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Research progress in ceruloplasmin regulation of lipid metabolism homeostasis
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[Abstract] Ceruloplasmin (Cp) is a crucial protein secreted by the liver and plays a vital role in regulating the distribution and
transport of copper throughout the body, thereby maintaining copper homeostasis. Additionally, Cp functions as a significant enzyme
known as ferroxidase, which is involved in iron metabolism within the body. Numerous studies have suggested a close relationship
between Cp and metabolic disorders, such as diabetes and cardiovascular diseases. Recent research has also shed light on the
involvement of Cp in the regulation of lipid metabolism. The various activities associated with lipid metabolism, including lipid
synthesis, adipose hydrolysis, fatty acid oxidation, lipid transport, and absorption, collectively contribute to maintaining lipid
homeostasis. Dysregulation of lipid metabolism can lead to metabolic disorders and cardiovascular complications. Cp regulates lipid
metabolism through two main mechanisms. Firstly, Cp participates in the regulation of oxidative stress by modulating iron
metabolism through its ferroxidase activity and involvement in redox reaction. Secondly, copper along with copper-dependent
enzymes directly participates in the processes such as cholesterol metabolism, lipoprotein metabolism, and fatty acid synthesis. As a
result, the role of Cp in maintaining the homeostasis of copper and iron allows it to regulate lipid metabolism by influencing copper
or iron-dependent enzymes and related pathways. Although the correlation between Cp and lipid metabolism has been identified, an
in-depth exploration of the precise mechanisms by which Cp governs lipid metabolism is warranted. This article provides an
overview of the role of Cp in lipid metabolism and highlights the progress in related research, with the aim of providing new insights
for the development and treatment of disorders related to lipid metabolism.
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Note: STEAP—six-transmembrane epithelial antigen of prostate; Cp—ceruloplasmin; Ctrl—copper transporter 1; ATP7A—ATP-dependent copper
transporter 7A; Atox1—antioxidant 1; SCO1—synthesis of cytochrome C oxidase 1; AMPKa—AMP-activated protein kinase-a; LKB1—Tliver kinase B1;

ATP7B—ATP-dependent copper transporter 7B; TGN—trans-Golgi network; ROS—reactive oxygen species; FAO—fatty acid oxidation; PGCla—

peroxisome proliferator-activated receptor-y coactivator-la.

2 BFRES CpiEiERR IR EE

Fig 2 Schematic diagram of Cp regulation of lipid metabolism in the liver

HA5ONUEFER A i & AR FR B E A K

H1 T Cp BE #5419 5 43 A BIHLAA (14 AN [R] 2H 21
Hh DR A i A 2K T v R N | R T v
SR AR L FRAT IR A 2 R g P R,
NAFLD 35 M3 1 Cp 7KL 785 350 240 it P Ay ] 25
T i 2, DTG R TP & e Al . T b i 25
AR TR — 2B, T (Menkes
disease) ; RIEIIEH ATP7AREH A G, &7
AFHL PR ez ', 1esh, AIGNER S Y ()
FEFRW, NAFLD 3 Y 5 v 1 3 8 A1 (B A
#f . HEFFERN % ' {fi ] Copper-Caged Luciferin-1
(— A=Wy RO B IR FEAT PR N 20 SV S 1 A
B, WA S AR N A AT d R B, TEIR
i1 NAFLD /N UL o, JFF AR 25 77K 1 3%
Ffi. TANG S ' RFFR R, IEEHE 7= &
TEOIT IR 7R 5 FUPEE B R S B e, DT 422 s T
JR T GHRE o ARG SR TR B B T TR s S EE -1
(sterol regulatory element-binding protein 1, SREBP-1)

http://xuebao.shsmu.edu.cn

SENRIITR G B FE B SN 1o TR B AN B L
T, R SREBP-1 2o il & B A0 M A% , A fie 2E i
TR DA Sk G EA) OG BRE T R TR A9 5 53¢

3.2 Cp i Vg it

FATRBAL Z BIHBFFT > KW, Cp FEIA I IE
TAG AR P B AR, I 52 00 AMP i 1Y
T M % [ (adenosine 5’-monophosphate activated
protein kinase, AMPK) {55 i i & #/EH . AMPK
SR MRERITOCE A, A RE A R, g
i AR A AR A5 . AMPK A 3800 2o U fb 1 A 1
B W) TG A 2 R oy L BTE T la (peroxisome
proliferator-activated receptor y coactivator la, PGCla),
JfE it 5o A W B R RS T A 2 IRy
(peroxisome proliferator-activated receptor y, PPAR<y)
SUMECR ARG AR AR AR, S 2R i 5 A i
PERRWIRR B AL . P 9 AMPK RT 12 NAFLD
MIRYT R Az —, Jl 1% b AMPK FE T H A 4%

AR B, 2024, 441 (@)



128 | L@k (EE)

HEAEFE 29700 IpRmESE B BB, —Ff AMPK 35 7]
PXL7707E M R4 245 )5 12 6, nl P340 14.7% BT
JERR G & . Beah, BATIREA s > w3,
35 44 B Cp A9 4 0 T R 52 P ] 5 1 22 1F K
VL, JR{2 i AMPK 5 4 i 5 5% C 41k i 2k T 4
(synthesis of cytochrome C oxidase 1, SCO1) ZZ[f] 1)
MHEAE, I SCOI-LKBI-AMPK & &9, #Eififi
HELRLAR S AR DT R AT . DL BSR4 R Cp
SRS % VIAR G, If H Cp g &16Y7 NAFLD
PITTERL S . SR, & T Cp/EMIRYTY NAFLD #E 3 1y
LN S A AT 2P 5k

Bk 1 38 3 8 4% AMPK 5 5 38 B 5% e fig 15 18 1) 4
A, Cp AT 3 2 8 2 44 B P A 5 R I 42 41 A 1Y)
TAG /K fif . JE U7 240 M i 240 M B | 2565 36 =F & i A ik
PR W, a0 g R IR B e A AL B8 (semicarbazide
sensitive amine oxidase, SSAO), K 1 g i 4 ffd X 4
BRI E R NTER, T W20 Cp ok id k4 LA
W R AR R . YANG %8 8 ggRfFSE, 3T3-L1fig
U7 248 SSAO AN A 2 T SR 46 W A R i D M iz
Earahn, DA RS SSAO 21 1 41 i i B A FH o A
8 45 7 . AR M sh s B B g 2 R W, R
i SSAO W T I & & BU R I M . 4
KRISHNAMOORTHY % " (#5548 i, 7€ TAG /K
fif st R, A ECE NIRRT AR A, E R
M2 — e ¥ 3B (phosphodiesterase 3B, PDE3B) X
CAMP (¥ BE ARG, SRV cAMP AR 1) i A £ 11
AT A 00 i 0 R B BB A7 O T4 . RATA %5 M
FERM, TE45 Cpuir/NErb, PERR R AR 7 41 24
BT B HA YA MR RAR, S A Cp Al
VLR 5 9a 2 3 2 A A BE T A 2L R Wi R R
MANNELLA % "' Y8 B Rl [ % B Cp Rilsh /1N U A
AR B R TS -3 IRITRRK-F-ThE A 06, X Let
FESE IR K], Cp XT B Wi 4t A fie A 0% 30 15 46 T
RE VD B A0 A1 14 i SSAO T cAMP A5 14 g 15 43 ik A
ML AREARE 5 FHLHEA FRIR ABFSY

RS R W 45 5 8 1 Cp B8 28 Pk A 5
JE AR Z [ AAAE 2 DIBKE &R, Cp i 2o ek 728 il B2 25 3
MAEAG BT v A AN i AR H

3.3 Cp WKL AL
3.3.1 WK ES SRS AEML CprEgRasTh
HEEEMEM. Cp A WA LB, A &

@ JOURNAL OF SHANGHAI JIAO TONG UNIVERSITY (MEDICAL SCIENCE)

2024, 44(1)

2% 15 7 R AR S B N e AeU A R 0 AR A
(% i 5. CORRADINI % ) 1T f NAFLD /& %
5 A DG B A S S T AR OC R, SR K
W Cp R B 2NN, H 565 m A&
W (A AEAL B DIAR G . THEPSUWAN 45 % 114
TFF 5 2R W DAY T ) A9 X o4 fe 3 4o 90813 48 e 1 J5 I e
Cp M AN e 38 e 1Y 4 B kRS . SHANG 4§ 1
KB, 7£ HepG2 il Hep3B AT 40 & f, Cp e
ML ERIE T . B, 23K Cp AN AEZE FPN ik
2 L v K ) SR BRI o A S AR KO . IR, Cp
HIERFE T A WL T FPN. IH4h, PATEL 45 7 i
ZEH) 4> By Cp it B /IN B WELIR R 350350 5 6 11 i o ok 4
A T, B AR 2 RGO R K
W R Bt Al s X AT BB T PR 2 RGN [A] IX.
S ) R AR A M B I AR Ak U PR RN R AT T A R
AHTA]
332 MRS SRR AL I EAREA
S Qe R B s A B, RS R IR N Y
ERREE . Bt ATPTB B A8 518, %
Z 5 R A A R Y R A AR T R
R ) K B BB I ATPTB X6 T DT HE ik 4 2 a0
ANTTZ 0 o A IR T 2 24 A A - 1) 32
PR, HHUA B A A e B ) T T . AR
PR A B ARSI AR AR T, IR A R R R LY
R FE R R 32 B 1 o R R Y
JHF P A0 2 - 3 388 T 24 S A5, e A R B R G
B A SR AR e RV R D et A, IR RE A Qi 32
PN IR [E B2 W R DGR R A R, b 3R e e iy
SEUITRERR A YE . YRR Y T EOR A
A5 1 FBE I Bl A TR R 3 R LR b AR g I Aot AR Ak 4
e ELRARBERE T, OBERR S — R UL bR, AT
PR 7 A= 14 1 P R R T e A i ot AR A 3
ERRTRERR RS . AN, BFgT B KW, Cp ik
% E R # H (low density lipoprotein, LDL) % kA%
ARAEAR . 7RO AP RIREFE R IR S B0
PRI 28 T S5 B30I 4 P B 4 i A F- d JUL 240 P 3R T
CpHii%, Cp 3B — M 25144 4k LDL Jf-4ie i
A F o & 1G5 (reactive oxygen species, ROS) f
A, T S SO A I A T

g BTk, X EEHFSE R Cp 788 Ak B8 1 AR
W AR EEAE, JFE A5 i P AR 2
(9 A A L 22 2 A A7 30 7 2 E 5]

Vol.44 No.1 Jan. 2024



4 EES5RE

N BUR AR E IR, AL dE R
WEIRE RN 45, A TAERE AR 3 9 4 BEOTRE ¢
HE, AR, CHARBRACIIR A, BTl Ak —2eit
WIPEROR B R A R S o A e SRR DT A0 . 42 milli
07 R 4 SR A A R I SRR B8 15 JCAT B T B e LA
AOACEAR, DA T AT 2500 R R A v R P XU o 47
Jhi A B8P 68 T B3 A o 7 i e 4R A SR A
LA E B RA R . HATZ e s
T Cp SHERE . BB S AR B 3 VARG o [ I
Pt B SR OT R R AL B A P47 i R E 2 (B
W UAIE . SR ST RER, LR
b ZAEUHEL I EE, JFS S8R AR, LI
LR R | PR AL B A 5 S A A
T Cpp WUt 3o HG3z 4340 114 E 0 ok b A2 AL A 2 2 v 4 )
ol DTN AR 5 & B R T 5 K7, xR TR
B ORI BEAT IR, IR I QO s 1) i A A
K& BTN, Cpidd Hw gk f L i im e, 4%
i 50 B AR S RO SR, TR i i AR Y

[1] BIAN XL, LIUR, MENGY, et al. Lipid metabolism and cancer[J].
J Exp Med, 2021, 218(1): €20201606.

[2] LUY, WEI X, CHEN M L, et al. Non-ceruloplasmin-bound copper
and copper speciation in serum with extraction using functionalized
dendritic silica spheres followed by ICP-MS detection[J]. Anal
Chim Acta, 2023, 1251: 340993.

[3] CHEN M, ZHENG J S, LIU G H, et al. Ceruloplasmin and
hephaestin jointly protect the exocrine pancreas against oxidative
damage by facilitating iron efflux[J]. Redox Biol, 2018, 17:
432-439.

[4] WANG P W, WU T H, PAN T L, et al. Integrated proteome and
cytokine profiles reveal ceruloplasmin eliciting liver allograft
tolerance via antioxidant cascades[J]. Front Immunol, 2018, 9: 2216.

[5] WANG B, WANG X P. Does ceruloplasmin defend against
neurodegenerative diseases?[J]. Curr Neuropharmacol, 2019, 17(6):
539-549.

[6] GUPTA M N, UVERSKY V N. Moonlighting enzymes: when
cellular context defines specificity[J]. Cell Mol Life Sci, 2023,
80(5): 130.

[7] TIAN S L, JONES S M, SOLOMON E I. Role of a tyrosine radical
in human ceruloplasmin catalysis[J]. ACS Cent Sci, 2020, 6(10):
1835-1843.

[8] CURNOCK R, CULLEN P J. Mammalian copper homeostasis
requires retromer-dependent recycling of the high-affinity copper
transporter 1[J]. J Cell Sci, 2020, 133(16): jcs249201.

[9] DAS S, SAHOO P K. Ceruloplasmin, a moonlighting protein in
fish[J]. Fish Shellfish Immunol, 2018, 82: 460-468.

[10] LUTSENKO S. Dynamic and cell-specific transport networks for
intracellular copper ions[J]. J Cell Sci, 2021, 134(21): jcs240523.

http://xuebao.shsmu.edu.cn

R CHER R A R b e e | 129

AP A TRPEAE T, S MU A R GAE A A . 1A
I, RKFATHR B —PRR Cp 7EhR FACH A/
R E I PN TIPS A AW SR 2SS U] Rk i RS D)
ARF AR , LT LLERXT Cp FF R WS TE B 25 Wy sl i ik
KT HUR BRI, IR A BUS PR A 23
WAL > T hn i)

F) 25 )1 52 75 BA/Conflict of Interests

AR PR 2 v o

All authors disclose no relevant conflict of interests.

{3 51k /Authors’ Contributions

MAZERTHE SR BRERE BRI fSHe CE R 5 5
WY, BT A RS BRI R E T R AR5

The manuscript was drafted by JIANG Quanxin. CHEN Suzhen and
LIU Junli were responsible for the guidance and revision of the paper.
All the authors have read the last version of paper and consented for

submission.

* Received: 2023-05-30
*+ Accepted: 2023-12-25
* Published online: 2024-01-28

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

[12] NESELIOGLU S, OGUZ E F, EREL O. Development of a new
colorimetric, kinetic and automated ceruloplasmin ferroxidase
activity measurement method[J]. Antioxidants (Basel), 2022, 11(11):
2187.

[13] VASILYEV V B. Looking for a partner: ceruloplasmin in protein-
protein interactions[J]. Biometals, 2019, 32(2): 195-210.

[14] SHANG Y X, LUO M Y, YAO F P, et al. Ceruloplasmin suppresses
ferroptosis by regulating iron homeostasis in hepatocellular carcinoma
cells[J]. Cell Signal, 2020, 72: 109633.

[15] DOGUER C, HAJ H, COLLINS J F. Intersection of iron and copper
metabolism in the mammalian intestine and liver[J]. Compr Physiol,
2018, 8(4): 1433-1461.

[16] MARCHI G, BUSTI F, LIRA ZIDANES A, et al. Aceruloplasminemia:
a severe neurodegenerative disorder deserving an early diagnosis[J].
Front Neurosci, 2019, 13: 325.

[17] 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.

[18] HEALY J, TIPTON K. Ceruloplasmin and what it might do[J].
J Neural Transm, 2007, 114(6): 777-781.

[19] VASILYEV V B. Interactions of caeruloplasmin with other proteins
participating in inflammation[J]. Biochem Soc Trans, 2010, 38(4):
947-951.

[20] KO C W, QU J, BLACK D D, et al. Regulation of intestinal lipid
metabolism: current concepts and relevance to disease[J]. Nat Rev
Gastroenterol Hepatol, 2020, 17(3): 169-183.

LSRR (B0, 2004, 44(1) (@)



130 | bssmAssm ()

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

YKI-JARVINEN H, LUUKKONEN P K, HODSON L, et al. Dietary
carbohydrates and fats in nonalcoholic fatty liver disease[J]. Nat Rev
Gastroenterol Hepatol, 2021, 18(11): 770-786.

SEEBACHER F, ZEIGERER A, KORY N, et al. Hepatic lipid
droplet homeostasis and fatty liver disease[J]. Semin Cell Dev Biol,
2020, 108: 72-81.

SONG Z Y, XIAOLI A, YANG F J. Regulation and metabolic
significance of de novo lipogenesis in adipose tissues[J]. Nutrients,
2018, 10(10): 1383.

LEE E, KORF H, VIDAL-PUIG A. An adipocentric perspective on
the development and progression of non-alcoholic fatty liver
disease[J]. J Hepatol, 2023, 78(5): 1048-1062.

MA Y B, TEMKIN S M, HAWKRIDGE A M, et al. Fatty acid
oxidation: an emerging facet of metabolic transformation in
cancer[J]. Cancer Lett, 2018, 435: 92-100.

ZHONG S S, LI L X, SHEN X, et al. An update on lipid oxidation
and inflammation in cardiovascular diseases[J]. Free Radic Biol
Med, 2019, 144: 266-278.

KIM C H, PARK J Y, KIM J Y, et al. Elevated serum ceruloplasmin
levels in subjects with metabolic syndrome: a population-based
study[J]. Metabolism, 2002, 51(7): 838-842.

ENGSTROM G, STAVENOW L, HEDBLAD B, et al. Inflammation-
sensitive plasma proteins, diabetes, and mortality and incidence of
myocardial infarction and stroke: a population-based study[J].
Diabetes, 2003, 52(2): 442-447.

XIE L P, YUAN Y M, XU S M, et al. Downregulation of hepatic
ceruloplasmin ameliorates NAFLD via SCO1-AMPK-LKB1 complex[J].
Cell Rep, 2022, 41(3): 111498.

GUTHRIE L M, SOMA S, YUAN S, et al. Elesclomol alleviates
Menkes pathology and mortality by escorting Cu to cuproenzymes in
mice[J]. Science, 2020, 368(6491): 620-625.

AIGNER E, STRASSER M, HAUFE H, et al. A role for low hepatic
copper concentrations in nonalcoholic fatty liver disease[J]. Am
J Gastroenterol, 2010, 105(9): 1978-1985.

HEFFERN M C, PARK H M, AU-YEUNG H Y, et al. In vivo
bioluminescence imaging reveals copper deficiency in a murine
model of nonalcoholic fatty liver disease[J]. Proc Natl Acad Sci
USA, 2016, 113(50): 14219-14224.

TANG Z, GASPERKOVA D, XU J, et al. Copper deficiency induces
hepatic fatty acid synthase gene transcription in rats by increasing the
nuclear content of mature sterol regulatory element binding protein
1[J]. J Nutr, 2000, 130(12): 2915-2921.

HERZIG S, SHAW R J. AMPK: guardian of metabolism and
mitochondrial homeostasis[J]. Nat Rev Mol Cell Biol, 2018, 19(2):
121-135.

TREFTS E, SHAW R J. AMPK: restoring metabolic homeostasis
over space and time[J]. Mol Cell, 2021, 81(18): 3677-3690.

LIN S C, HARDIE D G. AMPK: sensing glucose as well as cellular
energy status[J]. Cell Metab, 2018, 27(2): 299-313.

CUSI K, ALKHOURI N, HARRISON S A, et al. Efficacy and

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

@ JOURNAL OF SHANGHAI JIAO TONG UNIVERSITY (MEDICAL SCIENCE)

2024, 44(1)

safety of PXL770, a direct AMP kinase activator, for the treatment of
non-alcoholic fatty liver disease (STAMP-NAFLD): a randomised,
double-blind, placebo-controlled, phase 2a study[J]. Lancet Gastroenterol
Hepatol, 2021, 6(11): 889-902.

YANG H J, RALLE M, WOLFGANG M J, et al. Copper-dependent
amino oxidase 3 governs selection of metabolic fuels in adipocytes[J].
PLoS Biol, 2018, 16(9): €2006519.

BOUR S, CASPAR-BAUGUIL S, IFFIU -SOLTESZ Z, et al.
Semicarbazide-sensitive amine oxidase/vascular adhesion protein-1
deficiency reduces leukocyte infiltration into adipose tissue and
favors fat deposition[J]. Am J Pathol, 2009, 174(3): 1075-1083.

KRISHNAMOORTHY L, COTRUVO J A Jr, CHAN J, et al
Copper regulates cyclic-AMP-dependent lipolysis[J]. Nat Chem
Biol, 2016, 12(8): 586-592.

RAIA S, CONTI A, ZANARDI A, et al. Ceruloplasmin-deficient
mice show dysregulation of lipid metabolism in liver and adipose
tissue reduced by a protein replacement[J]. Int J Mol Sci, 2023,
24(2): 1150.

MANNELLA V, CHAABANE L, CANU T, et al. Lipid
dysmetabolism in ceruloplasmin-deficient mice revealed both in vivo
and ex vivo by MRI, MRS and NMR analyses[J]. FEBS Open Bio,
2023. DOI: 10. 1002/2211-5463. 13740.

KONO S. Aceruloplasminemia[M]/BHATIA K P, SCHNEIDER S A.
International review of neurobiology. Amsterdam: Elsevier, 2013:
125-151.

LIU Z D, WANG M, ZHANG C B, et al. Molecular functions of
ceruloplasmin in metabolic disease pathology[J]. Diabetes Metab
Syndr Obes, 2022, 15: 695-711.

CORRADINI E, BUZZETTI E, DONGIOVANNI P,
Ceruloplasmin gene variants are associated with hyperferritinemia
and increased liver iron in patients with NAFLD[J]. J Hepatol, 2021,
75(3): 506-513.

THEPSUWAN P, BHATTACHARYA A, SONG Z F, et al. Hepatic
SELIL-HRDI1 ER-associated degradation regulates systemic iron
homeostasis via ceruloplasmin[J]. Proc Natl Acad Sci USA, 2023,
120(2): €2212644120.

PATEL B N, DUNN R J, JEONG S, et al. Ceruloplasmin regulates
iron levels in the CNS and prevents free radical injury[J].
J Neurosci, 2002, 22(15): 6578-6586.

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

YURKOVA I L, ARNHOLD J, FITZL G, et al. Fragmentation of
mitochondrial cardiolipin by copper ions in the A4zp7h” mouse model
of Wilson's disease[J]. Chem Phys Lipids, 2011, 164(5): 393-400.
ARENAS DE LARRIVA A P, LIMIA-PEREZ L, ALCALA-DIAZ J F,
et al. Ceruloplasmin and coronary heart disease: a systematic
review[J]. Nutrients, 2020, 12(10): 3219.

FOX P L, MAZUMDER B, EHRENWALD E, et al. Ceruloplasmin
and cardiovascular disease[J]. Free Radic Biol Med, 2000, 28(12):
1735-1744.

et al

[Axgmig] 1ER]

Vol.44 No.1 Jan. 2024



