P A BE AR 224 CH AR B2 50O 55 46 55 9 ]
*1366° Journal of Nanjing Medical University (Natural Sciences ) 202649 H

.g‘% ii.

$h T =R AR HLH & B AR X RF T RIER SiafriE 7

ZER PR,
MR R AL DA E R S B AR R, ILA Mal 211166

# F] XERGHEIE TN T RE TR AL CRAE I 2045 A HE RS 1), s i i 1 5
AR 25 (B Cu) IR SR e 22 5 22 T A ST e 8 1B 45K 5 D R (4 Y DA 3o e R 75 0 2 7 A e i 51 % 240
A P B At . B AT T AR AS R U 55 P L P AR AT PO O IS R SR8 A% 9 A 55 22 T IDIR S 1056
B, FEIRNIR IS T B A0 J8 i A5 5 a0 i v (2 ok P e 2 L 3G B L I AR R R e O R AR 2 A G A A S R R S A B
BET, SRIR 1 DGR 5 711 125 38 A 5 5 45 0 45 I 8 [ 0o V0 7 SRS RO 00t e 55 i PRS2 P 0o B, SCRE i Y 24 i
RS ) 95 T A% o B 3 AR 7 AN [ 88 A R S8 B v (7 RO A DA M5 5 X 2 L o R T 4 A, O Joe 0
HERR 22 N 25k SR YT W L GBI A SRR 72 05 170 » LA DA TR AR AR SR B0R FR 98 BRI ST A8 IR R AE VR /T SR S A3t

EERIESE,
[REEIR] ;s e oo 20 AR s AR S s 1500 s BRI Va7
[FESZES] R363 [SCRAFRARRS] A [3ZEHS] 1007-4368(2026)09-1366-17

doi: 10.7655/NYDXBNSN260042
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[Abstract] This review systematically elucidates the metabolic mechanisms of essential trace element copper in humans, including
absorption, distribution, storage, excretion, and homeostatic regulation. It emphasizes copper’ s role in participating in various
biochemical reactions and maintaining protein structure and function through the redox conversion between cupric ions and cuprous
state Cor Cu®) , as well as the pathological basis by which excessive free copper induces the production of reactive oxygen species and
thereby triggers cellular damage. The review emphasizes the association of copper homeostasis dysregulation with multiple diseases,
such as liver disorders, neurodegenerative conditions, cardiovascular diseases, and copper-related genetic diseases. It further explores
copper’ s role in cancer biology, particularly its promotion of tumor initiation, proliferation, angiogenesis, and metastasis via signaling
pathways, with a focus on the“copper proliferation” -mediated malignant transformation mechanisms. Additionally, recent advances and
clinical potential of copper - targeted anticancer strategies, including copper chelators, ionophores, and complexes are discussed.
Finally, the article addresses current challenges in copper-targeted therapies, such as therapeutic heterogeneity across different cancer
types and patient populations, and the incomplete understanding of copper signaling networks. Future perspectives are provided,
highlighting precision medicine approaches, combination therapies, and novel drug development, aiming to deepen the understanding
of copper-related pathology and foster the development of innovative cancer treatments.

[Key words] copper; trace element; copper metabolism; copper homeostasis; disease; cancer therapy

[J Nanjing Med Univ, 2026,46(09): 1366-1382]

[(BEE&WMB] ERASRYEE4S(82372829,82573035): VL34 M ARFHEHE 4 (BK20240130)
JE{E{E# (Corresponding author) , E-mail: xinge@njmu.edu.cn (ORCID: 0000-0003-4825-6534)



546 5559 1
20269 A

VLA, IV, B BT A T E AR AR L A AR A S R B E F SR T i A0 .
M ERR 2R CH AR R , 2026, 46(9) : 1366-1382

= 1367

HAAE 9 N A 0 5 B I < S, FLAMVRR Y AL iE
JERFELCuC 1 )5 CaC DD AR B3 4 E o pl ol 2
T AL SN A% 00 2 538, AN -0 E )
I 46 1§ (superoxide dismutase, SOD) « 4 i 4 & C %A
I Ceytochrome C oxidase, CCO) &5 Hl By (1 H2 it 45
R S 5 Dl e ORI, S e b A I B A 45 A P A
W AR AN T BRI RS o R A PR R T) 817 R
[Fi) o S 35— ok e B S e S50 S 7 A i
% (reactive oxygen species, ROS) , £ X 4l ffd A &5
JoT LR G S5 ol SR A 45 00 T R S A 0 2% 5
Voot Yl oe= SRR BLI Gl

HAACH I — AN S AT AT R H
WRG. Pkl bR e s 2 e
6 B BT A (R IRAT, £ B AR B S 30 D PR R v
K, T A A FIE 1) A7 5 R HE D) RE 4B 15 42 B AR
A, [ B 3 T A7 S R T S AL i i 1 7 AR
Zo R RIARME R KA DB RA .
X TR ST, A 215 R 2 Fhpem ™, it A%
PEAR A RS, 205 WL 18 P50 [ an 3R s 1 i
Jifi B (non-alcoholic fatty liver disease, NAFLD) « [ /K
RIFER I (Alzheimer’ s disease, AD) « &1 ik 58 FEAE AL
(atherosclerosis, AS) 1o 4 a2 2% — J5 1 B 75
IR RIS 55— 5 T 0 AL R T
PO it 5 5 AHES R Bt R . FLAE AN R
AR P AL BE AR AE L, SR 2 BRI SR B LR
Fifk.

(EAFIRVE B 2 J 88 A A2 K e h Py I ) %
A T SR OB TR s . TR 4 i A A R BN
H e TR B RRRRALE T T o 0 52 A T SRR VK
i 1% i IWEULEE 3 - 3 (phosphoinositide 3-kinase,
PI3K) -2 [ i/ B (protein kinase B, AKT) . #% A 1
kB (nuclear factor-kappa B, NF-kB) %5 (5 5 il 4, 7] H
P i T2k R 20 B G B 75 3 L A RS AR i R
YRR FE RE ST o BRI L SE RS 1 R S
oA R . HASAS R 5 R i) A R SR AR R,
FEFRARAS R iR T IR AL T AWt ST 1A

BT PR o (e A, B R IR R AR A
IR T SRBE RS T AR o 4 25 7R I8 I v 1A
PN s %, R A ) e R L AR A S T RO
Y 2 A ) ek T8 4 o X 0 £ A A 155 i
HEGUR K HZET . T EERL S 503K 4
FRIER 5 L 5 B AE B AT TR 245 77 T JR 3 7
XL VAT R A 1 2 e AT I

g5 L, B A AR S SR G B DI o, 4

s KA 5 2 B AR AR B IR . 4R
A RMTAE R R 2L R R TP DR B AE B2 D R
RIS VR IT SR O 1 B STHE . IR AT AR A 1Y
R X 2% WS LA AN TR R R 1 22 5 L e A
HA L [ IR T SR, AN RETRH R AR A 50 9 EE AL
BN S B O IR R YVR T 3R BB (0 SR Ao

1 fERMREIRE

1.1 4FEH

LR RIEY/DEBUN Y G= TN TIDIve P N L e SN
ARVEY VR EEREETY SRR, £
[ £l M 9 2 o i BURAE N H AR SR N B
0.9 mg, 2 HUs A N AR H R 2 K, 44
S )LL) )L T NP &

THATE S, &b 4R DL CuC D TR el b 5z
S M WS, W4 A 4 B e 32 £ 1 1 (divalent metal
transporter 1, DMT D) EL#ZHEH, 1H CuC 11D F5 241l (7
% B 1L JR ¥ (duodenal cytochrome b, DCYTB) A& Hij 4/
Ji b B 0 JER P 7S B IR A X I (six-transmembrane
epithelial antigen of prostate, STEAP)2~4 i& JR i % 14,
9 CuC 1) 5, 74 e 4 4% 12 5 H (copper transport
protein, CTRO 1 =y 2E Al ) 4G H , 3 2 A% 42 1Y) il 1
Bz (E D,

CTR1 5 £5 B A JE) 41 S5 BUAR 1) 32 2277
A B b R 0 M i BSOS RE B R . B
Fo w7~ CTR1 5E A7 T iy b B 200 1 Tt o J2 , -t A 9
R IR IR o3 A 1 ToUE B S 4l oy o ik — b
WFFEAESE , i T A R WACAR KR 2 B ANK# CTRT, H.
] CTR1 % AR 2R 76 2 35 5200, 3X 32 7R THUIR 4 i
AT RE 2 DMTL. HoAh ¥ iz R AN S Bl 1E
X SR AN I R . HEMM A 4 CTR1 #£12 1)
CuC 1D EA LW L, A g A2 W AT ) 0] £ o ol
BT TR R S T JCVE A . i b B A A S
i B CTRI B/ B> L™ AR sk =, A J5 24
3 JABET, BRI TE S0 T G2z R b s T R SRR
CTR1 530/ SR HIBE T, o0 JI A5 e 1 i B ) 51
R JIE B K R ] AR B g b, I R Y B i S T
CTR1 7E HHX A A Fi AR i ) S B P
12 5%

i B T A A B PN S, T S o A i o Bk
ST N S e et R s N K L - S R
9 M 57 b, 4 fE A5 & B (copper chaperone for
superoxide dismutase, CCS) /T Cu I ) &I BH
SOD1, X — L fig Citid CCS b /N BB AL 6 AT s 7]



* 1368+ Mo BE R K % 2 kR

546 555 9 1A
20269 A

P IZ AR IESE, CCS 15 SOD 1 7E AR F 4R A Flph 22 7T
B BR ROS R CBE R . AT Hw it — 2 RN,
CCS A JE % CTR1-CCS-SOD1 & A4, )\ CTR1 3R
414645 SOD1, H SOD1 58 & 5 R E &
(UNINESIE S

Fr CCS #h, 4 i 5 &R C AL B 4B & A
(eytochrome C oxidase copper chaperone, Cox) 17 547t
S MG IHF 1 (antioxidant 1, Atox]) 1 AE/ 5 CTR1 K
P CuC DD oy, Cox17 FE 41 it 5 BokE
P N R TA) 2842, AR CuC L D) ik 28 G pi A py JisE 1 (1)
i 3R C AL 5 B E (synthesis of cytochrome
C oxidase, Sco) 1 B¢ Sco 2, i& 1] AR AL 18545 Cox2 I
(R4 A CCuAD LA, SR BE T Cox 11 i H LRSS Cox1
(¥4 B(CuB) A7 A7, T Cox 1 Cox2 A2 A B R 1k DB
fiff CCO M0 57, R I Cox 17 A A4 §4 18 % CCO
YA RERE T, Atox] K4 % 38 45 PIB Y
ATP B, G045 ATP i 4 7% 12 &5 [ o (ATPase copper
transporting alpha, ATP7A) F1 ATP lf§ i ¥ iz & 1 B
(ATPase copper transporting beta, ATP7B) , IX £& ATP
iy W] 8 AL T T Ry 2R R AR IR 25 7 (trans golgi
network , TGN BR4H L JEE, 41 T34 CuC [ VIR B 55—
fl, 3+ TON 1 [¥) ATP7AATP7B At 1 Bl 4 25 25 5
SOD3. il # £ 1 (ceruloplasmin, CP) &4 & 1, f3 4
3RS i 28 R R 4 s B0 T 3 A0 A

AFFERI A, 41 I ATP7A 55 ATPTB )%
BTN RER R4 B AT oS E . (E/lg Rz Anf
KEBA W) CuC 1D FF# I Atox1/ATPase 18 ¥ 73
2 MAAEA L EIAHABAL . 5HADARAF, 7 -
i 4 R B ATPTA 2 € o 2B 5L R /MR, (R AE
TGN & b — RIS Atox 1 4538 ) CuC 1) I H i
NI /NRBEEL IR, AtoxI/ATPTA BBk 25 5
B oA, B 51K 2 A B R PR
13 A

ARPROAE T, A8 BN N A S 2 80 myg, IR
FEF O I PR 5 R Ik v 0 A 52 e v ™, Fe v R A2 1)
FRAKAR B R ERW S AR HARNZ R
Cu( I )54 8 & H (metallothionein, MT) 25 A 5%
A7 TV RE 1A s ATPTA 1E 2 BAH Z3h 3238, T AE
Fr AL ThAE th RIVE AR (1 ATPTB B4R, HLOo VR S it
B CTRI A/ B, FFAT ATP7A RIA & B TR

JFF 0 i v K 20 A 3 Atox 1/ATP7B/ e 2K %
AR ) CP, J5 3 40 Wh N L5 o] Fe? 5840 N
Fe™, BETIEHERR IS S5 80 51 o TE 8 I AR I 2 24
109 pg/100 mL, HA 90% 5 CP 454, Fl 42 CuC 1O

HpEasir A Rma e,

H T3 8 CuC 1D AT REIERE = 42 ROS 5] & 41 i
W45, 0 I B Cu C 1) 7 # MT A1 45 bk H Bk
(glutathione, GSH) 55 73 T & . MT /2 i MT1~4 &
DRl g B (RO 21 0 8 1 06, & 8 13 0 vl 7%
SHIIE, H61~68 MR ILF IR HE T 5 20 A
2 A Foas BES IS0 , BRI FTEE A CTR 1R K
43 CuC 1) AR EEE

GSH & HA R I A R A H 2 B4 s =
JIk, Goy- A S B R & BB S GSH & B L &
R AHHA SO . 5 MT 3L, GSH Al 454 CuC 1)
PAZE it B 5 1, FLATREAE CuC T OBEN IS 12y
AR, G B TR H AR 45 PR R B A BUAC BH MT 2
& [AINF, GSH e 4E+7 ATP7A A1 ATP7B N i 2 bk 2
T2 R B8 JFUR A, X% ATP B/ S 19 CuC T )%t
FREL,

1.4 4

28 7 T DU G 2 Bl 45 w40 R H AR A
FERT A 40, ATP7A B ATP7B 7E TGN Ab:Ks 4
BT IEE S RMEIEED b, b S IX A
Weorih i anie . 72 bR 4 A, SEUE CuC T OH]
PLEL i@ I A T JEM L ) ATP7A 36 N LT 1X
B4 B T B 5 AT LA CTR 1 45 I 40 R W e . 76 AT
U, CPAE TON &b 254k CuC 1 )5 IX EE 43
PECP B G R &A1 CuC TIERE &Y a
AL HP Iz 2% 2 40 Mo B, 368 3ok P 4 FH R B i
w3 T LA P A ZH 2R TSR (B D

Y 24 PN KT = AR R P ) ATPTB 22
N 1 7R A B 6 2R S T A R A i N BV i A
Ji o M, TEEER A ) ATPTB Hir A p62 25 1 il % A
A, ¥ 2 R A HENBR Y, B fS 28 R 8 i v
A 30 18 PR BHEME B4R A . BT 40 i TR | ) ATP7B
A8 E B A 27 R AR, DU v A 1E
HEAT PG PR BCHEM . ATP7B 78 4 HE it v ) 25 2 1k
O 7E () Y B 2 BB ML 5 A8 7= A= 1) /) BRUBE B 1 75 2]

T IIE,
1.5 4AEE5MEE
WAV EBRSESaRESS KRG 0 Ah

P 5 THT » 40 B PR A 2 o A 4 A N T i 2 A 5
FERISEH . 4RAOIE BB AL 3 CTR1 = FE 2 40
PR AR FEE 471 S A 4 < K T T, CTR1 2 AR
J L F B I 20 oA A B A I A 5 LA/ R R R BRI
I, AL CTRY A] PG B4 (o] 28 i JE o 3 — AL 1) 51
] R T ) 6o P R 4 PR AT 2 2R S )



546 5559 1
20269 A

VLA, IV, B BT A T E AR AR L A AR A S R B E F SR T i A0 .
M ERR 2R CH AR R , 2026, 46(9) : 1366-1382

*1369-

Intestinal lumen % Intestinal epithelial cell
7 %
X

Y,

Blood cirgulation & liver hepatocyte

Blood stream

DCYTB/ /f \ Liver hepatocyte
- Sad ) o — &N
. \ MT
Sod.l—(.]CS COTDCX (Metallothioneins)
(Antioxidant enzyme) 0 “
CuCIlD
/" Cox1/Cox2 s \
&0 U, U =
-
00 \4 /Cox17 emglTe s 0 0
0 @ 0 0 Mitochondria or
CuCID © >
Dietary copper Ctrl /'
\ \ ATP7A amino acids
CuCID (Remainder) ATP7B
o o0  @-a)li" =0
@ Atox1 ) o z
DCYTB/ LI \.,._-{/’ o 0®
SLean) Golgi apparatus/TGN s Lysosme
J{ f Bilef'@e it

%V

Wembrane

Basolateral

excreti?

circulation

Mechanisms of copper absorption, distribution, and excretion in the mammal digestive tract.
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Figure 1 Copper uptake and efflux pathways in the body
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AL4H A (vascular smooth muscle cell, VSMC) A=, 1
VSMC IE# 72 F5 90 e L 42473 i 5 98 1) S i (1 2,
£,

] o] e D o) 8 YR AR G Cu C DR
KL IEE W RE AN Notch 15 5 18 B, Jak /3 38 E 1
AT AT BRI N R 4 AT A N B TR
] 7K P AR5 R B B B AT RN, R H
A 1~3 mg B AT PEAR AS XU, k= 500 & 35 2 85 Tn
AR, AELIfiL 5 B e 4l k2D 1) TR ERTS AN B A . 4 7E AS
Hh 52 B BRI XL e 1 Y, 445 A B 7K1 2 TR
JiIN=RE RS

HBFETAEBR SN AS 1 J& 32 27 LS N R4
JHO -V UL T K R A B A 4, 4 TR B A E
Mo ZELIMIR AT 55 N 2 40 i CTR1 5 2ok i 4 %
iz B [ SLC25A3 A AR T, B3I 4 hi v 4 & A4, i
RARWEAL B SRR VBRI AR B 1 R AR, U5 T N R 4
PRARBET:, JE T ] AS R AE2 . 2R RS ) SR 2
YAKRIRL e R 2L IR 5 T A AU T Je AS 13
J&, NEE AR TT SR LR SR . b AN, AT T A SCHE A
AR ASTELE S Wr A Wbs 54, FLRH% I 2% 50
PRI IR AL 1B A7
232 FF

AR A EREE TORBE T R R Y (H R 5 AR
KA WAFAET JE. — AN TTTHIZS 55
Meta 73 H7 ik 7% , S ML A4 2 r 255 I3 A 7K ST Sl 3
TORPHE A ; T 2013—2018 45 4 [ g e 55 %8 Fr ko 21 1M
PR 90 15 5 HEUATT e 2 BT, 26 o UG 5 e 4 S\ 1=
AR AL, S i AR A R I AR K
SPAR T B R AL, B A5 HF 5 R B I S A AN 5 4T
YRR g AR AR 9%, 5 L PR A e oK

XKLL JE S5 R Re R TR B 2 7, H
B4 BT 7T R L VP AL AR 5 26 I AL B B SR B
WG EARAE LS R B (BT 2, R Do WERIE
FIKE , 41E 9 B At it SOD Al CP A B A T, 2
55 00 i P R P A% B AR AR A S B s e Cu/Zin-
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SOD1 A4 S B & 7 35 v id AL &, ol Rk
RE AR ROS 7K1 L 48 i wsh 28 40 B A7 3 » PR 47 Wk 147
BN K G e 52 SR L4545, SOD T 7] 3 3k £ 477 i 1.
B RGP R KRR .

(IS EIRERE It 1 7| R o SIS g L
(endothelial progenitor cell, EPC) RJ {ig it i ifil fix 2H 21
M A 15 A B D BE S, T A e SE I T e L /MR
SR -1 KP4 EPC g, 32 1 0 2 /) Bk 1
PEAE A, HE Ak, — TN 3 425 41 2 5 35 1 R A
RIS M35 A 15 2oV i K P B IEAE 5G4 7 4
A A I I R I AR A A, X S5 IR AT R A
WEVERIE FEUESKE o A 7K1 55 26 o ;52 X0 1) SR 15k 5
T A N VR L A S A X AL ) e i -
BEVES , L ) AR ST TR A SRR R,

BFETAE AR O R SR ML 26 b LR AR D
M2 St e TR A SRR Y R B KA
AR BORLR D RebEAG S e e oA 2R ALY Bl
P AS R R A T 4 R 5, ATPTA/B RIA H i
CTR1 13 (¥ i £8 B35 i, 3 Bowh 4 7o i 2, ik &
FDX1 4 M 4 B8 1, 75 3 2ookL i i Ik 4k &R A
(DLAT.DLD %5 ) 57 % 4 L BR AR % 2 11 2R A, T Ja
PREATALS e ORI A AN, 11 AN FE T A DG R A
FIE W WAE B T3 B RS W BT AERE s
2.3.3 & & 3F(heart failure, HF)

HF 520 4= 3K 5T 6 400 J5 N\, ik B 5K i N i
TN 19%~2%, H.ZBUEFH G I HAMPBT FE5b L
JUUH A EEAR “BRBHFE IS I A BIAL” » A0 JL PR 2R hE
P RE B 5 (AR 0 ATP) B8 0 32450, T A AR Sy B ks i
T COX ISR LR 73 » Bk Z I 2 3 B2k 1A T fig
PERGSY. B SRR, HE NRE 5 IR S
Ja 23 L LT BERRRS T 5 B2 FTUESE, H sk =
753 B9 HF BAT AT M —— A B = /)N B RD 78 4 4 )5
J&, Lo EET Tk AR The Bt B- 1 b ER R IR
Bl SN B 58 VR R, X PR R B-H B IR AE 2 A (B-
adrenergic receptor; B-AR) G 5 FRE RS H
HF K0, TR A% 52 A K- 5O FE VR 7 3E A (K 2,
EDo

1B 53 A W 78 2 BUAH SRR : — TN 1 504 451
(1] Meta 73 AT B, LI 47K T~ 15 55 HF 535 A0 ¢ 1
T LR T i A5 e S 2 Il 28 ) L L
OISR SE A 5%, I8 55 55 22 P 22 4F B M HF XURS: 384 T
A IR [ CP KT 55 HE RS 0 K 7 A
RAHSC. HAT, HF 8% M58 50V & 22 5
EAE R, R — R . sk =W F s &4

U, A R A 5 DR O A 45 A A A 0 L
W A i 2 S H B

LU G BRI, AR TR G
AR EE AN %R E BB R KR ER
(immunoglobulin superfamily containing leucine rich
repeat, ISLRO7EH 5K AL Bl M O AHOC HE H135) 8
& LR, IR D HE R B AR 4 h
J7 77 1, 4 % 5 77 DY 5 45 IR 1 (tetrathiomolybdate,
TTMD W] 00 f] Co UER S X GR4F0 Ty i s PPAR i3
7 Pirinixic acid AJ i@ T I ISLR 21& , 503 )
et 5 3 K00 Dy g R 05 SO LEF 4R 4L 5, Dy HF $E
)6 97 PR SR, (7] IS4 6 1T AH S TR X 2%ty
HF LR SR AL A
24 @AEMAYZ IR
2.4.1 17525 (Menkes disease, MD)

MD 7 HH ATP7A [N 5842 51 5 1 X4 B0t i P
995, R BRI . ZRA S S HUGIE Y RErE
ATPT7A SRR, it il b e A0 B 28 A AL 0 ik
7> T T 11 41 600 AR P Pl v A2 [ P S o R 2 A A T
B IS T (FDX1.DLAT 25 , #2851 &40 At
AL Z ARG, MD HAZdrt, B ZAEYE
LT, OB AR R ) R B AR AR IR A
TEIRAE VAT R B H )2 ML AR

R A R = 5 MID R SR B BRARFAIE 22—, 23401
+=E 2 E %R FAEE (dopamine B-hydroxylase, DBH) %5
R ARSI 5 110 DB H X A 22386 o 45 ol 55 5K B
o MD L) Lo B i i 4 22 R B R P 2 R
IKE T, 375 DBH i 1t FEAIR , 3 1 53 30K Al B
B RS, RIAWUTK AR AR A .
Ak, KIBiH COXFAE N 2> 51 R bR T RERE G K
15 A FLIR IR P R, Xt A2 e AR (Y s 2 R A

B K 4, MD S (10 Uk S AR S UL S 52 Ik %
g5 4 ML BAFAE I A BR AR . D IEAR Bk = 157200
VU B 45 510 R M O ML 7 W T2 AF O, R AR ) L (2
I s T R SR LA % S 2 A 2R, ATPTA Dy R ffa 2
S BUIR A A M TR T B, A 5k 2 NI R A
R 2 IR P20 2 R AL 2 B, k2D 3L 0SS R T
R OZ N GGG 1 551D, Fe 2% 51 R B TR
BRR  BERAR 5L B B Ko B R R 3 A A i L 2R
e (B2, R D

ARG B = 2 MD 2 4% B 3% 3 (AR UL, 53]
P REFSEMA S OME TS . 202641 H,
55 ] £ it 24 it B PR AL T 4 K R MD AL [ 4
BAUTIE Zycubo 2R , B BF ST B A
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FEAWIE R AR, Gt ATPT A BRI 1 s g, IR
RS, (MR AR AL T Sl i, B35 BRI R LA
tm W o

242 B R#Em(Wilson’ s disease, WD)

WD 5 i ATP7B % [A 5828 T B Gtk ik
WAL, RAL 5 ATPTB T B 32 451 2 B AT AR Hk ik, 138
B RR S AT ORI IS 2H 24 g B A I
B RIEH <55 we/g T, T WD £ 0] #8250 pg/g
TH.

WD &35 DU IE S 28 R Gehi IRy 32 2R 0,
i R A AT I RO B R, ELHUE 8 £ BE DNA
475 R ot o A A S kiR Dy e Ag (& 2, R D
Forbr, 2R AT A8 F o Cln Ta] Jog 2 (8] 972K 46 4 4y
B R0 A2 WD LA (bR & AR A, 1T
JRE SR AT 0355 2 R PR T T80 | LS R I A B R T
S BUE SR PEIT 26 . HR A A B A RGUEIR A
I ABATAFAE R &8 AR, 7T Re e A Ak .

VLA SR, WD 2 JHR U o 8 0] T 3 ok 41
i #% 52 4K (nuclear receptors, NRS) T fig ) B #2543
ARAR G R IR AR . NRS A B A4 A 20 % 5 IR -
Z: 5 R FRIR AT, Fp 8 T i (A 2l o 3 NRS

=7

52 A A 5 AR, A E X A2 A& (liver X receptor,
LXR) A2 I SCHEE AR . ATPTB BhFH /N R %5 T LXR
BB R H 5, JEE2F 4E AL | 28 0E B 7K1 i 25 F
K, Thae S A SR

B & AR 2 WD R I 46 30 R 1, 1 2 JH i 45
P WAL O A1 5T 5 BEARIA ST DRI il oy 300 2 R PR AR A
S HSETIAR OG5 F (FDX 1. DLAT 25) ] {f:
WD SRS W B s bR S AR G
B 7R AT o AR AR A D A ZE T, FDXL 400 791
BRLARRE [a) B 5 50 S BRI T G AR SE T 4%,
WD 2 7 SRS A BT L TN
2.4.3 ¥ 24 5% (Huntington”s disease, HD)

HD s 28 L 1) G (0 4 S M i 28 MR B A 0
DS # L AN K38 3 Dy i a3k 1 3 25 N RRAE , O
(Rl 2 AR = {281 25 [ (Huntingtin, HTT)N ¥ 2 4%
RN E LT E Y R, 15T EGUR AR ik
KR ZE4E . AT N R HTT | A R E 21t %
8Nt S8 A N2 R AR U L EZS ST S A

Wt 7t 2 WA 4R 72 HD i vh BA7 15 A - HD 58 K
HD /I RS B B8 SOIR Ak e 25746 0 2140 4 32 7 5 T
Mo MR HTT 8 1 N o 20 20 BR Ak B AH BAR A, (2

f V2
Module 1: Wilson’s disease (WD) Module 4: cardiovascular disease (CVD)
o a4 1 i o | 5 scl als
HePat:o.Cyles’ e ° : <" | Hepatocyte Cu-mediau?d —RCS t*h/gt?ﬁhonfrlal (a) Atherosclerosis (b)Stroke
( p ‘ 00 fenton reaction yslunction Early stage .
L mutation 9 d Hemorrhagic stroke
§ g, 0 °
| "' - C ° : - 0 Fenton Mitochondrial ‘ i’;xi:‘scej
9 @ Te 00 reaction dysfuncti Low Cu
| s e o ysfunction
S / o womin | 0709’0 0 B l 00t
\ v ‘ / DNA damage, | a V' Cu regulates -
- \ o lipid peroxidation) VSMC VSMC growth
Normal Cu WRUC- MR proliferate [ ower Cu—  and migration
jormal - o . .
<55 pglg DNA damage Wver e ‘ Lipid accumulation Cu affects
\ fyn.aa‘.'?; oy ’\ Late stage LDL Z):(;iauon
/ N . e W ° olnhihition of LXH inflammation
ervous system u ipi
Liver damage accumulation " >250 pg/g peroxidation Nuclear receptors(LXR) |

f
Module 2: nonalcoholic fatty liver disease (NAFLD)

High glucose [
(fructose) I’Hepalocyle

Impaired gy synthase

|

-/'\_\
|

Decreased
Serum Cu

Dual effect of Cu in vascular
occlusion and resuscitation

Increased Cu—
Inflammation and plaque instability

.‘\.

J
\._1 ° ] — miloc}.lonr?rial (FAS) p N
/_1 L] B-oxidation upregulalion| — ' | Module 5: hereditary neuropathies
CTRI Cu deficiency accumulation —p ;’ \ . |
Dietary [T Impaired B-oxidation - || (@)Menkes disease(MD) (h)Huntingtons disease (HD)
influences _ Decreased serum/hepatic Cu ! Fatty liver O ate7A Liver  Brain
: - - —_— - — — - s : mutation 4) m:t:tlon{(;““,l"?: ) Elevated brain Cu Mutant ﬂ'l'l‘
Module 3: neurodegenerative diseases k’ w‘ \I'. e
f
(a)Alzheimer’s disease(AD) increased total/free serum Cu (b) Amyotrophic lateral sclerosis (ALS) =y

Cu deficiency/

L]
Amyloid Cu+AB—AP aggregation(plaques)—Neurotoxicity Arlblnee

\ dysfunction

Changes in Cu 5
& Neurodegeneration

Cut+Tau—Tau phosphorylation—Tangles—Neuronal damage ;, spinal cord

Mutant SOD1

accumulation

Decreased DBH
activity,
' neurotransmitter

.Fg.' i

Systemic

S copper . / 3 o
pla:ql.lﬂ ‘ /’ ‘ —MNeurotoxicity | | deficiency [ | abnormalities )
1 =¥ I N J Cu accumulation
o 0 Oxidative Mutant SOD1 | Blood vessels
PR e s
Amyloid i N 1 C tive tiss Cu regulates Affects lactate
plaques eurofl};nllary \. d?:;g: \‘l Mitochondrial Dnn;ifl;;lssue mitochondrial ® and energy
lae ey Rl enaymes production

B2 $EHEKER RS FHE

Figure 2 Copper-related diseases and molecular mechanisms
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BEILIRAE , AR APSRG BRI RS & 17~68 M 2t
R B HTT 2 [, 1 FesZn oL 45 A g 1), HAR
BRI AT HTT S84, #h i W) >R dE 3R 4R

w6 A, Al T 38 I A0 58 B R B B (succinate
dehydrogenase, SDH) « . 12 it 2.1 (lactate dehydro-
genase, LDH) 5 4o R4 it U Inask HD i Jg (12, %
1o KN LDH X FLER AR 2 5% H 2, # 22 Jo it
BTV I 5 0 R TCH) FLIR L B8, T HD B8 35 UK A
(R FLIR TS R 2 35 PR AIG, 3X 5 LDH #1771 A 34/ B
(ph 22 To IR AR B ARALL , $R 0 B AT A 36 i 4100 o) LR
RSB 5 HD A0 -

SUIRPRER T i 5 R AR HTT R4 2 1F R0k, 2547
BT IR E e A IR A T Bk . MHIGHE
R AT A T E AR A, 25 B 77 S HTT #E [ ) 770 3K
HHIBETVREE, 9 HD VR IT S A5 7 M

3 {AEMBESEEPER

] A S R A 5 R ) 9 B S AR O AR AR IR T
JERREE 0 IE S 2 IR R R R R,
S HBUREECEER AR O R WY I ERE B N N
Ao R AR SRR, 5 A0 ) S G B R
B A B V) ORERNY o i e 4 B A D A e 1)
TR B, Xof 4 1 £0 B L 38 AR S A F AR =X 5 1E 4 g
FAAE S35 22 1), A P IR TP K 5 200 L vA) £
FaZS, MO HEBN IR AR R S LS AR i S e # 1
HELIRAN 77, WL A A T 2 o PR B R YR 9T )
HEWFFTTI

KEWHFRRYIH ] 562 5 M8 5E A kA5
I 0 » 455 OS2 NS Tl i DS B o)
T, S MR R A A0 B G B I A R TR A 7
AUHE B A 438 5 L I DA 2 g P S5 R (L 3D
\HE A i R 2 Je B A ] — L2 R R I R A
Mo B, VEZ B R R T AN R vh A AR )k
RS 0 AL FE FLIRE L W RHE b | R . B
Jee (0B 4 BV e L U A R o B4 AR L IR
0 e 1 AL V0S8 A1 98 7E Y B0 22 Tl R 4 2R 0 |8
L7 v 25700 5% S8 A0 R 52 T
3.1 MmALLEMA

] 358 A A ARG A0 T A G S 3G B AR S TR
JH IR T B 5 19 A P RIS TR, BB 455 A e 15 - 3
PEA R R R AR RV RN, AL S B S AR BT
U R PE . 4 2 52 A % Z R B (receptor
tyrosine kinase, RTK) #H J¢ {5 5 il B 1) X2 5 37,
Jo 7R BUAR BRI AT 255 RTK FH35 3 B iR AL , 3 M 0

™ U 4n B AN AE T Y B E B Cextracellular
regulated protein kinases, ERK) , iz 2 i 1 41 i 1L 7%
S5 [RS8 A] 8 PIBK-AKT 38 #% SR
O - — 7 T ELEWOE PI3K LAE 3 AKT, 55— 5
TH1 45 A TR T R 10 S B B B 1 (pyruvate dehydrogenase
kinase 1, PDK1) {21202 117/203 i 57 5 2 AKT %
T » RUE 3 A% 3L [R) i 2 e 40 PR 1 7 5 R A G, X
A G 25 A T A T A 0 03 R A

i 340 30 T R SORE SR SR Tl % S 5 R
KA B 5 NF-«B @ AR AR, 2440 i 8 A)
T v 200 i P9 AR 2K P RO XOZ B T B (X-
linked inhibitor of apoptosis protein, XIAP) , 21 it i
NF-wB B0 5 e A= ek, 22 28 )5 s A0 R 1
Fiff (mitogen - activated protein kinase, MAPK) i % 1]
PO OB 25 1, AT B s 2 RUR IS AL EE R
B 3 1 (mitogen-activated protein kinase kinase 1,
MEKD , ff¢ i ERK1/2 WAL FH- B0 U c-Jun &5
R Ui U (c-Jun N-terminal kinase, JNKD , AT 7
i JRE A, D i A BIK T B bR A AR SR B T ROREAH
TR B S

Wk 368 B ) S B T B R 4 P [ WA AR
R B E U T O 2 e R AR OK, T A T B A
A Unc-51 £ H W& HOE 8 (unc-51 like autophagy
activating kinase, ULK) , i % B W #H ¢ & 1 13
(autophagy related 13, ATG13) [ T Bg 1k 5 0% , 12
BEE WS S AE SO S R A K . 78 B-Raf J5UE
5 DK X 3y 0 Jit Jl s 40 o, TR R 2K 2 3 SO ik
FE N B, B4 B MEK 1/2 T ULK 1/2 3 7 i 5 B
il )y BE PR AT, T ] ) 28 A TN 2 3 oo T 1% K B
Wity , 5 AR ) 50 185 A AR e 2 S 1 1 B
32 mEARbEHEH

L e e ML A B e RS R R SRR o L
AR T T R P BRI N B T 5L
TX A JfRE L AR AR A A R (RIS B0 Bk A
2 2 4 i A= K [Al 7 (basic fibroblast growth factor,
bFGE) | Il & A B 4= K A + (vascular endothelial
growth factor, VEGI) \ I A FE [A 7o (tumor necrosis
factor o, TNF-a) & 14 % (interleukins, IL)-1.1L-6-
IL-8 55 2 Ff {2 ML A2 IR 1o L Ab, i 5 Bh 81
F A ¥ -1a Chypoxia inducible factor 1 subunit alpha,
HIF-1o0) 38 B% G IR B2 % - 3l 3 Mt CCS (977 00 2
HIF-1a 5N 8745 &, RRIRE, BER
S AR TR B AR 4R HIF- 1o FoUE M, {2 33 VEGF %%
e R A8 DL S U R . IF HL, ATOXT IR
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Table 1

F1 EEXERHERERFEIE

Pathology and pathogenesis of copper-related diseases

Disease category

Disease

Pathology

Molecular pathogenesis

Hepatic

dysfunction

Neurodegenera-

tive diseases

Cardiovascular

disease

Hereditary neu-

ropathy

Non-alcoholic fatty
liver disease(NAFLD)

Alzheimer’ s disease

(AD)

Amyotrophic lateral

sclerosis(ALS)

Atherosclerosis

Stroke

Heart failure (HF)

Menkes disease(MD)

Wilson’s disease

(WD)

Huntington’ s disease

(HD)

@ Hepatic fat accumulation;
) Potential progression to liver cirrho-
sis and hepatocellular carcinoma;

) Copper deficiency in patients

(D Presence of amyloid plaques and neu-
rofibrillary tangles in the gray matter;
@ High copper concentration in senile

plaques

D Selective degeneration of motor neu-
rons muscle weakness and atrophy;

@ ALS associated predominantly with
SOD1 gene mutations

D Lipid deposition and inflammatory
response in the vascular intima;

@ Vascular occlusion;

@ Association between plaque stability

heterogeneity and copper content

(D Elevated serum copper in ischemic
stroke;

2 Decreased serum copper in hemor-
rhagic stroke;

@ Cerebrovascular injury and cerebral
tissue ischemia-hypoxia

(D Myocardial dysfunction;

@ Impaired mitochondrial energy con-
version capacity;

@ Frequent comorbidity association

(D X-linked recessive inheritance;

@ Systemic copper deficiency through-
out the body;

(3 Multiple system abnormalities involy-
ing the nervous, cardiovascular and con-

nective tissues

(D Autosomal recessive inheritance;

) Significantly elevated hepatic copper
content;

(3 Abnormal mitochondrial morphology;
@ Possible manifestations of liver fail-
ure;

(® Hepatitis or neurological symptoms

(D Autosomal dominant inheritance;
() Striatal and cerebral cortical atrophy;
@ Loss of psychiatric, cognitive and mo-

tor functions

Copper homeostasis imbalance: copper deficiency
inhibits fatty acid B-oxidation, promotes lipogene-
sis, induces oxidative stress, inflammation and
insulin resistance; high fructose intake reduces

copper absorption

Copper homeostasis imbalance: excess copper
promotes AR peptide and Tau protein aggrega-
tion, activates inflammatory pathways, impairs
AP clearance capacity, and enhances neurotoxi-
city

Copper homeostasis disorder: abnormal mito-
chondrial copper transport, insufficient copper
binding of mutant SOD1 protein enhances neuro-
toxicity, and cerebrospinal fluid copper levels

are elevated in some patients

Copper modulates disease progression by regu-
lating LDL oxidation, VSMC proliferation and in-
flammatory pathways; dietary copper deficiency
or excess increases disease risk, and copper

levels vary across different disease stages

Copper, as an enzymatic cofactor, protects cere-
bral blood vessels; excess copper inhibits angio-
genic cell functions, impairs lipid metabolism

and exacerbates ischemic stroke

Copper deficiency causes abnormal mitochondrial
CCO function, and disturbed copper transport
impairs myocardial function; elevated serum cop-
per and Cu/Zn ratio are associated with in-

creased disease risk

ATP7A gene mutation causes intestinal copper
absorption disorder, reduces the activity of cop-
per - dependent enzymes, and induces neurode-
generation, cardiovascular malformations and

connective tissue abnormalities

ATP7B gene mutation impairs copper excretion;
copper accumulation inhibits nuclear receptor
function, damages mitochondrial structure and
function, and induces oxidative stress and cell

apoptosis

Abnormally elevated striatal copper promotes
mutant HTT protein aggregation, inhibits mito-
chondrial dehydrogenases, impairs lactate metabo-

lism, and exacerbates neurodegeneration
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ML A B TR R TR 3 P AR U £ 3 B A i
G0 A BE Ty RE PR RS B ML A8 28 A B2 45, 3k — 2 ENIE
AR A G A U A R

A iR 7 ¥ 7 T R RT3 o A QO 1 TR
$8 55 e A M RS BE 70 o 4 T, I A I A AL il
(lysyl oxidase, LOXO F155 28 Bt 2= A BEAE (lysyl oxidase-
like, LOXL) & H F & 100 75 A 7, iX e 2 pE S5 22
2 Jf A R 5T, O ) S RO R R IO B . S
A 5 i 3 ] A} 32E 41 B 3% 1] Notch BCAK Jagged1 I 7%
T HE SN iR 4H A2 5 170 Notch I8 #% )2 2 5%
Vb8 e A R R 38 A A D 2 TR A ) B, 4
X 1238 1 PR R A 3 — 2 JROK T A ) i e RS
RLCEI3)
3.3 A

AT W FUIRIE 1 5 15 At i 22 T ) 3 2 5%
B Wt {5 5 3 4 Ff N\ SIS G 0 A 50T 1, FLE

BT 2 A EIHECR I e-Mye 7K. JeHT BT TR
PR, sk O N I G A N IR S

Wt 18 2% o P /S B 20 - B-TE I R A e-Mye 3R
IR B AT 0 R AR K o SR, Bl — TR AL
A, HE I i 2 e-Mye 7677 2R 58 Fl 22 &K 62 1

REIBERR AR S HAR B o 1T e-Myce /E 4R
WETE R ORI R T, HARIE SRR MR RIS B

ST A 4 A R i S AR

JIe e 200 A A S 0 bR B AR A A AT
Az S, A B AT DU I 5 I o R 4 B v AR
I3 T HAH LA R AR = Bk A8 . I8 L 5 B
fit cAMP 1 B FR — Bi5 1§ 3B (phosphodiesterase type
3B, PDE3B) ) - it 2 i ik 2 AR 54 R O 79 JiE
fift o BEAN, B AN YA A2 BE R B2 S6 e K1
(ribosomal protein S6 kinase K1, S6K1) & H: T Jif b
W% fiff AH ¢ 73 F (LA GLUT1. PKM2 il LDHA) 1) %
ii T 10 ) A o T b R A A B X )

W, B 2o I R 40 RE B AL 5 PR R T

[ . Tumorigenesis and cell proliferation
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RTK ﬁ?

o
ERK/MAPK pﬂthiV PI3K/AKT pathway NFkB activation *INF-a
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His117/His203 s “Fib, o
‘Ph()sphorylduon i @—#@LKI: o ibronectin
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\ regulation
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Table 2 Mechanisms and clinical applications of copper-related tumor therapeutic drugs

Type of treatment  Representative drug

Core mechanism of action

Research/clinical application

Copper chelators  Trientine
Copper chelators  Tetrathiomolybdate
(TTM)

D - penicillamine (D -

pen)

Copper ionopho - Disulfiram (DSF)
res (inducing cu-

proptosis)

Elesclomol

Copper complex- Platinum - based anti-
es(chemical sen- cancer drugs

sitizers)

(DChelates copper and promoles urinary
excretion;

) Inhibits 1L -8 and CD31 expression
and endothelial proliferation;

@ Inhibits angiogenesis to block tumor
growth

(DSpecifically chelates copper and forms
insoluble complexes for excretion;
@Inhibits NF-«kB activity and HIF-1a,
regulating copper transport;

(3 Upregulates CTR1 to enhance the cy-
totoxicity of platinum-based chemothera-

peutic agents

(D Chelates copper and other cations;
thiol group mediates cytotoxicity;

@ Inhibits LOX activity and VEGF ex-
pression;

@Downregulates ATP7A to reverse re-

sistance to platinum-based drugs

(D Converts to DDTC in acidic environ-
ments and chelates copper;

@1Inhibits ALDH and NF-«B, producing
ROS;

@Targets and eliminates ALDH " cancer
stem cells

DForms a 1:1 complex with Cu™;

@ Induces ROS production in tumor
cells, triggering oxidative stress-induced
death;

(3) More sensitive to tumors dependent
on mitochondrial metabolism

Regulates copper transport/export pro-
teins and copper chaperone function to
improve platinum drug trafficking and

overcome resistance

(D Originally used for Wilson” s disease, with
lower toxicity than D-penicillamine;

(@ Exhibits anti-tumor effects on hepatocellular
carcinomas

(3Combination therapy can inhibit tumor angio-

genesis in animal models

(D Inhibits tumor growth and angiogenesis in
multiple animal models;

@ Phase Il trials show delayed progression of
dermatofibrosarcoma protuberans, with poten-
tial for combination or adjuvant renal cancer
therapy;

(3 Enhances the efficacy of platinum - based

agents(e.g.,oxaliplatin) in various cancer models

(D Originally a penicillin metabolite, used for
Wilson’s disease;

@ Slows glioblastoma progression; low - copper
diet reduces tumor burden;

(3Enhances oxaliplatin efficacy in cervical can-
cer

(DOriginally an alcohol deterrent; safe and pene-
trates the blood-brain barrier;

@ Copper combination therapy effective against
multiple cancers;

(3 Combination with temozolomide prolongs
progression-free survival in glioblastoma
(DEnhances taxane activity with good tolerance;
@ Phase I : combination with taxane doubles
progression-free survival in late-stage melano-
ma;

@ Phase 1II : did not reach primary end point,
but effective in specific populations

(DTumors acquire platinum resistance via cop-
per homeostasis mechanisms;

) Copper chelator combination with platinum-
based drugs overcomes resistance and improves

efficacy in ovarian cancer models

Ji R A5 Y (RIP1-Tag2 /)N B, TTM 1] ZE %98 Hif 4
7 100 A A S % e 3 e 2B G s LA R WL B s 2D
VEGF IL-1o &5 R i# R 73 W, 175 3 HIF- 1o fE A%, #11
il CCS 7] LOX %5 4 [ 1) £ % 125 , 30 v] 521 MEK1/2
4G VE I, 4% BRAFV60OE fit 83 5 P 2 At A= K .
I AR AT 52 S0 7, TTM X S8 8] B2 98 i 3 B i 4

AR AER, ATRESE T /11 B i it e s R 2530
7RG B B AR AR (B o B I A 2
VI H BCRTHR THT 2K
43 WHT MK

R T 24 i A A7 1 B 2 G B (H g A e
FEAE ROS W R BEME o 340 Ji i 7 7£ FF B2 1% S AL R
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BHAB SR T2 ROS 1S 5% 5, I ROS 7K
— W& NN T, XU S (disulfiram,
DSF) 7 7] 55540 B8 - A IR R OB T
25, Hokz O E R 215 S X TR T VIR A6 R BB T
T R A0 T2 —— S0 T. iZ FR A
S P A B AR, SR R N 5| R SR AR A I
T-Heam AR U, Fe 28 5 SI0A 0 05t L e 41 B ke A B
PEACUZE L, A 25 PAE I PR 58 Hh e B v A
SR 25 19 7 -

DSF J& T i AR R 2h XI5k, 1951 4F 4% FDA it
TR BN A IE I 2540, a8 i ) 2 e it S
(aldehyde dehydrogenase, ALDH) 2 4% . i 30 4F it
FLAUESE, DSF 5 4 25 16 AT ¥6 97 2 Floi ik« HAE
B R ME IR S R IE 5 Dy 2 R S R P R
(diethyldithiocarbamate, DDTC) , & 583 A CuC 11D
TE U R E N E S . ZEEIRRA )
il ALDH 4, & n] i@ #6172 25 85 42 W NF-«B, =
A= ROS, WE MAPK @ B% 55 K AEAEH . A H 21
72, DSF-CuC 1D B &Yl 81300 BA BRI
TR AR 46 6 0 A ALDH R 40 A, 328 i 490 6] vk
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ICA B B i 22 A kAT % HO R KRR i R AR AR
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S R (R 7R 07 8 3R 2 A HE

B ) ) R 3 T 4 i R Y R ok R B IR /N 4) F
WG AEY, v R E AR PR S, S
CuCID LA BT E G ARSI UE S, B
] BLRE SR A0 T IR A A2 ROS, 51 R K3
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i gRE ] Rt B A AU

B ) SLIC A S AZ B 1 7 5 U AE 2 T X i
PR R e AR RS oA T RS B i
G2 1 R, SRS 582 i B2 AT 1 aE
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