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Research progress on cuproptosis and copper complexes in the diagnosis and
treatment of oral cancer

WANG Yani', WANG Shanshan?, LI Haibin? >

(1. School of Stomatology, Jining Medical University, Jining 272067, China;2. Shandong Provincial Characteristic Laboratory of Chronic
Noncommunicable Diseases, Institute of Precision Medicine, Jining Medical University, Jining 272067)

Abstract  Cuproptosis is a novel form of copper-dependent programmed cell death secondary to mitochondrial dysfunction
induced by copper overload. Excessive copper ions specifically target and bind to lipoylated proteins in the tricarboxylic acid
(TCA) cycle, promoting their abnormal oligomerization and inducing the dissociation of Fe-S cluster proteins. This ultimately
triggers a cascade of proteotoxic stress responses, disrupting intracellular homeostasis and leading to cell death. Research has
shown that dysregulation of copper homeostasis can induce cuproptosis, a process closely associated with the occurrence,
progression, and prognosis of tumors. As a common malignant tumor in the head and neck region, oral cancer is clinically
characterized by high recurrence rates and high therapeutic resistance. Studies have found that the copper levels in oral cancer
tissues are significantly higher than those in normal tissues, providing a novel perspective for the development of cuproptosis-
based diagnostic and therapeutic strategies for oral cancer. By reviewing the mechanism of cuproptosis, this article elaborates
on the research progress of cuproptosis and copper-based complexes in the diagnosis, treatment, and prognostic evaluation of
oral cancer, aiming to provide new ideas and evidence for the precise diagnosis and treatment of oral cancer.
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FERAWIE T Fe-S FEEAER, RAMARLHAEABFER . X —MARFHLET 8 7 LA 47
SUst T AR, R E T B AL T AR AT .

P e o A BR B 7S K WRE o R T RFMLIT Re 8 52 i3 S AR AR 38, (BT A7 76 B [v) {22 AN i
MR R Bk, Gl i DR IS W ORI AR SCE B E TS, RO IR R A H
FUER B, IR, HSET- LI (cuproptosis-related genes, CRGs) #£ I i i i & ik
W, RN ESEERHTREES S DB R A SR, BhAh, e g i v e
i A HEE A 4R 3Z ATP B B (ATPase copper transporting beta, ATP7B) ZEHLH 3= ¥k BEAR SE T 3 3%
R ZG PR, AR R, e R (LT R P A K B3 T IR X RN, R T
3 3o SR N ot A R, IR R R A R R T DRIk, I R A0 AR T IE AN i B A R A
oK, XA 45 ) T G P AT AR TR A R SR e DR e R BT, i, R R R A U
(disulfiram, DSF) FI4f# &7 PURRACEHRR 25 (tetrathiomolybdate, TM ) AJ A5 R0 i) Sk 251 35 i R 2 B Jes
(head and neck squamous cell carcinoma, HNSCC) 41 i (1B K AL f5 0100, JL-F AW 7T, A SCIAGN4R
AR AU L FE SR BE T R A MU, S AR 6 T3 % A R I A A 1 i b R Tk, DA N
Jis e () 5 14 BT 5 0L [ ¥ 7 T R (0 F 95 17D

1 ARHSRE

AR —Fp N A T IR B JC 3, Rk 4 i 0 38 R O B SR TR . 4 L. Cu?tFl Cu?
PN SE A AEAE, O A 18] 000 AH L% 36 R 74 61 10 80008 SR e PR, [ 7E ROS AR L SR B 72
o R P AR Y, WURE S . BB L A AR T A R 2 AR K B AR, X R SR
LB AR RS, HEHETAAEFE VIR,

2 i % ) B 1 AR R AL 3 A < S O iR g i A I I B R B (six-transmembrane  epithelial
antigen of the prostate, STEAP) HIILJRMER, PLI A FE ia 8 3 o 807K 5% 31 it 1 (solute carrier
family 31 member 1, SLC31A1) X} Cu*f#EE M, Cut#kANdIi)5, Al id4issiz ATP B o (ATPase
copper transporting alpha, ATP7A) ZFid 3R AMUEE, B8 5 3 N 171 ik i i3 25 A s E AT AER), 78 1
WAEHR T, 4 75%K) Cut 541 & A (ceruloplasmin, CP) 44, HRBAERAAAZMESY: 25%
H5E&EA (human serum albumin, HSA) JEM A& &1, Hb 0.2% 5 AR &1 SR
WREN Cut, R &0l M A PR ik E LR & A 213 14

Cutdrammumi i 5, £ 54 /@ EHN (metallothionein, MT) M#& M H ik (glutathione, GSH) %
A AT, DERRAII N CutiIRRS/KF, Biik Cut i BRG] RAMMifi. thah, M E T
AERNFAMEBEEANN S THREENNEAMS, S5Z2MPRNEGK: (D MEER o AL
HFER 35 17 Ccytochrome ¢ oxidase copper chaperone, COX17) i £ K04 iR £k #4128 & 1 VA i 3,
R 25 A3 3 (solute carrier family 25 member 3, SLC25A3) ¥ Cu*kiz BRI, 1Egii i
K c AALEE4 3T 6 (cytochrome ¢ oxidase assembly factor 6, COA6) 135 N 5& MMMt ¢
AR & R A 1/2 (synthetic cytochrome ¢ oxidase 1/2, SCO1/2) Wt BRVRIE L A — i, W&
WE RS B UM A 2 ¢ AL (cytochrome ¢ oxidase, CCO) , S HHAME  (2) HALYE L
HitEAE 25 E (copper chaperone for superoxide dismutase, CCS) it 5 CutBEL#H/EH, /S H m#EML
Y {k§ 1 (superoxide dismutase, SOD1) Wj#¢izl®l; (3) #ifE{E & A (antioxidant 1 copper
chaperone, ATOX1) W{EN¥RI Y5 Cutds G, #H LI 240 iz 5 5L R 45 & DLiR 42 B 0 BE R
ik, AR Cutifik e s R BRI 45 s 40 BB B ) ATP7AIB. ATPTAIB A Jy 21 Jfd i th 4 75 1
) 3 A, PR BT AR IR N SR SRR A, DD AR B A W R L T I A 5 T A T S
HHKEE T 2 5EM & RO B 3 ) LA R i B T, BEEHKTFIRE A ERED, X
e B S [F R K AP DR AR S, WA 1.
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Figure 1 Schematic diagram of copper metabolism

PR R AR . =AY, ATE R 2 FR BRSO, B S MR kR R R DM
2], e = 3 ik 5 e A 4 R I 1 Th e 51 R A5 P L ek AR Y et @ i 2 A 4 ML 51 R A
Mt 548 5 ThRebsns, FPeAR S AR, K, SANEORH R RE B EURILE: Cutid
RIS ML ROS KREAR, SEURMSEM . EARBKIELA DNA EHAHmnT, Lkl
REFR IS R H B E 0 5 — O HLE] . &8 Cunl B4 A TCA M i Eliib iz, HFHEREE
24k, EIRHEIZEGREE 1 (ferredoxinl, FDX1) HIThhE, BHIT Fe-S fES T HE M B T1&#; Fe-
S L %5 B g 0t — D RO 2 R AL BB, TR SO G IR, i i R A pE T 418

2 $EIFET

21 AT RENF

2022 4, TSVETKOV ZEFIy R, 81 8A7E S g i se s X n TR rote, ki) gt
TN S R, o — R T R AR I T B R AR e SR T, B A 2 R EE T S S
FUESE, i FKIA SLC31A1. GSH #E. ATP7B SRS N IR SRR S KRB AT IE K MAtT:, 545
THAAAN S HIFC TR = — 3,

IR FCAUESE, W FHREIE ST, EESHRNE S TR RS, H32 2R AR )
Rei . XL M R, A L A IR WS A T 1) 44 R 0 i 25— A 1) AR e . 35 v T R B T A 1) 4
i, oo B R 22 Rl AT A . SR E . 2R DY B R E ARSI ) KB099 K HL T AR B EE AW
[/I0 k500 10, S5 0] S8 35 0 5940 S 4 e 1. (H 2Rk AR AR IEE 7 FCCP B 48 264 N it i)
A5 T B 7 Chypoxia-inducible factor, HIF) fifi & Bt 2 LEEHDH 77 FG-4592, NIXHZIET L2 &
FAEH . s, FIFEIZE Celesciomol, ES) il v] S 25 BEAIC4H i 4 FIIF IR B8 /o, HAS 52 i ik Al P 1
5 ATP RGN, HEORABET: A% O AE I SE oy TCA TE3R, AR AL BEEk ATP & ik R4,

4K 4 CRISPR-Cas9 ik if st 2t 7 4> CRGs, fulh FififE3E R FDX1. B ¥ FR At idE i
F[K (LIPT1. LIAS. DLD) } TCA 75¥*E%:[X (DLAT. PDHAl. PDHB) [, FDX1 {F& ES W H
AR, HAXNEINGE: —HHEANEEEE Cu b F AT Cuts 55— m/EN LA
BTN ¥R 4 (lipoic acid synthase, LIAS) $2fL 1, /5 TCA 7EINEG ) I BE AL &6,
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Figure 2 Schematic diagram of the mechanism of cuproptosis

YR, B, BN CuTHIEZS SRR TCA 15AEE (i =& FBix S- M #
fig (dihydrolipoamide S-acetyltransferase, DLAT) ) , Sl —mist 2w &8k, #mEma &
RAEM, Hk, Cu*liti FDX1 IhRg, BHWr Fe-S &G AT 75 M HL T8 1% . Fe-S FRAE N FLIA I 55
YR B BN 1, B FE v AR FDXA fR4h f T, TR B A o R A B o ) R s 122,
FDX1 IJJ%‘E’%#D SR RIAR Fe-S FEE AR . LIAS fEALH F IR 1S L A2 K S H & Fe-S %
BRI, —H Fe-S RGN T, W EHBE KW F BB R, =& M T I T 5% G
7NN éél, TCA b5 AR &AL, 5 MEEI?‘F\??{%@%*MﬂiﬁJif S S EEE R N A il
LRARD R A, IXEh4EpAET: . WK 2.

22 fAETHIFESSIMGE

HAr, #0005 S 3 2l 48 S 40 f AR 5 IR FESE I . 5 AR AR T FH SR = B \ijﬁ
%K. —RAEE TEE (n ESM. XA (disulfiram, DSF) [9]) S R
JS7 FH A R 0 KA ), S R U A S T P L A B P A S i R e A T 124 :zeiﬁﬁ??ﬁ%ﬂ%k_?\
g, i FRAEENEE [T SLC31AL. #MfilHl bR (1 ATPTAIB Thise, ({5412 7 {E4i i i & FL12°,
MR EE, SPET R FDXL VR4 0 RE IR B 1, 0 e E A0 I8 B R (R A st T ik AR 22, M
S A BT T 2 T ik BE T B O R R A A TR SE . AT Cln TMEOL, il LT [28)
(trientine, TETA) ) RefA AGE RN M Py i & AR, AT 00 3% A 55+ 2 iR 5 S AR 8 T2 Bkl mr
BRI 2 72 AR ROS, IR A AR AR 5P, AR BE T OB 4y 7, AE R UUER FDXL Bl
?F'JHEEMJCAEMEEEBH%EEHEH%%E R4, HEmINHI g0 R, b Ah, B AR A A BE A% BEL IR AR BT
WARE SR TG SIS LE, M, 6] SLC31AL i Al MR Sk BEL 7 4 25 1 B8 B N I, k20 4
it P 4 B B 12T,
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3.1 PRERER T H4ELRAE ( cancer-associated fibroblasts, CAFs ) i3 s i iE 3= 4R 38 T=

JIF 98 4 B A 7 1 s R 41 i e Coral squamous cell carcinoma, OSCC) 3 AET: 14 R K,
o R A SR BN 5 Ctumor microenvironment, TME) 4 i (4 HAEF . CAFs {E5 TME
(IAZ O 2E B 5 JE L P 2R AN R S LR WS R W 0, A IR T R R R S A F 126,

WFFEIUESE, CAFs F=AE [ #h bR H miR-148b-3p 2Rk /K & K T 1E 5 Bk £F 4 41 i K I 1) A1 i
. 24 OSCC 4 BEHUAIL 3% miR-148b-3p (¥ CAFs 4Nl AJ5, miR-148b-3p X418 & 1 ATPTA 1)
AU AR AR, S 3 ATPTA Ris L. ATPTA 1ERNSCE M AMNEREE R, EERIES N
A PN B T R AN, B A R N R B B AR, — O T LR R AR SR T ORBR E R RA, A —
TR D R i B A KT, B &3 OSCC AU G 5E . IE R AR ZERE )T RUR Y R & st gt — 2P
K 1E miR-148b-3p 5 ATP7A (1) 3* k4 fith X A7 7E BLHe 45 A L s, TIE S 38 (0 i 1 4% G R 127281,

BEAN, R R S S M IR A A AR AT LR E T CAFs IIX —idfE. sLIe R, AR EE B
W58 CAFs 1% /1, CAFs EifiBIRA T, HIZET- I3 KA 2 BEMHEE (glutaminase, GLS) Fl:J@ i
kT 1 (metal-regulated transcription factorl, MTF1) fi#ik, HsBHbm Al @ o {2 i CAFs B 5H
FE ERAAHSCHNE R, %) CAFs B S HIAET:, AT R F 0l 2 w44 73 i, 33k — 254 OSCC 48 i 4
BT, AL R DA AERB AR AH 5¢ OSCC Mg $R 4k 1 WS VB AE a7 ¥ o . B M 3 o 40 8 1 3R T
VESE N2 AR SRR, VSR R A R AR T U, IR TTER [ CAFS (R AR IAAR i B, FH B
MiR-148b-3p/ATP7A il 7 H W&, vl R TPl i 7 ik .

3.2 OSCC H{JE T8 KiAyT #HEIR

H RIAE 78 COR I 2 AN 4% OSCC A6 T2 I 88 73 1, X 8 75— 38 ok 1 4% 4 SE 1238 2 i OGRS = i
i m OSCC #tfg, AN mm Rt T EEM S, YU SRR, BRTEEA 2
(period circadian regulator2, PER2) £ OSCC HZiH k%A, HE CRGs R IEAMHE. PER2 @it
C Ui &5 M 45 & K 7w 8 [ 70 C(heat shock protein70, HSP70) , J&/> HSP70 54 (4§ B (protein
kinase B, PKB/AKT) (A H 1, fE#F AKT 2 K ACBE M, M40 &) &% s Bt VL EE 3- 3 Ay
(phosphoinositide 3-kinase, PI3K) /AKT j##, L1 DLAT. PDHB %451 REE ARIRKIE, T
OSCC 4iffu4fsEr.. #Ht— LW 7R, WuG¥ KT 3 (activating transcription factor3, ATF3) " H
Besh A PER2 s it LiAHRIE, H ATF3 i SAIBCA ES MBI MUR B E M T8 —97 k. wuU
SEBURE R AR, B EEREAZAK 1 (oxidized low-density lipoprotein receptor 1, OLR1) 7
HNSCC R mEiL, SEFARDG . MIE %R MR I 5 L e in iy IPt % VI K. OLR1 i@
O E S S 5B F F 3 (signal transducer and activator of transcription3, STAT3) @, —
05 T 4k b R -T8] 5 4k Cepithelial-to-mesenchymal transition, EMT) #H5¢4r T3k, 3 MR = 2
M s 53— J7 38 5 20 A e A K1, ) e Bk 4k DLAT %4k, M+ ES ¥ FMWIET.
AT “ STAT3 il 7+ ES+S Bk I S0 777 A G S r& 52 H+ HNSCC B IR VA I7 80K

A, OSCC HfF1E Wnt/B-catenin {5 53 B Y 7 85 W0, AT 3G 9 i 8 240 i I 3G 2 b e —+ 4 i o) 4
FET- IR P RE /B2, HAKHLHI A B-catenin/E: 54K 1 4 (transcription factord, TCF4) #3¢8E & 1k H 1
4h4 ATPTB B IRt RIE, SEmans4ser-. ik, MK TCF4 KT Wnt/B-catenin 155 i@
B, AT R TR - 4E B X ES-Cu 5 S A AE T IR B

4 SAREHRESAETHEXS FEAEERRNZENGE

RS H DA S 0 3 R B L O, S 7 T T T K k. BT SEAESE, T A
B LT % 8 T AR BT, H SRR RO, [AERN0RL, @i 9% 0SCC
RAET 40 HUAEHBF, T 40 HUT B H, RN EBTER OSCC 1R H I LI
S0, (B PERE LR, IS KT TN 4-8 (. R O T R ML R R
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B, My K75 0 e S 2 U RSCEE, 3R IS A K T sl R 3 S 0 e R AR R DA
KB, phhh, SHAH ZE8IRF 72 & B B 6 N £F 440 BB M i /K B 38 T, R4 Cu/zn Ll
AR BB S W EbR B, R R D R AR & OSCC MR 2 Hi2 Wi 4t 18 77 1l
FAEBFERE, A FEYEE G0 O AR NS TP AR E S, HIYEE S T EEAROK
SPEYL g b, IIE . MRS AN PR P R KT R TR S s R A AR B, R S T P A
B%,

FT TCGA F1 GEO #¥EFERIMFFTIESL, CRGs fE HNSCC HfE1E S 635 Al 5 2 (R s A% 00 38 .
Hodr, 2 R A A A R B A R IR 2A Ceycelin dependent kinase inhibitor2A, CDKN2A) RAFH
ik 54%, ek AT 1 40 R G e A IR T e R T, HLAT e R B R A A .
MUsIGiEse, HAIE R A HH HNSCC 4 il ae 11404, 5 CDKN2A AN[H, #infkdldEl 2
Ciron-sulfur cluster assembly2, ISCA2) K L5 HNSCC H# A K il j5 % VIAH M2, T CRGs #)
1A~ HNSCC 1o T AS: AL 2wl Sk KU 20 4, A 20X 4 BB TR K7, e XU 4 A6 A7 3 6 3%
flez-aa L 2B TP53 2-48 i KU o0 A 2%, HL vy JRURS: 4EL 1 il yRg 2R 48 6 ff - (tumor mutational
burden, TMB) &3 & TK K41, 40 sc it —BiEsL, CuCl, nli#E CRGs ik, #tiiES
HNSCC 4l g & £ 4 ZE 1° . ZHANG %5 [S1@ i HL 8% % 2] ik BE A WGCNA o4, ¥ & H
TMPRSS11B. SERPINH1 } CDH3 2B A& iZWIE B EEWREY . RERIESITRA, =F
AL A A AT A A AL S TME: TMPRSS11B 76 R FEA b B KR IE, 5 MO ELMELHN AR IR K
FEAMAEK; SERPINHL 5 CDH3 BE mRik, 5 MO EREA iR /K F 2 IEMH K.

WK, LU E T HJET-M % IncRNA (cuproptosis-related INCRNA, CRL) [ XU 3 73 B
A, TP OSCC BE /5. HUANG 261481 LIANG £, GONG Z:M81F1 KONG 5149145 i 4 57
TAEE 6. 8. 9 fl 4 /4~ CRL [RHEAL, ML M0 5 B S A % HE B E M, ¥k
PN XU ZH e PO B G K o e ah, AN TR KU 46 AL 97 B BB ) 25 WD R U PE AR AE 2 57, R ITIR 8k
BRI dE AT B — €W /1. £ TMB 771, HUANG 281 LIANG Z171H1 GONG
U R I Em TMB BEE m RESITE A B FH TG i 22 . MM IIAEsLie b, GONG Z5EM8HIE s i ik
FAM27E3. LINC02367 J MYOSLID 1 & & $i il Ji 40 B ¥y 3 4 . iE B AR 2868 71, —#F Al {E2N OSCC
(V7R LE bR EW . hAh, KONG Z£M9% 3 STARDA4-ASL 7F OSCC HR 31k, M5 AT {2 ik b3 14k
B, R HBBEEHENEER. LRI O TUS VRl 69T SRS 1L A 2 HLEIRE ST iR At T
THRS R .

5 SAESWIERNSIEEREMOREFRNA

TR, RS P TR R Ja 7 A 5| S T )2 R . HEC A VR NI TE PR E T A, AR
FAMLE = ZE Ay AW —J7 T, B 3 B 5 A A A5 0 T 2 v PR 4 PR PN S IR, i S A
MR AEBET s Sy — 7T, R R G A AT DA 5 P A P e 2E SR AKSF I e B A A, b
ISEL 4 0 4 50 2k 9 40 P 384 5
5.1 $AEAEF

AR A R —Fh 4 B 2Rk IT 259, 8 HNSCC FIVAIT o B RIEFMIIRRIT 2. AR, @SR KR EE
BRI T HIGARNH, X2 S8 OSCC MiJn i 28 1 3 B IR K 2 — B0 A 24 14 i 7= A= WLl 2 — 2
JE T B R B A HE B0 A R, TR AR AN N R R B SRS, I A i iE S R s R
HA %, B ATP7TA fI ATP7B 2 5IEA4MADY. M TE AL, RN 25RAH OSCC 4l &
HSC-4. OSC-19 & HOC313 ¥JE ¥l ATP7B K& mERIAE, RYUMON ZDB27E OSCC FifsE, T™M
1 — i 50 2 A5 70 AT R 2 P ATPTB 3RIA, 3 v e 40 i o9 IUEr 1 35 UK, 360 L35 5 1 4i
MRVET:, RO IREAT 245, FRAE/N RS A G E T I ROROR .

5.2 #{kS P6sAE AW (iodinated chlorin p6 copper complex, ICp6-Cu )
ICp6-Cu J& —Fh B KATAEY . WEFXERY], 1Cp6-Cu ALFE A I JEJE 40 il NT8e 1 4451 DL KAk
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JIF 98 S R £ B ok K AR AL R R R BT M HaCaT IF, NT8e M1 4451 HI4HMLIE /7 5 B A IE T B o TR
R AR TSR T AR, 10 HaCaT fO 40 B i /7 2R & 26 8 B AR AR 53, 32280 36 8 b A8k 7 38K
FH AT, IR ICP6-Cu I A A G R 4 Mo 3 e, RIE R E MR EA . R ER I A2,
ICp6-Cu FIHL s 58 1 H & Bhd i 38 A AL RO J 7 4, i T IR A B E R B s R AR S A, Bk
BTG IE A 5 25 5 52 B A A P9 ROS 7K T 11 5 i 31,

ICp6-Cu kA X S 2R 4R S — Pl B e F0E T, M TARGURT , 127 % S g 196
7 RRRE SRR RS EFESE AL . 2 IME ] 20 wmol/L A1 30 pmol/L ) I1Cp6-Cu FiAb B 1 s Je 40 il NT8e Al
4451, WML X SEFIMMEEER, SUEOERIL S BIPTIA 1.8 A1 2.8, HIBLENLHI S 6L
TG S0 ROS FAEE 2 | VAT B 107 B DNA XUBE W7 2415 & [ i 41 B4
53 ZM-HREEY

ZH K (curcumin, Cur) J&—Fhiii B ZHEMWE MR AL RBEKZE, &HHTHEIT &2 MR
o ZWE A PR I, B IE R 40 A 40 i B IS, DRI T T 2 e E M T S iR
Jr18, WEFLER B, Cur Xt OSCC AN A bisa b Prsk Mmaniu et /E M, Hyv R0 40 i i 1 PR s 2
REAEAS R AAE 2 7B, Cur BBWETK, HEEWRHERZE. R, 588 FERESY G2
EIRmAHRRENE. Rk, KM TR R SR B T AE RAUR R N B AR % Cur-M i AR 2 4 )
A, AT AL IE . hAh, Cur-M R SR T @ L G SR A BRI AR S ROS AR K F, MR
Cur X 8 240 Jfa 114 1% 93 1 Fi 19551,

EMT 5 diuss s s Ioe, i OSCC KA FHk @S 7+ M BN, Wit R, 5
T5 Cur BRANHAMNAEE E IS Cur faet:, K@ ME EMT S2m OSCC kA4 Kk R,
Cur 5B FHCE 3 N sl ] B 5 FAM A ROS MR, A EUE b A b S8 3% 5 R 7
Nrf2 ks RE Nrf2 #3805, 400N ROS AC-FhEE i A iiE kR e 1, & SHAMMBET; FHi,
BA AR B Bl AR EWAE KB E (E-cadherin) /K-F. i I8 B bR £V B & B KF,
B RAME EMT HEFE .

H# B (resveratrol, R) RF/ET A& WEFHEYHM A —FRAZHmMLEY. 5 Cur H
B, R AGAVH A ERA, H58 % 7FEH @l AR R B iE ST ROS A . F76 1998 4,
FUKUHARA ZEB8I5k 7 iRl R AT E CuPF7E FiEid =4 A H & V) #] DNA. JE 8 FEiEs:, R Af
TERMEATE CutiB i Cut, B FE A ™= A2 )5 B El 28 B A% A 235 I A 400 i 40 Vi 25 G €2 5 ks Ccell-
free chromatin particles, cfChPs) ] DNA ZH0430%6, PILANKAR Z£6177 2 () RESCU 004 #8 2 1% IIfs R
WFFC, RIS OIRAZE SRR A Y (R-Cu) fEME I OSCC & I 2. W FL9IN 25 Bl nf F
AR IV I 0 I oIk 2 e FR o, AT ORET 2 IR R-Cu VAT . 45 &R, R-Cu ol %UEKR TME
W) cfChPs, JFIE 3 NI 21/23 MRIEAM R EY, H W RAHCA BB, 7] I AR 7 2 4 1 3UR
T R .

Zi b, Cur-Cu 5 R-Cu fE MMM 2 By-4EC A4, 35038 k40 A 5 00 S8 A0 L SO L 1) R #8409 1
. Ho Cur-Cu FEES 7 FAMM A ROS &R, 4| EMT HEFEFH s bR 2k 2, 1 R-Cu JU 3 i ¥ 1
TME ") cfChPs I il ifsd A W bs 5 S S A 5 05 R 08 . P VE AL B AR, S D s ia r 3 it 7
2 FEAL )32 5 55
54 $A-REEEY

BT K bR PR BB PE O #78: (photothermal therapy, PTT) J& —#h i ALvAsT T B, H
O WL 3 5 O B A 0 1] 2 SUIR AR TH & 43 °CLA b, eIl A Bl . %5 RA
B e AT 4R R R B AR A, R AR L N A R R IR T R B, TR AL IERE I TR,
PTT FEHTHREMBIGT . Hil, &JEY9KEHR (nanoparticles, NPs) 7 PTT RN /53]
ZHEF, HAP B REURL (CuS NPs) B T H i 40 i 2 nT B B A0k 4u pe g 5, R A R
s R RIS i e 163641,

H-FRBREC A T 158 d PUE BRIT Cu? (1) 808 nm Y BV M n, o AEE e R K HiE 60.3%. #
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ZHEL G T 5SROI, AT R AR R I . AL, SR SR WE AN K TR (1) 38 T 1 A W] 2
WIS, FEN D bR A e Ve o7 ORI R T VR o DR IE B AT M 4 A PR N ALY
SOR T AR GRS R 2GR ) AN R R R, AT O B R TG BT Rl BRARR S5 R RV 1 R R 12,
55 ®Cu-ZZEEE-W ( N4-BHEBKFEHE ) ( copper(ll)

diacetyl-bis(N*-methylthiosemicarbazone), %“Cu-ATSM )

SE AR Y 3 A7 SRR OA BT, 2 3 B U T R AR T 52 1 Y DG B R 3R 2 —[88), S4Cu-ATSM A
S PR R % ORI R A A [ o B R R R A, RO IR BRI R T R S T2 F 4 (positron emission
computed tomography, PET) f&f% i =& 2/ i 57561, BALLEGEER Z:07@ i PET-it 5 ML 2 £ 3
(computed tomography, CT) FABES ®4Cu-ATSM, XF HNSCC i b () B 15 WL 34T 1 ¥4l . ®4Cu
-ATSM RN — M Y250, BESRr S It &5 & SR U 0, (] B o ) o 8 TBOSRT VR T T T 26 X 3 i ok
AR AR, SR R R AR . R, SYCu-ATSM A3 1 5 FSU VR 97 AT HE 1A) 7 Bk R AR
PR A, A 280 IR R R R R PT B R T BCR, B R AT IK R A AR o8,
5.6 ®Cu gk

HT1A 30%~40%1] OSCC &< HILF RS, AKREE KIS R I FFHIZ 2 B flE A R i) E 2
JRR 2 —. 41 OSCC A sy W7k EfE ki d . WA, CT. Btk MR (magnetic
resonance imaging, MRI) F1 PET. HrAI/REEF S4Cu B 5 4 A % I R # FH IR0 O 1 7 B2 551 28F-
FDG, HAMEENZ IhRet: . BERTE Ay A8 b 08U P ZR BR IR &L, 38 v] BT VP Al 40 KORLLE o3 & 9 1)
EFUGE N, FEPTIE AL M 4h 25 EA . YCu IR A O RLFH T 3L g RO I 0 A I PR AT A Y PET
G0, 5 BE-FDG AL, S4Cu fig FR A S B AR DI R M R R, nT iR A BF-FDG EIR Bk R
AR RURE R R RORAE, o R I R MR A I 7y, kA, ®*Cu MRBRATE 24 h NI
FEREST BF-FDG, X 5T A5 A ihik 250, 3658 O i a7 oR o,

6 Z4iE

B8 TR B R AR AL D 1 Jfs e i ST AU R Bt T A A . VB AR BB T S AR I S W AE 1l e I AT
HORAREEE, EEEEZ R B R . T, SRR B, 5 H MRt
77 A SCR LRI M AR 7E 2 B, JCHZ TME 1 CAFs &AM R 3 (14 58 T WL TS A £
NFZHE . JL, DUA BG4 i A7 AR R 1) PE AN L 0 IR A ZAEE BIAE A B A5 i, i oy T A5
Pl 58 R EAR BT SR T Mo e e e, R HESH IR R F AL B . BEAh, i ATAT 7T 2 & b T 4 e S
W SR YIRR,  BRZ KR I R BT FT IR A A8 T SR SR 2 W (8 5 R & W 2 ik, HARC
BV R EFR T R E SRS i R Y B HEAL TS 58, BRI R AL A4S 7R 2k — AP IR T .

ARRAFFE T BL N T R AR : IRFEA R AL BE . A AR A 22 S a v R, AT 4 5 3 il o
WEAL R 5 R AL I S R R AL, ) AR 0 T b R R e S S A R st U 0. TME i SZ AR
B, H R8s CAFs SMBARHIIEAEH], UM HESE mOT R SE BE BB ARIE 45 & PR EORM 2 1 5 e
R ML )R R g, I T AR AL S A BOTHR THR IS S Y B R e B, A 2530 T s
fib, PR EH AL RREEN; JFREZH 0. KFEARIRRIIIT, RS0 UL S8 T A0 KR S 2 W
W8 5 1 PR N I8 0, SRR &5 2697« AL RIR YT B ph IR LS, S SEAR AL B SR 9T 77
S, HE AR HE T 5B 1R SR IR R BIT T A I R N T e Al Dy Dl e R SR Bt R AL, eI RLIR T
FB
SE Lk
[1] GE E J, BUSH A I, CASINI A, et al. Connecting copper and cancer: from transition metal signalling to metalloplasia [J]. Nat Rev Cancer,

2022, 22(2): 102-113.

[2] SHEN Z, LIU Z, CAI S, et al. Copper homeostasis and cuproptosis in myocardial infarction: molecular mechanisms, treatment strategies and

potential therapeutic targets [J]. Front Pharmacol, 2025, 16: 1525585.

[3] XIEJ, YANGY, GAOY, et al. Cuproptosis: mechanisms and links with cancers [J]. Mol Cancer, 2023, 22(1): 46.
[4] 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.
[5] ZHAO C. Exploring cell death pathways in oral cancer: mechanisms, therapeutic strategies, and future perspectives [J]. Discov Oncol, 2025,



FEWGesE WS SWE S WAL DR 2T R B TRt 9

16(1): 395.

[6] YOSHIZAWA K, NOZAKI S, KITAHARA H, et al. Copper efflux transporter (ATP7B) contributes to the acquisition of cisplatin-resistance
in human oral squamous cell lines [J]. Oncol Rep, 2007, 18(4): 987-991.

[7] maom, ZRER, kPR, & SRS OEIORK S O6T (1. PEAL TR, 2025, 29 (20) @ 4316-4324.
GAO HL, QIN Y F, ZHANG Y H, et al. Copper metabolism and diagnosis and treatment of oral diseases [J]. Chin J Tissue Eng Res, 2025,
29(20): 4316-4324.

[8] LIN X, CHEN W, LI B, et al. Targeting intratumoral copper inhibits tumor progression via p62-mediated EZH2 degradation and potentiates
anti-PD-1 immunotherapy in oral squamous cell carcinoma [J]. Adv Sci, 2025, 12(40): e17795.

[91 PARK Y M, GO Y Y, SHIN S H, et al. Anti-cancer effects of disulfiram in head and neck squamous cell carcinoma via autophagic cell death
[J]. PLoS One, 2018, 13(9): €0203069.

[10] KUMAR P, YADAV A, PATEL S N, et al. Tetrathiomolybdate inhibits head and neck cancer metastasis by decreasing tumor cell motility,
invasiveness and by promoting tumor cell anoikis [J]. Mol Cancer, 2010, 9: 206.

[11] WANG X, ZHOU M, LIU Y, et al. Cope with copper: From copper linked mechanisms to copper-based clinical cancer therapies [J]. Cancer
Lett, 2023, 561: 216157.

[12] CHEN 1J, JIANG Y, SHI H, et al. The molecular mechanisms of copper metabolism and its roles in human diseases [J]. Pfliigers Arch Eur J
Physiol, 2020, 472(10): 1415-1429.

[13] KIRSIPUU T, ZADOROZNAJA A, SMIRNOVA J, et al. Copper(I)-binding equilibria in human blood [J]. Sci Rep, 2020, 10: 5686.

[14] PETRUZZELLI R, POLISHCHUK E V, POLISHCHUK R S. Copper in human health and disease: insights from inherited disorders [J].
Physiology, 2026, 41(3): 253-271.

[15] CHEN L, MIN J, WANG F. Copper homeostasis and cuproptosis in health and disease [J]. Signal Transduct Target Ther, 2022, 7: 378.

[16] MYINT Z W, OO T H, THEIN K Z, et al. Copper deficiency Anemia: review article [J]. Ann Hematol, 2018, 97(9): 1527-1534.

[171JOMOV{A} K, ALOMAR S Y, VALKO R, et al. The role of redox-active iron, copper, manganese, and redox-inactive zinc in toxicity,
oxidative stress, and human diseases [J]. EXCLI J, 2025, 24: 880-954.

[18] KAHLSON M A, DIXON S J. Copper-induced cell death [J]. Science, 2022, 375(6586): 1231-1232.

[19] B 0%, ZEFi4a, BEivk, . b EH R 02 R B AR I FEH LA G HE Al caspase-3 . caspase-9. Bax. Bel-2 KRk
(1. HESRBHWER, 2017, 25 (3) @ 263-269.

PANG W B, LI L H, HUANGFU B, et al. Expression of apoptosis-related genes caspase-3, caspase-9, Bax and Bcl-2 during oral buccal
mucosa carcinogenesis in Chinese Hamster [J]. Acta Lab Anim Sci Sin, 2017, 25(3): 263-269.

[20] BROZ P. Pyroptosis: molecular mechanisms and roles in disease [J]. Cell Res, 2025, 35(5): 334-344.

[21] YE Z, XIE B, TAO Y, et al. Mechanism of ferroptosis and its role in disease development [J]. Int J Biol Sci, 2025, 21(12): 5328-5360.

[22] DREISHPOON M B, BICK N R, PETROVA B, et al. FDX1 regulates cellular protein lipoylation through direct binding to LIAS [J]. J Biol
Chem, 2023, 299(9): 105046.

[23] BRANCACCIO D, GALLO A, PICCIOLI M, et al. 4Fe-4S cluster assembly in mitochondria and its impairment by copper [J]. ] Am Chem
Soc, 2017, 139(2): 719-730.

[24] CHEN Z, L1Y, Yin Y, et al. Cu nanowires trigger efficient cuproptosis via special intracellular distribution and excessive Cu ion release [J].
Nano Lett, 2024, 24(37): 11446-11453.

[25] CHEN X, CAI Q, LIANG R, et al. Copper homeostasis and copper-induced cell death in the pathogenesis of cardiovascular disease and
therapeutic strategies [J]. Cell Death Dis, 2023, 14: 105.

[26] CASCARDI E, DELLA MURA M, SGARRO N, et al. Chorus line in oral squamous cell carcinoma: How stromal and immune players
orchestrate tumor progression (Review) [J]. Int J Mol Med, 2026, 57(4). doi:10.3892/ijmm.2026.5761.

[27] ZHANG S, LIU X, ZHANG J, et al. Cancer-associated fibroblasts promote oral squamous cell carcinoma progression by targeting ATP7A via
exosome-mediated paracrine miR-148b-3p [J]. Cell Signal, 2025, 128: 111631.

[28] VOKURKA M, LACINA L, BRABEK J, et al. Cancer-associated fibroblasts influence the biological properties of malignant tumours via
paracrine secretion and exosome production [J]. Int J Mol Sci, 2022, 23(2): 964.

[29] L1 J, CHEN S, LIAO Y, et al. Arecoline is associated with inhibition of cuproptosis and proliferation of cancer-associated fibroblasts in oral
squamous cell carcinoma: a potential mechanism for tumor metastasis [J]. Front Oncol, 2022, 12: 925743.

[30] YU W, YIN S, TANG H, et al. PER2 interaction with HSP70 promotes cuproptosis in oral squamous carcinoma cells by decreasing AKT
stability [J]. Cell Death Dis, 2025, 16: 192.

[31] WU L, LIU Y, DENG W, et al. OLRI is a pan-cancer prognostic and immunotherapeutic predictor associated with EMT and cuproptosis in
HNSCC [J]. Int J Mol Sci, 2023, 24(16): 12904.

[32] LIU Y T, CHEN L, LI S J, et al. Dysregulated Wnt/f-catenin signaling confers resistance to cuproptosis in cancer cells [J]. Cell Death Differ,
2024, 31(11): 1452-1466.

[33] SUNDAR S, PANDIAR D, YUWANATI M. Biological copper levels in oral squamous cell carcinoma: a meta-analysis with insights into
disease progression and prognosis [J]. J Oral Biol Craniofacial Res, 2025, 15(5): 1010-1020.

[34] KESHANI F, KHALESI S, AGHAZ A, et al. Screening of oral squamous cell carcinoma by serum changes: a systematic review and meta-
analysis [J]. Dent Res J, 2021, 18(1): 88.

[35] KAVLE P, DUBEY R, SASANK TEJASWEE A S, et al. Serum iron, zinc and copper among Indian patients with leukoplakia, oral
submucous fibrosis and oral squamous cell carcinoma [J]. Bioinformation, 2024, 20(6): 660-664.

[36] TIWARI R, DAVID C M, MAHESH D R, et al. Assessment of serum copper, iron and immune complexes in potentially malignant disorders
and oral cancer [J]. Braz Oral Res, 2016, 30(1): el01.

[37] CHEN F, WANG J, CHEN J, et al. Serum copper and zinc levels and the risk of oral cancer: a new insight based on large-scale case—control
study [J]. Oral Dis, 2019, 25(1): 80-86.

[38] SHAH R, KHIDRI F F, WARYAH Y M, et al. Serum and salivary Cu/Zn ratio as a diagnostic biomarker for oral submucosal fibrosis: an
analysis of trace metals and LOX gene variants [J]. BioMetals, 2024, 37(2): 447-459.

[39] LEE H M, PATEL V, SHYUR L F, et al. Copper supplementation amplifies the anti-tumor effect of curcumin in oral cancer cells [J].
Phytomedicine, 2016, 23(12): 1535-1544.

[40] PENG Q, JIANG X, TAN S, et al. Clinical significance and integrative analysis of the cuproptosis-associated genes in head and neck
squamous cell carcinoma [J]. Aging, 2023, 15(6): 1964-1976.

[41] FAN K, DONG Y, LI T, et al. Cuproptosis-associated CDKN2A is targeted by plicamycin to regulate the microenvironment in patients with
head and neck squamous cell carcinoma [J]. Front Genet, 2023, 13: 1036408.



10 ] b s 2 A R

[42] ZHENG X, ZHANG C, ZHENG D, et al. An original cuproptosis-related genes signature effectively influences the prognosis and immune
status of head and neck squamous cell carcinoma [J]. Front Genet, 2023, 13: 1084206.

[43] WANG C, ZHOU Y. Cuproptosis-related gene subtypes predict prognosis in patients with head and neck squamous cell carcinoma [J]. J
Otolaryngol Head Neck Surg, 2023, 52(1): 58.

[44] L1 Y, SUN C, GU F, et al. Association of cuproptosis-related signature with the prognosis of patients with head and neck squamous cell
carcinoma [J]. J Biomol Struct Dyn, 2025, 43(11): 5474-5485.

[45] ZHANG M, LI Q, ZHANG W, et al. Identification and validation of genes associated with copper death in oral squamous cell carcinoma
based on machine learning and weighted gene co-expression network analysis [J]. J Stomatol Oral Maxillofac Surg, 2023, 124(6): 101561.

[46] HUANG Q, YOU Q, ZHU N, et al. Prognostic prediction of head and neck squamous cell carcinoma: Construction of cuproptosis-related
long non-coding RNA signature [J]. J Clin Lab Anal, 2022, 36(11): e24723.

[47] LIANG S, JI L, YU Z, et al. Bioinformatic analysis and experimental validation of cuproptosis-related LncRNA as a novel biomarker for
prognosis and immunotherapy of oral squamous cell carcinoma [J]. Hereditas, 2024, 161(1): 10.

[48] GONG H, LIU Z, YUAN C, et al. Identification of cuproptosis-related IncRNAs with the significance in prognosis and immunotherapy of
oral squamous cell carcinoma [J]. Comput Biol Med, 2024, 171: 108198.

[49] KONG L, WANG C, LU X, et al. Novel cuproptosis-related IncRNAs risk model to predicting prognosis and guiding immunotherapy for
OSCC patients [J]. Discov Oncol, 2025, 16(1): 723.

[50] CHUNG C H, LEE J W, SLEBOS R J, et al. A 3’-UTR KRAS-variant is associated with cisplatin resistance in patients with recurrent and/or
metastatic head and neck squamous cell carcinoma [J]. Ann Oncol, 2014, 25(11): 2230-2236.

[51] LAMBERT I H, SORENSEN B H. Facilitating the cellular accumulation of Pt-based chemotherapeutic drugs [J]. Int J Mol Sci, 2018, 19(8):
2249.

[52] RYUMON S, OKUI T, KUNISADA Y, et al. Ammonium tetrathiomolybdate enhances the antitumor effect of cisplatin via the suppression of
ATPase copper transporting beta in head and neck squamous cell carcinoma [J]. Oncol Rep, 2019, 42(6): 2611-2621.

[53] SARBADHIKARY P, DUBE A. Iodinated chlorin p6 copper complex induces anti-proliferative effect in oral cancer cells through elevation
of intracellular reactive oxygen species [J]. Chem Biol Interact, 2017, 277: 137-144.

[54] SARBADHIKARY P, DUBE A. Enhancement of radiosensitivity of oral carcinoma cells by iodinated chlorin p(6) copper complex in
combination with synchrotron X-ray radiation [J]. J Synchrotron Radiat, 2017, 24(Pt 6): 1265-1275.

[55] PRASAD S, DUBOURDIEU D, SRIVASTAVA A, et al. Metal-urcumin complexes in therapeutics: an approach to enhance pharmacological
effects of curcumin [J]. Int J Mol Sci, 2021, 22(13): 7094.

[56] ZHOU S, LI J, YU J, et al. Unique flower-like Cur-metal complexes loaded liposomes for primary and metastatic breast cancer therapy [J].
Mater Sci Eng C, 2021, 121: 111835.

[571 JOSEPH J P, HARISHANKAR M K, PILLAI A A, et al. Hypoxia induced EMT: a review on the mechanism of tumor progression and
metastasis in OSCC [J]. Oral Oncol, 2018, 80: 23-32.

[58] FUKUHARA K, MIYATA N. Resveratrol as a new type of DNA-cleaving agent [J]. Bioorg Med Chem Lett, 1998, 8(22): 3187-3192.

[59] KHANVILKAR S, MITTRA I. Copper imparts a new therapeutic property to resveratrol by generating ROS to deactivate cell-free chromatin
[J]. Pharmaceuticals, 2025, 18(1): 132.

[60] MITTRA I. Exploiting the damaging effects of ROS for therapeutic use by deactivating cell-free chromatin: the alchemy of resveratrol and
copper [J]. Front Pharmacol, 2024, 15: 1345786.

[61] PILANKAR A, SINGHAVI H, RAGHURAM G V, et al. A pro-oxidant combination of resveratrol and copper down-regulates hallmarks of
cancer and immune checkpoints in patients with advanced oral cancer: Results of an exploratory study (RESCU 004) [J]. Front Oncol, 2022,
12: 1000957.

[62] LIN M, WANG D, LIU S, et al. Cupreous complex-loaded chitosan nanoparticles for photothermal therapy and chemotherapy of oral
epithelial carcinoma [J]. ACS Appl Mater Interfaces, 2015, 7(37): 20801-20812.

[63] CURCIO A, SILVA A K A, CABANA S, et al. Iron oxide nanoflowers CuS hybrids for cancer tri-therapy: interplay of photothermal therapy,
magnetic hyperthermia and photodynamic therapy [J]. Theranostics, 2019, 9(5): 1288-1302.

[64] BR#k, Wrzt, L4, %. 9UKEAHE S YR T X E SRR E M A A A EER 1. BT BERRE M, 2021,
41 (12) = 1843-1849.
CHEN D, CHEN Z F, WANG Z, et al. Photothermal effect of nano-copper sulfide against tongue squamous cell carcinoma [J]. J South Med
Univ, 2021, 41(12): 1843-1849.

[65] SONG C W, KIM H, KIM M S, et al. Role of HIF-1a in the responses of tumors to radiotherapy and chemotherapy [J]. Cancer Res Treat,
2025, 57(1): 1-10.

[66] ALENEZI A, ALHAMAD H, ALENEZI A, et al. Hypoxia imaging in lung cancer: a PET-based narrative review for clinicians and
researchers [J]. Pharmaceuticals, 2025, 18(4): 459.

[671 BALLEGEER E A, MADRILL N J, BERGER K L, et al. Evaluation of hypoxia in a feline model of head and neck cancer using ¢* Cu-ATSM
positron emission tomography/computed tomography [J]. BMC Cancer, 2013, 13(1): 218.

[68] CHAO K S, BOSCH W R, MUTIC S, et al. A novel approach to overcome hypoxic tumor resistance: Cu-ATSM-guided intensity-modulated
radiation therapy [J]. Int J Radiat Oncol Biol Phys, 2001, 49(4): 1171-1182.

[69] WONG A W, ORMSBY E, ZHANG H, et al. A comparison of image contrast with °*Cu-labeled long circulating liposomes and ' F-FDG in
a murine model of mammary carcinoma [J]. Am J Nucl Med Mol Imaging, 2013, 3(1): 32-43.

[70] MAHAKIAN L M, FARWELL D G, ZHANG H, et al. Comparison of PET imaging with °*Cu-liposomes and '®F-FDG in the 7, 12-
dimethylbenz [a] anthracene (DMBA)-induced Hamster buccal pouch model of oral dysplasia and squamous cell carcinoma [J]. Mol Imag
Biol, 2014, 16(2): 284-292.



