
Redox Biology 75 (2024) 103256

Available online 28 June 2024
2213-2317/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).

Invited Review 

Deadly excess copper☆ 

Judith Sailer a, Judith Nagel a, Banu Akdogan b, Adrian T. Jauch a, Jonas Engler a, 
Percy A. Knolle c, Hans Zischka a,b,* 

a Institute of Toxicology and Environmental Hygiene, Technical University Munich, School of Medicine and Health, Munich, Germany 
b Institute of Molecular Toxicology and Pharmacology, Helmholtz Munich, German Research Center for Environmental Health, Neuherberg, Germany 
c Institute of Molecular Immunology and Experimental Oncology, Technical University Munich, School of Medicine and Health, Munich, Germany   

A R T I C L E  I N F O   

Keywords: 
Wilson disease 
Acute copper toxicity 
Mitochondria 

A B S T R A C T   

Higher eukaryotes’ life is impossible without copper redox activity and, literally, every breath we take bio-
chemically demonstrates this. However, this dependence comes at a considerable price to ensure target-oriented 
copper action. Thereto its uptake, distribution but also excretion are executed by specialized proteins with high 
affinity for the transition metal. Consequently, malfunction of copper enzymes/transporters, as is the case in 
hereditary Wilson disease that affects the intracellular copper transporter ATP7B, comes with serious cellular 
damage. One hallmark of this disease is the progressive copper accumulation, primarily in liver but also brain 
that becomes deadly if left untreated. Such excess copper toxicity may also result from accidental ingestion or 
attempted suicide. Recent research has shed new light into the cell-toxic mechanisms and primarily affected 
intracellular targets and processes of such excess copper that may even be exploited with respect to cancer 
therapy. Moreover, new therapies are currently under development to fight against deadly toxic copper.    
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ANT adenine nucleotide translocase 
Atox1 antioxidant protein 1 
ATP adenosine triphosphate 
ATP7A/B P1B-type adenosine triphosphatases (ATPases) 
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Ccs copper chaperone for SOD1 
COX cytochrome c oxidase copper chaperone 
CP ceruloplasmin 
CSF cerebrospinal fluid 
CTR1 copper transporter-1 
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DNA deoxy ribonucleic acid 
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EM electron microscopy 
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MEK mitogen-activated protein kinase 
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Steap Six-transmembrane epithelial antigen of prostate 
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1. Introduction 

Copper is an essential biochemical trace element, with a typical 
intracellular concentration of 70 μM in eukaryotic cells [1]. However, 
due to its protein affinity and its redox-active properties, it can become a 
severe cellular toxin, if not kept inert. Toxic tissue copper overload 
mostly occurs in the genetic disorder Wilson’s disease [2–4], but cases of 
direct copper salt intoxications either by inhalation, ingestion or skin 
contact have been reported as well [5]. Whereas the metal is rather 
harmless [6], its oxidized salts can damage proteins, subcellular struc-
tures, whole cells and tissues [7]. Copper salts are typical ingredients of 
fungicides, ceramics, fireworks, emetics, and burn ointments [5,6]. 
Accidental ingestion or attempted suicide are the most common causes 
of acute copper poisoning in humans. In contrast, chronic copper 
overload diseases, e.g. Wilson’s disease (WD) and Indian childhood 
cirrhosis, may initially manifest with milder symptoms that, however, 
become severe and possibly deadly when mechanisms of compensation 
fail. In Wilson disease, liver dysfunction is a prime consequence of excess 
copper deposition, but also neurologic deficits (frequently termed 
neurologic WD) occur in about half of the affected WD patients. 

Acute and chronic copper intoxication have many symptoms in 
common, the main difference being the rate of copper accumulation 
with consequential different disease courses and organ to organ varia-
tions. This article reviews our current knowledge on deadly toxic cop-
per. It shall provide an overview on physiological copper homeostasis in 
liver and brain and cellular copper handling. We review mechanisms 
and subcellular targets of toxic excess copper and will focus on the 
clinical manifestations of either acute or genetically caused chronic 
copper intoxication. 

2. Systemic copper distribution 

The recommended dietary copper intake by the Food and Nutrition 
Board of the Institute of Medicine, National Academics from USA and 
Canada in adults is 0.9–1.3 mg of Cu per day, and its intestinal daily 
uptake is estimated to be around 1 mg, originating from either nutrition 
or being recycled [8–10]. Dietary copper is mainly taken up in the 
proximal part of the small intestine and reaches the liver via the portal 
vein that decides its further distribution [10]. In the case of copper need, 
the oxidized metal is incorporated into (serum) ceruloplasmin (CP), a 
ferroxidase responsible for the oxidation of Fe2+ to Fe3+ [11,12]. CP was 
previously considered to transport 90 % of the copper present in the 
serum, while more recent data suggest a lower contribution, around 
50–70 %. The remaining circulating copper is mainly bound to albumin, 
α2-macroglobulin or, to a lesser extent, to low molecular weight com-
pounds [13,14]. From the blood, Cu can be taken up by other organs like 
the brain, heart and kidney [15], whereat their tissue concentrations 
may greatly differ (Table 1). 

In cases of Cu surplus, the liver is the key organ for Cu excretion into 
bile and feces. Up to 1 mg of copper is daily excreted, thus balancing the 
daily copper uptake via nutrition [15]. 

3. Cellular copper turnover 

Due to its chemistry, enabling a reversible switch from cuprous Cu+

to cupric Cu2+, copper is a vital cofactor for redox enzymes in meta-
bolism. To date, 54 copper-binding or -transporting proteins have been 
identified, a rather small fraction of the human proteome, but 
comprising vital proteins, e.g., mitochondrial cytochrome c oxidase 
[17]. A variety of different copper enzymes and binding proteins, the 
latter termed Cu-chaperones, are needed to tightly bind copper and 
regulate copper homeostasis. This tight binding is essential, as free, i.e., 
aqueous, copper ions would otherwise be severely harmful to cells. In 
this latter case, spontaneous changes of the Cu redox state would trigger 
the formation of cell toxic reactive oxygen species (ROS), among them 
most destructive hydroxyl radicals with a lifetime of nanoseconds and 
thus very short reaction rates [18]. The prerequisite for cells to keep 
copper inertly bound throughout has been substantiated by calculations 
from Rae et al. The authors demonstrated that intracellular copper 
would have to rise by a factor of 109 for the existence of just one un-
bound copper atom per cell, i.e., free copper does not exist in the cell [1]. 

Cupric Cu2+ may be taken up by the divalent metal transporter 1 
(DMT1) [19,20]. However, the large part of copper is taken up by the 
copper transporter-1 (CTR1) [21] for which it first needs to be reduced 
to cuprous Cu+ by cell surface residing reductases (DCYTB, Steap 2, 3 
and 4) [22,23]. CTR1 transports Cu+ in a high-affinity manner (KD ~ 
10− 14 M [24]) [25,26]. 

Upon cellular uptake, copper is delivered to its target sites (Fig. 1). 
Thereto, CTR1 delivers copper to the copper chaperone antioxidant 
protein 1 (Atox1) or to a low molecular weight copper ligand (CuL) [26]. 
It has been postulated (but not yet validated) that the latter transports 
copper to mitochondria. Here, solute carrier family 25 member 3 
(SLC25A3), a phosphate carrier, may be responsible for copper transport 
into mitochondria [27]. In the mitochondrial intermembrane space, 
copper metalizes superoxide dismutase 1 (SOD1) with the help of the 
copper chaperone for SOD1 (Ccs) [28,29]. Furthermore, CuL delivers 
copper to cytochrome c oxidase copper chaperone 17 (COX17), which 
passes it on to COX11 and the synthesis of cytochrome c oxidase SCO2, 
which in turn deliver copper to COX1, whereas SCO1 supports the 
transfer of copper from SCO2 to COX1. [30,31]. 

Atox1 may also transfer copper to the copper transporting ATPases 
ATP7A and ATP7B located in the membranes of the trans Golgi network 
(TGN) and secretory vesicles. There, Cu is incorporated into the copper- 
dependent enzymes ceruloplasmin, dopamine beta hydroxylase, 
peptidyl-glycine alpha amidating monooxygenase, tyrosinase and lysyl 
oxidase [32,33]. Excess copper in the cytosol is chelated by metal-
lothioneins for storage [34]. 

ATP7A and ATP7B are the key players in the regulation of intracel-
lular copper homeostasis. They belong to the family of P1B-type aden-
osine triphosphatases (ATPases) that hydrolyze ATP for Cu transport, e. 
g., across the membrane into the lumen of the TGN. ATP7A and ATP7B 
share 56 % of sequence identity and consist of six N-terminal metal- 
binding domains, eight transmembrane domains and four cytoplasmic 
domains [35]. Despite their similarity, the two Cu transporters fulfill 
different tasks in the body, as their trafficking pathways lead them from 
the TGN to different sites of the cellular membrane: ATP7A reaches the 
basolateral membrane of some polarized cells, while ATP7B can be 
found on the apical membrane [36]. In enterocytes, ATP7A mediates 
vesicular transport of Cu from the TGN to the basolateral side of the cell, 
from where it is released into the portal vein bound to albumin. [37]. In 
contrast, within hepatocytes, surplus copper is transported into the TGN 
via ATP7B, to be enclosed in late endosomes that may fuse with lyso-
somes [38]. Upon vesicular fusion with the apical membrane, copper is 
transported into the bile canaliculi to be excreted into feces [38,39]. In 
cases of copper requirements, copper gets either incorporated into 
mitochondria via copper chaperones or, with the help of ATP7B, into 
apo-ceruloplasmin, forming holo-CP that is involved in systemic copper 
transport [40]. 

Table 1 
Copper amount and concentration in the body [15,16].  

Sample Weight [kg] Concentration [μg/g given in wet weight] Amount 

Blood 5.38a 0.08 ~0.43 mga 

Brain 1.76 4–5 8.8 mg 
CSF 0.15 0.0056 ~0.84 μga 

Heart 0.32 5 1.6 mg 
Kidney 0.3 each 4–12 3.2 mg 
Liver 1.8 5.5 9.9 mg 
Spleen 0.15 1.5 0.23 mg  

a Calculated for an average person with a body weight of 70 kg and 150 mL 
cerebrospinal fluid (CSF). 
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ATP7A and ATP7B have a complementary expression pattern. While 
ATP7B is highly abundant in the liver, ATP7A can be found in the ma-
jority of other tissues, albeit a very low hepatic expression in adults. Co- 
expression of both is reported for the brain, kidney, lung and placenta 
[37,41,42]. 

A higher catalytic turnover of ATP7A (about six-fold faster than 
ATP7B [43]) ensures efficient export of excess copper. Its increased 
presence in several tissues, including intestine, heart and spleen, upon 
copper excess might indicate a potential protective mechanism against 
Cu overload in these tissues [37,43]. Indeed, ATP7A was reported to be 
augmented in duodenum of ATP7B impaired Wilson disease patients 
with copper overload, plausibly collaborating with a diminished CTR1 
abundance as potential compensatory mechanism of the enterocytes 
against a high copper load [44]. A further example for protective ATP7A 
action is given by Kim et al., who observed elevated ATP7A in the liver 
upon cardiac copper deficiency in mice. The authors hypothesized, that 
such increased ATP7A may alleviate cardiac deficiency by elevating 
copper serum concentration [45]. 

4. Mechanisms of copper toxicity 

4.1. Oxidative stress 

Oxidative damage is frequently considered a prime cause of copper- 
induced cell damage and death [46–48]. This assumption is due to the 
propensity of dissolved copper ions to catalyze hydroxyl radical for-
mation in the presence of peroxides via Fenton reactions [49]. 

Fenton Reaction: 

Cu2+ +O•−
2 → Cu+ + O2  

Cu+ +H2O2 → Cu2+ +OH− + OH•

Hydroxyl radicals are oxidants of enormous potency (E0 = +2.33 V, 
pH 7 reduction potential) that can instantaneously react with, e.g., 
amino acids to deter protein function, especially tyrosine, cysteine, 
methionine and tryptophan [50]. Apart from the direct reaction with 

DNA and RNA [51], their reaction with fatty acids leads to the formation 
of reactive aldehydes or lipid peroxides, which in turn can form adducts 
with DNA or amino acids in proteins [52–54]. However, such formation 
of hydroxyl radicals by Fenton chemistry would require the presence of 
accessible copper ions. As mentioned, intracellular copper is not “free” 
in cells and its amount would have to rise several orders of magnitude to 
cause such reactivity [1]. This means that the cellular copper binding 
capacities and binding partner copper affinities are overwhelming 
[55–57] and that cells thereby compensate for excessive copper up to 
high levels without overt pathological findings [58,59]. Moreover, 
considering the reducing intracellular environment with an average 
potential of − 0.25 V [60] and the fact that Cu2+ must be reduced by 
membrane reductases prior to CTR1-mediated cellular import [61–63], 
intracellular copper can be assumed to be in its cuprous state (Cu+) [64], 
since the oxidation potential needed to oxidize Cu + to Cu2+ lies at 
+0.153 V [65]. Together, this clearly questions uncontrolled copper 
related Fenton chemistry as prime cell-toxic mechanism of copper 
overload. Furthermore, a recent study by Falcone et al., 2023 demon-
strated that even if hydroxyl radicals are produced via Cu-GSH/cysteine 
thiol cycling (Fig. 2), they are not released to induce lipid peroxidation 
or DNA damage but rather react with neighboring thiols of the cluster 
and thus preventing their release [66]. 

Nevertheless, there are numerous data on oxidative damage in the 
livers of WD patients as well as in WD animal models and in animal 
models with experimentally induced copper overload. Several studies 
using samples from WD patients have found decreased glutathione 
(GSH) levels, pro-mutagenic DNA adducts, and especially evidence of 
lipid peroxidation [67–73]. Interestingly, patients in all of these studies 
were in end-stage liver disease or had severe pathology (neurologic 
deterioration, acute fulminant liver disease), indicating that the 
observed oxidative damage rather is a late consequence due to over-
whelmed defense mechanisms than the prime cause of copper driven 
cellular toxicity. In fact, one study in WD patients correlated a decreased 
antioxidant capacity and increased lipid peroxidation in serum with the 
severity of the patients’ disease [72]. Such late appearance of oxidative 
stress markers upon progressive copper overload argues for a scenario in 

Fig. 1. Copper is taken up into hepatocytes via DMT1 or after reduction by the STEAP proteins by CTR1. Cuprous copper is then bound by ATOX1, which delivers 
copper to the TGN. Here, ATP7B mediates either incorporation into ceruloplasmin for further distribution in the body via circulation or excretion via the bile. Copper 
transport to the mitochondria occurs via an unidentified copper ligand (CuL), which delivers copper to the uptake transporter SLC25A3. Thereupon, with help of 
several copper chaperons, it gets either incorporated into the CuA/B sites of the cytochrome c-oxidase (COX1) or into the superoxide dismutase 1 (SOD1). Created 
with BioRender.com. 

J. Sailer et al.                                                                                                                                                                                                                                    



Redox Biology 75 (2024) 103256

4

which, upon exhaustion of local copper binding capacities, catalytic 
copper amounts may attack intracellular sites, but it does not argue, 
however, for oxidative stress as main driver of copper overload toxicity. 
In agreement, in a recent review, we compared diverse experimental 
treatments in copper overload WD rats. From the therein cited reports it 
appeared that treatments using copper-binding compounds were ther-
apeutically effective whereas merely anti-oxidative treatments were not, 
or at best of minor effect [74]. Furthermore, this concept of conse-
quential oxidative stress, emerging upon defense exhaustion, can be 
challenged by scenarios of acute copper intoxication, without strongly 
elevated protective metallothioneins, e.g., as in copper-overload WD. 
Indeed, Ossola et al. found increased lipid peroxidation in rat liver ho-
mogenates as early as 3 h after a single s.c. CuSO4 injection (2 mg/kg 
body weight) with a peak at about 6 h [75]. In parallel, the GSH content 
of the tissue also decreased reaching its minimum value at 12 h. How-
ever, lipid peroxidation and GSH levels returned to control levels as 
early as 48 h after injection [75]. Thus, copper induced oxidative stress 
may be a prime mechanism of damage in acute copper poisoning sce-
narios, but in the copper overload WD, such damage appears late in the 
disease progression, when the delicate counterbalance of 
copper-binding partners and anti-oxidative defense is exhausted. This 
comes with two consequences: First, local intracellular hotspots of less 
tightly bound/accumulating copper are of concern and second, fur-
ther/other copper-related toxicity mechanisms must be responsible for 
the progressive cellular damage in WD. 

4.2. Cuproptosis, copper toxicity induced by a Cu2+ ionophore 

The chemotherapeutic adjuvant elesclomol recently regained 

attention. This bis(thiohydrazide) amide compound chelates extracel-
lular Cu2+ in a 1:1 ratio. Nagai et al. found a decade ago that elesclomol 
transports Cu2+ ions directly into the mitochondria of cancer cells, 
where it is reduced to Cu+, triggering mitochondrial oxidative stress [76, 
77]. 

Based on these findings, Tsvetkov et al. further studied the mecha-
nism of Cu-elesclomol induced cell death [78]. They coined the term 
cuproptosis to indicate that it differs from other cell death modalities. In 
contrast to this, Gao et al. were able to block Cu-elesclomol induced cell 
death in colorectal cancer cells (SW480 and DLD) by the addition of 
ferrostatin-1, a potent inhibitor of ferroptosis [79]. 

Cuproptosis, as described by Tsvetkov et al., is characterized by 
mitochondrial copper accumulation due to the ionophore elesclomol 
resulting in copper-induced proteotoxic stress [78]. It occurs primarily 
in cells using oxidative phosphorylation as their main energy provider 
and inhibition of FeS-cluster synthesis was observed in their study [78]. 
Furthermore, lipoylation, a post-translational modification that is 
currently thought to be restricted to four enzymes involved in/around 
the TCA cycle, appears to be a key target in this process. Oligomerization 
of the lipoylated protein DLAT, a subunit of the pyruvate dehydrogenase 
complex, occurred in cells treated with Cu-loaded elesclomol [78]. 
Intriguingly, this protein oligomerization/aggregation was suggested by 
the authors to cause a gain of function of these citrate cycle associated 
proteins, leaving the question open of a connection to the loss of 
iron-sulfur proteins and how it ultimately leads to cell death [78]. 
Conversely, the cytotoxicity of elesclomol as a cancer drug has been the 
focus of research for decades. Indeed, the central hypothesis is that 
elesclomol delivers copper directly into the mitochondria, as also 
observed by Tsvetkov et al. [76,79]. There, however, the released Cu2+

Fig. 2. Mechanism of Cu-catalyzed ROS production. In presence of dioxygen and a reducing agent (Red) copper may catalyze the activation of oxygen by cycling 
between its cuprous and cupric redox state. Possible reducing agents are ascorbate (AscH), glutathione (GSH) and cysteine (Cys). Figure taken from “Revisiting the 
pro-oxidant activity of copper: interplay of ascorbate, cysteine, and glutathione” by Falcone, E. et al. Metallomics. 2023 Jul 10; 15(7): mfad040. https://doi.org/10. 
1093/mtomcs/mfad040 with permission (open access, distributed under the terms of the Creative Commons CC BY). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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appears to be reduced, mainly by ferredoxin 1 [80], and this process 
generates ROS in the mitochondria [79], resulting in ROS-mediated cell 
death [81]. Moreover, it has been shown that the presence of 
elesclomol-Cu in the mitochondria of cancer cells (MDA-MB-435 mela-
noma cell line and HL-60 leukemia cell line) can facilitate the redox 
cycling of copper and thus generate ROS [76]. 

Thus, the mode of cell death mediated by copper-containing ele-
sclomol is still controversial, ranging from ROS-mediated cell death, 
protein toxicity, ferroptosis to cuproptosis and maybe a special form of 
copper related toxicity due to the non-physiological Cu2+ provision by 
elesclomol. 

4.3. Protein toxicity 

In 2009, Macomber and Imlay showed that copper encompasses the 
ability to directly inhibit bacterial enzymes – independent of oxygen, 
damaging thereby mainly iron-sulfur clusters of dehydratases [82]. 
Zischka et al. demonstrated in 2011 that proteins are direct targets of 
copper by binding to thiol residues and plausibly leading to 
cross-linkage of membrane proteins [59]. Such direct protein attack can 
be demonstrated by the copper elicited mitochondrial membrane 
permeability transition (MPT) in isolated mitochondria. Here, this event 
is not triggered by lipid peroxidation/oxidative damage but by inter-
action with thiol groups in critical mitochondrial membrane proteins, e. 
g., the adenine nucleotide translocase (ANT) [83,84]. Addition of 
thiol-containing compounds (dithiothreitol, glutathione) blocked such 
copper-induced MPT [83]. This latter finding was further substantiated 
by Borchard et al., who identified mitochondrial thiols as important 
targets of copper toxicity. In their study, free thiols of liver and brain 
mitochondria were depleted by copper in a dose-dependent manner 
[85]. Interestingly, the sensitivity of mitochondria to copper-induced 
MPT varies from organ to organ, and differences in their GSH level 
correlate with the sensitivity to copper-induced MPT [85]. The protec-
tive role of GSH in this scenario was further confirmed by 
Saporito-Margina et al., who demonstrated the independence of copper 
induced cell death from oxidative stress and showed protein aggregation 
by copper in in vitro analysis. The authors hypothesize copper to trigger a 
heat shock response due to protein aggregation, only to be prevented by 
GSH [86]. 

In addition, a recent study demonstrated that copper toxicity in 
bacteria is caused by protein aggregation and protein unfolding under 
anaerobic conditions, i.e., not by the production of reactive oxygen 
species [87]. A four-fold molar excess of Cu+ ions was able to unfold 
citrate synthase and aggregation appeared in vivo, despite the presence 
of high endogenous GSH levels. Both redox states of Cu were able to 
cause a loss of protein structure and function in vivo. Cuprous copper 
might promote protein aggregation in proteins containing thiol residues, 
while cupric copper preferentially affected charged proteins [87]. 

Thus, there is convincing evidence for direct protein-toxic copper 
damage that appears to especially target most vulnerable proteins in the 
mitochondrial compartment [59]. 

4.4. Nuclear receptor (NR) signaling 

Transcriptomic studies in various WD animal models enabled the 
identification of key biological processes affected by copper overload. 
Among them, activation of the cell cycle and cell division and inhibition 
of lipid metabolism were most prevalent [88]. Further analysis of the 
signaling pathways affected by copper overload revealed significant 
depletion of the nuclear receptors (liver X receptor LXR, retinoid X re-
ceptor and farnesoid X receptor) [88] all three of which are involved in 
transcriptional regulation of genes associated with lipid metabolism 
[89–91]. Excess copper reduced the expression of NRs and binding to 
their target sequences in vitro [92,93]. The sensitivity of NRs to excess 
copper is based on their specific DNA-binding motif - the NR zinc-finger. 
Here, Zn ions are coordinated by four sulfhydryl groups provided by two 

C-X-X-C motifs. Similar motifs are responsible for the specific linear Cu+

coordination in the copper chaperone ATOX-1 and also in the copper 
transporters ATP7A and ATP7B [94,95]. The interference of copper with 
NR-mediated signaling networks was confirmed in a recent transcrip-
tional network analysis that identified four specific clusters of NRs 
affected in Atp7b knockout mice, an important WD animal model [96]. 
This study revealed four additional transcriptional activator clusters that 
include non-NR zinc finger transcription factors also influenced by 
chronic copper overload [96]. Thus, copper excess affects global cellular 
transcription by interfering with zinc finger-based transcriptional reg-
ulators, particularly NRs. In the Atp7b knockout mice, restoration of NR 
signalling ameliorated the pathological phenotype albeit still having 
significant liver copper overload [97], highlighting the importance of 
impaired NR signalling in chronic copper overload toxicity. 

4.5. Interference with intracellular signaling 

The importance of copper as an essential intracellular signaling 
modulator is increasingly recognized [98,99]. Disturbed cellular signal 
transduction must therefore be considered as a further potential mech-
anism of copper overload toxicity. Copper can affect a variety of cellular 
signaling pathways at nearly every level of the signaling cascade: In 
neurons, copper has been shown to modulate brain-derived neuro-
trophic factor signaling by directly binding to this factor, affecting its 
conformation, and thereby binding to its cognate receptor [100]. Also, a 
direct binding of copper to SH residues in the epidermal growth factor 
receptor has been discussed, possibly leading to structural changes and 
dimerization of the receptor with activation of its receptor kinase ac-
tivity [101]. 

In addition, studies in various cell lines showed, that the epidermal 
growth factor receptor is phosphorylated by cellular copper treatment, 
leading to downstream activation of mitogen-activated protein kinase 
(MEK) and extracellular-signal regulated kinase (ERK) [101–103]. One 
suggested mechanism may be the inactivation of receptor tyrosine 
phosphatases by direct copper binding, as all tyrosine phosphatases 
contain vulnerable SH residues [101–104]. More recent data indicate 
that copper may interfere with receptor tyrosine kinase (RTK) mediated 
signaling: deletion of copper transporter 1 resulted in reduced ERK 
activation after cellular exposure to various RTK ligands [105]. It also 
has been shown that deficiency of CTR1 greatly reduces SOD1 levels (up 
to 17-fold), thereby reducing H2O2 formation, which is known to act as a 
cofactor in ligand-induced RTK activation [105]. Similar data were re-
ported in another study for CTR1-deficient Drosophila and mice, which 
both exhibited decreased MEK-1 activity with reduced ERK phosphor-
ylation [106]. The authors demonstrated direct binding of copper to 
MEK-1, resulting in enhanced MEK-1-driven ERK phosphorylation in a 
dose-dependent manner [106]. Copper-induced MEK-1 activation pro-
motes tumorigenesis in certain cancers [107,108]. Interestingly, 60 % of 
Long-Evans Cinnamon (LEC) rats, a model of Wilson’s disease, survive 
copper overload-induced acute hepatitis and develop chronic (long--
lasting) hepatitis with subsequent liver cancer. In Atp7b knockout mice, 
the development of cholangiocarcinoma at older ages has been reported 
[109,110]. Furthermore, pharmacological copper depletion might serve 
as cancer therapy in triple negative breast cancer cells [111,112]. 
Inactivation of complex IV by copper deficiency and thus reduction of 
oxidative phosphorylation triggers AMP activated protein kinase acti-
vation, which further leads to a reduced invasion. In addition, copper 
serves as a cofactor for lysyl oxidase 2, which is secreted by some breast 
tumors to create a stiffer extracellular matrix to form “pre-metastatic 
niches,” and the lack of copper also leads to decreased secretion of lysyl 
oxidase 2, further reducing metastasis [112]. 

Thus, chronic copper overload appears to be a high risk factor for 
cancer, indirectly by causing chronic inflammation in the liver, but also 
directly, via affecting several cellular signaling pathways. 
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4.6. Zinc-dependent enzymes 

Zinc is a critical cofactor in more than 300 different enzymes 
encompassing all seven known enzyme classes [113]. The provision of 
Zn for metal loading to these enzymes depends on its distribution 
through binding to metallothioneins (MT). Copper is capable of dis-
placing bound Zn from Zn-MT (EC50 (Cu) = 1.93 mM, EC50 (Zn) = 8.06 
mM) [114], excess copper therefore leads to a high ratio of bound 
copper to zinc in MT, which limits the Zn provision to Zn-dependent 
proteins such as sorbitol dehydrogenase, since this enzyme receives Zn 
from MT [96,115,116]. Phenotypic similarities between Atp7b knockout 
mice with copper overload and Zip14 Zn deficient mice, in terms of 
abnormalities in hepatic glucose metabolism, for example impaired 
gluconeogenesis, further validate that copper overload may inhibit 
Zn-dependent enzymes [92,117]. For a detailed review, see Barber et al. 
[118]. 

4.7. Interference with iron homeostasis 

Metabolic pathways of copper and iron are closely intertwined. Di-
etary copper and iron are absorbed in the duodenum. Iron deficiency 
increases enterocytic ATP7A expression (increased copper efflux to the 
portal vein), whereas copper deficiency leads to decreased hephaestin 
activity, a copper-dependent ferroxidase that blocks nutritional iron 
uptake [119–122]. Dietary copper excess, on the other hand, was shown 
to inhibit iron absorption in the intestines of rats and pigs [123,124]. 

In the liver, the copper-dependent ferroxidase ceruloplasmin (CP) 
mobilizes iron via ferroportin and thereby facilitates its incorporation 
into transferrin by oxidation of Fe2+ to Fe3+ [125]. Loss of CP function 
therefore leads to iron accumulation in the liver and other organs, 
accompanied by decreased circulating iron, which manifests itself in 
various clinical symptoms such as diabetes mellitus, liver damage, mild 
anemia and neurodegeneration [126–128]. Such secondary iron accu-
mulation can be found in copper burdened livers of patients with 

untreated Wilson disease, which may worsen the clinical course of the 
liver disease by accelerating the progression of fibrosis and scarring 
[129]. 

5. Targets of copper toxicity 

5.1. Mitochondrial copper toxicity 

Intracellular copper is essential for cellular bioenergetics and sur-
vival as it is a cofactor of the mitochondrial enzyme cytochrome c oxi-
dase (CcO). The metal loading of CcO occurs within mitochondria [130]. 
Therefore, a constant mitochondrial copper supply is ensured by copper 
chaperones delivering the metal to CcO, driven by increasing copper 
affinity [55]. Indeed, based on studies in yeast, mitochondria are 
thought to be the intracellular copper store [131,132]. Moreover, 
analysis of rat liver tissue by atomic absorption spectroscopy showed 
that the copper binding capacity of mitochondria was second only to the 
cytosolic protein fraction [133]. When cellular copper load is elevated, 
mitochondrial copper levels in particular increase to cope with such 
excess [59,131]. By treating rats for six weeks with a daily intraperito-
neal injection of 1.25 mg copper/kg body weight, i.e., a six-fold physi-
ological excess for an average size rat (intake of ca. 0.2 mg/kg b.w. 
copper), the mitochondrial fraction (including lysosomes) of the liver 
showed the highest increase in copper (three-fold increase, whereas in 
other compartments copper did not significantly increase) [134]. 
Mitochondria are therefore an early target for increased copper intake, 
while the nuclear fraction is primarily affected upon longer treatment 
periods. [134]. 

As repeatedly observed in liver samples from WD patients, the 
increased copper load has a destructive effect on the mitochondrial ul-
trastructure, provoking elongations, deformations, vacuolar and crys-
talline inclusions, and cristae dilatations (Fig. 3) [135–138]. Abnormal 
hepatic mitochondria were found in early disease stages of animal 
models of WD as well, but also in copper-intoxicated animals [39,58,59, 

Fig. 3. Copper induced mitochondrial structure alterations in WD rat livers. A Electron micrographs of liver in situ. Diseased WD rats have altered liver mitochondria 
with electron translucent widened cristae (arrows) and detached outer membranes (arrowheads). B Electron micrographs of isolated rat liver mitochondria from the 
same animals. Mitochondria from the diseased animal are structurally altered compared to mitochondria from heterozygous control animals. Membrane de-
tachments, membranous inclusions and dilated cristae are apparent. Pictures adapted from Einer, C. et al. Gastroenterology. 2023 Jul; 165(1):187–200.e7. https 
://doi.org/10.1053/j.gastro.2023.03.216 with permission. 
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110,139–141]. The observed functional and morphological changes in 
mitochondria correlated with the level of mitochondrial, but not general 
liver copper content, and were reversible by reducing mitochondrial 
copper load using copper chelators [58,59,136,137], again marking 
mitochondria as a prime target of copper toxicity. 

Brain mitochondria appear to be especially susceptible to elevated 
copper [142]. Compared to isolated mitochondria from liver, kidney and 
heart, lower copper doses initiate a loss of the mitochondrial membrane 
potential and ultrastructural changes in isolated brain mitochondria 
[85]. Furthermore, a dose-dependently decreased ability to produce 
ATP was observed for mitochondria of the SHSY5Y cell line (neuro-
blastoma), already at comparatively low copper challenges, but not for 
mitochondria from the U87MG cell line (astroglioma) [85]. 

Ultrastructural defects of copper-loaded mitochondria are associated 
with functional deficits: WD patients with end-stage liver disease were 
found to have reduced activity of the electron transport chain complexes 
in liver homogenates [67]. Animal models of WD and experimental 
copper overload also showed progressive and significant impairment of 
ATP production capacity and electron transport chain complex activity 
[58,59,141,143]. Interestingly, these structural and functional mito-
chondrial defects have been found without evidence of severe oxidative 
damage already at early disease stages and were rather attributed to the 
protein-toxic property of copper [58,59,143]. 

5.2. Inhibition of autophagy and mitophagy 

In one study focused on WD patients, 12 out of 22 patients had no, or 
only mild, mitochondrial abnormalities despite symptoms of liver dis-
ease [137], arguing for further intracellular copper targets. Indeed, such 
absence of abnormal mitochondria was attributed to the occurrence of 
lysosomal copper sequestration [137]. Goldfischer and Sternlieb detec-
ted copper to be diffuse in the cytoplasm of hepatocytes at early stages of 
WD, along with abnormal mitochondria. However, when fibrosis and 
cirrhosis were the predominant symptoms of WD liver damage, copper 
was mainly found in the lysosomes of the hepatocytes [144]. In several 
animal models of copper overload, an increased number of pleiomorphic 
lysosomes was observed [39,139,140,145,146]. One of these studies 
found additional electron dense material consistent with copper in ly-
sosomes [140]. Myers et al. demonstrated that in rat liver upon a 10-fold 
increase in copper, hepatic lysosomes exhibited various morphological 
abnormalities, increased in number, and were filled with 
copper-containing material [145]. Lysosomal copper storage was also 
observed in the Atp7b-deficient LPP rat and LEC rat, both models of WD, 
and hepatocytes from LPP rats, as well as ATP7B-deficient HepG2 cells, 
showed morphological changes in lysosomes [146,147]. Thus, chronic 
copper overload targets the lysosomal compartment, especially in later 
stages of WD. 

Polishchuk et al. reported sequestration of damaged mitochondria 
containing high levels of copper as a major source of lysosomal copper, 
indicating autophagic degradation of copper loaded mitochondria 
(mitophagy). The authors further showed that copper treatment of 
ATP7B-deficient cells induced mitophagy and general autophagy. Inhi-
bition of autophagy by the specific inhibitor spautin-1 increased 
apoptosis in vitro in ATP7B-deficient cells and liver injury animals [146]. 
This indicates an intertwined targeting of mitochondria and lysosomes 
by excess copper, either by increased elimination of mitochondria in the 
lysosomal compartment or, vice versa, by copper dependent blocked 
lysosomal activity avoiding mitochondrial renewal. 

Induction of autophagy or an increase in autophagic flux by copper 
can also be detected in wild-type liver cells and non-liver tissues and cell 
lines [146,148–150]. Recently, it has been shown that binding of copper 
to the pro-autophagic kinases Unc-51-like autophagy-activating kinase 1 
and 2 dose-dependently increases their kinase activity in vitro and can be 
blocked by copper depletion at the cellular level [151]. Thus, copper 
directly induces autophagy via activation of pro-autophagy intracellular 
signaling pathways, which may balance copper overload to some extent. 

However, upon excess, such a protective mechanism may be limited, as a 
common feature in WD patients and in WD animal models is the 
appearance of highly copper-loaded, defective mitochondria [58,59,67, 
138,141]. Interestingly, mitochondrial ANT is a critical regulator of 
mitophagy induction [152] and is required for inhibition of the prese-
quence translocase TIM23, which leads to stabilization of PINK1 in 
response to mitochondrial membrane depolarization. The rat ANT has 
four cysteine residues, three of which are located in loops facing the 
matrix side where interaction with TIM23 occurs [153]. These cysteine 
residues appear to be sensitive to copper-catalyzed formation of inter-
molecular disulfide bridges, which could affect interactions with TIM23 
and thus PINK1-induced mitophagy [84,153]. Thus, on a hypothetical 
level, excess copper might target the cysteine residues of the ANT, 
thereby hampering mitochondrial renewal and explaining the omni-
presence of damaged organelles in livers of WD patients and WD animal 
models [58,59,67,138,141]. 

The appearance of damaged, copper-laden mitochondria in lyso-
somes further suggests that copper may also impair cellular autophagic 
flux by damaging the lysosomal compartment as well. Indeed, lysosomal 
membranes from copper-stressed animals exhibited reduced fluidity, 
high levels of lipid peroxidation, and altered lipid composition, similar 
to membrane damage in copper-stressed mitochondria [145]. Indeed, 
parallel to such membrane damage, cells and animals lacking ATP7B or 
loaded with high copper concentrations exhibit lysosomal dysfunction, 
e.g., decreased lysosomal acidification and enzyme activities [145,146]. 
Such an increased lysosomal pH could be a direct consequence of copper 
accumulation, as the vacuolar H+-ATPase, responsible for lysosomal 
acidification, can be blocked in vitro by the formation of intramolecular 
disulfide bonds, e.g., by copper induced thiol-oxidative protein damage 
[154]. 

5.3. Target sites of copper toxicity in the central nervous system 

Compared to liver, the mechanisms of copper toxicity in the brain are 
much less understood, in part because there is no animal model for acute 
copper toxicity in the brain, and only a few for chronic copper toxicity. 
In the brain, astrocytes appear to be somewhat equivalent to hepato-
cytes since they store copper and are remarkably resistant to copper 
toxicity because of high levels of MT 3 and 4, as well as high levels of 
GSH, that even increase upon copper elevation [155–157]. Astrocytes 
are the first parenchymal cells to be exposed to various metals via the 
blood brain barrier and an increased metal exposure can induce the 
expression of protective GSH and MTs [158,159]. 

A recent report found that copper rarely accumulates in neurons in 
WD patients, but does accumulate in large amounts in oligodendrocytes 
[160]. The latter appear to be sensitive to elevated copper levels, 
responding with the formation of edema and demyelination [142,161]. 
Nevertheless, neurons are also very sensitive to copper toxicity because 
they synthesize only small amounts of GSH and rely on protective cop-
per storage in astrocytes. Moreover, co-culturing of astrocytes and 
neurons increases GSH production in the latter in vitro and in vivo, the 
former provide a GSH precursor to neurons, supporting neuronal GSH 
synthesis. [162]. Astrocytes thereby help neurons to resist against cop-
per stress, but also mediate neuronal mitochondrial repair by transfer of 
healthy mitochondria to them [163–165]. This may further protect 
neurons from copper overload, as their mitochondria have been 
demonstrated to be exceptionally vulnerable to toxic copper overload 
[85]. This vulnerability may especially affect dopaminergic neurons in 
the substantia nigra as they have extremely high energy requirements. 
Therefore, an energy crisis due to mitochondrial dysfunction could 
result in extensive damage to these cells [166], which might also become 
relevant in chronic or acute copper intoxication, since mitochondria are 
a prime target of copper. 

Of particular interest in the brain is protein-toxic copper, demon-
strated to interact with the prion protein [167], amyloid precursor 
protein and huntingtin, and therefore possibly being involved in 
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pathologies like spongiform encephalopathy, Alzheimer’s disease [168, 
169] and Huntington’s disease [170]. Copper dyshomeostasis has also 
been suggested as determining contributor to Parkinson disease by 
causing a decrease of specific binding sites of dopamine D2 receptors, 
which was shown by an in vitro binding assay (40–60 % reduced binding 
of the dopamine antagonist [3H]spiperone) [171,172]. This reduction in 
binding D2 receptor binding sites might be one trigger of the observed 
symptoms [171]. 

Thus, while mitochondria and lysosomes are prime targets for copper 
toxicity, especially in the brain, its protein toxicity may be of major 
concern as well. 

6. Acute copper intoxication 

Being essential, the recommended amount of copper for adults is 
0.9–1.3 mg of copper per day and varies according to food choices and 
dietary habits [9]. Acute copper toxicity results from the accumulation 
of excess amounts of copper (~8–10 mg Cu /kg body weight) [173]. 
Accidental ingestion or attempted suicide are typical for rare cases of 
acute copper toxicity in human patients reported. In addition, copper 
salts can also be inhaled or absorbed through the skin, as they are widely 
used in a variety of fungicides, ceramics, fireworks, emetics, and burn 
ointments [5]. Acute poisoning with copper salts provokes symptoms 
such as vomiting, gastrointestinal bleeding, cardiac arrhythmia, 

hypotension, acute kidney damage and acute hepatitis [174]. The 
intoxication with copper causes haemolytic anemia within the first 
24–48 h upon ingestion by binding of copper to erythrocyte haemo-
globin with oxidation of the heme group and the appearance of meth-
aemoglobin [175]. On the second to third day, the liver starts to fail due 
to mitochondrial dysfunction, which is followed by kidney failure on the 
third to fourth day [175]. Kidney damage is triggered by a combination 
of direct copper toxicity on the proximal tube, inducing necrosis and 
pre-renal damage due to dehydration (caused by vomiting and diarrhea 
before) and haemolysis [5,176]. In addition, liver damage may lead to 
the hepatorenal syndrome, that has a high mortality rate if not diag-
nosed early [177]. 

6.1. Acute copper toxicity in humans 

Excessive copper consumption in suicidal attempts has been 
described in the literature (Table 2). Other case reports have described 
exposure to high copper concentrations as a result of tap water 
contamination, which led to irreversible liver failure in exposed patients 
(Table 2). 

6.2. Rodent models of copper toxicosis 

In animal studies, the consequences of excessive copper intake by 

Table 2 
Cases of acute copper toxicity in humans.  

Model Sex, Age Dose, Route Analysis Clinical manifestations, Treatment and Outcome Reference 

Copper 
toxicity 
in 
human 

Male, 26 
yr-old 

Ingestion of 
approximately 30 g of 
copper sulfate 

Blood tests, pulse 
rate, ultrasonography 
of organs, 
neurological 
examination 

Several complications such as 
haemolysis, acute kidney injury, 
erosive gastritis with upper 
gastrointestinal bleeding, 
methaemoglobinaemia and 
hepatitis 

The patient treated with d- 
penicillamine (DPA) (500 mg 6 hourly) 
until serum copper had normalized, 
hemodialysis for 4 weeks, started at day 
4, omeprazole and red blood cell 
transfusion due to erosive gastropathy, 
IV methylene blue 2.5 mg/kg for 
methaemoglobinaenemia, treated for 
acute pancreatitis. Good clinical 
recovery after 38 days, no further 
complication 

Gamakaranage 
et al., 2011 
[174] 

Male, 45 
yr-old 

Ingestion of 50 g of 
highly concentrated 
copper sulfate, in a 
suicidal attempt 

Respiratory, 
abdominal and 
nervous system 
examination, pulse 
rate 

Developed severe epigastric pain 
with loose stools and melaena, 
intravascular haemolysis, severe 
aspiration pneumonia, acute 
kidney injury. 

The patient was treated with supportive 
care and chelation therapy (DPA 500 
mg, 6 hourly) until serum copper had 
normalized. Hemodialysis from day 5 
on for 10 days, mechanical ventilation 
for 8 days. Omeprazol infusion for 
erosive gastropathy, meropenem 1g 8 h 
for aspiration pneunomia. Gradual 
convalescence, discharged after 25 
days with no further complication 

Gamakaranage 
et al., 2011 
[174] 

Male, 42 
yr-old 

Ingestion of ≈250 g of 
CuSO4 (≈100 g Cu) in 
attempted suicide 

Blood tests, pulse 
rate, neurological 
examination 

Protracted vomiting, transient 
jaundice and rhapdomyolysis. 

The patient was initially treated with a 
single injection of BAL (dimercaprol), 
4 mg/kg. Activated charcoal and 
magnesium sulfate were given in 
addition to oral DPAe 250 mg every 6 h. 
Patient was discharged still under DPA 
therapy, he recovered well, no further 
information 

Jantsch et al., 
1984 [178] 

Male, 
female 1 
yr-old 

Two infant siblings 
consumed for >9 
months Cu-containing 
tap water (Cu at 
2.2–3.4 mg/L); the Cu 
was derived from Cu 
pipes 

Liver biopsy, 
quantitative copper 
determination 

Micronodular cirrhosis with 
hepatic Cu storage, 
hepatosplenomegaly, jaundice, 
and hypertransaminasemia; no 
information about therapy 

One died with 13 months due to liver 
failure, the other one survived, but no 
further information 

Müller-Höcker 
et al., 1988 
[179] 

Female, 
41 yr-old 

Oral ingestion of CuSO4 

with suicidal intent 
Physical examination, 
pulse rate 

Vomiting, diarrhea, hepatorenal 
failure, and gram-negative 
septicemia 

Gastric lavage after arrival with sodium 
bicarbonate and EDTA i.v.for 1 h. Red 
blood cell transfusion and hemodialysis 
were performed. Died after the 6th day 
in hospital due to haemolysis, severe 
hepatocellular and renal failure. 
Autopsy showed Cu deposits in brain, 
heart, liver, kidney 

Agarwal et al., 
1975 [180]  
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feeding, oral administration or injection into small rodents, mainly rats 
(Table 3) and mice (Table 4), were investigated. 

In copper-loaded rats, a rapid accumulation of copper in the liver was 
observed. As a result, severe mitochondrial damage was documented, 
manifested by increased mitochondrial copper, dilated mitochondrial 
cristae and reduced ATP production (Table 3). 

In murine models of copper toxicosis, mice were either fed a copper- 
containing diet, administered via gavage or ingested copper via water. 
The copper exposure experiments provided similar results to the rat 
models: Copper-induced damage was observed in the livers of mice 
treated with excess copper. In these studies, enlarged liver cells, path-
ological changes in the liver and copper-induced DNA damage were 
documented. In addition, extensive morphological and functional 
changes in the mitochondria were detected (Table 4). 

6.3. Treatment of acute copper intoxication in humans 

Few data on acute copper poisoning in a clinical setting exist, and 
there are no specific recommendations for the treatment of acute copper 
poisoning. In the reported cases, poisoning was treated symptomati-
cally: the occurrence of haemolytic anemia and renal failure was treated 
with blood transfusions and hemodialysis [174,175,189,190]. Treat-
ment with the copper chelator D-penicillamine (DPA) was also reported, 
although some authors doubt the clinical efficacy of DPA in acute 
poisoning [174,175]. Moreover, in patients with acute copper-induced 
renal failure, DPA may be contraindicated due to its potential 

nephrotoxicity [5,175,191]. 

7. Genetically induced chronic copper overload – Wilson disease 

In contrast to acute copper toxicity, significantly more data exist for 
chronically induced copper overload, mostly referring to Wilson disease 
(WD). Here, we will briefly review this disease, focusing on pathogno-
monic liver and brain symptoms. 

WD is a genetic disease, which affects systemic copper homeostasis. 
A mutation in chromosome 13 in the locus of the ATP7B gene, resulting 
in its dysfunction, leads to systemic copper overload, profoundly in the 
liver but also brain [194,195]. This results in hepatic, neurological 
and/or psychiatric symptoms, with the latter sometimes conflated as 
neuropsychiatric symptoms. While hepatic symptoms mostly occur in 
the first decade of life, the other two mainly occur in the second decade 
of life [196]. Other organs, e.g. heart or kidney, may be affected as well, 
but typically to a much lower frequency [197]. 

7.1. The hepatic manifestation of Wilson disease 

Hepatic WD is characterized by the development of cirrhosis, chronic 
hepatitis, and, in advanced stages, acute liver failure. Liver pathology 
can be manifold and progressive as depicted in Table 5. 

Table 3 
Summary of rat models for acute copper toxicity.  

Model  Dose, Route Analysis Main findings Reference 

Copper 
toxicity 
in rats 

Sprague- 
Dawley 
rat 

Up to 3.75 mg Cu/kg b.w., i.p. 
daily for 6, 12 or 18 weeks 

Spectrophotometric determination of copper 
in subcellular fractions of the liver 

Depression in body weight, dose-dependent 
increase in mitochondrial/lysosomal copper 
content, indication of large, but not 
unlimited, copper storage capacity 

Lal and 
Sourkes, 
1971 [134] 

Sprague- 
Dawley 
rat 

Copper-enriched diet (1000 
ppm Cu for 4 weeks + 2000 ppm 
Cu for 4 weeks) 

Light microscopy and electron microscopy 
(EM), determination of in vivo lipid 
peroxidation by TBARS (thiobarbituric acid- 
reacting substances) determination of copper 
by atomic absorbance, lipid-conjugated dienes 
in isolated liver mitochondria 

Hepatocyte necrosis, dilated cristae, 
peroxidation of mitochondrial lipids, 
abnormally dilated cristae of mitochondria, 
electron dense material in hepatic lysosomes 

Sokol et al., 
1990 [140] 

Sprague- 
Dawley 
rat 

Copper-enriched diet (1000 
ppm Cu for 4 weeks + 2000 ppm 
Cu for 4 weeks) 

TBARS, Clarke electrode, enzyme activity 
assays in isolated liver mitochondria 

Lipid peroxidation increased, significantly 
increased mitochondrial copper content, state 
3 respiration (OXPHOS) decreased, reduced 
complex IV activity 

Sokol et al., 
1993 [141] 

Sprague- 
Dawley 
rat 

Up to 20 mg CuSO4 /kg b.w, 
daily by oral gavage for 45 or up 
to 90 days 

ΔΨm by Rh123 fluorescence, AAS, TBARS, 
ROS determination by DHE or DCFDA 
fluorescence, ATP bioluminescence assay 
absorbance (A540 nm) in primary hepatocytes 
and isolated liver mitochondria 

Reduced ΔΨm, increased mitochondrial 
copper content, increased superoxide levels, 
reduced ATP production, increased 
mitochondrial swelling 

Roy et al., 
2009 [181] 

Sprague- 
Dawley 
rat 

Single i.p. injection of 3, 10 and 
30 mg/kg b.w. of cupric sulfate 
(CuSO4 .5H2O), animals 
sacrificed after 48 h 

Liver Cu content (AAS), liver oxidative stress 
(TBARS) and damage in liver tissue 

Dose- and time-dependent metal 
accumulation in the liver, enhanced rate of 
free-radical mediated lipid peroxidation with 
increased liver chemiluminescence 

Boveris et al., 
2012 [173] 

Sprague- 
Dawley 
rat 

200 mg/kg b.w. CuCl2⋅2H2O, 
100 mg/kg b. w. nano-copper 
50, 100, 200 mg/kg b. w., for 28 
days as continuous gavage 

Measurements of cytokines and oxidative 
stress, gene expression analyses, 
histopathology of liver tissue and 
homogenates 

Liver sinus congestion caused by copper ions, 
dose-dependent vacuolar degeneration, 
inflammation and oxidative stress caused only 
by nano-copper increased levels of the 
inflammatory cytokines IL-1β, TNF-α, IL-6, 
and MIP-1 

Tang et al., 
2019 [182] 

Wistar rat Copper-enriched diet (1500 
ppm Cu for up to 16 weeks) 

EM and AAS of copper content in liver tissue Swelling of mitochondria and electron dense 
lysosomes in early phase of copper overload, 
hypertrophy and dilatation of SER 

Fuentealba 
and 
Haywood, 
1989 [39] 

Wistar rat One time intraperitoneal (i.p.) 
injections of Cu2+ doses 2.5, 5, 
and 10 mg/kg b.w. 

Mitochondrial ROS level, ΔΨm, ATP assay, 
TBARS, in isolated liver mitochondria 

Increased ALT and AST levels, ROS 
production, decreased ΔΨm, reduced 
mitochondrial ATP levels, lipid peroxidation, 
decrease in mitochondrial GSH content 

Hosseini 
et al., 
2014 [183] 

Wistar rat Copper sulfate (CuSO4.5H2O) 
100 mg/kg b.w./daily orally for 
4 weeks 

Spontaneous locomotor activity, rotating rod 
and grip strength test, AAS, GSH, 
malondialdehyde and total antioxidant 
capacity determination, immunohisto- 
chemistry in brain tissue 

Increased copper levels in corpus striatum of 
the Cu-exposed rats, cell death in corpus 
striatum likely as a result of Cu-mediated 
oxidative stress leading to apoptosis and glial 
dysfunction 

Kalita et al., 
2020 [184]  
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7.2. The neuropsychiatric manifestation of wilson disease 

Psychiatric symptoms are determined by the presence of cognitive 
impairment, affective disorders, and psychosis [195], while the neuro-
logical phenotype (Table 6) is mainly characterized by movement dis-
orders, including dystonia, tremors, rigidity and parkinsonism, and 
speech disorders, characterized by dysarthria, dysphagia and drooling 
[2,198]. In his thesis, S.A.K. Wilson described a characteristic softening 
in the “lenticular nucleus” (putamen and globus pallidus) [199]. Today, 
it is known that pathologic alterations may extend to the thalamus, 
brainstem, pons and frontal cortex and may include the complete basal 
ganglia as well [2,200]. The most severe abnormalities can be found in 
the putamen, which appears brownish and shrunken [200]. Brain at-
rophy and ventricular dilatation are further frequent macroscopic 
findings and, in more severe cases, white matter degeneration and 
neuronal loss are observed [195,200–202]. 

Microscopic examination reveals the presence of swollen astrocytes, 

with pale nuclei and little cytoplasm (also known as Alzheimer type II 
cells) in the deep grey matter. Rarely Alzheimer type I cells can be found 
and are characterized as enlarged and multinucleated cells deriving 
probably also from astrocytes [203]. These two cell forms are named 
after a drawing of enlarged and multinucleated cells in the brain of a WD 
patient, that was published by von Hösslin and Alzheimer in 1912, 
which Spielmeyer later referred to as Alzheimer glia cells [204]. Reac-
tive astrocytes, enlarged cells containing glial fibrillary acidic protein 
can also be found [205]. Opalski cells are the most characteristic cells for 
WD. These are large cells with a foamy cytoplasm and irregularly shaped 
nucleus, somewhat characteristic for neurologic WD, originating from 
degenerated astrocytes [206]. Furthermore, a low number of oligoden-
drocytes can be detected [202,206] that respond with swelling of myelin 
layers and demyelination to an increased copper burden [160,207]. 

Table 4 
Summary of mice models for acute copper toxicity.  

Model  Dose, Route Analysis Main findings Reference 

Copper 
toxicity 
in mice 

ICR mice Single oral gavage 500–5000 mg/kg b.w. 
CuCl2⋅2H2O 

Morphological and pathological 
examination of the organs, blood 
biochemical assay 

Pathological examinations revealed that 
kidney, liver and spleen are target organs for 
nano-copper particles, blood biochemical 
indexes reflect the renal and hepatic functions 
of experimental mice 

Chen 
et al., 
2006 
[119]  

ICR mice Ad libitum, diet group received 6 ppm, 15 
ppm and 30 ppm copper, water group 
drank copper solution 6 ppm, 15 ppm and 
30 ppm supplied as CuSO4⋅5H2O for 3 
months 

Copper concentration in blood and 
organs, GSH and SOD enzyme activity in 
liver 

Hepatic GSH decreased with increased 
concentrations of copper in the water group, 
water group showed a lower SOD activity 
than the diet group. Significant copper 
deposition in liver and serum 

Wu et al., 
2016 
[185]  

ICR mice Intragastric doses of 4, 8, or 16 mg/kg b. 
w. Cu (Cu2+-CuSO4) for 21 and 42 days 

Hepatic Cu concentrations, pathological 
assessment, ΔΨm, ROS production in 
liver tissue 

Cu accumulation in the liver, increased 
hepatic cells with granular and vacuolar 
degeneration by Cu exposure in a time- 
dependent manner, increased ROS 
production 

Liu et al., 
2020 
[186] 

CFI mice Gavage with a daily dose of 8.25 mg/kg b. 
w. (CuSO4) for 6 consecutive days 

Comet assay, micronucleus test, PIXE 
analysis in liver tissue and blood 

Copper induced DNA damage shown by 
comet assay, genotoxicity and mutagenicity 
of copper evaluated by comet and 
micronucleus assay 

Pra et al., 
2008 
[187] 

Kunming 
mice 

Ad libitum in the diet as 15.93, 31.86, 
63.72, and 127.44 mg/kg dry matter in 
high-copper group for 95 days 

Colorimetric examination for alkaline 
phosphatase, SOD, and CP in plasma, 
histopathology of the liver, Cu content 
by FAAS, EM in liver tissue and blood 

Increased Cu content in the liver. Pathological 
changes such as swelling, necrosis, and 
cytoplasm crack of liver cells in Cu- 
supplemented group. Extensive liver tissue 
damage shown by EM. 

Wang 
et al., 
2014 
[188]  

Table 5 
Hepatic manifestations in human Wilson disease patients.  

No of WD patients Analysis Findings in the liver Mitochondria Reference 

8 (6 untreated, 2 
treated with DPA) 

Biopsy of liver tissue, 
EM 

Excessive hepatic copper concentration, 
(ranging from 500 to 1300 μg/g dry weight) 
fatty metamorphosis of hepatocytes 

Increased matrix density and intermembrane space, varying 
frequency of abnormally shaped mitochondria, electron- 
transparent inclusions, impaired fatty acid catabolism 

Sternlieb, 
1968 [135] 

7 (before and after 
DPA treatment) 

Biopsy of liver tissue, 
EM 

Hepatic copper concentration between 821 
and 117 μg/g dry weight 

Increased matrix density, presence of granular inclusions, 
partial separation of inner and outer membrane of 
mitochondria 
DPA treatment reversed structural alterations of the 
mitochondria 

Sternlieb and 
Feldmann, 
1976 [136] 

64 (untreated) Biopsy liver tissue, EM Increased hepatic copper content (500–1100 
μg/g dry weight), fibrosis and cirrhosis in 9 of 
22 patients 

Mitochondria were found to be enlarged, pleomorphic, 
partially containing large granular vacuoles not related to 
patient age, hepatic copper level or AST 

Sternlieb, 
1992 [137] 

3 (treated with DPA) Isolated liver 
mitochondria, TBARS 

Hepatic copper content in WD patients ~400 
μg/g dry weight, liver cirrhosis in all cases 

33-fold increased copper level, increased lipid peroxidation Sokol et al., 
1994 [138] 

16 (7 untreated, 9 
treated with 
chelating therapy) 

Biopsy of liver tissue, 
mtDNA sequencing 

6 patients with cirrhosis, 14 patients with 
fibrosis 

High prevalence of large mtDNA deletions, appearing in 
early stages of WD 

Mansouri 
et al., 
1997 [192] 

3 (2 treated with DPA) Liver homogenate, 
enzyme activity assays 

All three patients presented cirrhosis, 
contained 300–700 μg/g dry weight of 
copper. 

Significantly decreased activity of mitochondrial aconitase 
and respiratory complexes 

Gu et al., 
2000 [67] 

11 (untreated) Biopsy of liver tissue, 
EM 

Portal tract fibrosis in 9, liver cirrhosis in 6 Pleomorphic mitochondria with enlarged, electron-dense 
granules, loss of cristae structure, increased intermembrane 
space 

Shawky et al., 
2010 [193]  
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7.3. Treatments of Wilson disease 

Upon treatment and if diagnosed early, WD prognosis is very good 
and a normal life expectancy can be achieved [210]. However, this is 
especially true for patients with hepatic symptoms. In patients who also 
have neurologic symptoms, therapy may be threatening and inadequate 
due to neurologic worsening and neurologic symptoms may persist 
despite treatment with anti-copper drugs [211]. 

An obvious, typically advised therapeutic approach for WD patients 
would be to avoid foods with high copper content, like liver (15 mg/100 
g), oysters (5.7 mg/100 g) and nuts (2.2 mg/100 g) [212]. However, 
excess copper accumulation in WD cannot solely be treated by a 
low-copper diet alone due to its omnipresence in nutrition and since a 
reduction of daily copper intake to below 2 or 3 mg is hardly achievable 
[213]. Thus, copper chelators or zinc salts are typically therapeutically 
administered, but also new WD treatments are under current 
development. 

7.3.1. Treatment with copper chelators 
British Anti Lewisite BAL (2,3-dimercaptopropanol) was the first 

metal chelator described in the therapy of Wilson Disease [214]. Due to 
its parenteral administration and severe adverse advents, it is only rarely 
used in this disease [215,216]. 

D-penicillamine (DPA, Fig. 4), a non-proteinogenic amino acid with a 
thiol group, is a non-antibiotic by-product of penicillin and exists in two 
stereoisomers, of which the D isomer is used as a therapeutic agent [217, 
218]. Due to its chelating properties against heavy metals (stability of 
penicillamine-metal complexes in descending order: mercury, lead, 
nickel, copper, zinc, cadmium, cobalt, iron, manganese), it is used in 
rheumatoid arthritis and heavy metal poisoning [215,219] and was the 
first oral drug approved for the treatment of WD in 1956 [220]. 

Current metal-bound chelators are mainly excreted by the kidneys, 
with a low fecal excretion resulting from the unabsorbed fraction of the 
drug [221]. DPA is the first-line drug for WD, prescribed for daily and 
lifelong administration, although it may present with adverse effects, 
ranging from rash, nausea, vomiting, thrombocytopenia and 

Table 6 
Neurologic manifestations in human Wilson disease patients.  

No of patients Main neurological 
symptoms 

Sample, analysis Findings in the liver Findings in the brain Reference 

4 patients examined, 2 
from literature 

Tremor, dysphagia, 
dysarthria and 
Risus sardonicus 

Post mortem analysis of 3 patients Liver cirrhosis Lenticular degeneration especially 
dentate nucleus and putamen, liver 
cirrhosis 

Wilson 1912 
[199] 

2 WD patients In one patient: 
Torsion spasm, 
tremors, 
dysarthria, 
rigidity, 

Autopsy only possible in one (no 
description of symptoms) 

Liver cirrhosis, marked 
excess of copper in liver: Cu 
in liver 4.6 mg/100 g wet 
weight (15.3 mg/100 g dry 
weighta) 

Marked copper excess in basal 
ganglia and to a lesser extent in 
cortex, basal ganglia 1.275 mg/ 
100 g (6.36 mg/100 g dry 
weighta); cortex 0.781 mg/100 g 
wet weight (3.9 mg/100 g dry 
weighta). 

Glazebrook 
1945 [208] 

3 WD patients Not given Post mortem analysis of liver and 
brain, copper determination via 
sodium diethyldithio-carbamate 
method 

Increased hepatic copper 
content, liver control: 10.7 
mg/100 g dry weight, WD: 
83.6 mg/100 g dry weight 

Increased copper content in the 
brain, especially globus pallidus 
and putamen, but also cortical 
white and grey matter. 

Cumings et al., 
1948 [3] 

89 WD patients Not given Liver biopsy, computed tomography of 
the brain 

Liver cirrhosis, steatosis and 
fibrosis 

In the brain: Basal ganglia lesions, 
generalized atrophy and 
ventricular dilatation most 
common. 

Brewer and 
Yusbastan 
Gurkitan 1992 
[195] 

2 WD patients, 
confirmed by PCR 

Dysarthria, 
dystonia, 
dysphagia and 
tremors 

Autopsy, copper determination via 
ICP-AES in post mortem samples of 
liver and brain from both patients 

Incomplete liver cirrhosis, 
enlarged mitochondria with 
pseudo-crystalline inclusions; 
in liver Cu: 23.25 mg/100 g 
dry weight (Control <2.5 
mg/100 g dry weight). 

Brain lesions in superior frontal 
lobe, lenticular nuclei, base of pons 
and cerebellum. Neuronal loss in 
basal ganglia with Alzheimer type 
II cells, oligodendrocytes rare in 
caviations. Presence of Opalski 
cells most abundant in white 
matter (only in neuro WD). 
In brain, the white matter frontal 
lobe (23.96 mg/100 g dry weight) 
putamen (20.08 mg/100 g dry 
weight). Controls (1.84 and 0.7 
mg/100 g dry weight) for the 
frontal lobe and the putamen, 

Mikol et al., 
2005 [202] 

8 WD patients, (2 
hepatic, 1 
neuropsychiatric, 4 
neurologic, 1 mixed) 

Tremors (4), 
dysarthria (5), 
bradykinesia (2), 
dystonia (3), 
rigidity (4) 

Autopsy, immunohistochemistry of 
the brain and liver 

Liver involvement in all 
patients: Cirrhosis (6), 
steatosis (4), chronic active 
hepatitis in 2. 

In the brain central pontine 
myelinolysis (5), subcortical white 
matter cavitations (5), putaminal 
softening (4), variable ventricular 
dilatation (6), widespread myelin 
loss was found. Presence of Opalski 
cells and Alzheimer type I in brain 
stem and basal ganglia, Alzheimer 
type II cells in cerebral white 
matter more diffusively distributed 

Meenaksi 
Sundaram 
2008 [206] 

12 WD patients, 5 
control 

Not given Autopsy brain tissue samples from 
four regions of the brain: frontal 
cortex, putamen, pons, and nucleus 
dentatus, Cu, Mn and Zn determined 
via ICP MS, Fe via AAS 

– Copper accumulation in all 
analyzed brain structures (41 +- 
18, compared to 5.4 +- 1.8 μg/g 
dry weight in control) and higher 
iron levels in the dentate nucleus of 
WD patients 56.8 ± 14.1 control: 
32.6 ± 6.0*. 

Litwin et al., 
2013 [209]  

a Estimated under the assumption that the brain contains roughly 80 % water and the liver 70 % water (Canadian B Campus Human Anatomy and Physiology 
textbook). 

J. Sailer et al.                                                                                                                                                                                                                                    



Redox Biology 75 (2024) 103256

12

Fig. 4. Representative copper chelators currently in the clinics or in development for clinical use. Structures were illustrated by using ChemDraw Professional, Revity 
Signals Software. Sources: BAL [214], D-penicillamine [220], trientine [231], Chel2 [256], DPA-based chelator [258], DMP-1001 [259], methanobactins Ob3B and 
SB2 [264]. 
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proteinuria, to severe effects such as nephron and bone toxicity. Con-
sequences are a poor patient adherence and/or discontinuation of the 
drug [222–225]. DPA mainly decreases copper serum level, but hardly 
reduces tissue copper levels even after years of treatment [213,226]. A 
serious concern with DPA is the aggravation of neurological symptoms, 
termed neurological worsening, mostly upon treatment initiation [227, 
228]. Current views attribute this to the profound liberation of excess 
liver copper upon treatment initiation into blood from where it may 
reach the brain [229]. Consequently, clinical guidelines recommend a 
“start low and go slow” treatment strategy [230]. A second form of 
neurological worsening was recently reported, occurring 12 months 
after treatment initiation, but the authors associated this form of 
neurological worsening to treatment non-adherence [228]. 

Trientine (triethylenetetramine dihydrochloride, TETA, Fig. 4), was 
developed as an alternative to DPA [231] and is also used as a first-line 
WD treatment [232,233]. Like DPA, TETA is administered orally lifelong 
daily [230] and it chelates copper mainly in serum by competition with 
albumin, followed by renal excretion of the complex. TETA has been 
reported to be a less potent copper chelator than DPA and also less 
effective at inducing urinary copper excretion [234,235], but in vitro 
data contradicts this. In fact, in copper chelating in vitro experiments, 
TETA appears to be a more potent copper chelator than DPA [236]. 
However, in another copper binding affinity assay, both chelators had a 
similar affinity to cuprous copper [237]. TETA further seems to reduce 
copper uptake in the gut, either by chelating copper directly in the in-
testinal lumen or by inducing the expression of MTs in enterocytes 
[238]. Even though it has significantly fewer side effects than DPA, cases 
of iron deficiency and anemia occurred, and dermatitis and colitis were 
rarely reported [239,240]. 

7.3.2. Tissue copper reduction by zinc salts 
The efficacy of Zn salts as a de-coppering agent was first described in 

sheep, suffering from chronic copper toxicosis by elevated copper levels 
in their diet (up to 30 mg/kg) [241]. The oral administration of zinc 
leads to the expression of metallothioneins in the enterocytes, which 
bind the copper taken up with food and prevent its transfer into the 
bloodstream. During the process of natural turnover of enterocytes, 
bound copper is excreted with the feces [242–247]. In addition, zinc 
salts also induce the expression of metallothioneins in the liver and thus 
strengthen the endogenous defense [248]. However, the therapeutic 
effect can be observed only after several months, when a negative 
copper balance has been established [249], thus Zn salts are not suitable 
in scenarios of acute disease. To that, Zn salts may result in poorer 
clinical outcomes with respect to liver disease progression and to the 
prevention of liver injury [250–252], and are therefore considered for 
maintenance therapy upon initial chelation treatment for patients with 
mild symptoms and low copper overload/asymptomatic patients [253]. 
It is usually well tolerated, with the main adverse effect being gastric 
irritation, which can lead to erosion and ulcers [251,252,254]. 

One apparent major drawback of all these therapeutic agents is their 
complex administration schedule, i.e., lifelong twice/trice daily, and to 
be taken at best 1 h before each meal (trientine and zinc salts) [249] or 
generally on an empty stomach [255]. 

7.3.3. New treatment approaches 
Due to profound research activities, several new candidate drugs aim 

to ameliorate the armamentarium against WD. They center on improved 
copper removal by more effective chelators, nuclear receptor signaling 
interference, autophagy inducers and gene therapy approaches to rees-
tablish liver copper excretion. 

Among the candidate copper chelators, a tripodal metal chelator 
Chel2 based on three cysteine residues linked via nitriloacetic acid was 
presented in 2012 (Fig. 4) [256]. It binds Cu+ selectively with a high 
affinity (KD 10− 19 M) and specificity. Furthermore, it has been shown to 
relocate copper into the feces in Atp7b knockout mice [257]. Based on 
this concept, several DPA-based chelators containing three DPA 

molecules linked via nitriloacetic acid have been developed (Fig. 4) 
[258]. These molecules appeared to have a fairly high copper affinity in 
vitro, but have not yet been tested in vivo [258]. 

DPM-1001 (Fig. 4), an allosteric inhibitor of protein tyrosine phos-
phatase 1B, has been shown to form stable complexes with Cu2+ [259]. 
This uncharged sterol molecule is orally bioavailable and was therefore 
also tested in toxic milk mice, another animal model for Wilson’s dis-
ease. DPM-1001 significantly reduced tissue copper levels and improved 
hepatic symptoms by oral and intraperitoneal administration, making it 
another promising candidate in the treatment of Wilson’s disease [260]. 

Methanobactins (Fig. 4), bacterial peptides with very high copper 
affinity (KD < 10− 20 M) [261–264], appeared highly effective in copper 
depletion in in vitro and in vivo experiments in the LPP rat model of WD 
without obvious signs of toxicity. Days of intense treatments provoked a 
most profound fecal copper excretion resulting in wild-type liver copper 
levels [265]. From that, a new treatment strategy was established in WD 
rats, consisting of short, intense treatment cycles upon rise of serum liver 
enzyme levels and prolonged treatment pauses in between [265]. 

By applying LXR agonists, decreased binding of nuclear receptors to 
promoter elements (as described in section 3.1.2) was observed in WD 
mice, which also significantly improved their liver function [97]. 
However, such treatments also induced steatosis and hyper-
triglyceridemia in clinical trials for atherosclerosis, requiring further 
research for a potential use in WD [266]. 

Another interesting therapeutic approach seems to be the activation 
of autophagy, as this mechanism appears to be crucial for the cellular 
defense against copper toxicity. Inhibition of autophagy accelerated cell 
death in copper-exposed ATP7B knockout cells, while its induction 
favored survival and significantly reduced apoptosis in treated cells. 
This result was also confirmed by in vivo data: Inhibition of autophagy 
led to an increase in liver enzymes of Atp7b knockout mice and thus 
worsened the phenotype [146]. 

Finally, gene therapy strategies aim to restore copper metabolism by 
introducing a functional ATP7B gene via viral vectors. This attempt 
proved successful using adeno-associated viral vectors and lentiviral 
vectors in the WD mice [267,268], and clinical trials using two of the 
tested constructs (rAAV and AAV9) began in 2021 (VTX-801 and 
UX701) [269,270]. 

8. Conclusions 

Copper is essential for cellular metabolism but, upon excess, is a 
severe toxin leading to cell death. 

In the past, copper toxicity has mainly been attributed to oxidative 
damage based on its Fenton and Haber Weiss chemistry. However, due 
to a strong surplus of tight copper binding molecules that also ensure a 
safe copper transfer, there is no free reactive copper inside cells, thus 
questioning this mode of toxicity. In addition, cells are protected by 
extensive cellular antioxidant systems. It is only in specific situations (e. 
g. under conditions of short-lived spurs of copper overload, upon long- 
lasting accumulation of very high copper loads, or of a Cu1+/2+

mixture loading by an ionophore) that these systems can be overcome, 
leading to oxidative cell damage. Rather, thiol-oxidative damage and 
protein-toxic stress appear to be the major mechanisms of copper 
toxicity. 

A constant routing to supply essential copper to mitochondria pre-
disposes these organelles as prime copper targets. In addition, other 
intracellular systems like the autophagy/lysosomal pathway are 
impaired, and a disturbed copper homeostasis also affects the homeo-
stasis of zinc and iron. 

The liver is the central regulatory and distribution site and thus the 
target of excess copper, but it can cope with impressive copper loads 
before damage manifests, e.g. the long symptom-free period in WD pa-
tients. Due to the lack of appropriate animal models, much less is known 
about copper toxicity in the brain, that appears to be especially sensitive 
to chronic copper overload. Cases of acute copper intoxication and 
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treatment reports are rare and result from unintentional or suicidal 
intent with the ingestion of high copper amounts causing direct patho-
logical symptoms, mostly affecting the liver and kidneys. In contrast, 
there is profound data on chronic copper intoxication in patients with 
Wilson’s disease. Symptoms may appear as late as in the mid 40’s and 
typically affect the liver and brain, but may also damage other organs. 
While therapeutic options for Wilson disease exist, ongoing research has 
developed promising and potentially more effective and safer treatments 
for this devastating disease in the future. 
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[179] J. Müller-Höcker, U. Meyer, B. Wiebecke, G. Hübner, R. Eife, M. Kellner, 
P. Schramel, Copper storage disease of the liver and chronic dietary copper 
intoxication in two further German infants mimicking Indian childhood cirrhosis, 
Pathol. Res. Pract. 183 (1) (1988) 39–45, https://doi.org/10.1016/s0344-0338 
(88)80157-2. 

[180] B.N. Agarwal, S.H. Bray, P. Bercz, R. Plotzker, E. Labovitz, Ineffectiveness of 
hemodialysis in copper sulphate poisoning, Nephron 15 (1) (1975) 74–77, 
https://doi.org/10.1159/000180495. 

[181] D.N. Roy, S. Mandal, G. Sen, T. Biswas, Superoxide anion mediated mitochondrial 
dysfunction leads to hepatocyte apoptosis preferentially in the periportal region 
during copper toxicity in rats, Chem. Biol. Interact. 182 (2–3) (2009) 136–147, 
https://doi.org/10.1016/j.cbi.2009.08.014. 

[182] H. Tang, M. Xu, J. Luo, L. Zhao, G. Ye, F. Shi, C. Lv, H. Chen, Y. Wang, Y. Li, Liver 
toxicity assessments in rats following sub-chronic oral exposure to copper 
nanoparticles, Environ. Sci. Eur. 31 (1) (2019), https://doi.org/10.1186/s12302- 
019-0214-0. 

[183] M.J. Hosseini, F. Shaki, M. Ghazi-Khansari, J. Pourahmad, Toxicity of copper on 
isolated liver mitochondria: impairment at complexes I, II, and IV leads to 
increased ROS production, Cell Biochem. Biophys. 70 (1) (2014) 367–381, 
https://doi.org/10.1007/s12013-014-9922-7. 

[184] J. Kalita, V. Kumar, U.K. Misra, H.K. Bora, Movement disorder in copper toxicity 
rat model: role of inflammation and apoptosis in the corpus striatum, Neurotox. 
Res. 37 (4) (2020) 904–912, https://doi.org/10.1007/s12640-019-00140-9. 

[185] M. Wu, F. Han, W. Gong, L. Feng, J. Han, The effect of copper from water and 
food: changes of serum nonceruloplasmin copper and brain’s amyloid-beta in 
mice, Food Funct 7 (9) (2016) 3740–3747, https://doi.org/10.1039/c6fo00809g. 

[186] H. Liu, H. Guo, Z. Jian, H. Cui, J. Fang, Z. Zuo, J. Deng, Y. Li, X. Wang, L. Zhao, 
Copper induces oxidative stress and apoptosis in the mouse liver, Oxid. Med. Cell. 
Longev. 2020 (2020) 1359164, https://doi.org/10.1155/2020/1359164. 

[187] D. Pra, S.I. Franke, R. Giulian, M.L. Yoneama, J.F. Dias, B. Erdtmann, J. 
A. Henriques, Genotoxicity and mutagenicity of iron and copper in mice, 
Biometals 21 (3) (2008) 289–297, https://doi.org/10.1007/s10534-007-9118-3. 

[188] X. Wang, H. Wang, J. Li, Z. Yang, J. Zhang, Z. Qin, L. Wang, X. Kong, Evaluation 
of bioaccumulation and toxic effects of copper on hepatocellular structure in 
mice, Biol. Trace Elem. Res. 159 (1–3) (2014) 312–319, https://doi.org/10.1007/ 
s12011-014-9970-2. 

[189] A. Sinkovic, A. Strdin, F. Svensek, Severe acute copper sulphate poisoning: a case 
report, Arh. Hig. Rada. Toksikol. 59 (1) (2008) 31–35, https://doi.org/10.2478/ 
10004-1254-59-2008-1847. 

[190] N. Franchitto, P. Gandia-Mailly, B. Georges, A. Galinier, N. Telmon, J.L. Ducassé, 
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