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Chinese medicine Gandouling attenuates brain injury in
hepatolenticular degeneration mice by inhibiting ferroptosis
via the SIRT1/FoxO3 signaling pathway
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[ Abstract | Objective: To investigate the mechanism by which the Chinese medicine
Gandouling protects against brain injury in hepatolenticular degeneration (Wilson disease)
through regulation of the silence information regulator 1 (SIRT1)/forkhead box protein 03
(Fox03) pathway-mediated ferroptosis. Methods: TX mice were randomly divided into
six groups: model control, Gandouling, resveratrol (SIRTI activator), Gandouling+
resveratrol, EX-527 (SIRT1 inhibitor), and Gandouling+EX-527 groups, with DL mice
serving as the blank control group. After four weeks of intervention, neurological function
was assessed using the Morris water maze test, wire hanging test, and pole test. Apoptosis
in basal ganglia tissue was detected by TUNEL assay. Reactive oxygen species (ROS)
levels in basal ganglia tissue were measured using the DCFH-DA method, while ferrous
iron (Fe**) and malondialdehyde (MDA) levels were determined by colorimetric assays.
Immunofluorescence was used to evaluate the fluorescence intensity of SIRT1 and FoxO3.
The protein expression levels of SIRT1, FoxO3, glutathione peroxidase 4 (GPX4), solute
carrier superfamily 7 member 11 (SLC7A11), acid-CoA synthetase long-chain family 4
(ACSLA4), ferritin heavy chain 1 (FTH1), and P53 were assessed by Western blotting, and the
mRNA expression levels of Sirt!/ and Foxo3 were quantified by qRT-PCR. Results:
Compared with the blank control group, the model control group exhibited significant
neurological impairments (prolonged escape latency, reduced platform crossing frequency,
decreased grip score and prolonged turning and pole-climbing time), increased neuronal
apoplosis, decreased transcription and expression of Sirt! (both P<0.01), increased
transcription (P<0.05) and expression (P<0.01) of Foxo3, and elevated levels of ROS, Fe*",
and MDA in basal ganglia tissue (all P<0.01). Expression levels of ferroptosis-inhibiting
proteins (GPX4, SLC7A11, FTHI1) were decreased (all P<0.01), while those of ferroptosis-
promoting proteins (P53, ACSL4) were increased (both P<0.05). Both Gandouling and
resveratrol monotherapy significantly reversed the above alterations with comparable
efficacy between the two treatments (all P>0.05) and combined Gandouling and resveratrol
treatment exhibited synergistic effects. £X-527 exacerbated neurological impairments,

neuronal apoptosis and ferroptosis (all P<0.05). However, no significant differences were



- 200 - WV TR =44 (P24 AR ) Journal of Zhejiang University(Medical Sciences )

observed between the Gandouling+EX-527 group and the model control group (all P>
0.05). Conclusion: Gandouling inhibits neuronal ferroptosis by regulating the SIRT1/

FoxO3 signaling pathway, thereby improving neurological function in model mice.
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[ 45B&TE ] R#JR (Wilson disease, WD) ;474512 ATP B B ( ATPase copper trans-
porting beta, ATP7B) ; & Bt H ki B AL 4 B 4 (glutathione peroxidase 4, GPX4) ; 5T Bk 15
.78 % B -F 1 (silence information regulator 1, SIRT1) ; X 3k 1E %& & /i 03 (forkhead box
protein 03, Fox03) ; 78 il HARAR K 3% 7 M R 11 (solute carrier superfamily 7 member 11,
SLCTA11) ; JA Bk A B "Z vA~ — 4% 3 B2 (nicotinamide adenine dinucleotide, NAD) ; &5 B2
3 2% M #& (phosphate buffered solution, PBS) ; % J& ¥k %% & G (immunoglobulin G,
IeG ) ; i B -3-Bk B4 B S84 (glyceraldehyde-3-phosphate dehydrogenase, GAPDH) ;
JRAE K 3% 4% #% Bl 47 32 (terminal-deoxynucleotidyl transferase-mediated dUTP-biotin nick
end labeling, TUNEL) ; ¥ 4% BE A& 43 B A & M B2 4 (acid-CoA synthetase long-chain
family 4, ACSL4) ; % % & ¥ 4% 1 (ferritin heavy chain 1, FTHI1) ; 3§ 5% 1L 52 & &
(enhanced chemiluminescence, ECL) ; & =3 Z B (ethylene diamine tetraacetic acid,
EDTA) ; & 4 Bi4% B (polymerase chain reaction, PCR) ;4', 6- = 3k -2-3K K v
% (4, 6-diamidino-2-phenylindole , DAPI) ;2" ,7'- =& % L &2 = T B B5 (2',7'-
dichlorodihydrofluorescein diacetate, DCFH-DA) ; B & 13 5 % K # K (tyramide
signal amplification, TSA) ; % & i# # 3k PCR (quantitative reverse transcription PCR,
qRT-PCR) ; 13 4% RNA (message RNA, mRNA) ; Z #} i, 84 4% 4% B2 (complementary
DNA, cDNA ) ; + =¥z J A7 B 44 (sodium dodecyl sulfate , SDS) ; SDS 2 71 4 B e %% fisc v,
7k (sodium dodecylsulfate-polyacrylamide gel electrophoresis, SDS-PAGE) ; & i Bt L
B% 3 % B (phosphoinositide 3-kinase, PI3K) ; %& & % B& B (protein kinase B, PKB,
Akt) ;# B F kB (nuclear factor-kB, NF-kB) ;"8 L3 % & v & % #2/% 9 (mammalian
target of rapamycin, mTOR )
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VF A HIE SR
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77 i A EEVE SIRTL 57 EX-527 (HY-15452) 8
X H MedChemExpress ISR PBS By oK (Z1I-
9062) HUR i A AL W bR IC L F T/ B 1eG (ZB-
2305) BAR 2ok 41k W il A i 1L S BT R 1gG (ZB-
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T2 a M A B AR B B 77 i 5 TR S e DLvE 2
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21 [ B K HL(ZT-12M) | A 9 20 2047 s 40 1 AL
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J6BE TR A BR A R 7 PR R U0 R AL
(RM2016) 478 [ Leica 2% & 77 i 3 HL BRHE I 55 X
T8 (DHG-9070) . P 7K =X 1 I 3% 57 4 (GNP-
9080) Jy Hv [l I g = & B AR AT B B 7
B U1 i HE L (Pannoramic MIDI 11) A4 24 F|
3DHISTECH 22 w] 77 fi 5 3 28 45 b 358 (LSM
900) J 5[] Zeiss 23 7l 7= i o
1.3 3h¥srdd Jab st
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/N BRUA] 5 2R A0 9 16 H i B A A DL A /N R
YE Rz XA, Horh S RONE B 4525, 5
H 257 0.486 ofkg; M3 B0 HE I TR S 45 2,
H 25F 50 ma/kg; EX-527 My & G v 55 45 25, 4 H
25T 5 mglkg; 25 FRE BB ZH FIASS 7R X6} B 21 FH 4 o 46
BEAIFRES . L L2y AE H ¥4 IR
BT S VU SR HEATAT R AE R . AT N
SR HRUS BT A /NS 12 h, SR A I I T 5 1%
I3 B H 2240 (50 me/kg) IR, BUH JLJC T 414

4% 22 5 F i TR 141 2 O AR B, 0T —80 °C

UKARIRAT 5 H o
1.4 SRR S SR PR AR R B2 1) 2 >0
I e

REGEE T 1 RIT AR I AT 53 LK ok
S, AL AE E LA T e 7RI AN S [ R g
o0 WG 5 4, ELAR D AN R | S AT R AT
AE TN ZR 4 /I BUIHT 1) 7K 2K B 1 it BE Tl A K
0 sk /N BB KT BT & By ] R 3k 3g psf
o /N R INZRIT YR, R 4 d, BRI IEDK (1] bR
BFIE) 15 min DA b o BRIRSEER A5, f /N BRI R
10 s J5 B LTI R R 58 . S K, A
W58 e L AAT RE R, AT A AR &R
BE IR . dR i oK RS R B B
TP & B A A K Y dE T AR A B UL 52 O
e s/ BUFE 60 s P 65 25K
1.5 BHE R SE 56 VAN AR Y BB B R f5s Ol

AR | RIF IR A TR HE S0 FCHT
S BRSNS AR
1.5 mm K4 R 2k b WS HUS TR
SR MIEOIET . AR H S T Red
SIELIL3 7, 1 R T ELid 24, 2
JE TR RS 143, /N BB YR 12 043 TCHT5E
B HIE—MRER N8 mm . JE N 50 em U E A
FE AT T b A 2D AT A 22 04/ Nk o/ INBRUCT
ARFF R Tt , (S B ) b e s/ R SE 4 )
TR RN [ 2 b AT 8 R [R] (53930 kg A ) Bsp
[ FEAFBFIE]) o BT A /I BRI i 2 52 R 1
3 dCRER IO T ATAT AU, 5250 A 3% 2
FR B
1.6 TUNEL W EA A BRI 17 4 2L 40 L g 7

W 181 5 7 4% 2 2 B I s W v 7 RS T 4
SURTGH AT A I YR (5 pm) RS (PBS &
W5 L 7E 0.3% Triton X-100 H19% 3% 30 min, fI A

TUNEL JZ b & , 37 ‘CikE SR 1 h 5, il A DAPI
B REEE 10 min J5 B A, 290 BT A G,
kU] 7k 6 S LET 1 1] Image) G2 it 4L
B Hp L JRCTT AU P S A R (RD T 4l %) o
1.7 DCFH-DA A A5 A B RS 7 200 B i v
AR

W R AT 110 /DN B G 1 4 2 o) % i B 4 i
W, 22 1000Xg 250> 10 min J5 2875 40 L DCTE L InA
e N 10 wmol/L i) DCFH-DA , 7£ 37 ‘CIH & T %
B 20 min, iR 2 YGRS A0, (EH S8R EN 74y
454, FH PBS VRN U, 23 BR A 2E A4 L N 19
DCFH-DA , it FH 3t 2 40 B 4SS 0 33 1k 4K F- | 52
B g R LADO R IR L =K
1.8 Lk ki iy BRIy U gk s 1
FIPA K-

B i R AE /N IS T A0 8L VS R R
1000x%g 250> 10 min Ji B 75 W, 3 IO 26 25 1 L
I B AN TN N s ) S VR U B 5
PR B RN KO 76 593 nm P E A
AR S SRS A T W O EE A, TR
P b o il 42 1A Bk B oK P . 7E 532 nm G
0 A L B 2 PR A AR R 21 ) B
FEMH BB NN o S5 R s
JoT e B AT AR A AR B
1.9 TSA G e Yk R A AR R LI Y 4R
SIRT1 #l Fox03 & 1761k

1 1.6 /NI A S R 2 pHIE N 9.0
(1) EDTA HT 48 5 AT e 52 JF B s /s i
L =2 13 B R TR R G 30 min, ITA —
PUSIRT1(1:300 % B¢ ) . FoxO3(1:800 %5 F¢),37 °C
REEIE 60 min Jii FH PBS W gk =, A ik
FEIEA 30 min, 5 IS ARG RBE Y TSA 2B YR}, =
U5 REGIE F 10 min, DAPT % {0 20 i 4% J £ 1,
R0 W AT BGRB8 o (8 1] Image] FAF
O3 M S 52 6 - A i SIRT1  FoxO3 PH A4 [X. 358 1
AN B A O D/ i
1.10  qRT-PCR A5 A5 Y BRLE i 15 20 2L b Sired
M1 Foxo3 mRNA 33k

K H TRIzol 544 /)N BRI IS5 ZH 21 RNA,
PEAT I S O, DA RNA 30055 S5 TE ¢ DNA K
BiMR 21T PCR. WA % 10 pL: 2xSYBR Green
TR S wL, B3 519045 1 wl,cDNA 1 pL,
TERNARK 2 plo W 2544 : 95 “CHIAE P 1 min;
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95 ‘CAEM: 20 5,60 ‘CiR 2k 40 5,72 “CHEH 1 min,
40 IE IR o 3l 5k 274k LA Bactin N N BT R
Sirt] .Foxo3 mRNA ZRik, 51T HI LK 1,
111 2R 5 B 30 92 G T A AR R L i T L 40
SIRT1/FoxO3 {55 s AR SL T AH G AR 3R 1A
BN B TIE 1 4120 100 mg, B B0 AT,
A5 0.6 mmol/L < F R fift /E 5 149 5 S 6 328 DL v
SAfRAE 600 WL Pl mAF B R, IRV VRIS LA
JE )5 (65 Hz.60 s) , vK b & B 24 f# 30 min, 4 °C.
12 000xg #5.0> 15 min, B IH W, # 1:4 011 5%SDS-
PAGE I F£ 22 wh ¥, W /K 1 15 min 28 % o g i
10% SDS-PAGE Jis 2 FL UKV 7t W, >R FH 2 ELFEL
Uk R G AR W45 ke 80 V 1E [ 30 min, 7 B JIK
120 VfHH 60 min, #2547 300 mA 1H i 5% I 2 5
Tt — 9 LM REE, 5% AR Wik & il B 1 2 he 4 °C
A —#% GAPDH (1: 1000 #5 B¢ ) . SIRT1(1:
1000 % %) \FoxO3 (1: 1000 Fi B¢ ) .SLC7A11(1
1000 5 %) L ACSLA4 (1:2000 #5 ) \FTH1 (1:2000
Fi ke ) P53 (1:5000 #i B ) .GPX4(1:1000 #i F ) I3
B, —Pr(1:20 000758 EIRIFE 1.2 h, K
FH & 38 -20 79 Tris 22 M PR 4 =K . %I ECL
A, b2 R EAR RGO . Image) 1
FE AT HAREE BRI N 2 GAPDH 25415 KA,
DA P 2R B ARER BRI X k7K

&1 55

Table 1 Sequences of primers

1.12 Stk

K H SPSS 23.0 3k (F #4571t 43 Hr , 748 H
GraphPad Prism 9.5.1 X2 K . £ 5 1IES A
TH i GORHA Y B b ifE 22 (s FROR , Z 4] LA
SR LD R 2543, T 4 ST RE AR FL R
¢ Rr 36y, T ZH SR 1] 7 A S £ Pearson #H ¢ 3

KL, P<0.05 AR HA G #E L.
2 # B

2.1 P R UG AT N2 SR 45 R

SRR B LR R WoR , 5 A O IR
Fb A, A5 70 St 2 2 e B[] S 4 - 15 550 OB U
W () P<0.01) . SHEAIIEZH g, i = R 41
B B2 R SR ) B S5 40 0, OF 5 S R AR 2
I (H) P<0.01) , 52 5 40 R0 1 22 7 e e ) 22 57
WITCHE 127 5 SL(H P>0.05) 5 JIF 5 3R + 1 22 P i
20 b 30 B [B) 2 — 2D A, P 15 2 RO ik — 2
e SEIRIXT B2 H 3, EX-527 41 39k itk i) [a) ZE
£ (P<0.01) | 28 8F- & 4 U /D (P<0.05) , 1T JIF
G RAEX-527 4 S ARG RG] (1) 22 53 T Ge i1
BN (¥ P>0.05), W2,

BH A R WK, 5 as A AL g, 15
R BE 2 TR 750 P A (P<0.01) 5 55 R A 4
LA, T G 52 2 1 A s A AT BT 43 2 3
(] P<0.05) , i . 7 41 A (4 22 P B2
B] 22 5 TG 1T 2 5 L (P>0.05) 5 i 5
R+ [ EE A AR P 4y 1 — 25 3

fne SRR R H R, EX-527 4H R
P E 4 BEAR (P<0.05) , T I 5 R +EX-

TR 2 Fx Em54(5'—3") [ 514y (5'—3")
B-actin CCCATCTATGAGGGTTACGC ~ TTTAATGTCACGCACGATTTC
Sirtl TGACCTCCTCATTGTTATTGG ~ ATTATGACATCGCAGTCTCCA
Foxo3 ~ TGTCTATAACTTTGTGCTGCTG CGGGAGGGCGTACGATT

527 20 55 AR % BE 4 ] 1) 22 S8

B-actin: B-LBHZE [ SIRTL: LIRS B A1 1 1; Fox03 : XL AEZ 1% 03.

R2 KA HFLREAIR LK

Table 2 Behavioral experiment results in mice

22E X (P>0.05). W32,

(x+s,n=9)

Il eI A (s) T B IR (W /min) PR 43 B ] (s) JEFFAF ] (s)
25 N R 23.72+2.73" 8.33+1.50" 2.78+0.44™ 5.67+1.41" 10.67+1.58"
IR XT R 2 48.63+4.43 3.56+1.33 1.44+0.53 19.33+4.18 36.44+5.03
JF G R4 32.97+4.16" 6.44+1.42" 1.89+0.93 10.33£2.29" 19.56+3.36"
A A 31.10+4.06™ 5.56+0.88" 1.89+0.60" 11.44+2.79™ 21.56+3.50™
JH 5L R+ R A 26.37+4.32" 7.89+1.17" 2.44+0.73 6.67+1.58" 14.00+3.24"%
EX-527 41 51.38+4.95"* 2.56+0.73"% 1.00+0.71" 21.00+4.66 39.22+3.90™
G R+EX-52741 46.50+7.914% 3.67+1.22% 1.44+0.88 20.33+4.74% 35.11+4.73%
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Table 3 Levels of reactive oxygen species, malondiadehyde, and

Fe® in basal ganglia tissues in mice
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Figure 1 Apoptosis of basal ganglion cells in mice (TUNEL assay)
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Figure 2  Electrophoresis diagram of ferroptosis-related

proteins in the basal ganglion tissues in mice
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Table 4 Levels of ferroptosis-related proteins in the basal ganglion tissues in mice
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Figure 3 Expression of SIRT1 and FoxO3 in the basal ganglion tissues in mice (immunofluorescence method )
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(x+s,n=9)
g T (e w6k A (AR 1 I Bk ) mRNA(qRT-PCR)

SIRT1 Fox03 SIRT1 Fox03 Sirtl Foxo3
25 AN IR 106.74+14.10”  12.23%2.30" 0.82+0.05" 0.10£0.01"" 1.00£0.05™ 1.01x0.18"
R Xt R ZH 20.71+2.83 68.78+13.38 0.24+0.03 0.60+0.02 0.60=0.05 2.7420.15
G R 47.88+6.53" 31.85+6.27" 0.53+0.08” 0.47+0.04" 0.79+0.05" 1.93+0.12"
22 A 48.46+4.59™ 32.82+6.50" 0.55+0.05” 0.44+0.02" 0.77+0.02" 1.9220.13"
IFER+HBES B 72.8326.597%  12.79+3.02" 0.65+0.06"* 0.32+0.02"* 0.91x0.02""* 1.58+0.16™
EX-5274H 8.55+2.06™"  82.31+8.307"  0.14+0.02"* 0.72+0.02"* 0.46+0.04" 3.41+0.04"*
HFER+EX-527 4H 17.04+3.88%%  63.61+14.61" 0.40+0.03 0.89+0.02 0.59+0.04 2.69+0.11

SN BE ZH A, " P<0.05, 7 P<0.01; 5 P R 41 L &S, *P<0.05,%P<0.01; 5 EX-527 41 He#5 , 2 P<0.05, 22 P<0.01. SIRT1 : TER {5 B

PEHTHF 13 Fox03: XELHEE 15 03 ; mRNA : {5/ RNA ; qRT-PCR « 72 1235 75 55 R A g4 S5 1

JAZBE, 51 R G R A [) I 1 SR R AE
T IA% RS PR ER i 1 T L 2o S s o
PFEEE A H B A B, 3] GPX4 5, i e 240 i A
EXNIRI i U aN A - L =R AR il
BACHIZ AL A B E PR R 05 R P Tk AE T,
AW R Ry 2 A5 4y A2 A B 28 132 084 o g it
AL N REKCE B BT A S

WD HLIAIZ 5l I I B A A RO D RE B R 1k sh,
i E AR AT A R R R SRS IR BRI 2
PR 1, AT S 52 M P T B R R X A
BRACHZ L5 475 5 10 2o 1A Ty e B Ak A [7) 1=
IR, ACSLA 23k B Ak 2 AN A D5 1 2k
JUL B R T £ Tt fig — 46 A5 VU AR IR , O B2 g 400 L JE 0
Jig Jot o A A B B, HE T S BOER AE T R



BRI, A5 BTS2 R A A SIRT1/FoxO3 15538 A i £k A0 T8 EDPRAZ AL PN BUGH50 - 207 -

AR AR SRR R, R R R AR AR
JECTT U T e B R, A E RO S P 3
PR Y, HIRA A AT 1 — 25 0 o 4 o
T2, MECG EX-527 B P 5 AR A B A Bt . R
o7 A 3 S R4 SIRT1/Fox03 {5 530 [ 1) il 455 750
R T LU T K o AR SCHERNA R
B BRI U R S T N I RS TR
JKF-TF i, GPX4 SLC7A11 F1 FTH1 3k T ¥4 , 11
ACSL4 FIP53 %35 L, HIBEIE T E S 5 WD
P2 AR5 0 AR AL, S R n] A R R
G, — AR TG RN WD FE R T ZH 240 i
BRAET (I

SIRT1/FoxO3 {551t B 7E L T Ay 45 b B
AEEAEM . SIRTU/E R —F e BE RSP NAD K
PRI 2L R , 7EA0BRARIS 2 AT R IE IR
VAR N 5 ao R el 2 S R T VR B0
SIRT1 7] LA 32 Fox03 ¥ 5 I+ 2 2 Bt A &1
P FoxO3 558 S Ak B A0 il 2 Pi S Ak B R 3
T IXIRZEA 2 Fox03 J& X HERR U s# [N
FRIGWEE NG, |2 S50 4 M3 58 o
PR A5 1 A2 52 3 HL X 41 B A A Y B
KEEAVE o 722 PERG 03, FoxO3 3Rk T
SLCTALLJE 8 F A9 s K e b T 4n i Ak 1
W K AR AET 0 g B HAA 2 SIRTT 2%
IRACENT , IR 5 PIBK-Akt 25 £ 5505 54 Sl
FEAEMIEAEHISE R, SIRT1 T 2 Z ek i&
TSR FoxO3 ) DNA 25 & 68 71, Be A g HAm JL K]
it R AR A A B A T A o ST SRR 11 3 SR, A
M7 144 588 2 b A B Bt 8L Ak B AR 00 . AR SCRER)
R, B R ] T AR R T L8 Sire %
SEANFEIE W] Foxo3 i s MIFe ik , 5 SIRT1 G
FFAZE PR A 2 15 SIRT1 301 5 EX-527 1F
FHAR R 3 B O R B E FE  i vl ik — 20 &
SIRT1/FoxO3 {553t i ; MK & EX-527 i, fF &2 R
)38 BTG AR A2 8] T BRAT . DA S5 SRR ST i
53 ] B SIRT1/FoxO3 15 5 18 B i B2 i
L SV B RR AR T, DT B S R R A 4
ifig.

AR SR T SR ROR SR 1 A R R AR
AT T E— A HF 5T 5 SIRT1/Fox03 {5 53l i 1l
5 P53 NF-«kB.mTOR 2 HiAhi% £ 5 40 fg s 1
RN T 5 VIAH S A5 5 I 28 £ 778 58 XX
JHF 5 58 2 15 3 e [ B 9 55 22 4 173 35k D3 [

MWERAET A RHR R . R, JF TR B %
1% SIRT1/FoxO3 5 =38 f% Nl LT 5 =
I 2 WD 28 Dy Re 451 05 D RE  3X R s
WD B H AT Ree it TRk

A5 ST e ST L v, T RA

Bl AT B KRR A AR SE G (2508085MH
224) R [ RBHESL S (82574976) (L BUE TLIE S B 5
% T H2 (ahsjhmypygc20230076) 22304 T AE (R RMITI H
(AHWJ2024Aa10102) AL 2 P S 25 BHE T H (M-2022
083) 3 H¢
Acknowledgements
Provincial Natural Science Foundation of China (2508085MH
224), National Natural Science Foundation of China (8257
4976), Anhui Provincial Jianghuai Famous Doctors Training
Project (ahsjhmypygc20230076), Anhui Provincial Health
Research Project (AHWJ2024Aa10102), and Traditional
Chinese Medicine Science and Technology Project of Shandong
Province (M-2022083)

This study was supported by Anhui

EETEk OUE R0 RO BT = KT sk
Z 53O AN E S 5 GO B 2 A i e, e
W IE SCEUE kB B PN T AR S C
T IR P, I 3B 10 5 B e A2 bk £ 5, B L
HL TRl

Author Contributions WU Kaijian, WANG Ni, ZHAO
Dapeng, WEI Wangyun, ZHANG Wanqing and ZHANG Jing
participated in brewing and designing experiments, or acquisi-
tion, analysis, or interpretation of data for the work; drafting
the work, or revising it critically for important intellectual
content. All authors have read and approved the final manu-
script, and take responsibility for the integrity and security of

the data. See the electronic version for details

BRI AN AOESE A SR AT AR 5 2 SR E (R
fE# (E-mail :2j5125115@163.com ) Zb 1K 15

Data Availability All relevant data supporting the findings
of this study can be accessed upon reasonable request from

the corresponding author at zj5125115@163.com

EFERE AR EIEE KNS LG E LR PO
FAEE B9 e A7 6 S 56 50 P A BURN A A 9 R, Sl ot A
A £t [ B2 vl KA 5 B S 50 sh P AR A 5 4
P 51 259 A (IHM-AP-2024-051)

Ethical Approval

All applicable national guidelines and



- 208 - WV TR =44 (P24 AR ) Journal of Zhejiang University(Medical Sciences )

Institute of Health and Medicine of Hefei Comprehensive
National Science Center regulations for the care and use of
animals were followed, and the research protocol of animal
experiments was approved by the Ethics Committee of Institute

of Health and Medicine of Hefei Comprehensive National

Science Center (IHM-AP-2024-051)

Pl A EE LA IR g PR

Conflict of Interests The authors declare that there is no

conflict of interests

©The author(s) 2026. This is an open access article under the
CC BY-NC-ND 4.0 license (https://creativecommons. org/
licenses/by-nc-nd/4.0/)

2 % 3Lk (References)

[1] SANDAHL T D, LAURSEN T L, MUNK D E, et al. The
prevalence of Wilson’s disease: an update|J]. Hepato-
logy, 2020, 71(2): 722-732.

[2]  CZEONKOWSKA A, LITWIN T, DUSEK P, et al. Wilson
disease[J]. Nat Rev Dis Primers, 2018, 4(1): 21.

[3]  European Association for the Study of the Liver. EASL
clinical practice guidelines: Wilson’s disease[J]. J
Hepatol, 2012, 56(3): 671-685.

[4] PULAI S, BISWAS A, ROY A, et al. Clinical features,
MRI brain, and MRS abnormalities of drug-naive neuro-
logic Wilson’s disease[J]. Neurol India, 2014, 62(2):
153-158.

[5] POUJOIS A, MIKOL J, WOIMANT F. Wilson disease:
brain pathology|M]//Handbook of Clinical Neurology.
Amsterdam: Elsevier, 2017: 77-89.

[6] SOCHA P, CZLONKOWSKA A, JANCZYK W, et al.
Wilson’s disease-management and long term outcomes
[J]. Best Pract Res Clin Gastroenterol, 2022, 56-57:
101768.

[71] TANG S, BAI L, HOU W, et al. Comparison of the effec-
tiveness and safety of d-penicillamine and zinc salt
treatment for symptomatic Wilson disease: a systematic
review and meta-analysis[J]. Front Pharmacol, 2022,
13: 847436.

[8] ZHANG J, XIAO L, YANG W. Combined sodium Dimer-
captopropanesulfonate and zinc versus D-penicillamine
as first-line therapy for neurological Wilson’s disease
[JI. BMC Neurol, 2020, 20(1): 255.

[9] ZHANG J, LI L, CHEN H, et al. Clinical efficacy and
safety of Gandouling plus low-dose D-penicillamine for
treatment of Wilson’s disease with neurological symptoms
[JI. J Tradit Chin Med, 2018, 38(1): 89-94.

[10] & &, KEH, T H F IERGKE NN
RIT IR YT PR EL 45 Y Wilson J5g 1 20 2 il B 4511
SR RERWITHIFARGE, 2023, 29(21): 147-154.
XU Lei, ZHANG Enzhao, WANG Hui, et al. Effect of

gandouling decoction combined with cognitive behavioral

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

therapy on impulse control disorders in Wilson’s disease
with syndrome of combined phlegm and stasis[J].
Chinese Journal of Experimental Traditional
Medical Formulae, 2023, 29(21): 147-154. (in Chinese)
ZHANG J, TANG L L, LI L Y, et al. Gandouling tablets
inhibit excessive mitophagy in toxic milk (TX) model
mouse of Wilson disease via Pink 1/parkin pathway[J].
Evid Based Complement Altern Med, 2020, 2020:
3183714.

WANG X, SHAO N, ZHANG X, et al. Ferulic acid acti-
vates SIRT1-mediated ferroptosis signaling pathway to
improve cognition dysfunction in Wilson’s diseasel[J].
Neuropsychiatr Dis Treat, 2023, 19: 2681-2696.
STOCKWELL B R. Ferroptosis turns 10: emerging
mechanisms, physiological functions, and therapeutic
applications[J]. Cell, 2022, 185(14): 2401-2421.
DIXON S J, LEMBERG K M, LAMPRECHT M R, et al.
Ferroptosis: an iron-dependent form of nonapoptotic
cell death[J]. Cell, 2012, 149(5): 1060-1072.

DUSEK P, LESCINSKIJ A, RUZICKA F, et al. Associa-
tions of brain atrophy and cerebral iron accumulation
at MRI with clinical severity in Wilson disease[J].
Radiology, 2021, 299(3): 662-672.

SHRIBMAN S, BOCCHETTA M, SUDRE C H, et al.
Neuroimaging correlates of brain injury in Wilson’s
disease: a multimodal, whole-brain MRI study[J]. Brain,
2022, 145(1): 263-275.

XUE Q, YAN D, CHEN X, et al. Copper-dependent
autophagic degradation of GPX4 drives ferroptosis[J].
Autophagy, 2023, 19(7): 1982-1996.

ZHANG F, WANG S, GAN L, et al. Protective effects
and mechanisms of sirtuins in the nervous system[J].
Prog Neurobiol, 2011, 95(3): 373-395.

BRUNET A, SWEENEY L B, STURGILL J F, et al.
Stress-dependent regulation of FOXO transcription
factors by the SIRT1 deacetylase[J]. Science, 2004,
303(5666): 2011-2015.

VAN HAU T, RUANKHAM W, SUWANJANG W,
et al. Repurposing of nitroxoline drug for the prevention
of neurodegeneration[J]. Chem Res Toxicol, 2019, 32
(11): 2182-2191.

ZHONG S, CHEN W, WANG B, et al. Energy stress
modulation of AMPK/FoxO3 signaling inhibits mito-
chondria-associated ferroptosis[J]. Redox Biol, 2023,
63: 102760.

LIU C, TIAN Q, LI Z, et al. FOX0O3a-BAP1 axis regu-
lates neuronal ferroptosis in early brain injury after
subarachnoid hemorrhage[J]. Redox Biol, 2025, 82:
103550.

JONCZY A, LIPINSKI P, OGOREK M, et al. Functional
iron deficiency in toxic milk mutant mice (tx-J) despite
high hepatic ferroportin: a critical role of decreased
GPI-ceruloplasmin expression in liver macrophages|J].
Metallomics, 2019, 11(6): 1079-1092.
PANTOPOULOS K. Inherited disorders of iron overload



BRI, A5 BTS2 R A A SIRT1/FoxO3 15538 A i £k A0 T8 EDPRAZ AL PN BUGH50 - 209 -

[J]. Front Nutr, 2018, 5: 103. [31] SMITH J S, BRACHMANN C B, CELIC I, et al. A phylo-

[25] AUST S D, MOREHOUSE L. A, THOMAS C E. Role genetically conserved NAD*-dependent protein deacety-
of metals in oxygen radical reactions|J]. J Free Radic lase activity in the Sir2 protein family[J]. Proc Natl
Biol Med, 1985, 1(1): 3-25. Acad Sci U S A, 2000, 97(12): 6658-6663.

[26] FULH, WANY, QI C, et al. Nanocatalytic theranostics [32] CALNAN D R, BRUNET A. The FoxO code[J]. Onco-
with glutathione depletion and enhanced reactive oxygen gene, 2008, 27(16): 2276-2288.
species generation for efficient cancer therapy[J/OL]. [33] NHO R S. Fox0O3a and disease progression[J]. World
Adv Mater, 2021, 33(7): e2006892. J Biol Chem, 2014, 5(3): 346-354.

[27] ZHONG P, LI L, FENG X, et al. Neuronal ferroptosis [34] TENBAUM S P, ORDONEZ-MORAN P, PUIG I, et al.
and ferroptosis-mediated endoplasmic reticulum stress: -catenin confers resistance to PI3K and AKT inhibitors
implications in cognitive dysfunction induced by chronic and subverts FOXO3a to promote metastasis in colon
intermittent hypoxia in mice[J]. Int Immunophar- cancer|J]. Nat Med, 2012, 18(6): 892-901.
macol, 2024, 138: 112579. [35] GELLHAUS B, BOKER K O, SCHILLING A F, et al.

[28] MERLE U, TUMA S, HERRMANN T, et al. Evidence Therapeutic consequences of targeting the IGF-1/PI3K/
for a critical role of ceruloplasmin oxidase activity in AKT/FOXO3 axis in sarcopenia: a narrative review[J].
iron metabolism of Wilson disease gene knockout mice Cells, 2023, 12(24): 2787.

[71. J Gastroenterol Hepatol, 2010, 25(6): 1144-1150. [36] BOSKOVIC M, ZIVKOVIC M, KORICANAC G, et al.

[29] LUOJ,LIY, LIY, et al. Reversing ferroptosis resistance Walnut supplementation restores the SIRT1-FoxO3a-
in breast cancer via tailored lipid and iron presenta- MnSOD/catalase axis in the heart, promotes an anti-
tion[J]. ACS Nano, 2023, 17(24): 25257-25268. inflammatory fatty acid profile in plasma, and lowers

[30] WANGR, LV Y, NIZ, et al. Intermittent hypoxia exacer- blood pressure on fructose-rich diet[J]. Oxid Med Cell
bates metabolic dysfunction-associated fatty liver disease Longev, 2021, 2021: 5543025.
by aggravating hepatic copper deficiency-induced ferrop-
tosis[J/OL]. FASEB J, 2024, 38(13): e23788. (Acgmie 4 7 X

KAHZ ETEMRR FEEHRAFTEZROARERANRE
HEZDRETUESENESGSMERE R IIZRERIRM
1&IE B ik #E

20264F2 [ 17 H WL R 5k PF 02 SRR 28 Je K2 TAMSR 51 bl KRR 6 R A O R 22 2D
(The British Medical Journal) /% 3% T 8} “Vitamin D supplementation before in vitro fertilisation in women with polycystic
ovary syndrome: multicentre, double blind, placebo controlled, randomised clinical trial” (%) H [E 22 H .U Bl AL X HE 3056 18 SC
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