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Rivera-Mancía et  al. 2010; Aigner et  al. 2015) via differ-
ent possible mechanisms. For instance, excess of copper in 
the liver has been shown to alter lipid metabolism and also 
to activate sphingomyelinase, leading to release of the pro-
apoptotic signal ceramide (Engle 2011; Gaetke et al. 2014). 
However, it remains to be studied, whether these changes 
represent primary events caused by copper or whether 
they are consequences of copper-induced oxidative stress 
(Gaetke et al. 2014). Currently neurotoxicity (Balmer et al. 
2014; Zimmer et  al. 2014; Krug et  al. 2013; Leist et  al. 
2013; Krause et  al. 2013), hepatotoxicity (Campos et  al. 
2014; Liu et al. 2014; Godoy et al. 2009, 2013, 2015; Schy-
schka et al. 2013; Schliess et al. 2014; Grinberg et al. 2014; 
Ghallab 2013, 2014a, b) and control mechanisms of oxida-
tive stress (Møller et al. 2014; Lim et al. 2014; Finazzi and 
Arosio 2014; Wu et  al. 2014; Toledo et  al. 2014; Li Volti 
et  al. 2006) represent cutting-edge topics in toxicology. 
The present review of Gaetke and colleagues is particularly 
interesting for everyone involved in these fields of research.
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Recently, Gaetke and colleagues from Kentucky Univer-
sity published a review about the toxicological relevance 
and mechanisms of copper (Gaetke et  al. 2014). Copper 
is an essential trace element that is associated with the 
prosthetic groups of numerous enzymes and participates 
in key redox reactions (MacPherson and Murphy 2007; 
Bento et al. 2006; Klinman et al. 1991). Well-known exam-
ples are cytochrome C oxidase, which catalyzes an essen-
tial step in cellular respiration, superoxide dismutase that 
detoxifies the free radical superoxide, and dopamine-beta-
hydroxylase, which is involved in catecholamine bio-
synthesis (Gaetke et  al. 2014). In addition, ceruloplas-
min (ferroxidase I), the main copper-carrying protein in 
the blood, transports copper to the sites of erythropoiesis 
and is involved in iron metabolism (Gaetke et  al. 2014). 
Furthermore, copper plays a key role in the formation of 
myelin that covers neurons (Herring and Konradi 2011). 
The review of Gaetke and colleagues summarizes the main 
sources of human exposure to copper, discusses the control 
factors of copper status and homeostasis and finally focuses 
on the mechanisms of copper toxicity (Gaetke et al. 2014). 
Although copper can be found in almost all tissues, the 
highest concentrations occur in brain and liver (Turnlund 
et  al. 1998). Therefore, it is not surprising that neurode-
generative diseases and disturbed liver functions, includ-
ing fibrosis, are consequences of compromised copper 
homeostasis (Pal 2014; Stys et al. 2012; Zheng and Mon-
not 2012; Tiffany-Castiglioni et al. 2011; Fanni et al. 2014; 

 *	 Cristina Cadenas 
	 cadenas@ifado.de

1	 Leibniz Research Centre for Working Environment 
and Human Factors, TU Dortmund, IfADo ‑ Ardeystr. 67, 
44139 Dortmund, Germany

http://dx.doi.org/10.4254/wjh.v7.i2.177
http://dx.doi.org/10.1007/s00204-014-1279-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s00204-015-1648-9&domain=pdf


2472	 Arch Toxicol (2015) 89:2471–2472

1 3

R, Günther G, Sachinidis A, Hengstler JG, Godoy P (2014) 
The transcription factor CHOP, a central component of the tran-
scriptional regulatory network induced upon CCl4 intoxication 
in mouse liver, is not a critical mediator of hepatotoxicity. Arch 
Toxicol 88(6):1267–1280. doi:10.1007/s00204-014-1240-8

Engle TE (2011) Copper and lipid metabolism in beef cattle: a review. 
J Anim Sci 89(2):591–596. doi:10.2527/jas.2010-3395 (Review)

Fanni D, Fanos V, Gerosa C, Piras M, Dessi A, Atzei A, Van EP, 
Gibo Y, Faa G (2014) Effects of iron and copper overload on 
the human liver: an ultrastructural study. Curr Med Chem 
21(33):3768–3774 (Review)

Finazzi D, Arosio P (2014) Biology of ferritin in mammals: an update on 
iron storage, oxidative damage and neurodegeneration. Arch Toxi-
col 88(10):1787–1802. doi:10.1007/s00204-014-1329-0 (Review)

Gaetke LM, Chow-Johnson HS, Chow CK (2014) Copper: toxicologi-
cal relevance and mechanisms. Arch Toxicol 88(11):1929–1938. 
doi:10.1007/s00204-014-1355-y (Review)

Ghallab A (2013) In vitro test systems and their limitations. EXCLI J 
12:1024–1026

Ghallab A (2014a) Human non-parenchymal liver cells for co-cultiva-
tion systems. EXCLI J 13:1295–1296

Ghallab A (2014b) The rediscovery of HepG2 cells for prediction of 
drug induced liver injury (DILI). EXCLI J 13:1286–1288

Godoy P, Hengstler JG, Ilkavets I, Meyer C, Bachmann A, Müller 
A, Tuschl G, Mueller SO, Dooley S (2009) Extracellular matrix 
modulates sensitivity of hepatocytes to fibroblastoid dedifferen-
tiation and transforming growth factor beta-induced apoptosis. 
Hepatology 49(6):2031–2043. doi:10.1002/hep.22880

Godoy P, Hewitt NJ, Albrecht U et al (2013) Recent advances in 2D 
and 3D in  vitro systems using primary hepatocytes, alternative 
hepatocyte sources and non-parenchymal liver cells and their 
use in investigating mechanisms of hepatotoxicity, cell signal-
ing and ADME. Arch Toxicol 87(8):1315–1530. doi:10.1007/
s00204-013-1078-5

Godoy P, Schmidt-Heck W, Natarajan K et al (2015) Gene networks 
and transcription factor motifs defining the differentiation of 
stem cells into hepatocyte-like cells. J Hepatol 63(4):934–942. 
doi:10.1016/j.jhep.2015.05.013

Grinberg M, Stöber RM, Edlund K et  al (2014) Toxicogenomics 
directory of chemically exposed human hepatocytes. Arch Toxi-
col 88(12):2261–2287. doi:10.1007/s00204-014-1400-x

Herring NR, Konradi C (2011) Myelin, copper, and the cuprizone 
model of schizophrenia. Front Biosci (Sch Ed) 3:23–40

Klinman JP, Dooley DM, Duine JA, Knowles PF, Mondovi B, Villa-
franca JJ (1991) Status of the cofactor identity in copper oxida-
tive enzymes. FEBS Lett 282(1):1–4 (Review)

Krause KH, van Thriel C, De Sousa PA, Leist M, Hengstler JG 
(2013) Monocrotophos in Gandaman village: India school lunch 
deaths and need for improved toxicity testing. Arch Toxicol 
87(10):1877–1881. doi:10.1007/s00204-013-1113-6

Krug AK, Kolde R, Gaspar JA et al (2013) Human embryonic stem 
cell-derived test systems for developmental neurotoxicity: a tran-
scriptomics approach. Arch Toxicol 87(1):123–143. doi:10.1007/
s00204-012-0967-3

Leist M, Ringwald A, Kolde R, Bremer S, van Thriel C, Krause 
KH, Rahnenführer J, Sachinidis A, Hescheler J, Hengstler JG 
(2013) Test systems of developmental toxicity: state-of-the 
art and future perspectives. Arch Toxicol 87(12):2037–2042. 
doi:10.1007/s00204-013-1154-x

Li Volti G, Murabito P, Attaguile G, Rodella LF, Astuto M, Di Giac-
omo C, Gullo A (2006) Antioxidant properties of propofol: when 
oxidative stress sleeps with patients. EXCLI J 5:25–32 (ISSN 
1611-2156. Review)

Lim JL, Wilhelmus MM, de Vries HE, Drukarch B, Hoozemans JJ, 
van Horssen J (2014) Antioxidative defense mechanisms con-
trolled by Nrf2: state-of-the-art and clinical perspectives in 

neurodegenerative diseases. Arch Toxicol 88(10):1773–1786. 
doi:10.1007/s00204-014-1338-z (Review)

Liu A, Krausz KW, Fang ZZ, Brocker C, Qu A, Gonzalez FJ (2014) 
Gemfibrozil disrupts lysophosphatidylcholine and bile acid 
homeostasis via PPARα and its relevance to hepatotoxicity. Arch 
Toxicol 88(4):983–996. doi:10.1007/s00204-013-1188-0

MacPherson IS, Murphy ME (2007) Type-2 copper-containing 
enzymes. Cell Mol Life Sci 22:2887–2899 (Review)

Møller P, Christophersen DV, Jensen DM, Kermanizadeh A, 
Roursgaard M, Jacobsen NR, Hemmingsen JG, Danielsen PH, 
Cao Y, Jantzen K, Klingberg H, Hersoug LG, Loft S (2014) Role 
of oxidative stress in carbon nanotube-generated health effects. 
Arch Toxicol 88(11):1939–1964. doi:10.1007/s00204-014-
1356-x (Review)

Pal A (2014) Copper toxicity induced hepatocerebral and neurode-
generative diseases: an urgent need for prognostic biomarkers. 
Neurotoxicology 40:97–101. doi:10.1016/j.neuro.2013.12.001 
(Review)

Rivera-Mancía S, Pérez-Neri I, Ríos C, Tristán-López L, Rivera-Espi-
nosa L, Montes S (2010) The transition metals copper and iron in 
neurodegenerative diseases. Chem Biol Interact 186(2):184–199. 
doi:10.1016/j.cbi.2010.04.010 (Review)

Schliess F, Hoehme S, Henkel SG, Ghallab A, Driesch D, Böttger J, 
Guthke R, Pfaff M, Hengstler JG, Gebhardt R, Häussinger D, 
Drasdo D, Zellmer S (2014) Integrated metabolic spatial-tem-
poral model for the prediction of ammonia detoxification during 
liver damage and regeneration. Hepatology 60(6):2040–2051. 
doi:10.1002/hep.27136

Schyschka L, Sánchez JJ, Wang Z, Burkhardt B, Müller-Vieira U, 
Zeilinger K, Bachmann A, Nadalin S, Damm G, Nussler AK 
(2013) Hepatic 3D cultures but not 2D cultures preserve specific 
transporter activity for acetaminophen-induced hepatotoxicity. 
Arch Toxicol 87(8):1581–1593. doi:10.1007/s00204-013-1080-y

Stys PK, You H, Zamponi GW (2012) Copper-dependent regulation 
of NMDA receptors by cellular prion protein: implications for 
neurodegenerative disorders. J Physiol 590(Pt 6):1357–1368. 
doi:10.1113/jphysiol.2011.225276 (Review)

Tiffany-Castiglioni E, Hong S, Qian Y (2011) Copper handling by 
astrocytes: insights into neurodegenerative diseases. Int J Dev 
Neurosci 29(8):811–818. doi:10.1016/j.ijdevneu.2011.09.004 
(Review)

Toledo FD, Pérez LM, Basiglio CL, Ochoa JE, Sanchez Pozzi EJ, 
Roma MG (2014) The Ca2+-calmodulin–Ca2+/calmodulin-
dependent protein kinase II signaling pathway is involved in oxi-
dative stress-induced mitochondrial permeability transition and 
apoptosis in isolated rat hepatocytes. Arch Toxicol 88(9):1695–
1709. doi:10.1007/s00204-014-1219-5

Turnlund JR, Keyes WR, Peiffer GL, Scott KC (1998) Copper absorp-
tion, excretion, and retention by young men consuming low die-
tary copper determined by using the stable isotope 65Cu. Am J 
Clin Nutr 67(6):1219–1225

Wu QH, Wang X, Yang W, Nüssler AK, Xiong LY, Kuča K, Dohnal 
V, Zhang XJ, Yuan ZH (2014) Oxidative stress-mediated cyto-
toxicity and metabolism of T-2 toxin and deoxynivalenol in ani-
mals and humans: an update. Arch Toxicol 88(7):1309–1326. 
doi:10.1007/s00204-014-1280-0 (Review)

Zheng W, Monnot AD (2012) Regulation of brain iron and copper 
homeostasis by brain barrier systems: implication in neurodegen-
erative diseases. Pharmacol Ther 133(2):177–188. doi:10.1016/j.
pharmthera.2011.10.006 (Review)

Zimmer B, Pallocca G, Dreser N, Foerster S, Waldmann T, Wester-
hout J, Julien S, Krause KH, van Thriel C, Hengstler JG, Sachi-
nidis A, Bosgra S, Leist M (2014) Profiling of drugs and envi-
ronmental chemicals for functional impairment of neural crest 
migration in a novel stem cell-based test battery. Arch Toxicol 
88(5):1109–1126. doi:10.1007/s00204-014-1231-9

http://dx.doi.org/10.1007/s00204-014-1240-8
http://dx.doi.org/10.2527/jas.2010-3395
http://dx.doi.org/10.1007/s00204-014-1329-0
http://dx.doi.org/10.1007/s00204-014-1355-y
http://dx.doi.org/10.1002/hep.22880
http://dx.doi.org/10.1007/s00204-013-1078-5
http://dx.doi.org/10.1007/s00204-013-1078-5
http://dx.doi.org/10.1016/j.jhep.2015.05.013
http://dx.doi.org/10.1007/s00204-014-1400-x
http://dx.doi.org/10.1007/s00204-013-1113-6
http://dx.doi.org/10.1007/s00204-012-0967-3
http://dx.doi.org/10.1007/s00204-012-0967-3
http://dx.doi.org/10.1007/s00204-013-1154-x
http://dx.doi.org/10.1007/s00204-014-1338-z
http://dx.doi.org/10.1007/s00204-013-1188-0
http://dx.doi.org/10.1007/s00204-014-1356-x
http://dx.doi.org/10.1007/s00204-014-1356-x
http://dx.doi.org/10.1016/j.neuro.2013.12.001
http://dx.doi.org/10.1016/j.cbi.2010.04.010
http://dx.doi.org/10.1002/hep.27136
http://dx.doi.org/10.1007/s00204-013-1080-y
http://dx.doi.org/10.1113/jphysiol.2011.225276
http://dx.doi.org/10.1016/j.ijdevneu.2011.09.004
http://dx.doi.org/10.1007/s00204-014-1219-5
http://dx.doi.org/10.1007/s00204-014-1280-0
http://dx.doi.org/10.1016/j.pharmthera.2011.10.006
http://dx.doi.org/10.1016/j.pharmthera.2011.10.006
http://dx.doi.org/10.1007/s00204-014-1231-9

	Highlight report: toxicology of copper
	References




