
Western blotting. Results Compared with model group, survival rate and MMP level in TSPJ group were significantly increased
(P < 0.05, 0.01), the necrotic apoptosis rate, LDH release rate, levels of ROS, Cu?", MDA and activity of MPO were significantly
reduced (P < 0.05, 0.01), the levels of CAT, GSH, SOD and T-AOC were significantly increased (P < 0.01), the mRNA and protein
expressions of Nrf2, GCLC, HO-1, NQO1, FDX1, LIAS, DLAT, ATP7A, ATP7B, CCS, COX17 were significantly up-regulated (P <
0.01), the mRNA and protein expressions of Keapl, HSP70, SLC31A1, ATOX1 were significantly down-regulated (P < 0.01). While
ML385 could significantly inhibit the amelioration effect of TSPJ on cell cuproptosis (P < 0.01). Conclusion TSPJ may ameliorate
Ele-Cu?*-induced cuproptosis in hepatocytes by activating Keap1/Nrf2/ARE pathway and regulating copper homeostasis.

Key words: total saponins of Panax japonicus; elesclomol; CuClz-2H20; hepatocytes; Keap1/Nrf2/ARE signaling pathway; copper

homeostasis; cuproptosis
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K, JIGEA A RREHFAEDN R R, 5l
R, ST e inyT EREE T R
BRI, AR T s, b
WA, B R R T . R 2
FhoCEAA B AR T, XLARER S ) 2 K
AR, AR EARAS . kAR =AU AT
Mugh L BB, K E2 AHREAF 2 (nuclear
factor erythroid 2-related factor 2, Nrf2) &1 74y
FAC SN B s R, R AR N A R AR
IAZ T R 702130, Nrf2 XA oy A A 2 11 8 75
FREE, AT LA B 4a i Nef2.
ML FE NN -1 (heme oxygenase-1, HO-1) ik,
FEIEPEIEARER L5 40 B o A4 E 04 S AN
KK ] POl P02 - B AR AR Nrf2
Bee A, AT A H%E IR 5 40 A R B A T OS T R
i BB e AR R RS, XX
HERFHARAS « B L A0 8 RT A ) e S T R S
WEFLR A, v DL PR s AR S R A (=R
HEEF (adenosine triphosphate, ATP) P44 12 5§
H 7A (ATPase copper- transporting 7a, ATP7A).
ATP g4 %12 5 1 7B( ATPase copper-transporting
7B, ATP7B). A1 I8 I8 I AR SR 31 B iR
1 Ccopper ion channels solute carrier family 31
member 1, SLC31A1) JRLKARfEAR & (514 ML
7 1 #fEME S E (antioxidant 1, ATOX1). %
14 A B R 8 £ 18 2R - (copper chaperone for
Sodl, CCS). 4iffith3 C AMBHRIEIEER 17
(cytochrome C oxidase 17, COX17) A1 H Ak
LEAYIEE 4 (glutathione peroxidase 4, GPX4)
FA 2 SR AM R SR AL T, T 2 i Sk JHE A A 110 1ed
DRI, A 70 O 0 B0 T BB ) =2 V8 97 i A8 T 3K 5
JHA5 07 ) A KR

%1 2 B 2 H (total saponins of Panax
Japonicus, TSPI) NI INBHEY Rk T2 Panax
Japonicus C. A. Mey. var. major (Burk) C.' Y. Wu et K.
M. Feng [)H Z0E MRS, PR AT IHB 70 % 30
TSPJ ] 2.2 D035 50F £ 1 22 5 1 F 3500 452405 5 40l
rh MR 4 i A R A i 5 4 s TSP ]G Ak e
VOt B AR 4Edk, FRARIR IR AR AR LG .
RAYEMIALL . AT R EAIR S &, &
H IR LULA Y, UESE TSPI BivR R4
T AL 5 PTG A2 R TR 280E e
AT RS2, FIRBFFT R ] TSPY X 2541t A4k

PEIFT B A B R R VE T, (R i S 4 40
Mo M8 15 & A 3§ Cextracellular regulated protein
kinase, ERK) /#%[AF-«B (nuclear factor-kB, NF-
kB) /A G2 (55, MEGER P450 2E]
(cytochrome P450 2E1, CYP2E1) FITER(E BT
[AF 1 (silent information regulator 1, SIRT1) /1%
b Wy Wiy AR 15 BE ) O 2 ARy IO BT -la
proliferative  activated

( peroxisome receptor-y

activation of auxiliary factor-la, PGC-la) Nrf2 {7
SR R H AR BRI 2k A AR
HEHZRE R MLEIIS24, SR1T, TSPI X %15 F
JH 20 MRS T oM i ANTE R . BTk, ANHE T
PRI} TSP MR F] 22, — /KA &AL Celesclomol-
CuCl-2H,0, Ele-Cu*") #5540t s,
PAJ. Kelch # ECH #H2<#H 1 (Kelch-like ECH-
associated protein 1, Keapl) /Nrf2/ARE i £ Fl14i £
BDAEHFFEEER, DI b 259697 it 4t
SIS KA o
1 ##
1.1 ZHR8

/N AML-12 4 ('S 24062119) 14 H X
PSR A R A IR A .
1.2 a5t

TSPJ ({lk'5 23082516, FBiE7MHCH 92.65%)
AR UL 1) %% 25, DMEM/F-12 R 9735 (it
C21702405BT ) 1% fif & 32 - 1 Bk 2 (- A4 S Jn 77
(insulin transferrin selenium additive, ITS-G, #t5
D856). HiZEKHS (dexamethasone, DEX, #t'5
D391). g4I Git5 SA190504). MTT (5
T8835 O . MY #i X #H M # ( ammonium
tetrathiomolybdate, AMT, #t'5 D3562). Z&fi {4/
HLA7 (mitochondrial membrane potential, MMP) £
MAF & 5 T7526) SHRBEPEF T (Sytox Green)
K5 & (LS OMYL16). 7G4 (reactive
oxygen species, ROS) FailliA7]& (iS5 S0019)
It H £ [H Invitrogen A w5 HHF|F] 5 (elesclomol,
Ele, #t5 T6170) I H 3% E TopScience A Fl;
CuCly2H,0 (Cu?*, b5 A603090-0250). Cu HREf
(L5 HS12008010) W H & [ 1A AR AR A IR
A Nrf2 #57 ML385 (b5 S8790) 1 [ 3£ [H
Selleck A #]; FLMRMAEEF (lactate dehydrogenase,
LDH ) ik & (5 20241109 ) . W — B
(malondialdehyde, MDA) il & (Ik5 20241127).
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BT A YIRS (myeloperoxidase, MPO) 71l & (it
5202411160 B PLEALEE /7 (total antioxidant
capacity, T-AOC) &7l& (5 20241205, H%
1 B AL (superoxide dismutase, SOD ) 57 & (Fit
5 $8790). &t H L (glutathione, GSH) 7l
(165 202410290, % ALE R (catalase, CAT) i
FIE (i 20241113) 1 H B 5@ B TR 5T
Fr: Keapl. Nif2. P84 Moo (antioxidant
response elements, ARE). 42 1R e 2 B 2 Mg M
fEE 3, (glutamate-cysteine ligase catalytic subunit,
GCLC)+ HO-1. NAD(P)H [R5 ALiE 5 [NAD(P)H
quinone oxidoreductase 1, NQOI1. & Wi ¥ L1
% F24 (dihydrolipoamide acetyltransferase, DLAT)
BAEIEER A 1 (ferredoxin 1, FDX1). Wi~FIRA
(lipoic acid synthase, LIAS). #YRTEE [ 70 (heat
shock protein 70, HSP70) ATP7AATP7B-SLC31A1+
ATOX1. CCS. COX17 T i -3- 1 IR it % il
(  glyceraldehyde-3-phosphate  dehydrogenase
GAPDH) 51 TAM TR (i RHERLS
"] & ;. DEPC /K (#t%5 20241206). TRIzol (#t'5
12237897) WEHAETAMTRE (L) BHERA
F]; Prime Script™ RT reagent kit (#t5 600532).
Taq DNA R&HE (5 605679) W H FEAY) T2
(KIE) HIRAA; Keapl. & Nrf2. 4ifif% Nrf2.
ARE. HO-1. NQOI1. FDXI1. LIAS. DLAT H.{k,
DLAT %44k, HSP70. ATP7A. ATP7B. SLC31A1.
ATOX1. CCS. COX17 il B-actin RIEHLIA (L5
I3 AN sc-07145. sc-37624. sc-37651+ sc-33054S.
sc-36520S . sc-36081S . sc-32164 . sc-03627. sc-
03271S. sc-36274. sc-29637. sc-30154. sc-35024.
s¢-33069. sc-43051 sc-34658. sc-31037. sc-49753)
TH3EE CST A HRP HRid 1gG itk Git's
ab75229) W [ JE[E Abcam A F]; ECL KGIRHAI&
(5 P0128). H FHRELAN & (k'S P0069) I H
P RS m RAEVMBARA IR AH] .
13 %8

MAS54 BUH 7R P R E R 2 B (R ED
HIRAF]T; VORTEX-6 imjief (£E Aoran 2
F]D; 5427R B AR ESOHL (FEE Eppendorf 22
A]); HVA-110 24 & K B 83 ( H A Hirayama 2 ] s
MCO-18AIC ¥ CO, ¥57#4 (HA Sanyo 7))
SW-CJ-2FD Rl TAE G CGRMNFL B R AR A
A]); MA200 RUBIE &M (HA Nikon A#]);

BX43 B3 RMEE (HA Olympus A F]); Infinite
200PRO fHRAX (Fit -t Tecan /A ); FACSAria 11
4 % (3£ BD /A 7] ); Nano Drop One
BRI 21X (SE[E Thermo A @] ); CFX Opus 96
SERY E &8 PCR X (£ Bio-Rad A7]); DYCZ-
24A/B BUELE KA . DYCZ-20G AL L3k AX .DYCZ-
40S BYTE F KA bR — R AR A FD;
Tanon MINI Space2000 2B Bif% 7t 240 (il
ReeEmBEARATRD,
2 FHE
2.1 YHREEESE

AML-12 4B & 10%64- MiE 1% ITS-G
40 ng/mL DEX. 100 U/mL H % & Al 100 pg/mL %%
#HZ 1 DMEM-F12 8558, & T 37 'C. 5% CO»
REFRAE R IR . BRORTE 4 1 IREEFRI, etk
K Z X HE AT, FJREG VA0 A, ] 4t g
W, BT R TR T R A .
2.2 MTT AN Ele. Cu**%f AML-12 ¢HBEE M4
A

AML-12 4HHELL 5X10* N/FLEFIT 96 FLIk
o, RGNS FRAEEE 97 28 80%A 5 ), W& Ele (10,
50. 100 nmol/L) #1. Cu?" (1. 5. 10 umol/L) 4.
Ele-Cu*"2H (50 nmol/LEle+1 pmol/LCu?*")+ Ele-Cu*'+
AMT 2 (50 nmol/L Ele+ 1 pmol/L Cu?*+20 umol/L
AMT) VLS HEZH . Bt FRZHAS FH 29 Ab . Ele-
Cu**+AMT 42 H AMT (20 pmol/L) 4 4 i
1 h b, FABHIINAE SR EE 259, 5 5557 6+
12, 24h, HUH 96 FLIR, THE G R ERLE,
FLIAA 20 uL MTT ¥, ARG FRFELR L5957 4 h
J&, F 200 uL B IRAEIMOR 3G 7R, BEFLIIA 150 uL
T HEAR (dimethyl sulfoxide, DMSO), FHfLIR
%ML 500 t/min 3% 5 min, KFHBFRXAE 490 nm
WA E W (4D 18, TFEAREEER.

MITFTER =A 9ue/4 2
2.3 MTT AN TSPJ 3 Ele-Cu? B $F5E - AML-
12 ZHREE M AR

AML-12 ZHHILL 5X10* N/FLEMT 96 FLIR
o, RN SRR R TR A 80% Rk e, W B X HRAL .
FERZH AN TSPY (3.125. 6.250. 12.500. 25.000.
50.000. 100.000. 200.000 ug/mL) #H, AL FIL
ZGHAE M 50 nmol/L Ele. 1 pmol/L Cu?* 51026271,
F IO T iR FE 1 TSP 4k4:8559% 24 h, %
HIMAAN TR TR, %R “2.27 TR 7%
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EAMH, THHEAREAATER.
2.4 EEBIERN TSPI X Ele-Cu* B$F5E = AML-
12 #fiff LDH R ZEAIF2 0

M8 “2.37 TR AT /NG 25, A B
TEI,  FE IR S U B A - AR Y LDH
TR
2.5 SIERIAERN TSP ¥t Ele-Cu?*E AML-12
YHREIATE MR T RIS

AML-12 4HHELL 1X 105 AN/FLEEMT 24 FLIR
o, RGBS SRR R IR 80%Rk A 5, W E IR
FERIL . TSPJ (25 pg/mL) 4. ML385 (10 pumol/L)
ZHAN TSPJ+ML385 4H (25 pg/mL TSPJ+10 pmol/L
ML385), AL FNLE 2540 AE M 50 nmol/L Ele. 1
pumol/L Cu®*J5, FFMAAARN 2514k 84557 24 h,
YRR INAA S s ke, AR A, 421G
Sytox Green 7] % Wi B 5K I 5 2H 40 A 1R A4 SE 14
PR 2829,
2.6 HERNEEN TSPI X Ele-Cu? B $HET-
AML-12 AR R AR BREE LA ROS 7K AR

AML-12 4L 5X 105 AN/FLEERT 6 LB,
I8 “2.57 TUN kAT A o SN 25 24, WSCBR A
M, $ZH MMP (JC-1 %OEHREF) M ROS (DCFH-
DA Zé6HRE D1 vt B 5 A 0 25 2H 2 g MMP
4H ALy ROS 7KFB301,
2.7 SERNEEN TSPY X Ele-Cu? B $HET-
AML-12 AR Cu?* 7K FHIF N

AML-12 4HELL 1X 105 N/FLEEFRIT 24 FLIK
o, FERR 257 TR T TR RN 2, IR

=1

LM, MR SHEEIREI A R6G HRET,
37 Cﬁ;‘cﬁﬂm 30min. 44 )5, H DAPI H15%
VR E AN, 1% 08 Luo S0y v il i 4G 4%
A R6G PG R R Cu?/KF .
2.8 RKFIE4&M TSPJ XF Ele-Cu**B$FFE = AML-
12 4R IR MR SRR M AR

FZIME 9257 U P AT 4 AN g 24, U
SR, 20 IO fE A B0, USEE RO
W FAEGH S U I e 40 CAT. GSH-Px.
MPO. SOD. T-AOC i&PEFI MDA & &
2.9 ¢RT-PCR #0 TSPJ %} Ele-Cu?*H{$R%E 1=
AML-12 #HEfi Keapl/Nrf2/ARE. $AZET-FniEta
SIBTEEEXER mRNA FIARFNT

F 8 “2.57 TR 5 BT A o AR 2, IR
L0, {FH TRIzol IX#EHLE RNA, fFH All-
in-one RT Supermix ¥ RNA ¥ #4554 cDNA. K H
R W € AT cDNA 47 € &, {#H ChamQ
Universal SYBR qPCR Master Mix 1T Real-time
PCR [, PCREIR SR 95 CHIALME 30s,
95 ‘CA% 155, 60 ‘CIBK 1 min, 95 CHEK 155,
40 MEIR . SRR 278 b5 AML-12 i i
Keapl. Nrf2. GCLC+ HO-1. NQOI. FDXI. LIAS-
DLAT. ATP7A. ATP7B. SLC3141. ATOX1. CCS 1
COX17 mRNA Kisg, JIMWFHINE 1.
2.10 Western blotting #&1| TSPJ X} Ele-Cu**Z{1f
JET- AML-12 ZAffich Keapl1/Nrf2/ARE. $FA%ET-F1
HFERASIATHEXERRENF N

F M8 “2.57 TR AT AR A AN LR 2, 1R

514F51

Table 1 Primer sequences

A LHESIMFA (5-37) TSI FSI (5°-3)
Keapl GATGGGCAGGACCAGTTGAA CCGAGGACGTAGATCTTGCC
Nrf2 ACCTCTGCTGCAAGTAGCCT TGTCAATCAAATCCATGTCCTGC
GCLC CAGTCAAGGACCGGCACAAG CAAGAACATCGCCTCCATTCAG

HO-1 CACTCTGGAGATGACACCTGAG GTGTTCCTCTGTCAGCATCACC
NOOI ACGACAACGGTCCTTTCCAG TCCTCCCAGACGGTTTCCA
HSP70 CATCAGTGGGCTGTACCAGG GAGGCTCCTTTCGGCGG

FDXI TATCGATGGGTTTGGTGCGT TCCAAAAGCCAGGTCAAGCA
LIAS AAGCAATTGCAGAGTGGGGT GACAGAGCCACCTTCTCCAC
DLAT CAGAGGCTCATGCAGTCGAA AGCAACACTGACGTCAACCA
ATP74 GGGATGACCTGTGCTTCTTGTGTAG TTACTTCTGCCTTGCCAGCCATTAG
ATP7B TGCTGATTGGAAACCGGGAA GATGGCCGTCTGTCCTTTCA
SLC31A41 AACCACACGGACGACAACAT CCAGCCATTTCTCCAGGTGT
ATOX1 GTGGACATGACCTGTGAGGG TGTGCTCAGAGTCGATGCAG
ccs TCAGAGCTGTGTGGATGCTG CCGTCGATGGTTCCCTCAAT
coxi7 GAAGAAGCCACTGAAGCCCT CCTCATGCACTCCTTGTGGGG
GAPDH TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGA
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AN, R PR BGGR & U B ER BR E
. BAEARZES. BAFEGNE T R -
RN vk, % PVDF B, #HAE, &
O E — PR b, BEIKSE, I ECL fb 2% ROtk
AR5, K AML-12 4ife+ Keapl/Nrf2/ARE jd
BAHEEH (Keap-1. & Nrf2. fg#% Nrf2. GCLC.
HO-1. NQO1). ST X &1 (FDX1. LIAS.
DLAT H.4&. DLAT ZEE. HSP70). HfaaSAHk
#H (ATP7A. ATP7B. SLC31A1. ATOX1. CCS.
COX17) HIFEIE,
2.11 S FESH

5 LL X + s FRoR, 1 GraphPad Prism 9 {4
BT GEE 2R, R T-test BEAT 4RI ELA 40 HT
BRI T 20T (ANOVA) HHTZ 4L 90 #7 .
3 &R
3.1 Ele-Cu*%f AML-12 467755 RAVE M

WK 1R, SXHRALRE, Ele (104 504 100
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Fig. 2 Effect of TSPJ on survival rate and LDH release rate in AML-12 cells cuproptosis induced by Ele-Cu?* (X +s,n=5)
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Fig. 5 Effect of TSPJ on ROS level in AML-12 cells cuproptosis induced by Ele-Cu?* (x 200; X +s,n=5)
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Fig. 11 Mechanism of TSPJ suppressing AML-12 cell cuproptosis induced by elesclomol combined with copper ions



F8 B 20255108 $56% B208  Chinese Traditional and Herbal Drugs 2025 October Vol. 56 No. 20 « 7435 «

£z L, TSPI X} Ele-Cu?"# AML-12 ZH 44t 1
A5 A H AR, AR RIAL &) AT RE S O
Keap1/Nrf2/ARE {5 ‘518 #% , {15 A5 A M SE T AH
FKEAMRE, RN Co?7KF, =M
WA ROS KEARL, 21 400 ) T 4 P SR A6 2% 1)
2. AWFFNERE TSPI YLl &% S i
TERAENLEISEAE 7B WL, oA B O I
L2454 .

FlBAR ALY EAREAEF SR

SEEk

[1] Ding L, Liu Y J, Kang M, et al. UPLC-QTOF/MS
metabolomics and biochemical assays reveal changes in
hepatic nutrition and energy metabolism during sexual
maturation in female rainbow trout (Oncorhynchus
mykiss) [J]. Biology, 2022, 11(11): 1679.

[21 Wei HW, Zhao T, Liu X L, et al. Mechanism of action of
dihydroquercetin in the prevention and therapy of
experimental liver injury [J]. Molecules, 2024, 29(15):
3537.

[3] Asrani S K, Devarbhavi H, Eaton J, et al. Burden of liver
diseases in the world [J]. J Hepatol, 2019, 70(1): 151-171.

[4] Rodriguez-Frias F, Rando-Segura A, Quer J. Solved the
enigma of pediatric severe acute hepatitis of unknown
origin? [J]. Front Cell Infect Microbiol, 2023, 13:
1175996.

[5] NanY, Su H C, Lian X M, et al. Pathogenesis of liver
fibrosis and its TCM therapeutic perspectives [J]. Evid
Based Complement Alternat Med, 2022, 2022: 5325431.

[6] GuoLY,LeilJY,LiP, et al. Hedan tablet ameliorated non-
alcoholic steatohepatitis by moderating NF-kB and lipid
metabolism-related pathways via regulating hepatic
metabolites [J]. J Cell Mol Med, 2024, 28(7): e18194.

[7] Chen LY, Min J X, Wang F D. Copper homeostasis and
cuproptosis in health and disease [J]. Signal Transduct
Target Ther, 2022, 7(1): 378.

[8] Thiele D J. Integrating trace element metabolism from the
cell to the whole organism [J]. J Nutr, 2003, 133(5 Suppl
1): 1579S-1580S.

[9] Meram I, Sirmatel F, Ahi S, et al. Plasma copper and zinc
levels in chronic viral hepatitis [J]. Saudi Med J, 2004,
25(8): 1066-1069.

[10] Luo XY, Linghu MY, Zhou X R, ef al. Merestinib inhibits
cuproptosis by targeting NRF2 to alleviate acute liver
injury [J]. Free Radic Biol Med, 2025, 229: 68-81.

[11] Festa R A, Thiele D J. Copper: An essential metal in
biology [J]. Curr Biol, 2011, 21(21): R877-R883.

[12] Tonelli C, Chio I I C, Tuveson D A. Transcriptional

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

regulation by Nrf2 [J]. Antioxid Redox Signal, 2018,
29(17): 1727-1745.

Wang R, Luo Y Z, Lu Y D, et al. Maggot extracts alleviate
inflammation and oxidative stress in acute experimental
colitis via the activation of Nrf2 [J]. Oxid Med Cell
Longev, 2019, 2019: 4703253.

Xu B, Wang S Y, Li R W, et al. Disulfiram/copper
selectively eradicates AML leukemia stem cells in vitro
and in vivo by simultaneous induction of ROS-JNK and
inhibition of NF-xB and Nrf2 [J]. Cell Death Dis, 2017,
8(5): €2797.

LiN, Du H, Mao L J, et al. Reciprocal regulation of NRF2
by autophagy and ubiquitin-proteasome modulates
vascular endothelial injury induced by copper oxide
nanoparticles [J]. J Nanobiotechnol, 2022, 20(1): 270.
Schwabe R F, Luedde T. Apoptosis and necroptosis in the
liver: A matter of life and death [J]. Nat Rev Gastroenterol
Hepatol, 2018, 15(12): 738-752.

AR, KRN, @R Bk T2 21 ¥ HPLC HFiE
BEHE AL R BT [3]. FRRCEE, 2022, 44(9): 2885-
2890.

AEIR, SRR, NI, 55 2T ERK/NF-xB/COX-2
T IEB AT R T 2 BB S B E AR B
JREAR 03 AR AL (7], 22k &, 2024, 49(10):
2585-2596.

FRAKZL, XS0, AdiBt, 5. TRy 2 R U SRR EL
KRB GRIER [J]. 2R SIEIR, 2014,
30(5): 73-78.

SKRAKZL, F0ih, Add, 5 RTSREHASEHT
0L 23 A D9 AR AT B A AR SR IR B FE (0], T2 23
5K, 2016, 32(2): 103-106.

AR, T, AR, & K TSREHEYS BMSCs
M IRCEEPN N EaR 2 R RTINS DN o 6
ERBI AR, 2016, 38(3): 104-107.

Zhang J H, Shi M Q, He H B, et al. Hepatoprotective
effects of saponins from Rhizoma Panacis Majoris on
hepatic fibrosis induced by carbon tetrachloride in rats [J].
Appl Mech Mater, 2014, 568/569/570: 1915-1920.
Sk, A, EET, & BETMGEHEYE 50
B RN PR SR T R T S AR IFALED (7], HhRi,
2021, 43(9): 2342-2351.

Zhu L Q, Zhang J H, Hu Y Q, et al. Total saponins from
Panax japonicus regulate the ferritin heavy chain to reduce
inflammation in aging adipose tissue by mediating iron
metabolism [J]. J Ginseng Res, 2025, 49(2): 134-144.

Li D J, Chen M H, He H B, ef al. Saponins from Rhizoma
Panacis  Majoris  attenuate myocardial ischemia/

reperfusion injury via the activation of the Sirtl/FoxO1/



* 7436 «

F8 B 20255108 $56% B208  Chinese Traditional and Herbal Drugs 2025 October Vol. 56 No. 20

[26]

[27]

(28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

(36]

[37]

PGC-1a and Nrf2/antioxidant defense pathways in rats [J].
Phcog Mag, 2018, 14(56): 297.

KIS, MR, RER, & PAAEESTENE
A K AR AR T AR L] (0], BE2G 3R, 2024,
43(9): 1393-1397.

Chen H, Li D, Zhang H, et al. Mechanisms of copper
metabolism and cuproptosis: Implications for liver
diseases [J]. Front Immunol, 2025, 16: 1633711.

Yasuda H, Takishita Y, Morita A, et al. Sodium acetate
enhances neutrophil extracellular trap formation via
histone acetylation pathway in neutrophil-like HL-60 cells
[J]. Int J Mol Sci, 2024, 25(16): 8757.

Jiang Y, Xie F, Ling X T, et al. TCA cycle intermediate
mitigates di(2-ethylhexyl) phthalate-induced cholestatic
liver injury through modulation of the Nrf2/NQOI
signalling axis [J]. Basic Clin Pharmacol Toxicol, 2025,
136(6): €70047.

Bai J R, Xie N, Hou Y, et al. The enhanced mitochondrial
dysfunction by cantleyoside confines inflammatory
response and promotes apoptosis of human HFLS-RA cell
line via AMPK/Sirt 1/NF-kB pathway activation [J].
Biomed Pharmacother, 2022, 149: 112847.

WK, BN, REH, % S EHIRE PIK3C3/
DYNC2HI/TUB A 7-B1 75T B0 LK
SFYEANIEIE 7). P2, 2025, 56(14): 5108-5118.
He HB, Feng M L, Xu HY, et al. Total triterpenoids from
the fruits of exerted

Chaenomeles  speciosa

gastroprotective activities on indomethacin-induced
gastric damage via modulating microRNA-423-5p-
mediated TFF/NAG-1 and apoptotic pathways [J]. Food
Funct, 2020, 11(1): 662-679.

Fhim, WEE, 0505, . R TR R R E A
WAL IE DI RE RIS (7], BRRHEE, 2017(10): 5.

Li LY, Shi J H, Liu WY, et al. Copper overload induces
apoptosis and impaired proliferation of T cell in zebrafish
[J]. Aquat Toxicol, 2024, 267: 106808.

Tang D L, Kroemer G, Kang R. Targeting cuproplasia and
cuproptosis in cancer [J]. Nat Rev Clin Oncol, 2024, 21(5):
370-388.

Yang Y N, Wu J X, Wang L S, et al. Copper homeostasis
and cuproptosis in health and disease [J]. MedComm,
2024, 5(10): €724.

Wang X, Ling W K, Zhu Y, et al. Spermidine alleviates
copper-induced oxidative inflammation and

cuproptosis in the liver [J]. FASEB J, 2025, 39(6): e70453.

stress,

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Zhong GL, LiY X, Li L, et al. Mitochondrial miR-12294-
5p regulated copper-induced mitochondrial oxidative
stress and mitochondrial quality control imbalance by
targeted inhibition of CISD1 in chicken livers [J]. J Hazard
Mater, 2023, 458: 131908.
Wang W K, Lu K Z, Jiang X, et al. Ferroptosis inducers
enhanced cuproptosis induced by copper ionophores in
primary liver cancer [J]. J Exp Clin Cancer Res, 2023,
42(1): 142.
W, 2, R4k, BT Nef2/GPX4 @I A id 2
B A/ B A S 1L UL MRS T g [J].
£i25, 2025, 56(10): 3568-3576.
TER, &%, B8, % T p62-Keapl-Nrf2 55
e B A T R 97 OR3P A A T 451 4% /0 BRI £ 4V F
[J]. FHZ, 2024, 55(19): 6588-6598.
Du M R, Fu J, Zhang J, et al. CircSpna2 attenuates
cuproptosis by mediating ubiquitin ligase Keapl to
regulate the Nrf2-Atp7b signalling axis in depression after
traumatic brain injury in a mouse model [J]. Clin Trans!
Med, 2024, 14(11): €70100.
Wang S L, Huang J, Chen Y T, et al. Qifu-Yin activates the
Keapl/Nrf2/ARE signaling and ameliorates synaptic
injury and oxidative stress in APP/PS1 mice [J]. J
Ethnopharmacol, 2024, 333: 118497.
Tk, EHR, E&M, & ST RS R IT
B [J]. HEDREAES AR, 2023, 39(8): 1491-1498.
Cheng Y F, Wang G Q, Yang X X, et al. Artesunate
alleviates Parkinson’s disease by targeting astrocyte
MT2A to attenuate dopamine neuronal cuproptosis [J].
Pharmacol Res, 2025,219: 107895.
XA, FREE, 406, 5. SRR R TIE
O ILEFZE AR B AR T R BLRIAIT IS (3], o [ e 2
Zki, 2025, 50(6): 1601-1609.
Tsvetkov P, Coy S, Petrova B, et al. Copper induces cell
death by targeting lipoylated TCA cycle proteins [J].
Science, 2022, 375(6586): 1254-1261.
Linder M C, Wooten L, Cerveza P, et al. Copper transport
[J]. Am J Clin Nutr, 1998, 67(5 suppl): 965S-971S.
Cai L, Tan Y, Holland B, ef al. Diabetic cardiomyopathy
and cell death: Focus on metal-mediated cell death [J].
Cardiovasc Toxicol, 2024, 24(2): 71-84.
Ke D, Zhang Z, Liu J T, et al. Ferroptosis, necroptosis and
cuproptosis: Novel forms of regulated cell death in
diabetic cardiomyopathy [J]. Front Cardiovasc Med, 2023,
10: 1135723.

[FHE%E  FTA4)]



