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Abstract
Copper is an essential trace element in animals and humans. However, excessive intake of copper can cause copper ions to 
accumulate in tissues and organs of animals, leading to copper toxicity. Copper ions induce apoptosis and autophagy through 
oxidative stress–mediated mitochondrial dysfunction. In addition, copper induces cell death by targeting lipoylated tricarbo-
xylic acid (TCA) cycling proteins, termed cuproptosis. In recent years, copper cytotoxicity studies have attracted attention. 
In addition, the number of cases of copper toxicity in animals has been increasing over the past years due to environmental 
pollution and overdose from copper feed supplements. Therefore, a comprehensive understanding of copper toxicity and 
the metabolism of copper ions can aid in devising strategies for preventing copper toxicity. This review introduces the tissue 
and organ toxicity and cytotoxicity caused by copper toxicity and reviews the metabolism of copper ions in tissues, organs, 
and cells. The paper also reviews the clinical cases and animal experiments of copper toxicity in recent years. Finally, the 
preventive and curative measures for copper toxicity and the future challenges are also discussed. The general objective of 
this paper is to provide a reliable reference for copper toxicity prevention.
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Introduction

Copper is a trace element found in nature [1]. In 1921, sci-
entists identified the occurrence of copper in animals and 
insects [2]. Since then, scientists have gradually begun to 
explore the function of copper in animals [3]. Nowadays, 
people are much more aware of copper. Copper is distributed 
in various tissues and organs in the animal body, such as the 
liver, kidney, heart, bones, nerve cells, and hair [4]. Cop-
per participates in hematopoiesis, the growth, and develop-
ment of nerve cells in animals. It is also a cofactor of many 
metalloenzymes, including cytochrome C oxidase [5] and 
phosphodiesterase [6]. Furthermore, copper participates in 
maintaining normal metabolism in the animal body by bind-
ing to enzymes [7].

Studies have shown that copper deficiency can lead to 
some animal diseases. Copper deficiency in small ruminants 
leads to delayed estrus, abortion, congenital ataxia, and 
infertility. Copper deficiency in layers affects the formation 
of lysine-derived cross-links, which constitute the biochemi-
cal and mechanical properties of eggshell membranes [8]. 
But excessive copper can lead to copper toxicity in animals 
[9]. In 1948, Marston et al. experimentally studied the effects 
of copper excess on mature Merino and Border-Leicester 
sheep. The results of the experiments showed significant 
differences in the response of the two breeds to copper over-
dose, with Border-Leicester sheep dying almost entirely 
after the first hemolytic crisis, while Merino sheep were 
better tolerant of copper excess intake [10]. After years of 
studies, in 1969, scientists recognized chronic copper toxic-
ity as a nutritionally harmful animal disease [11]. However, 
the specific doses for different animals and the causative 
mechanisms of copper toxicity were unknown.

Copper Toxicity

Copper toxicity can cause diarrhea, abdominal pain, liver 
dysfunction, and hemolysis in animals [12]. In 1970, 
researchers conducted experiments on sheep and observed 
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that excess copper caused gastrointestinal lesions [13]. The 
mechanisms of toxicity by trace elements include caus-
ing protein aggregation, which could affect biological 
processes [14]. Copper toxicity can be chronic or acute, 
depending on the degree of exposure. Reported cases 
of acute copper toxicity are mainly through accidental 
ingestion of copper-containing preparations (copper sul-
fate, basic copper chloride) [15]. Chronic copper toxicity 
is mainly through excessive intake of copper in the diet, 
feeding errors in the diet, overuse of copper supplements, 
and the presence of genetic diseases with gene mutations.

Chronic Copper Toxicity

Chronic copper toxicity is caused by excessive intake of 
copper in animals over a long time [16]. It is divided into 
two phases. The first is the copper accumulation period, 
which spans from a few weeks to more than a year, and 
the animals have no obvious poisoning symptoms. In the 
second stage, the animal appears to refuse to eat for a short 
period of time, moves slowly, has sunken eyes, and devel-
ops a yellowish discoloration of the visible mucous mem-
branes [17]. In 1976, Soil et al. were the first to discover 
morphological changes in the erythrocytes of sheep with 
chronic copper toxicity, confirming the plausibility of the 
phenomenon of hemolysis [18]. Chronic copper toxicity 
primarily affects the liver [19, 20]. When the liver’s ability 
to process copper is overwhelmed, chronic copper toxicity 
occurs, manifesting itself as an acute hemolytic crisis in 
which the liver releases excess copper, causing hemolysis 
of red blood cells [20].

Cooper et al. performed autopsies on four rabbits, three 
females and one male, suffering from copper toxicity. The 
researchers observed fresh blood in the abdominal cavity, 
ruptured liver hemorrhage in the male, and acute intravas-
cular hemolysis and hemoglobinuric nephropathy in two 
females. The highest copper residue in the liver of the rabbits 
was 1250 mg/kg, and the lowest concentration was 532 mg/
kg [21]. Giadinis et al. found signs of hemolytic disease with 
neurological involvement in sheep diagnosed with chronic 
copper toxicity. Treatment involved regulating copper intake, 
while sodium sulfate and ammonium molybdate were added 
to the sheep’s diet to alleviate the copper toxicity symptoms 
[22]. In one study in Israel, an intake of 250 mg/kg copper 
caused classical clinical signs of copper toxicity in several 
cows, and 20 cows died within 4 days [23].

Chronic copper toxicity is characterized by a group 
nature, with a long incubation period, but no obvious symp-
toms are observed in the early stages of chronic copper tox-
icity. If the source of the excess copper cannot be identified 
in time in animals, group illnesses can easily occur, resulting 
in serious economic losses.

Acute Copper Toxicity

Acute copper toxicity is rare and is usually seen when large 
amounts of copper-containing compounds, such as copper 
sulfate and copper acetate, are ingested over a short time. 
The severity of acute copper toxicity is closely related to the 
amount of copper ingested. Mild cases present with gastroin-
testinal symptoms. In severe cases, gastrointestinal bleeding, 
endogenous hemolysis, acute kidney injury, and death may 
occur [24]. Giergiel et al. investigated a case of copper toxic-
ity due to ingestion of bedding soaked in copper sulfate solu-
tion, a disinfectant, in 2-day-old turkeys. Necropsy revealed 
the presence of wood chips in the gastrointestinal contents, 
numerous lesions in the digestive tract, erosion, deep ulcers, 
and severe congestion on the surface of the muscularis pro-
pria. The copper levels in the liver were more than seven 
times the normal level [15]. Dash and other autopsies have 
found that acute copper toxicity causes acute renal failure, 
and excessive copper intake is directly toxic to renal tubular 
cells. Acute copper toxicity causes gastrointestinal bleeding 
and circulatory failure [25]. Some studies have found that 
whole-blood copper concentrations strongly correlate with 
the severity of acute copper toxicity. However, no strong 
correlation exists between serum copper concentrations and 
the severity of the toxicity [26].

Over the past nearly 100 years, there have been differ-
ent animal clinical cases and animal experiments reporting 
chronic copper toxicity and acute copper toxicity, which 
are summarized in Table 1. It can be seen that most of the 
research reports are chronic copper toxicity. The pathologi-
cal changes of copper toxicity in different types of animals 
are mostly liver and kidney lesions, and clinical symptoms 
mainly include developmental delay and diarrhea. Up to 
now, only a few cases of acute copper toxicity in animals 
have been reported. In intensive farming farms, animal feeds 
are managed carefully; thus, the probability of sudden exces-
sive intake of copper is low.

Toxicity Analysis

The reasons for copper toxicity in animals include copper 
intake and the animal’s own factors such as species, age, 
and genetics [33]. Accumulation of copper in tissues causes 
several damages, including hepatotoxicity, nephrotoxicity, 
neurotoxicity, and cytotoxicity [34].

Hepatotoxicity

The liver is the main organ for storing copper and plays 
an important role in maintaining copper homeostasis. The 
same ingested copper by the animal organism is mainly 
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distributed by the liver, which acts as a copper center. When 
the ingested copper exceeds the hepatic threshold, it triggers 
the release of hepatic copper, allowing it to further affect 
other organs. The main reason for hepatotoxicity is that the 
accumulation of Cu in the liver may lead to oxidative dam-
age by overproduction of reactive oxygen species (ROS) 
which induces a variety of cell deaths such as autophagy, 
apoptosis, and necrosis. Further, the changes that occur in 
the cells can further affect the function of the liver. Cop-
per accumulation in the liver also may cause liver fibrosis 
[35]. Excess copper in the body accumulates in the central 
lobe area of the liver. The hepatotoxicity of copper has been 
demonstrated in several studies in different animals. Chronic 
exposure to elemental copper has been found to induce sig-
nificant hepatotoxicity in animal studies [36–38]. Copper 
exposure–induced hepatotoxicity also involves multiple 
signaling pathways and several types of cell death, such as 
mitochondrial dysfunction apoptosis and cuproptosis [39, 
40]. Li et al. experimentally confirmed that copper expo-
sure leads to mitochondrial dysfunction and hepatotoxic-
ity by inducing oxidative stress and PERK/ATF4-mediated 
endoplasmic reticulum stress [41]. Zhong et al. reported that 
FDX1-mediated proteolipid acylation and proteotoxic stress 
were indeed involved in copper-induced hepatotoxicity in 
chickens.

The experimental results showed that the mRNA and 
protein levels of FDX1 were significantly up-regulated 
and the levels of lipoylated-DLAT and oligomerization of 
lipoylated-DLAT were significantly increased under the 
treatment of a high-copper environment, which corroborated 
the idea of cuproptosis proposed by Tsvetkov et al. [36]. In 
addition, Sutunkova et al. noticed significant dystrophic and 
progressive necrotic changes in liver hepatocytes of mice 
exposed to copper oxide nanoparticles [42].

Nephrotoxicity

The kidney is involved in the circulation and excretion of 
toxins, including excess copper [43]. Copper excretion 
mainly occurs in the bile; only a small amount of copper 
is excreted in the urine [44]. In 1989, Fuentealba et al. 
used 6-week-old male mice in a 16-week high-copper 
feeding experiment. At week 4, copper ions accumu-
lated rapidly in the kidneys of the mice, and irreversible 
nuclear damage occurred after a threshold was reached. 
Also, this experiment demonstrated nephrotoxicity due 
to copper overdose [45]. In addition to the common cop-
per oxide particles, copper nanoparticles are also widely 
used as livestock and poultry feed additives. In 2012, Liao 
et al. found that copper nanoparticles induced extensive 
renal proximal tubular necrosis in rat kidneys, accompa-
nied by elevated blood urea nitrogen and creatinine [46]. 
Elevated serum creatinine and urea levels are indicators Ta
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of nephrotoxicity [47]. Regarding the molecular mecha-
nism of CuSO4-induced nephrotoxicity, Dai et al. showed 
that CuSO4 exposure up-regulated the activity and mRNA 
expression of some enzymes [37]. Currently, research-
ers have experimentally demonstrated that resveratrol, 
among others, has a positive effect on copper-induced 
nephrotoxicity [47]. Sara et al. experimentally demon-
strated using chickens that excessive copper intake causes 
nephrotoxicity and that intake of cinnamon extract and 
probiotics ameliorate copper-induced nephrotoxicity [48]. 
Gopinath et al. designed experiments and found that in 
copper-poisoned sheep, the copper content in the kid-
neys rose during the prehemolytic phase, and necrosis, 
degeneration, and changes in enzyme activity occurred 
in renal tubular cells during the hemolytic phase. A large 
amount of hemoglobin appeared in the renal tubular cells 
[49]. Khalid et al. found that gavage intake of 300 mg/
kg of copper oxide nanoparticles caused hepatotoxicity 
and nephrotoxicity in Wistar rats. However, resveratrol 
protects against CuONPs-induced hepatotoxicity and 
nephrotoxicity. The results showed that copper oxide sig-
nificantly increased ALT, AST, creatinine, and urea levels 
and caused kidney injury [47]. Copper accumulation in 
the kidney leads to glomerular and tubular dysfunction, 
causing hemoglobinuria [49].

Neurotoxicity

Copper is well-known to be necessary for the develop-
ment and function of the nervous system. Several studies 
have suggested that excess copper may have neurotoxic 
effects, but the mechanism of neurotoxicity is unknown. 
Zhu et al. detected the relationship between ROS and mito-
chondrial autophagy in the hypothalamus of mice treated 
with high copper. The experimental results showed that 
high concentrations of copper sulfate caused histopatho-
logical and neuronal alterations in the hypothalamus of 
mice, produced a large amount of ROS, induced mitochon-
drial autophagy, and led to an imbalance in mitochondrial 
division or fusion [50]. Yu et al. explored the effects of 
long-term exposure to basic copper chloride (TBCC) 
on neurotoxicity, using Sprague–Dawley rats grouped 
to give different doses of TBCC treatment. The results 
showed that excessive TBCC induced cognitive dysfunc-
tion in rats; at 12 weeks, the number of nidus vesicles in 
the hippocampus was decreased, and the balance of neu-
ronal mitochondrial division or fusion was disrupted [51]. 
Through microscopic examination, Howell et al. found that 
astrocytes in sheep suffering from chronic copper toxic-
ity were deformed, while neuroglial disorganization was 
observed in the brain, reflecting the neurological damage 
of copper toxicity [52].

Cytotoxicity

ROS are a by-product of normal mitochondrial metabolism 
within the cell and homeostasis in vivo. It is also a signal 
molecule, but when its levels are elevated, it causes lipid, 
protein, and DNA damage [53]. Excess intracellular copper 
will induce ROS production via the Fenton and Haber–Weiss 
reactions [43]. Tchounwou et al. found that excess copper 
induces stress genes and also causes mitochondrial dysfunc-
tion by reducing mitochondrial transmembrane potential and 
ATP levels [54]. In 2022, Tsvetkov et al. demonstrated that 
copper-induced cell death is regulated by mitochondrial 
ferredoxin 1 (FDX-1)-mediated lipid acylation of proteins. 
Copper can induce cell death by targeting lipoylated tricar-
boxylic acid (TCA) cyclins, which is a newly discovered 
form of cell death that the researchers named cuproptosis 
[55]. Autophagy is a catabolic mechanism associated with 
lysosomes. The main role of autophagy in cells under normal 
conditions is to maintain intracellular trophic homeostasis, 
whereas transitory autophagy leads to autophagic cell death 
[56]. Copper has been found to bind to the autophagy-regu-
lated kinases ULK1 and ULK2, and this binding is required 
for kinase activity. In addition, altering intracellular cop-
per levels can modulate the kinase activities of ULK1 and 
ULK2, thereby affecting the autophagic process [57].

Copper Absorption and Metabolism

Copper Absorption and Metabolism in Ruminants

The rumen microbiological system of ruminants has an 
important influence on copper absorption [58]. The presence 
of Cu–Mo–S interactions in ruminants affects copper absorp-
tion [59]. In the rumen of ruminants, only 5% of copper is 
absorbed, of which more than 90% is excreted [60]. In addi-
tion, Van Beest et al. measured essential trace elements in the 
blood, liver, kidney, and hair of red deer (Cervus elaphus). 
Copper and zinc concentrations were found to be positively 
correlated with metallothionein 1 (MT1) mRNA expression 
levels in red deer liver and with the age of the red deer [61]. 
In 1995, researchers studied copper metabolism in cattle using 
Angus, Simmental, and Charolais cattle. The study found that 
Angus cattle had higher plasma copper concentrations and 
ceruloplasmin activity than Charolais and Simmental cattle in 
the absence of copper supplementation and that Angus bulls 
performed better in terms of copper uptake and retention [62]. 
Different breeds of sheep have different copper tolerance lev-
els [63]. It can also be concluded from the analyses of the case 
reports that sheep are the animals most likely to suffer from 
copper toxicity. Worldwide, more cases of copper toxicity in 
sheep have been reported, resulting in heavy economic losses. 
In addition, ruminants are most susceptible at a young age, 
when the milk does not pass through the rumen, so copper 
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is absorbed more efficiently, accumulates more quickly, and 
is more likely to occur [64]. The production of sulfide in the 
rumen of ruminants reduces the availability of copper in for-
age [58]. Sheep cannot increase bile secretion to promote cop-
per excretion in response to increased copper intake. Sheep 
are intolerant to excess dietary copper due to an impaired 
ability to excrete copper in bile, leading to accumulation of 
copper in the liver and, eventually, hepatotoxicity [63]. Oruc 
et al. found widespread jaundice, yellow liver, kidney hyper-
trophy, and hemorrhage in sheep following autopsy. Serologic 
examination of the animals revealed high concentrations of 
copper in the serum. The farmer described the existence of a 
factory in the vicinity of the sheep house, and the investigators 
highly suspected that the sheep had inhaled dust or ingested 
copper-contaminated vegetation, which led to copper toxic-
ity [65]. Early stages of copper toxicity in ruminants have no 
obvious clinical signs, and there is a risk of mass outbreaks if 
they are not detected in time.

Copper Absorption and Metabolism in Non‑ruminant 
Animals

Non-ruminants including pigs, poultry, and dogs have a 
higher tolerance for copper than ruminants including cat-
tle, sheep, and deer. Copper toxicity is not likely to occur 
under normal feeding conditions. At present, a case report of 
a 2-year-old male mongrel dog suffering from acute copper 
toxicity has been reported, and laboratory investigations have 
revealed significantly elevated copper levels in the liver of 
3530 ppm, well above the laboratory reference interval of 120 
to 400 ppm [29]. Huang and other researchers experimentally 
administered copper sulfate orally to chicks and observed 
changes in the cecum depending on the length of time. Spe-
cifically, there was detachment of the cecum mucosa from 
90 days of copper sulfate intake [66]. Hashem et al. set up 
an experiment on copper toxicity in broiler chickens. The 
chickens were divided into five groups, one was fed 300 mg/
kg of copper sulfate in basal ration for 7 weeks. No death 
occurred during the experimental period. However, some 
of the chickens showed mild diarrhea, decreased appetite, 
and pallor [67]. Copper is a highly effective supplement for 
swine, but long-term intake of copper feeds causes toxic cop-
per accumulation [68]. Li et al. experimentally investigated 
copper toxicity dosage in porcine testes and showed that, 
on the one hand, copper exposure promoted apoptosis and 
induced autophagy. On the other hand, apoptosis caused a 
decrease in the antioxidant capacity in the testes [69]. Even 
though a high copper diet promotes piglet growth, excessive 
copper intake can lead to color changes in the pig’s intestines, 
mostly darkening. Ma and other researchers found that cop-
per levels in intestinal pig samples significantly exceeded the 
national standard [70].

Organ and Tissue Copper Metabolism

The process of copper absorption and metabolism is similar 
across different animals. Copper is absorbed from the stom-
ach to the distal small intestine [71]. The most important 
site of absorption is the first section of the small intestine, 
the duodenum. Only a small fraction of the copper in food 
is fully soluble in the stomach, while most copper ions are 
absorbed in the small intestine. After entering the small 
intestine through the enterohepatic circulation, copper ions 
are transported to the liver via the hepatic portal vein [72]. 
Copper is mainly stored in the liver, and excess copper is 
excreted from the body mainly through bile or feces [53]. 
A small portion is excreted in sweat and urine. The flow of 
copper metabolism in tissues and organs is shown in Fig. 1.

Intercellular Metabolism

The process of copper transport between tissues is shown in 
Fig. 1. Intercellular transport of copper ions is facilitated by a 
number of enzymes and copper-binding proteins [55, 73, 74].

Ceruloplasmin is a key target of mammalian copper 
homeostasis and copper-related copper ion transporter car-
riers. CTR 1 transports monovalent copper ions into the cell 
[75]. CTR1, present in both yeast and mammalian cells, is 
a high-affinity copper transporter characterized by high 
structural and functional stability [76]. Cytb converts diva-
lent copper ions to monovalent copper ions [77]. Atox-1 is 
responsible for the translocation of copper to ATP7a and 
ATP7b in the trans-Golgi [78]. COX can use copper for 
oxidative phosphorylation and mitochondrial function [5]. 
Plasma copper cyano-proteins (CP) are the main carriers of 
copper transported in the blood. Other carriers of copper 
in the circulation include amino acids and albumin, which 
transport copper for use in individual tissue cells [75].

Copper ions are not directly absorbed in the small 
intestine but need to bind to the enzyme metalloreductase 
(STEAP), where they are first converted to cuprous ions 
before absorption [79]. Cuprous ions enter small intestinal 
epithelial cells via members of the solute carrier family, cop-
per transporter carrier (CTR1), or copper transporter carrier 
(CTR2) [80]. CTR1 is a homo-trimeric protein that trans-
ports copper across the plasma membrane with high affin-
ity and specificity, driving copper absorption in the animal 
intestine [81]. In addition, copper ions can be transported 
to small intestinal cells via the divalent metal transporter 
(DMT1), a compensatory mechanism when copper uptake 
by CTR1 is insufficient [82]. After entering the cell, copper 
or cuprous ions bind to copper chaperone proteins, which 
transport copper to various locations such as the cytoplasm, 
mitochondria, Golgi apparatus, and nucleus [73]. In mito-
chondria, copper ions are required for the production of ATP 
by the respiratory chain. COX17 is a mitochondrial copper 
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chaperone that assembles cytochrome oxidase in mitochon-
dria and has an important role in maintaining mitochondrial 
copper homeostasis [50]. ATOX1 binds to cuprous ions in 
hepatocytes and transports them to the copper-transporting 
ATPase in the Golgi apparatus [83]. In the Golgi, cuprous 
ions bind to ATP7A/ATP7B and later expel copper ions from 
the cell via ATP7A/ATP7B [84, 85]. Copper efflux from 
cells is dependent on the copper efflux carriers ATP7A and 
ATP7B, both of which are critical in maintaining copper 
homeostasis [78]. Mutations in ATP7A and ATP7B cause 
Menkes disease and Wilson disease. ATP7A and ATP7B 
are regulated by a variety of factors. Copper metabolism 
MURR1 structural domain 1 (COMMD1) is an independent 
system that regulates ATPase quality control and promotes 

the degradation of ATP7A and ATP7B. On the other hand, 
COMMMD1 can bind to the N-terminus of ATP7B to pro-
mote copper excretion from hepatocytes [86]. Intracellular 
metallothionein and glutathione chelate copper ions to pro-
mote intracellular copper efflux [87]. Copper transport from 
the epithelial cells of the small intestine to the biliary tract 
is shown in Fig. 2, and the specific metabolism of copper in 
hepatocytes is shown in Fig. 3.

Clinical Diagnosis

Clinical symptoms of acute copper toxicity are nausea, vom-
iting, epigastric pain, and diarrhea. Chronic copper toxicity 
presents with mental depression, anorexia, and jaundice, 

Fig. 1   The process of absorption and metabolism of copper ions. 
Copper ions are absorbed through the epithelial cells of the small 
intestine and pass through the portal circulation into the liver for stor-

age and utilization, where they reach distant tissues via the circula-
tion. Excess copper ions enter the bile ducts and are excreted through 
the bile
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among other symptoms. Hemolysis occurs in both acute and 
chronic copper toxicity [88]. By analyzing cases of copper 
toxicity with hemolysis and hemoglobinuria nephropathy in 
Boer goats, Bozynski and other researchers found that chronic 
copper toxicity remains subclinical until the copper content 
exceeds the hepatic reserve threshold, where it is released 
from the surrounding tissues. At the same time, external stim-
uli such as traveling for a long distance, pregnancy, and stren-
uous exercise can lead to the rupture of copper lysosomes, 
releasing copper from the liver. Clinical symptoms of acute 
copper toxicity include abdominal pain, diarrhea, vomiting, 
anorexia, dewatering, and shock. Pathologic autopsy revealed 
dark brown changes in the kidneys of the goats, and the blad-
der contained dark reddish-brown urine [23]. Hemolysis due 
to chronic copper toxicity has also been studied. Fernandes 
et al. found that when excess copper in plasma enters and 
binds to hemoglobin, it causes the formation of methemo-
globin and lipid peroxidation, resulting in hemolysis [89].

The clinical signs of acute and chronic copper toxicity are 
partially similar. Acute copper toxicity has a short course, 
and cattle can die in a short time after ingesting too much 
copper. There is an incubation period for chronic copper tox-
icity, with no obvious clinical symptoms in the early stages 
of the disease. In clinical diagnosis, copper toxicity needs 
to be differentiated from other events, such as aflatoxin or 
cotton phenol intake toxicity. A common diagnostic method 
for copper toxicity is the determination of copper concentra-
tions in the serum or plasma of poisoned animals. Chronic 

copper toxicity only occurs when large amounts of copper 
are released into the serum when copper levels exceed the 
critical level, and this is accompanied by an increase in liver 
enzyme activity. Therefore, the monitoring and diagnosis 
of early chronic copper toxicity is very difficult, and better 
diagnostic methods still need to be further explored.

Prevention and Treatment

Prevention

The prevention of copper toxicity in animals mainly relies 
on limiting copper intake. In addition, some researchers have 
also found experimentally that regulating the ratio of rel-
evant elements in the feed can also prevent copper toxicity. 
Harker et al. designed feeding experiments with high-cop-
per diets incorporating molybdenum salts, which revealed 
that the addition of ammonium molybdate to concentrate 
feeds may be an effective method of reducing the risk of 
nutritional copper toxicity in housed sheep [90]. Dietary 
zinc supplementation effectively prevents copper toxicity 
in sheep arising from feeding [33]. Gooneratne et al. used 
sheep in their experiments and found that copper toxicity 
could be prevented or treated by intravenous injection of 
thiomolybdate in moderate doses [91]. In addition, zinc 
acetate was applied to a case of hepatic copper toxicity in 
dogs, where a significant decrease in the concentration of 
copper in the liver was observed [92].
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Fig. 2   The specific process of copper absorption and systemic metab-
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Treatment

By 1981, whether and how various mineral elements interact 
with the body of ruminants had not yet been demonstrated. The 
hypothesis that molybdate reacts with sulfides in the rumen to 
form thiomolybdate was put forward by Gooneratne et al., who 
investigated whether thiomolybdate could be used to prevent 
and treat copper toxicity in sheep by intravenous injection. The 
results showed that a weekly intake of 100 mg of thiomolyb-
date is safe [91]. However, exceeding this dose causes diarrhea. 
Humann-Ziehank et al. designed a long-term copper overdose 
experiment to observe changes in subclinical outcomes caused 
by chronic copper toxicity. The results showed that chronic cop-
per toxicity occurred in sheep at 3.7 mg/kg for 84 days. The 
researchers also observed an increase in the liver’s ability to 

store copper in response to excessive copper intake. Thiomolyb-
date intake itself does not cause harmful effects in animals [93].

The clinical diagnosis of copper toxicity is based on ele-
vated copper concentrations in the liver and kidneys. Measur-
ing copper concentrations in tissues of animals with hemolytic 
disease can further define the cause of the disease and exclude 
other causative factors. Researchers have suggested that 
measuring molybdenum concentrations in tissues can further 
determine whether copper toxicity is secondary or primary. 
Clinical cases of copper toxicity in sheep are common, and 
severe copper toxicity is associated with low cure rates and 
severe economic losses. Detecting subclinical forms of copper 
toxicity can prevent the risk of outbreaks of copper toxicity in 
populations. Minervino et al. found that 300 mg/kg dry mat-
ter (DM) of zinc helped to prevent excessive accumulation 

Fig. 3   Transport of copper ions in hepatocytes. Copper ions enter 
the cell via CTR1 and bind to different intracellular proteins such as 
ATOX1, COX17, and SOD. The ions are excreted via ATP7B. Cop-
per metabolism is a very complex process, and this diagram only 

shows some of the processes. However, it is worth noting that, unlike 
small intestinal epithelial cells, ATP7B is mainly expressed in hepato-
cytes
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of copper in the liver of sheep [94]. Hidiroglou et al. treated 
sheep with chronic copper toxicity by supplementing the feed 
with 0.1 g ammonium molybdate plus 1 g sodium sulfate in 
regimen I and penicillamine sulfate 50 mg/kg orally in regi-
men II. Copper excretion was monitored during the treatment 
period. The results showed a significant and sustained increase 
in copper excretion during the supplementation period. Feed 
supplementation with molybdenum and sulfur was very effec-
tive in promoting copper excretion and significantly reduced 
mortality [95]. Dietary supplementation with zinc and copper 
reduces copper accumulation in the liver of animals. High 
concentrations of molybdenum, selenium, and iron in feed 
reduce the absorption of copper in ruminants [96].

In conclusion, the prevention and treatment of chronic 
copper toxicity depends on the monitoring of hepatic cop-
per during animal feeding; if copper accumulation or copper 
overload is detected at an early stage, the feed structure needs 
to be adjusted in a timely manner, and in severe cases, penicil-
lamine can be ingested to detoxify the animal. The duration 
for acute copper toxicity is short, the mortality rate is high, 
and because there is no reliable therapeutic solution, treatment 
of acute copper toxicity still needs further exploration.

Future and Outlook

In the extended sense of copper toxicity, the occurrence of cop-
per toxicity in food animals is a food safety concern. Dairy 
products or meat from copper-poisoned cows can lead to copper 
toxicity in humans. Scientists are constantly developing safer 
copper-containing additives, such as lysine and glutamic acid-
copper chelates, to avoid copper toxicity or environmental pol-
lution. Current research on the monitoring and accumulation 
of trace elements in animals has shed light on the mechanisms 
of toxicity caused by excess trace elements. Accompanying 
research can provide effective prediction and prevention of 
toxicity caused by the accumulation of trace elements. How-
ever, the mechanisms behind the pathological changes and 
clinical symptoms caused by excess trace elements in the body 
are poorly understood. In addition, research on the metabolic 
mechanisms of copper toxicity will improve not only the under-
standing and knowledge of copper toxicity in animals but also 
in studying diseases related to copper metabolism disorders, 
such as Wilson’s disease and Menk’s disease. The pathogenic 
mechanisms of copper toxicity remain to be explored further.
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