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Abstract

Copper homeostasis is essential for maintaining normal physiology, and its imbalance can
lead to impaired immune function, developmental delays, disrupted energy production, and
ultimately life-threatening consequences. In humans, disturbances in copper regulation are
well recognized and linked to various diseases. In contrast, understanding of copper
homeostasis in ruminants remains limited, and related research is insufficient. Ruminants
are particularly vulnerable to copper imbalance due to their restricted capacity for copper
excretion and the inhibitory effects of thiomolybdates on copper absorption. Recently,
increasing cases of chronic copper toxicosis have been reported worldwide, particularly in
dairy cattle, where excess copper may impair mammary epithelial cell function and
increase disease susceptibility. Such imbalances not only compromise milk production but
also exert broad negative impacts on the dairy industry. This review therefore explores the
regulatory mechanisms of copper homeostasis in ruminants, highlights its significance for
lactation physiology in dairy cow, and discusses its implications for the dairy industry.
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T2l(copper)i= Aol 421 vlgF aoln, thefgt A2{shy IHgo] Hofok= ofe a4E
o] BEAE ZHgRtTt. % 6o Ak} who] A, odA] AL A oAl A1 A, Z=H 4,
A A, 1E|a Alx e E R 22 ——r A2 71500 Holst, Al f et o< Td
9] &4 o= FR5HH1, 2. el & Aol o AFEH, S5 8] ARolA Lot
tHaL A 2] S Al Wl 8] 52 Zdchke TRt 29 9 24 dEidof| ofs)
HusH 289} #4002 CTR1(copper transporter 1) Al W 18] S0 Hofsial,
ATP7A(ATPase copper transporting alpha)2} ATP7B(ATPase copper transporting beta)=
T AlE W £ 9 HiEE "dolr, B ol 7 5o BEoE wigHtH4]. vEsEl
A ] ol EA ke 4= glom, 9], e BB, o] 4gRE-S B9 S5t

Z4H ) o5 "YE2 thiomolybdategh= EJAIE F4Jste] 1219 F4& Wdfsta, AW +
9] 284 715Z JARIHS]. 1 A3t BE]F - B4 opdo] Uehial, tiefet off A+t =
H T P B BEEECIA A Ad, U B2, 7 71 o, 2ol Zbdst T8y |y
71 Aot 5 AEURITHO-8l. oIt olf=E 9] HEgt AFet P ARl BEs e Y

O
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ARl At W9 7 /A, AAM S flel vl F85t

555 SolAE 53] AaolA v 718 S5 ARI7F o] =704 Barsar glom, 11
s Azt 3710k FAITH9, 10). I, GRS, vl= SollA o] davt 7 24 |+
B AR HAE IR AJHE EEEIL 9lom, of= ¥ ] =40 S0 3g= AL
S1H9,11,12]. £3] EAERI(Holstein) @ AR (Jersey) oA o]t @Ato] FrA|A e}
wWom, oz BxRtog= ZEAE Y] Fgo] ofg7] fize] F AEE B gt 2 B3]
9 YRlog AEHETH12,13]. o9 T2 EAl= BaE 7] Y 58700 tigh ¢4 =%
I} AREARI ofsfolA 7]QIgt AoE AtEHT.

Ao AT} EREE AXH §49 124 - 7158 dgE B9 575 BikeA 4 /4
g Pgolxls 54 AuA|ze] S4Bl gds] o|folxw, ARt 12| £ fA= 14
73 A|2] Wil BaAolcH14,15]. SHARL Tt ] a2 DA AT S FEst,
At AEYAS FTIIA F BAMIS AStAE ERE ofdet 8t 5 TR B &
UTH16,171. ol 18] A2 ApH o2 9 ikt a4, 54 Aot B4 88 23} 5 B4
ko] FogARl g3k 2stEg, A4 A U 2] 22 FEs| fAske Zlo] Fasi.
webA, 240 JHiE S840 YUY, 5 72 v 54 2 22 PAS 6 AU
A 19 2 FAsk BE7t Easith

olo] £ FAH2 W55 F2] P 24 71HE AXlsk, ol Hio R 240 vl Ao
A9 S84S5 1EstH, Yot Yu A ARt mAle J3kE =ostaAt gtk

Ol

1. YFSE W H2| e TH I

T e vIRe BE AESY B fAlol Al v YAR, ohfet A 2
o Fofol= BAEY] 2BAR AR FEl= Aol B9l IEEM, A ARl F5d
F ATP7A] o8] @R7= WEEtH1]. W& 2= albumin? e2-macroglobulin® 22 4+~&
/3 ThiZo] Agtole] 7to g 2HETH18]. ofF Al 9] 2= CYBRDI(cytochrome b reductase
D3} -2 metalloreductase©l] 2Ja U7} 2] o] (Cu") L= Sheix|ar, PF&utol| EAfol= 117
M3 78] 84 CTR1E Sl AlZ W2 Fdech AEd= S0 e 71 AHE Taldy
AdtotAY, 2423 @A metallothioneinoll At} ZH2 W 2|7} L 735 ATP7B
7t 99 HiEE Svisle] 95 &9l HIAEEE 19,20

AE Y2 4 e oot 2] o dde] 282 5o Aol fA19H g =0,
ATOX1(antioxidant 1 copper chaperone)¥t CCS(copper chaperone for superoxide dis-
mutase), COX17(cytochrome c oxidase copper chaperone)i} Z-& 2] AFE|E, T+ gluta-
thioned} 22 H|ehiid 27tto] Agsio] Al WolA ¥k ATOX12 215 ATP7A%}
ATP7BZ Ags}lo] lysyl oxidase, tyrosinase, ceruloplasmin & F+8&42] S EX13it}
CCSE 7-81& SOD1(superoxide dismutase 1)of] HEstod, 2|9 Alsleh B4 A==
LTS AACK: A} 2R 7]ofgit}. COX17-2 HEZEe]o} 7oA AAgA e &
A IVQl CcO(Cytochrome ¢ Oxidase)oll Te& ALEFOEHN AR oHA] B0l 5835 94T
2 3HHFig. 1)06,19,20].

TFe= vEERolA St EejEdle] Ados AHAFH thiomolybdate?t ERAIE F/Adeit
Thiomolybdates= A2 F=Eo] F2iet Ao ax H2je] 7H8/dS IA AsHAIXITH21,22].
231 Yol A thiomolybdatei= 018 713t 1212} Adtste] £8/44 XS F/dsHARL S8
TeJ7h SRR ko, FtEjet $A Aol EA] ¢k A thiomolybdate7} A4l S8HA= &5
wo] 7] AHER 54 5ol 2FE FEE FH2E 510 o529 S HAAXIH5,6,23].
CcO%} SOD1} 2= 2] 9 BAEE ofvA] B4 9 A} 2-ofl =40y, thiomolybdate
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Fig. 1. Schematic representation of intracellular copper distribution. Extracellular Cu?* is reduced
by metalloreductase. CTR1 recognizes Cu’ for uptake into the intracellular space. Once in the
cytosol, copper is distributed to copper chaperone proteins such as ATOX1, COX17 and CCS or
to glutathione (GSH). CCS delivers copper to SOD1, thereby facilitating antioxidant defense. ATOX1
transports copper to ATP7A/B in the trans-Golgi network, where it regulates copper efflux. COX17
directs copper into mitochondria and subsequently transfers it via COX11 and SCO1 to cytochrome
¢ oxidase (CcO), ultimately supporting mitochondrial energy production. CCS, copper chaperone for
superoxide dismutase.

7} o 549 ?Lﬂ"ﬂ AP o529 TAJo| ABHETH24,25]. o+ FEE LAS| A=
ARG G40 75E dAkE AR dBA QUTH21,26,27]. ol#et JFE 71 HolH,
thiomolybdate B4 —71:;5401 T o9& 3 BYE FAISK: H 2eFAS AlARI

HIESS0Me 72| iy S0 M2 delH2| X Fat

H}—r%fi H52 5% 1 i o] vl AlgkAelw, thiomolybdateo] 9Jsf 2] S=7F
Asfelo] 2] P 2ol ofHe2 A=t Y 2B Ash] A8 A= U Y B3
771 AEE W & 2 sk 2oRAIRE SAOl EHER, 3 An 22 A 4IA9
X §7 AdSote] 95|19 24 ] ARE 2T 4= QrH20,28]. dIE E°1, Hxt ejo] Agt
2 thiomolybdate-7-8] E3H4] &40l "ast 1e]9] kS 7HAA7|H, 1 23} 29 thiomolyb-
date7} AWE ©f Wo| FElo] Fef ZAd T &/ AARITH5,29]. olE BAlsH] Hsh
T FEE H& =011l ] APAE £Y AF T 7 FA0] HAT Yol SleH20]. AA|
E A AARCR Es] Ys-tolA 18] =4 AlRZE S7IskL o, EAERIT AA] FF0] 7FY
T QR w=rH12,13]. ol ] A B W' T tiAtel tigl ofsf F5at e
P9 8 thet /14 oA 7] §_ Ao HQlt}

T Y = WEsE A7l A4 %‘ﬁ tﬂﬂ FF= HHIH Y EFFS O

gt Zao] Be Aol F= ?cﬁP o8] 4 g FER6,30]. UZtelA= Menkes
B3 Wilson wo] di#4Ql 72 ¥ dgow ud ZJOH, H7)s FA, B et 5O IS
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BOITH31], WEE-BOAE Wilson 3k SA1H, b W T2 Z2o] AL o) 7o) Baig R
Sfo] Al APEE 2elsh, Bt A TSk Qlsk AL IApH R o QIEH32,33]. B 7
AP oS AL Wk Aol 2 e Ttk ol ATold el $4 A U
F2E Pulo] Wizoln], 3jo) 32 A R LA Jlofd 4 %gol BaIH14,16,17)
v, Ay 0] 7o 33 49 U UBEY AR oSl U wEEe vE
91om[34,35), 4ol Tl A 94 clft Bt ot 2B Wol, 9 240) 74
st 3] 75, Uobr} A4iel 2 Akt 2t olo] wet 24 Al Belold Feje] 44
SRS JUsH 2USHe AL AT AAES S Sus] Siek 94l dekos st

3. Rao| HIF 42

Ao g4 g2 2w W EE, 2], o], E=7], dill, IR fEER7lel 2A
AR OR AP B sk o, 3R g AH, f44 891 9 34 270
JUsH Aot 2dEn:. A g dAl oF o A A UlollA ARREH, AR
A AgEAe] YYHIL 7 g 2 Aol olv] 712AR] WY T2} 2EolA 9le
™ 7162 42 Qs Aot 4719 o] Eolle # 7-20] 2 S4o] EEs] s
I, gRTERe Ao g Wdo] 71EalETH36,37]. ARTlolls AlAERAN ZR2AAHE 2H|
off o8] & F27F A=A Ho= YT - TS, A AR dee] SAEEAM fA 3ol
st YAVle fA T 2HAR] AV|R, oAERA, DRANHE, Teed 5 Sel
O] 1G] wt 2R-2A -2 o] 240 JiAlEY. of Alele ©d, A, 73 e
2ol $43] SV, TIARIT 75 2HIE A% Bk 9l 22 F9kE ARATH38,39].
B Solle ZRAAEE 7t HAadhs ¥ TR F2EE AT ERo] LASIAHA
Al A S A A 242 A AR ZHI7F olFe1InH40,41]. r7lole A%
ARl 2t A=0] SAEA 2RIE sl A WEe A6, A7 v o HEE oAE
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