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[ ABSTRACT]

Atherosclerosis ( As) is a chronic inflammatory disease associated with lipid deposition. ~ Copper is con-

sidered to be an important trace element and is closely related to the occurrence and development of As.  Excessive accu-
mulation of copper ions in cells can induce cell death, a new type of cell death named “cuproptosis”.  Under normal con-
ditions , the body’s copper metabolism can control the copper level in a stable range. ~ When the disease occurs, copper ho-
meostasis is destroyed, intracellular copper overload produces cytotoxicity, induces oxidative stress, inflammation, cell py-
roptosis and cuproptosis, and promotes the occurrence and development of As.  This article summarizes the relationship
between copper levels and As, and discusses the mechanism of cuproptosis and the pathological mechanism of copper over-
load promoting As from the perspective of the body’s copper regulation, and reviews the relevant drug intervention, expec-
ting to provide a new therapeutic target for As.
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Figure 1. The metabolic process of copper in the body
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Figure 2. Intracellular copper homeostasis maintenance
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Figure 3. Regulatory mechanism of cuproptosis
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5 B E
As G EIR A H O AUEAE GO AR R SR

O A B Y S [ B2 R A, T A As O B
Ao AR A R ML A PR SR B R, T AEOR 1 B
IR As (9 85 T AR AR S AUl 9 15 As



CN 43-1262/R " [E Sl ki 244 & 2024 4F55 32 455 8 M 725

MIAHCHE B B, A SCLiik T T RES 5
As W JUFPILE , L5615 T LN 51 & RIE 5 &
MR TR SET S, SR I As BESRIE BRI, 24
IR K As P BALHAD A 76 2 B, 4R SE T2
— PP A (R T MR AR AR AE T X, IR S0 A
JRBLAAR DG, HIAET-AE A ROS i R AAN, S HE A
B RN 2R A I I ) i 5 9 1) A DG AL ol 2
HHIE . BARHIEFE b A S 20 3% M o S ok )
O M ZR S8 TP I i AR T B As 19 & A

JRUE KA 5E © by il 2 48 8 FL A F: i i SE T
PRAE T B SR WL AR, BT 1R £ )8R £ A B
WHNHIHAE T 15 BB ONIRIT As BUBTR NG 2 4
HEIBFHIETG , 35 As B BEHLE 227 W
Sefb AW 8 25 S A SR 4y RE S G R A AT T 1
S As? ffPIX S ] K R B G As B2 A5 BT G A
B, MTFRIRIT As BRI 25 B AR B 22 1K 40

[ &% 3Cik]

[1] EEHF, ERF. CDI4T.: SR ARELIR T OB s [T].
T E SRR AR, 2023, 31(9) : 821-828.
WANG Y Y, WANG C P. CDI47; a new target for atherosclerosis
therapy? [J]. Chin J Arterioscler, 2023, 31(9) . 821-828.

WM

[2] FORD E S. Serum copper concentration and coronary heart disease a-
mong US adults[ J]. Am J Epidemiol, 2000, 151(12) . 1182-1188.

[3] WANG D, TIAN Z Y, ZHANG P, et al. The molecular mechanisms

of cuproptosis and its relevance to cardiovascular disease [ J].

Biomed Pharmacother, 2023, 163 114830.

STADLER N, LINDNER R A, DAVIES M J. Direct detection and

—
~
[

quantification of transition metal ions in human atherosclerotic
plaques: evidence for the presence of elevated levels of iron and cop-
per[J]. Arterioscler Thromb Vasc Biol, 2004, 24(5) : 949-954.

WEI' H, ZHANG W J, MCMILLEN T S, et al. Copper chelation by

—
W
[

tetrathiomolybdate inhibits vascular inflammation and atherosclerotic
lesion development in apolipoprotein E-deficient mice[ J]. Athero-
sclerosis, 2012, 223(2) : 306-313.

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.

[7] MAUNG M T, CARLSON A, OLEA-FLORES M, et al. The molec-
ular and cellular basis of Copper dysregulation and its relationship
with human pathologies[ J]. FASEB J, 2021, 35(9) . €21810.

[8] YANG Y, FENG Q, LUAN Y, et al. Exploring cuproptosis as a
mechanism and potential intervention target in cardiovascular
diseases[ J]. Front Pharmacol, 2023, 14 1229297.

[9] FUKAI T, USHIO-FUKAI M, KAPLAN J H. Copper transporters
and copper chaperones; roles in cardiovascular physiology and disease
[J]. Am J Physiol Cell Physiol, 2018, 315(2) : C186-C201.

[10] BOULLATA J, MUTHUKUMARAN G, PIARULLI A, et al. Oral

copper absorption in men with morbid obesity[ J]. J Trace Elem

Med Biol, 2017, 44 . 146-150.

[11] SHAWKI A, ANTHONY S R, NOSE Y, et al. Intestinal DMTI is
critical for iron absorption in the mouse but is not required for the
absorption of copper or manganese[ J]. Am J Physiol Gastrointest
Liver Physiol, 2015, 309(8) : G635-G647.

[12] RAMOS D, MAR D, ISHIDA M, et al. Mechanism of copper up-

[

take from blood plasma ceruloplasmin by mammalian cells[ J].
PLoS One, 2016, 11(3): 0149516.
MORIYA M, HO Y H, GRANA A, et al. Copper is taken up effi-

—
—_
w

[

ciently from albumin and alpha2-macroglobulin by cultured human
cells by more than one mechanism[ J]. Am J Physiol Cell Physiol,
2008, 295(3) ; C708-C721.
[14] LIUNM, LO LS L, ASKARY S H, et al. Transcuprein is a mac-
roglobulin regulated by copper and iron availability [ J]. J Nutr
Biochem, 2007, 18(9) : 597-608.
ROBERTS E A, SARKAR B. Liver as a key organ in the supply,
storage, and excretion of copper[ J]. Am J Clin Nutr, 2008, 88
(3): 8518-8548S.
LUZA S C, SPEISKY H C. Liver copper storage and transport dur-

—
—_
W

[

[16

[

ing development; implications for cytotoxicity [ J]. Am J Clin
Nutr, 1996, 63(5) : 812S-820S.
[17] LA FONTAINE S, ACKLAND M L, MERCER J F B. Mammalian
copper-transporting P-type ATPases, ATP7A and ATP7B: emerging
roles[ J]. Int J Biochem Cell Biol, 2010, 42(2) : 206-209.
LUTSENKO S. Copper trafficking to the secretory pathway [ J].
Metallomics, 2016, 8(9) ; 840-852.
LUTSENKO S, BHATTACHARJEE A, HUBBARD A L. Copper
handling machinery of the brain[ J]. Metallomics, 2010, 2(9) .
596-608.
[20] LUTSENKO S, LESHANE E S, SHINDE U. Biochemical basis of

[18

[

[19

[

regulation of human copper-transporting ATPases [ J ]. Arch
Biochem Biophys, 2007, 463(2) . 134-148.
[21

[

LINDER M C. Copper homeostasis in mammals, with emphasis on
secretion and excretion. A review[ J]. Int J Mol Sci, 2020, 21
(14) . 4932.

[22] GALLER T, LEBRUN V, RAIBAUT L, et al. How trimerization of
CTRI1 N-terminal model peptides tunes Cu-binding and redox-chem-
istry[ J]. Chem Commun (Camb), 2020, 56(81) : 12194-12197.

[23] OHGAMI R S, CAMPAGNA D R, MCDONALD A, et al. The

steap proteins are metalloreductases[ J]. Blood, 2006, 108 (4) .

1388-1394.

[24] SINGLETON W C J, MCINNES K T, CATER M A, et al. Role of

[N

glutaredoxinl and glutathione in regulating the activity of the
copper-transporting p-type ATPases, ATP7A and ATP7B [ ]].
Journal of Biological Chemistry, 2010, 285(35) . 27111-27121.

[25] CULOTTA V C, KLOMP L W, STRAIN J, et al. The copper
chaperone for superoxide dismutase[ J]. J Biol Chem, 1997, 272
(38) : 23469-23472.

[26] LUTSENKO S, BARNES N L, BARTEE M Y, et al. Function and

—

regulation of human copper-transporting ATPases [ J ]. Physiol
Rev, 2007, 87(3) : 1011-1046.

[27] HORNG Y C, COBINE P A, MAXFIELD A B, et al. Specific

[

copper transfer from the Cox17 metallochaperone to both Scol and

Cox11 in the assembly of yeast cytochrome C oxidase[ J]. J Biol



726

ISSN 1007-3949 Chin J Arterioscler, Vol. 32, No. 8,2024

[28]

[29]

[30]

[31]

[32]

[33]

[34

[

[35]

—
29
N

[

[37

[

[38]

[40

[

[41]

[42]

Chem, 2004, 279(34) . 35334-35340.

LA FONTAINE S, MERCER J F B. Trafficking of the copper-AT-
Pases, ATP7A and ATP7B: role in Copper homeostasis[ J]. Arch
Biochem Biophys, 2007, 463(2) . 149-167.

KOHNO T, URAO N, ASHINO T, et al. Novel role of copper
transport protein antioxidant-1 in neointimal formation after vascular
injury[ J ]. Arterioscler Thromb Vasc Biol, 2013, 33 (4).
805-813.

QIN Z Y, KONANIAH E S, NELTNER B, et al. Participation of
ATP7A in macrophage mediated oxidation of LDL[ J]. J Lipid
Res, 2010, 51(6) . 1471-1477.

KIM H W, CHAN Q L, AFTON S E, et al. Human macrophage
ATP7A is localized in the trans-Golgi apparatus, controls intracel-
lular copper levels, and mediates macrophage responses to dermal
wounds[ J]. Inflammation, 2012, 35(1) : 167-175.

COBINE P A, BRADY D C. Cuproptosis: cellular and molecular
mechanisms underlying copper-induced cell death[ J]. Mol Cell,
2022, 82(10) : 1786-1787.

SUDHAHAR V, DAS A, HORIMATSU T, et al. Copper trans-
porter ATP7A ( copper-transporting P-Type ATPase/menkes AT-
Pase) limits vascular inflammation and aortic aneurysm develop-
ment ; role of MicroRNA-125b[ J]. Arterioscler Thromb Vasc Biol ,
2019, 39(11) : 2320-2337.

KOKSAL C, ERCAN M, BOZKURT A K, et al. Abdominal aortic
aneurysm or aortic occlusive disease: role of trace element
imbalance[ J]. Angiology, 2007, 58(2): 191-195.

FU S, DAVIES M J, STOCKER R, et al. Evidence for roles of
radicals in protein oxidation in advanced human atherosclerotic
plaque[ J]. Biochem J, 1998, 333 ( Pt3)(Pt3): 519-525.
BUGEL S, HARPER A, ROCK E, et al. Effect of copper supple-
mentation on indices of copper status and certain CVD risk markers

in young healthy women[ J]. Br J Nutr, 2005, 94(2) ; 231-236.

TASICN M, TASICD, OTASEVICP, et al. Copper and zinc con-
centrations in atherosclerotic plaque and serum in relation to lipid
metabolism in patients with carotid atherosclerosis[ J]. Vojnosanit
Pregl, 2015, 72(9) : 801-806.

DIAF M, KHALED M B. Associations between dietary antioxidant
intake and markers of atherosclerosis in Middle-Aged women from
North-Western Algeria[ J]. Front Nutr, 2018, 5: 29.

GUPTE A, MUMPER R J. Elevated copper and oxidative stress in
cancer cells as a target for cancer treatment[ J]. Cancer Treat Rev,
2009, 35(1) : 32-46.

BELYAEVA E A, SOKOLOVA T V, EMELYANOVA LV, et al.
Mitochondrial electron transport chain in heavy metal-induced neu-
rotoxicity ; effects of cadmium, mercury, and copper[ J]. Scienti-
ficWorldJournal,, 2012, 2012 136063.

SPEISKY H, GOMEZ M, BURGOS-BRAVO F, et al. Generation
of superoxide radicals by copper-glutathione complexes: redox-con-
sequences associated with their interaction with reduced glutathione
[J]. Bioorg Med Chem, 2009, 17(5) : 1803-1810.
STEINEBACH O M, WOLTERBEEK H T. Role of cytosolic cop-
per, metallothionein and glutathione in copper toxicity in rat hepa-

toma tissue culture cells[ J]. Toxicology, 1994, 92(1/3) : 75-90.

[43]

[44

[l

—
~
O

i

[46

[

[47]

[48

[

[49

[

[50]

[51]

[52] LIBBY P, RIDKER P M, HANSSON G K.

[53]

[54]

—
wn
wn

[

[56]

[57]

[58]

LIU H, GUO H R, JIAN Z ], et al. Copper induces oxidative
stress and apoptosis in the mouse liver[ J]. Oxid Med Cell Longev,
2020, 2020 1359164.

DEL RIO D, STEWART A J, PELLEGRINI N. A review of recent
studies on malondialdehyde as toxic molecule and biological marker
of oxidative stress [ J]. Nutrition Metabolism and Cardiovascular
Diseases, 2005, 15(4) : 316-328.

OZCELIK D, OZARAS R, GUREL Z, et al. Copper-mediated oxi-
dative stress in rat liver[ J]. Biol Trace Elem Res, 2003, 96 (1/
3):209-215.

SMIRNOVA J, KABIN E, JARVING I, et al. Copper(1)-binding
properties of de-coppering drugs for the treatment of Wilson
disease. a-Lipoic acid as a potential anti-copper agent[ J]. Sci
Rep, 2018, 8(1): 1463.

KATTOOR A J, POTHINENI N V K, PALAGIRI D, et al. Oxida-
tive stress in atherosclerosis[ J]. Curr Atheroscler Rep, 2017, 19
(11) . 42.

BREWER G J. Tetrathiomolybdate anticopper therapy for Wilson’s
disease inhibits angiogenesis, fibrosis and inflammation[ J]. J Cell
Mol Med, 2003, 7(1): 11-20.

ZHOU Q, ZHANG Y, LU L, et al. Copper induces microglia-me-
diated neuroinflammation through ROS/NF-kB pathway and mito-
phagy disorder[ J]. Food Chem Toxicol, 2022, 168 113369.
TAO X Q, WAN X L, WU D, et al. A tandem activation of NL-
RP3 inflammasome induced by copper oxide nanoparticles and dis-
solved copper ion in J774A. 1 macrophage[ J]. J Hazard Mater,
2021, 411 125134.

SWANSON K V, DENG M, TING J P Y. The NLRP3 inflamma-
some ; molecular activation and regulation to therapeutics[ J]. Nat
Rev Immunol, 2019, 19(8) . 477-489.

Progress and
challenges in translating the biology of atherosclerosis[ J]. Nature,
2011, 473(7347) : 317-325.

WOLF D, LEY K. Immunity and inflammation in atherosclerosis.
Circ Res. 2019, 124(2) . 315-327.

LIUY F, YUH M, ZHANG Y, et al. TLRs are important inflam-
matory factors in atherosclerosis and may be a therapeutic target
[J]. Med Hypotheses, 2008, 70(2) : 314-316.
LIAOJZ,HUZY, LI Q W, et al. Endoplasmic reticulum stress
contributes to copper-induced pyroptosis via regulating the IRE1a-
XBP1 pathway in pig jejunal epithelial cells[ J]. J Agric Food
Chem, 2022, 70(4) : 1293-1303.

HARH. G ROS A A caspase-1 RAR TS T XS T 244 i £ 1
[D]. J7M. femEfl R, 2018 1-31.

ZHANG Y H. Copper induces hepatic pyroptosis in chicken liver
through ROS mediated Caspase-1 pathway [ D]. Guangzhou; Col-
lege of Veterinary Medicine, South China Agricultural University,
2018 1-31.

XU Y J, ZHENG L, HU Y W, et al. Pyroptosis and its relation-
ship to atherosclerosis[ J]. Clin Chim Acta, 2018, 476 28-37.
DINELEY K E, VOTYAKOVA T V, REYNOLDS I J. Zinc inhibi-
tion of cellular energy production: implications for mitochondria

J Neurochem, 2003, 85 (3):

and neurodegeneration [ J J.



CN 43-1262/R 1 [Esh ik fb42ids 2024 4F55 32 55 8 1)

727

563-570.

[59] DU W, GU M, HU M, et al. Lysosomal Zn>" release triggers rap-
id, mitochondria-mediated, non-apoptotic cell death in metastatic
melanomal J]. Cell Rep, 2021, 37(3) : 109848.

[60] 2 FI, S0 K. BRIET-TESNIKHSAERE AL b A AE T K rh B2 25 T
g o R (1], I SE 88 U5 0 A Ak RS, 2023, 29 (2):
244-252.

ZHU L, WU H F. Effect of ferroptosis on atherosclerosis and
chinese medicine intervention: a review[J ]. Chinese Journal of Ex-
perimental Traditional Medical Formulae, 2023, 29(2) . 244-252.

[61] CHAN W Y, GARNICA A D, RENNERT O M. Cell culture stud-
ies of Menkes kinky hair disease[ J]. Clin Chim Acta, 1978, 88
(3) : 495-507.

[62] TSVETKOV P, DETAPPE A, CAI K, et al. Mitochondrial metab-

olism promotes adaptation to proteotoxic stress[ J ]. Nat Chem Biol,

2019, 15(7) : 681-689.

SOLMONSON A, DEBERARDINIS R J. Lipoic acid metabolism

and mitochondrial redox regulation[ J]. J Biol Chem, 2018, 293

(20) : 7522-7530.

[64] ROWLAND E A, SNOWDEN C K, CRISTEA I M. Protein lipoy-

[63

[

lation ; an evolutionarily conserved metabolic regulator of health and
disease[ J]. Curr Opin Chem Biol, 2018, 42, 76-85.

[65] YEHCC, WUJY, LEE G L, et al. Vanadium derivative expo-
sure promotes functional alterations of VSMCs and consequent ath-
erosclerosis via ROS/p38/NF-kappaB-Mediated IL-6 production
[J]. Int J Mol Sci, 2019, 20(24).

[66] FORSTERMANN U, XIA N, LI H G. Roles of vascular oxidative

[

stress and nitric oxide in the pathogenesis of atherosclerosis[ J].
Circ Res, 2017, 120(4) . 713-735.
[67] MCKENZIE M, LAZAROU M, THORBURN D R, et al. Analysis
of mitochondrial subunit assembly into respiratory chain complexes
using blue native polyacrylamide gel electrophoresis[ J]. Anal Bio-
chem, 2007, 364(2) . 128-137.
CAI K, TONELLI M, FREDERICK R O, et al. Human mitochon-
drial ferredoxin 1 ( FDX1) and ferredoxin 2 ( FDX2) both bind

—
(=)
oo

[l

cysteine desulfurase and donate electrons for Iron-Sulfur cluster bio-
synthesis[ J]. Biochemistry, 2017, 56(3) ; 487-499.

[69] TAN G Q, CHENG Z S, PANG Y L, et al. Copper binding in
IscA inhibits iron-sulphur cluster assembly in Escherichia coli J].
Mol Microbiol, 2014, 93(4) : 629-644.

[70] FUNGDK C, LAUW Y, CHAN W T, et al. Copper efflux is in-

—

duced during anaerobic amino acid limitation in Escherichia coli to
protect iron-sulfur cluster enzymes and biogenesis[ J]. J Bacteriol
2013, 195(20) ; 4556-4568.

[71] CHILLAPPAGARI S, SEUBERT A, TRIP H, et al. Copper stress

[

affects iron homeostasis by destabilizing iron-sulfur cluster
formation in Bacillus subtilis[ J]. J Bacteriol, 2010, 192(10) .
2512-2524.

[72] MACOMBER L, IMLAY J A. The iron-sulfur clusters of de-
hydratases are primary intracellular targets of copper toxicity [ J].

Proc Natl Acad Sci U S A, 2009, 106(20) : 8344-8349.

[73]

[74]

[75]

[76]

[77

[

[78

[

[79

[

[80

[

—
oo
—_

[

[82]

ROCHE B, AUSSEL L, EZRATY B, et al. Reprint of; iron/
sulfur proteins biogenesis in prokaryotes: formation, regulation and
diversity [ J ]. Biochim Biophys Acta, 2013, 1827 (8/9):
923-937.

CAO H, SU R, HU G, et al. In vivo effects of high dietary copper
levels on hepatocellular mitochondrial respiration and electron
transport chain enzymes in broilers[ J]. Br Poult Sci, 2016, 57
(1):63-70.

ROY C S K, SANGLE G V, XIE X, et al. Effects of extensively
oxidized low-density lipoprotein on mitochondrial function and reac-
tive oxygen species in porcine aortic endothelial cells[ J]. Am ]
Physiol Endocrinol Metab, 2010, 298 (1) : E89.

EGPH, KA, BER, & RN T XTI
Bk oo HERE AL I B/ N RO IR LR (R R A QI R [0 ]
ferhBE2hZ6AR, 2017, 32(9) : 4107-4110.

WANG Z D, SONG N, LV M ], et al. Effects of yiqgijianpi hua-
tanquyu formula on the liver mitochondrial energy metabolism of
atherosclerosis Bama mini pigs with spleen deficiency and phlegm
coagulation syndrome [ J]. China Journal of Traditional Chinese
Medicine and Pharmacy, 2017, 32(9) : 4107-4110.

WEI H, ZHANG W J, LEBOEUF R, et al. Copper induces--and
copper chelation by tetrathiomolybdate inhibits--endothelial
activation in vitro[ J]. Redox Rep, 2014, 19(1) . 40-43.
COOPER G J S. Therapeutic potential of copper chelation with tri-
ethylenetetramine in managing diabetes mellitus and Alzheimer’s
disease[ J]. Drugs, 2011, 71(10) ; 1281-1320.

YANG D, WANG T, LIU J M, et al. Reverse regulation of hepatic
ceruloplasmin production in rat model of myocardial ischemia[ J].
J Trace Elem Med Biol, 2021, 64 126686.

ZHANG S P, LIU H, AMARSINGH G V, et al. Restoration of
myocellular copper-trafficking proteins and mitochondrial copper
enzymes repairs cardiac function in rats with diabetes-evoked heart
failure[ J]. Metallomics, 2020, 12(2) : 259-272.

LEUNG M H, HARADA T, KEE T W. Delivery of curcumin and
medicinal effects of the copper(II) -curcumin complexes [ J]. Curr
Pharm Des, 2013, 19(11) : 2070.

BERZINA A, MARTINSONE I, SVIRSKIS S, et al. Curcumin
effect on copper transport in HepG2 cells[ J]. Medicina ( Kaunas) ,
2018, 54(2) . 14.

[83] KOCAADAM B, CURCUMIN S N. An active component of

[85]

turmeric ( curcuma longa) , and its effects on health[ J]. Crit Rev
Food Sci Nutr, 2017, 57(13) : 2889.

GUO B D, YANG F Y, ZHANG L P, et al. Cuproptosis induced
by ROS responsive nanoparticles with elesclomol and copper com-
bined with aPD-L1 for enhanced cancer immunotherapy[ J]. Adv
Mater, 2023, 35(22) : €2212267.

ZHANG H A, KITTS D D. Turmeric and its bioactive constituents
trigger cell signaling mechanisms that protect against diabetes and
cardiovascular diseases[ J]. Mol Cell Biochem, 2021, 476(10) :
3785-3814.

(S EH)



