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Abstract: Platinum-based anti-cancer agents, which include cisplatin, carboplatin and ox-

aliplatin, are an important class of drugs used in clinical setting to treat a variety of cancers. 

The cytotoxic efficacy of these drugs is mediated by the formation of inter-strand and intra-

strand crosslinks, or platinum adducts on nuclear DNA. There is also evidence demonstrating 

that mitochondrial DNA is susceptible to platinum-adduct damage in dorsal root ganglia neu-

rons. Although all platinum-based agents form similar DNA adducts, they are quite different 

in terms of activation, systemic toxicity and tolerance. Platinum-based agents are well known 

for their neurotoxicity and gastrointestinal side-effects which are major causes for dose limita-

tion and treatment discontinuation compromising the efficacy of anti-cancer treatment.  

Accumulating evidence in non-neuronal cells shows that the copper transport system is asso-

ciated with platinum drug sensitivity and resistance. There is minimal research concerning the 

role of copper transporters within the central and peripheral nervous systems. It is unclear 

whether neurons are more sensitive to platinum-based drugs, are insufficient in drug clear-

ance, or whether platinum accumulation affects intracellular copper status and copper-

mediated functions. Understanding these mechanisms is important as neurotoxicity is the pre-

dominant side-effect of platinum-based chemotherapy. 

This review highlights the role of copper transporters in drug influx, differences in drug acti-

vation and side-effects caused by platinum-based agents, as well as their association with cen-

tral and peripheral neuropathies and gastrointestinal toxicities. 

Keywords: Neurotoxicity, cisplatin, carboplatin, oxaliplatin, copper transporters, copper chaperones. 

1. INTRODUCTION 

Currently available treatments for cancer include 

surgical, radiation and chemotherapeutic interventions 

[1, 2]. Anti-cancer chemotherapeutic agents can be 

used neoadjuvantly or adjuvant to surgical procedures, 

depending on the tumor type and stage. Platinum-based 

drugs such as cisplatin, carboplatin and oxaliplatin are 

effective agents used in a wide range of treatment 

regimens for cancers [3]. Despite their efficacy, cancer 

treatment is often compromised due to the serious side-  
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effects associated with these cytotoxic drugs leading to 

dose limitation, total treatment cessation, and, in severe 

cases, death [4, 5]. The side-effects induced by plati-

num-based anti-cancer agents include, but are not lim-

ited to, central and peripheral neuropathies as well as 

gastrointestinal toxicities [6-9]. The gastrointestinal 

side-effects include nausea, vomiting, constipation and 

diarrhoea and these are the major causes for treatment 

non-compliance. Vomiting and diarrhoea in particular, 

are serious gastrointestinal complications which cause 

dehydration, malnutrition and weight loss, in addition 

to fluid and electrolyte depletion which can progress to 

life-threatening cardiac and renal sequelae [10, 11]. 

The gastrointestinal side-effects can have a delayed 

onset, and may be long lasting, even for up to 10 years 

following chemotherapeutic treatment [4]. 

1875-533X/17 $58.00+.00 © 2017 Bentham Science Publishers 
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The gastrointestinal tract is innervated by both ex-

trinsic (sympathetic and parasympathetic innervation) 

and intrinsic (enteric nervous system) neural pathways. 

The eosophagus and stomach are primarily controlled 

by sympathetic and parasympathetic neural pathways 

which are controlled by circuitry within the caudal 

brainstem (pons and medulla oblongata). The emetic 

centre located in the lateral medullary reticular forma-

tion in the pons, as well as the receptors lining the floor 

of the fourth ventricle of the brain (area postrema; 

[AP]) are referred to as a chemoreceptor trigger zone 

regulating nausea and vomiting [5, 12]. The medulla 

oblongata is a circumventricular organ, allowing nox-

ious stimuli within the blood such as metabolites from 

anti-cancer drugs to provoke nausea and vomiting [5]. 

Additionally, vagal afferent fibres innervating the gas-

trointestinal tract propagate sensory information re-

garding the physiological milieu of the gut directly to 

the brainstem in order to regulate gastric and intestinal 

functions [13]. Afferent inputs from the gastrointestinal 

tract converge within the nucleus tractus solitarius 

(NTS) located in the medulla oblongata, and neurons 

from this region can act on those from the dorsal motor 

nucleus of the vagus (DMV; also located in the me-

dulla oblongata) projecting efferently to synapse with 

the enteric nervous system regulating gastric and intes-

tinal functions [13] (Fig. 1). Additionally, emesis can 

be triggered by vagal afferent signalling from the gas-

trointestinal tract in response to chemotherapy-induced 

mucosal insult [12]. Chemotherapy-induced mucosal 

insult within the gastrointestinal tract can activate vagal 

afferents via the release of serotonin from entero-

chrommaffin cells [14, 15]. The mechanisms underly-

ing delayed-onset nausea and vomiting have not been 

elucidated. 

Diarrhoea is thought to result from chemotherapy-

induced mucosal damage, increased gastrointestinal 

permeability and a reduction in absorptive function [10, 

16]. However, the gastrointestinal epithelium has a 

high cellular turnover rate and the capacity to regener-

ate quite rapidly, so the mechanisms underlying de-

layed or chronic constipation and diarrhoea caused by 

chemotherapeutic agents appear to be more complex 

and require elucidation. The enteric nervous system 

innervating the entire length of the gastrointestinal tract 

is comprised of sensory neurons, interneurons and mo-

tor neurons which allows for ample autonomous con-

trol of secretory and motility functions [17]. The en-

teric nervous system includes two major plexi, the 

submucosal and myenteric. The submucosal plexus 

controls gastrointestinal absorption and secretion, 

whereas the myenteric plexus regulates motility. De-

spite its importance in controlling gastrointestinal func-

tions, there are only a few studies investigating the neu-

rotoxic effects of platinum-based drugs on the enteric 

nervous system.  

 
Fig. (1). Schematic diagram of the neuroanatomical areas 

involved in regulating gastrointestinal functions. The 

caudal brainstem includes the pons and the medulla oblon-

gata which contain the lateral medullary reticular formation 

and the area postrema (also known as a “chemoreceptor trig-

ger zone”) respectively. As the brainstem is a circumven-

tricular organ lacking a true blood-brain barrier, noxious 

chemicals within the blood (such as chemotherapy drugs) 

may affect these neuroanatomical areas, provoking nausea 

and vomiting. The medulla oblongata also contains the nu-

cleus tractus solitarius (afferent signalling pathway) and the 

dorsal motor nucleus of the vagus (efferent signalling path-

way). Sensory vagal afferent fibres propagate information 

about the gastrointestinal tract towards their cell bodies 

which are located within the nodose ganglia, which then 

convey the signal to second-order neurons of the nucleus 

tractus solitarius. Neurons from the nucleus tractus solitarius 

then propagate signals to the neurons of the dorsal motor 

nucleus of the vagus down to the enteric nervous system 

which modulate gastrointestinal function. 
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Neuronal damage can impair neurally-mediated gas-

trointestinal functions which may underlie long-term 

dysmotility. Two studies have demonstrated damage to 

the enteric nervous system, resulting in neuronal loss 

and phenotypic changes associated with long-term 

dysmotility following cisplatin and oxaliplatin treat-

ment [18, 19]. However, the mechanisms of enteric 

neuropathy induced by platinum-based drugs have not 

been understood. 

Several transporting systems have been implicated 

in platinum drug sensitivity and resistance. These in-

clude the organic cation/carnitine transporters, multi-

drug extrusion and resistance transporters, and the cop-

per transporting system [20-22]. This review will focus 

on the roles of the copper transporting system in plati-

num-based neurotoxicity. The copper transport system 

has been implicated in platinum drug sensitivity and 

resistance in a number of non-neuronal cells, highlight-

ing it as a likely mode of platinum drug transport into 

and out of the cellular environment. This system in-

volves influx and efflux transporters, as well as chap-

erones which deliver copper (or platinum drugs) to 

various intracellular compartments. Yet, little is known 

about the copper transport system and their role in 

platinum drug sensitivity of the nervous system. Plati-

num drugs can be chaperoned to the nuclei and mito-

chondria where they can bind to and damage DNA; the 

dysfunction of the copper transport system might dis-

turb intracellular copper homeostasis, and therefore, 

vital cellular processes. 

The aim of this review is to highlight the side-

effects associated with platinum-based drugs and to 

elucidate the implications of the copper transport sys-

tem in platinum drug influx, efflux and cellular distri-

bution throughout the central and peripheral nervous 

systems. 

2. PLATINUM-BASED ANTI-CANCER CHE-

MOTHERAPEUTIC AGENTS: MECHANISM OF 

ACTION AND TOXICITY 

The platinum drugs cisplatin, carboplatin and ox-

aliplatin contain a double charged platinum ion that is 

surrounded by four ligands [3] (Fig. 2). These sur-

rounding ligands consist of stable amine or bidentate 

complexes that form strong interactions with the plati-

num ion [23]. The chloride ligands and carboxylate 

complexes of these platinum drugs are considered as 

leaving groups as they dissociate during the aquation 

process [23]. This aquation process (aquation and chlo-

rination in the case of oxaliplatin only) results in the 

formation of several reactive platinum metabolites 

(Fig. 2). The cleavage of the leaving groups allows the 

exposure of the platinum ion to forge a bond with 

purine bases of DNA, forming intra- and inter-strand 

crosslinks or DNA adducts [23]. Although these three 

platinum-based agents form similar DNA adducts, they 

are quite different in terms of systemic toxicity and 

tolerance (Fig. 3). 

 
Fig. (2). Chemical structures of the platinum-based che-

motherapeutic agents cisplatin, carboplatin and oxaliplatin 

and their metabolites. 

2.1. Cisplatin 

Cisplatin is transformed into a reactive complex 

upon cell entry, whereby water molecules displace the 

chloride atoms, resulting in a hydrolysed compound 

[3]. This compound can then react with adenine and 

guanine nucleotides forming intra- and inter-strand 

crosslinks [3]. The rapid aquation of cisplatin may ex-

plain the myriad of side-effects associated with its use. 

Cisplatin induces central and peripheral neurotoxicities, 

ototoxicity, severe gastrointestinal side-effects such as 

nausea, vomiting, constipation and diarrhoea, nephro-

toxicity and mild hematologic toxicity (Fig. 3) [24, 25].  

Cisplatin-associated central neurotoxicities include 

leukoenecephalopathy characterised by bilateral re-

versible abnormalities in the frontal, parietal and oc-

cipital white matter, cerebral herniation, coma, sei-

zures, tremor, loss of coordination, Parkinsonian symp-

toms, ataxia, anxiety, insomnia and vision loss of vary-

ing indices (Fig. 3) [26-28]. Cisplatin-induced ototoxic-

ity is caused by DNA platinum adduct formation within 



Neurotoxicity Associated With Platinum-Based Anti-Cancer Agents Current Medicinal Chemistry, 2017, Vol. 24, No. 15    1523 

 
Fig. (3). Summary of the neurotoxic and gastrointestinal 

side-effects associated with cisplatin, carboplatin and ox-

aliplatin. 

 

the organ of Corti, spiral ganglion cells and the co-

chlear lateral wall [29, 30]. DNA platinum adducts 

have been visualised using immunohistochemical 

methods via the conjugation of fluorophores to cis-

platin or antibodies which recognise platinum adducts 

[31]. This suggests that cisplatin is small enough and 

able to pass through the blood-brain barrier, and ex-

plains why central nervous system (CNS) toxicities are 

a common side-effect of cisplatin treatment. 

Peripheral neuropathies associated with cisplatin 

occur in 50% of patients, presenting as tingling or 

numb paraesthesias of the distal extremities, burning 

pain and loss of sensations, as well as Lhermitte's phe-

nomenon (electrical sensations descending the back 

and lower extremities) [27, 32]. It has been observed 

that 3-4 cycles of cisplatin therapy induce paraesthesia 

in 11% of patients, and this proportion increases to 

65% after 3 months, indicating delayed neurotoxicity 

[33]. In some cases, peripheral neuropathy gradually 

reduces over time, but for many patients it often per-

sists chronically, manifesting as permanent neurologi-

cal damage [27]. 

The chronic form of cisplatin-induced neurotoxicity 

has been attributed to the long-term retention of reac-

tive platinum species, and many studies to date have 

focused on correlating tissue platinum accumulation to 

CNS toxicity, ototoxicity, peripheral neuropathy and 

nephrotoxicity [7, 34-42]. Long-term peripheral neu-

ropathy has been shown to range from 5 up to 20 years 

post-cisplatin treatment [34]. Circulating platinum 

complexes have also been detected systemically well 

after treatment cessation, sometimes for decades sub-

sequent to platinum-based therapy administration [34, 

36, 43-45]. Furthermore, it has been established that 

platinum species recovered from the plasma of cancer 

patients are still reactive against nuclear DNA, as de-

termined by the formation of platinum adducts [37]. 

Thus, platinum retention is considered the primary 

mechanism for permanent neuropathy. 

Cisplatin also causes severe vomiting in 60-90% of 

patients [25]. Platinum-based chemotherapeutic agents 

are known to stimulate the release of serotonin by gas-

trointestinal enterochromaffin cells, serotoninergic en-

teric neurons and CNS neurons [46]. Serotonin stimu-

lates vagal afferents projecting to the gastrointestinal 

tract, sending impulses to the emetic centre in the me-

dulla oblongata which may impact the onset and sever-

ity of vomiting at various time points. Furthermore, 

increased serotonin levels have been observed in the 

area postrema, the jejunum of the intestines, as well as 

blood plasma following cisplatin administration [25, 

26, 46] Alongside serotonin, the neurotransmitter sub-

stance P, an excitatory neurotransmitter involved in 

nociceptive and emetic signalling, has been implicated 

in the pathophysiology of nausea and vomiting [12]. 

Antagonists of serotonin and substance P receptors 

have been used with varying degrees of success. These 

antagonists cause additional side-effects such as dizzi-

ness, headaches, anxiety, fever, ataxia, twitching, ar-

rhythmia, heart failure, renal disorders, and can worsen 

constipation and diarrhoea [12, 47]. 

Intestinal mucosal damage is implicated in the acute 

stages of gastrointestinal dysfunction following plati-

num-based chemotherapy, however, given that this tis-

sue regenerates quite rapidly but the side-effects can be 

delayed or remain persistent, it is plausible to suggest 

that circulating platinum may affect other cell types 

that regulate gastrointestinal functions. This could in-

clude, the enteric nervous system innervating the gas-
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trointestinal tract. The enteric nervous system regulates 

all gastrointestinal functions and it has been largely 

overlooked in regards to chemotherapy-induced toxic-

ity. One study conducted by Vera et al. (2011) revealed 

that cisplatin induced a proportional increase in inhibi-

tory nitric oxide synthase-expressing neurons within 

the myenteric plexus, and a significant decrease in the 

proportion of calcitonin gene-related peptide-

immunoreactive neurons and varicosities which are 

involved in gastrointestinal reflexes and motility [18]. 

Altered neuronal subpopulations within the myenteric 

plexus following cisplatin have been linked to intesti-

nal dysmotility leading to chronic constipation.  

2.2. Carboplatin 

The hydrolysis of carboplatin into its reactive form 

is thought to occur via a biphasic process. The first hy-

dration step leads to the ring opening, followed by a 

second hydration step where the malonate group is dis-

placed [48, 49]. The rate-limiting step of carboplatin 

hydrolysis is the first hydration stage during ring open-

ing; this process is timely and thus, results in a slow 

activation course of the drug. This might explain the 

milder systemic toxicity caused by carboplatin when 

compared to cisplatin and oxaliplatin (Fig. 3) [48]. 

Carboplatin typically induces dose-limiting throm-

bocytopenia and bone-marrow suppression, whereas 

neurotoxicity is less prevalent, occurring in only 4-6% 

of patients compared to 15-60% of patients undergoing 

cisplatin or oxaliplatin therapy [24, 25, 27]. Patients 

who are more susceptible to carboplatin-induced neu-

ropathy are typically those who are undergoing high-

dose therapy with this agent, or who received cisplatin 

chemotherapy in the past [50]. Symptoms of neuropa-

thy associated with carboplatin include burning and 

aching sensations in the feet, paraesthesias such as 

numbness and tingling, clumsiness, ataxia, distal motor 

deficits, amyotrophy in the upper and lower extremi-

ties, tactile anaesthesia as well as abolished vibration 

and joint sensitivity [50]. Furthermore, carboplatin 

treatment causes vomiting in 65% of patients, diarrhoea 

in 17%, and constipation in 6% [25]. 

2.3. Oxaliplatin 

Oxaliplatin is comprised of a central platinum atom 

enclosed by a 1,2-diaminocyclohexane group and a 

bidentate oxalate ligand. Hydrolysis of this drug occurs 

non-enzymatically following the cleavage of the leav-

ing group (the bidentate oxalate ligand) and subsequent 

aquation or chlorination. The key metabolites formed 

during oxaliplatin hydrolysis include monochloro-, di-

chloro- and diaquo-diaminocyclohexane complexes, 

with dichloro-diaminocyclohexane being the most re-

active [51]. 

The main dose-limiting side-effect associated with 

oxaliplatin therapy is peripheral neuropathy which 

manifests as acute or chronic forms, depending on the 

cumulative dose received [24, 27, 28, 52]. The acute 

form of oxaliplatin-induced neuropathy affects ap-

proximately 85-95% of patients and is characterised by 

paraesthesias, dysesthesias, and allodynia of the lips, 

oropharyngolaryngeal area and the extremities [28, 51, 

52]. These symptoms are often triggered upon exposure 

to cold, and typically subside within a few days [51, 

52]. The acute form of peripheral neuropathy is thought 

to be caused by the chelation of calcium by the ox-

aliplatin metabolite oxalate, contributing to the inhibi-

tion of voltage-gated sodium currents [53]. The chronic 

form of oxaliplatin-induced neuropathy is thought to 

result from platinum accumulation and the formation of 

nuclear DNA adducts within the dorsal root ganglia 

(DRG) neurons [38].  

Moreover, the prevalence of oxaliplatin-induced 

gastrointestinal side-effects is quite high. Approxi-

mately 74% of patients feel nauseous, 47% experience 

vomiting, and 56% and 32% experience diarrhoea and 

constipation respectively [25]. Histological damage of 

the gastrointestinal tract following oxaliplatin therapy 

has not been studied extensively, although, mucosal 

insult following chemotherapeutic agents is well-

established. It has been demonstrated that cumulative 

oxaliplatin treatment causes damage to the enteric 

nervous system. Oxaliplatin induces neuronal loss 

within the myenteric plexus, and a proportional in-

crease in the number of nitric oxide synthase-

expressing inhibitory neurons leading to gastrointesti-

nal dysmotility (chronic constipation) [19]. 

3. COPPER TRANSPORT SYSTEM  

The cellular uptake of platinum-based drugs was 

thought to result from passive diffusion. Although 

these agents are hydrophilic, it is unknown whether 

they are able to enter cells via aquaporins like water 

does. Most research to date has focused on their facili-

tated cell entry through the use of metal transporters. In 

particular, there are many studies which have impli-

cated the copper transport system to play a major role 

in platinum-based drug influx, distribution, storage and 

efflux. Copper influx transporters include the copper 

transporter receptor 1 (CTR1), and the debated copper 

transporter receptor 2 (CTR2). There are several chap-

erones involved in the intracellular trafficking of cop-
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per which include cytochrome c oxidase 17 (COX17), 

copper chaperone for superoxide dismutase (CCS) and 

superoxide dismutase 1 (SOD1). Copper efflux is regu-

lated by the anti-oxidant protein 1 (ATOX1) which 

transfers metal ions to proteins of the ATPase family 

(ATP7A and ATP7B) which reside in the trans-Golgi 

network. Furthermore, copper can also be handled by 

intermediary chaperone proteins such as gluthathione 

(GSH) and metallothionein (MT). Here we describe the 

possible pathways for platinum drug influx and intra-

cellular trafficking through the copper transport system 

(Fig. 4). 

3.1. Copper Influx Transporters 

3.1.1. Copper Transporter 1 

The main route for cellular copper influx is via the 

high affinity CTR1, which is encoded by the SLC31A1 

gene [54-56]. CTR1-mediated influx of copper is a 

non-energy and non-proton gradient dependent process 

[56]. Only the efflux of copper involves the hydrolysis 

of ATP [56]. Knockout of CTR1 results in an embry-

ologically lethal phenotype, thus, signifying the impor-

tance of copper influx, and the essentiality of this mi-

cromineral in many metabolic processes [55]. CTR1 

expression on the plasma membrane is regulated by 

intracellular copper levels [55]. Insufficient or exces-

sive intracellular copper levels would provoke the in-

creased or decreased expression of CTR1 on the 

plasma membrane respectively [54, 57, 58].  

There are many studies correlating CTR1 expres-

sion with increased platinum-based toxicity in non-

neuronal cells [59-64]. It has been demonstrated in an 

ovarian cancer cell line, that the internalisation of 

CTR1 following cisplatin exposure occurs via 

 
Fig. (4). Summary of the transport system regulating copper and platinum influx, mobilisation and efflux. As copper is 

highly reactive, it is bound to albumin, ceruloplasmin and transcuprein in the blood and delivered to the high affinity trans-

porter, CTR1, on the cell membrane (A). Limited studies have demonstrated that CTR2 is localised to the plasma membrane 

and partakes in copper, however, majority of the research have determined its role in the intracellular mobilisation of copper 

through lysosomes and endosomes (B). Whether a chaperone delivers copper to CTR2 is unknown. The chaperone COX17 

acquires copper and donates it to the acceptor proteins, COX11, Sco1 and Sco2, in the mitochondria (C). CCS acquires copper 

for delivery to SOD1 within the cytosol and the mitochondria (D). GSH is able to sequester excessive copper, or transfer it to 

other intermediary handling proteins such as MT (E) for redistribution to CCS or COX17 (F). The ATOX1 chaperone seques-

ters copper to the efflux pathway via ATP7A and ATP7B (G), and can translocate copper to the nucleus (H).  
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macropinocytosis and proteasomal degradation [63]. 

The internalisation of CTR1 infers receptor stimulation 

of drug influx. Inhibition of CTR1 by silver decreases 

copper uptake at the plasma membrane in HEK293 

embryonic kidney cells and mouse embryonic cells [65, 

66] In vitro experiments using murine embryonic fi-

broblasts have shown that CTR1 receptor mediates 

platinum-drug influx, however, oxaliplatin at higher 

concentrations appears to not depend on CTR1 for en-

try [67]. Research linking CTR1 expression in the cen-

tral and peripheral nervous systems with the extent of 

platinum-based neurotoxicity is limited (Table 1). It 

has been established that platinum from cisplatin and 

oxaliplatin accumulates in the DRG [38, 68]. This is 

thought to be the primary mechanism of peripheral 

neuropathy induction. CTR1 expression within DRG 

neurons is characterised by intense immunoreactivity 

of the plasma membrane and vesicular structures of the 

cytoplasm [68]. Larger-sized DRG neurons are highly 

immunoreactive for CTR1 and are more vulnerable to 

oxaliplatin-induced atrophy when compared to small-

sized DRG neurons with minimal or no CTR1 expres-

sion [9, 68]. Whether CTR1 internalisation and degra-

dation occurs in neurons of both the central and periph-

eral nervous systems in response to platinum-based 

drugs, as it does in yeast (Saccharomyces cerevisiae) 

and cancer cell lines, requires further elucidation [59, 

63]. 

3.1.2. Copper Transporter 2  

The CTR2 protein is encoded by the SLC31A2 

gene, and is a homolog to the CTR1 receptor [55, 69]. 

Despite structural similarity to CTR1, the CTR2 recep-

tor is considered to be localised to intracellular com-

partments such as lysosomes and late endosomes, 

rather than within the plasma membrane [55, 70, 71]. 

However, studies investigating the localisation of 

CTR2 are conflicting. In a fibroblast cell line (COS-7 

cells), CTR2 is indeed localised to lysosomes, but has 

also been shown to partially localise at the plasma 

membrane [72]. Lysosomes function to degrade intra-

cellular products, and it is thought that the function of 

the CTR2 receptor is to export or mobilise copper from 

these compartments into the cytosol [71, 72]. However, 

further to this, it has been demonstrated that the CTR2 

receptor can also mediate copper uptake at the plasma 

membrane in a similar fashion to CTR1. It was found 

that CTR2-dependant copper uptake in COS-7 fibro-

blasts is markedly decreased in the presence of silver 

similar to CTR1, suggesting that the CTR2 receptor 

also plays a role in copper influx at the plasma mem-

brane [72].  

Characterisation of CTR2 expression in rat tissues 

has revealed that levels are the highest in the placenta 

and heart; moderate in the liver, kidney and small intes-

tines; and the lowest in the brain [72]. Data from hu-

man ovarian cancer cells demonstrated that CTR2 ex-

pression is modulated by intracellular copper concen-

trations, where in circumstances of copper starvation, 

CTR2 is downregulated, but its expression is increased 

when copper is in excess [73]. Studies investigating 

CTR2 expression in non-neuronal tissue and cells have 

associated this receptor with platinum drug sensitivity 

and resistance [74-76]. High CTR2 expression has been 

associated with resistance to cisplatin in human ovarian 

cancer cells, and a decrease in CTR2 expression sensi-

tises mouse embryonic fibroblasts to platinum toxicity 

and accumulation of platinum from cisplatin and car-

boplatin [73, 74]. Both the knockdown of CTR2 or re-

duced expression by copper depletion enhances cis-

platin uptake in human ovarian cancer cells [73]. As 

high CTR2 level is associated with platinum resistance, 

the low CTR2 expression in the brain may be an indi-

cator or poorer drug clearance in this particular tissue, 

and could in part explain the sensitivity of the CNS to 

platinum-based agents. Knowledge concerning the ex-

pression and functional relevance of the CTR2 receptor 

in the peripheral nervous system is limited, and any 

association between CTR2 expression and the severity 

of the neurotoxic side-effects caused by platinum-based 

agents is unknown. 

3.2. Copper Chaperones 

3.2.1. Cytochrome c Oxidase 17 

Cytochrome c oxidase 17 (COX17) contains four 

metal binding sites, and is the primary chaperone for 

the delivery of copper to the mitochondria [56, 77, 78]. 

COX17 transfers copper to the acceptor protein 

COX11, and the synthesis of cytochrome c oxidase 1 

and 2 (SCO1; SCO2) proteins within mitochondria [79-

81]. The mitochondrial copper pool is required for the 

assembly of cytochrome c oxidase (complex IV) of the 

electron transport chain and, therefore, life sustaining 

oxidative ATP production [82]. Cytochrome c oxidase 

is located in the inner mitochondrial membrane, and is 

involved in reducing molecular oxygen to water in the 

electron transport chain. Additionally, cytochrome c 

(complex IV) pumps protons to the intermembrane 

space of the mitochondria for maintenance of the pro-

ton gradient. These activities are both essential to ATP 

synthesis at complex V [77, 82, 83].  

In cancer cell lines, platinum from cisplatin has 

been shown to co-localise with acidic organelles which
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Table 1. Summary of copper transporters and chaperones in the nervous system, cancer cell lines, and interaction with 

platinum-based chemotherapeutic agents. 

 Interaction with platinum-based chemotherapeutic agents 

Copper 

transporter/ 

chaperone 

Function Nervous system Non-neuronal cells 

CTR1 Ubiquitously expressed on the 

plasma membrane, and is the major 

transporter involved in copper influx 
[54-58]. 

• DRG neurons immunoreactive for 

CTR1 are vulnerable to atrophy 

following oxaliplatin treatment 
[68]. 

• Experiments using murine embry-

onic fibroblasts, cancer cell lines 

and yeast (Saccharomyces cere-
visiae) have determined CTR1-

mediated uptake of cisplatin, car-

boplatin and oxaliplatin [59-61, 64, 
67, 155]. 

CTR2 Reported to be expressed on the 

plasma membrane and partake in 

copper influx, and is also localised 

to lysosomes and late endosomes. 

CTR2 functions to export or mobi-

lise copper from lysosomes and 
endosomes [55, 70-72]. 

• Unknown • High CTR2 expression in human 

ovarian cancer cells is associated 

with cisplatin resistance [73, 74] 

Decrease in CTR2 expression en-

hances platinum accumulation from 

cisplatin and carboplatin in mouse 

embryonic fibroblasts [73-75]. 

COX17 Chaperones copper to the mitochon-

dria via transfer to COX11, SCO1 
and SCO2 [79-81]. 

• Platinum-adducts from cisplatin 

on mitochondrial DNA of DRG 
neurons [86].  

• Experiments utilising HeLa cells 

have revealed cisplatin complexes 
with COX17 [85].  

CCS Chaperones copper to SOD1 essen-
tial for its activation [87, 88, 90]. 

• Unknown • Oxaliplatin-resistant HT29 colorec-

tal cancer cell lines overexpress 

CCS, implicating SOD1 in ox-

aliplatin detoxification [91, 92] 

SOD1 silencing sensitises A2780-

cisplatin resistant cell lines to plati-
num toxicity [92]. 

ATOX1 Can colocalise to the nucleus, and is 

involved in copper efflux via 
ATP7A and ATP7B [56, 94-96]. 

• Unknown • Cisplatin and oxaliplatin complex 

with ATOX1 [97-99] 

Cisplatin treatment causes ATOX1 

translocation to the nucleus and in-

creased copper levels in HCT116 
p53

+/+
 cells [96]. 

ATP7A Efflux chaperone residing in the 

trans-Golgi network [56, 100, 104, 
105]. 

• ATP7A-immunoreactive DRG 

neurons are insensitive to ox-
aliplatin [68]. 

• Ovarian cancer cells with high 

ATP7A expression are resistant to 

cisplatin, carboplatin and ox-
aliplatin [112, 113]. 

ATP7B Efflux chaperone residing in the 
trans-Golgi network [100, 104]. 

• No ATP7B-immunoreactive neu-
rons found in DRG [68]. 

• Cisplatin induces ATP7B transloca-

tion in secretory vesicles from the 

trans-Golgi network in ovarian 
cancer cells [114]. 

GSH Sequesters copper and regulates 

trafficking throughout the cell, trans-

fers metals to MT and regulates 

redox status of ATOX1 [123, 125-
127]. 

• Neuroprotective against cisplatin-

induced changes to nerve conduc-

tion velocities of sciatic, tibial, 

and tail nerve in rats, as well as a 

reduction in platinum accumula-

tion [131, 136, 137]. 

• Increased GSH enhances COX17-

platinum-drug complexes [133] 

Increased GSH mediates resistance 

to platinum agents in ovarian can-
cer cells [134, 135]. 

MT Sequesters copper for intracellular 

metal buffering [138-140]. 
• Unknown • Spectroscopic and voltametric stud-

ies revealed MTs complex with 

cisplatin [148, 149] 

Cancer cell lines overexpressing 

MTs are resistant to platinum-based 

drugs [143, 150, 151]. 
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could pertain to lysosomes and/or mitochondria [84]. 

As the inner mitochondrial membrane is impermeable 

to metal ions, copper flux requires chaperone activity 

[82]. It has been demonstrated in HeLa cells that cis-

platin reacts with the COX17, which is suggestive of a 

dual copper/platinum transport mechanism to the mito-

chondria [85]. Several studies have demonstrated that 

cisplatin- and oxaliplatin-derived platinum can localise 

within the mitochondria and form DNA adducts within 

DRG neurons [38, 86]. COX17-mediated transport of 

platinum-based drugs to the mitochondria in neurons is 

a likely scenario; however, this is yet to be investi-

gated. 

3.2.2. Copper Chaperone for Superoxide Dismutase 

The copper chaperone for superoxide dismutase 

(CCS) acquires and transfers copper to soluble super-

oxide dismutase 1 (SOD1) within the cytosol, and to 

the mitochondria which is imperative for superoxide 

radical scavenging [56, 77, 87, 88]. Like other copper 

chaperones, CCS expression is modulated by intracel-

lular copper levels. Western blot analysis of rat livers 

following a copper-deficient diet demonstrated that 

when intracellular copper levels are low, CCS is 

upregulated [89]. In the rat liver cell line H4IIE and the 

human hepatoma cell line HepG2 it has been demon-

strated that copper regulation of CCS is through a post-

transcriptional mechanism rather than upregulated 

mRNA expression [89]. While CCS
-/-

 mice are not em-

bryonically lethal and contain normal SOD1 protein 

levels, the activity of SOD1 is markedly reduced when 

compared to that of control animals [90]. This is be-

cause CCS is crucial for copper incorporation into 

SOD1, which is essential for its activation [90].  

The overexpression of CCS has been associated 

with oxaliplatin resistance in the colorectal cancer cell 

line HT29, whilst SOD1 silencing in the cisplatin-

resistant human ovarian cancer cell line A2780/CP sen-

sitises cells to platinum treatment [91, 92]. These data 

infer that CCS and SOD1 levels are implicated in the 

sensitivity or detoxification of platinum-based agents.  

Studies in human and rodent tissues demonstrates 

the expression pattern of CCS is the highest in the 

brain, moderate in the spinal cord and the lowest in the 

colon (there was no discrimination between the mu-

cosal, muscle and enteric nerve tissue) [93]. CCS ex-

pression is abundant in pyramidal neurons of the cor-

tex, Purkinje cells of the cerebellum and motor neurons 

of the spinal cord [93]. In the mouse brain, CCS and 

SOD1 distribution is paralleled, and both proteins are 

primarily expressed by neurons, with lower immunore-

activity observed in the axons and astrocytes [93]. The 

role of CCS and SOD1 in the clearance of platinum-

based anti-cancer drugs from the central and peripheral 

nervous systems needs to be investigated. Currently, 

there are no clear correlations between CCS and SOD1 

expression in the central and peripheral nervous sys-

tems that can be made in regards to the degree of neu-

rotoxic side-effects associated with platinum-based 

agents. High expression of CCS and SOD1 in the brain 

would infer a greater capacity for clearance of oxida-

tive species [93]. Presumably, drug detoxification 

would be quite efficient; however, cisplatin causes se-

vere CNS side-effects. This indicates that CCS and 

SOD1 may be ineffective for platinum clearance in the 

CNS, implying there are other mechanisms for drug 

detoxification.  

3.2.3. Anti-Oxidant Protein 1 
The anti-oxidant protein 1 (ATOX1) is an essential 

chaperone for the copper metallation pathway, causing 

perinatal lethality in its absence [56]. ATOX1 trans-

ports copper to the trans-Golgi apparatus network for 

the subsequent transfer to P-type ATPases (ATP7A and 

ATP7B) for cellular distribution and/or efflux [56, 94]. 

While the mechanisms of copper transport to the nu-

cleus are not well known, several studies have demon-

strated that ATOX1 can translocate to the nucleus upon 

copper stimulation in mouse embryonic fibroblasts [95, 

96], and that ATOX
+/+

 fibroblasts accumulate more 

nuclear copper than ATOX
-/-

 fibroblasts [96]. Further-

more, studies using human colorectal cancer cell lines 

(HCT 116; p53
+/+

; p53
-/-

) have shown that treatment 

with cisplatin enhances both copper accumulation and 

ATOX1 expression within the nucleus of p53
+/+

 cells 

[96]. These studies highlight the fact that ATOX1 can 

chaperone copper to intracellular compartments other 

than the trans-Golgi network. It has been shown that 

cisplatin and oxaliplatin can bind to the ATOX1 chap-

erone [97, 98]. Moreover, platinum can bind to copper-

loaded ATOX1 chaperones, which is suggestive of si-

multaneous transport of both metals (“hitch-hiking”), 

thus, probably exerting little effect on the intracellular 

copper pool [99]. If platinum-based drugs can influence 

the expression and translocation of ATOX1 to the nu-

cleus, this could provide a potential mechanism for di-

rect nuclear drug influx and damage. The role of 

ATOX1 in central and peripheral neurotoxicities 

caused by platinum-based drugs is unknown. 

3.3. Efflux Transporters 

3.3.1. ATPases 
The P-type ATPase transporters ATP7A and 

ATP7B play an essential role in regulating intracellular 
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copper levels [56, 100]. The ATOX1 chaperone ini-

tially transfers copper to the ATPases for subsequent 

transfer to newly synthesised cuproenzymes, and for 

efflux when intracellular copper pools are too high 

[101]. These P-type ATPases contain an amino-

terminal extension with binding sites allowing for the 

loading of six copper ions [102, 103]. ATP7A and 

ATP7B reside at the trans-Golgi apparatus network in 

their unbound state, but upon copper loading, translo-

cate to the cell surface in vesicular compartments. 

Once copper has been unloaded to the extracellular 

space, they travel back to the trans-Golgi network 

[104-106]. ATP7A transports copper towards the baso-

lateral membrane in polarised cells, whilst ATP7B is 

directed towards cytosolic vesicles and the apical 

membrane of cells [107, 108].  

Copper-resistant cells demonstrate cross resistance 

to platinum-based drugs [109], which provides support 

for the utilisation of the same copper metallation chap-

erones. The sequestration of platinum-based drugs by 

ATP7A and ATP7B for efflux is one of the mecha-

nisms thought to underlie drug resistance, although ex-

perimental results are conflicting [110, 111]. An in vi-
tro study using ovarian cancer cell lines that are sensi-

tive (A2780) or resistant (A2780cis) to cisplatin has 

shown that ATP7A and ATP7B localisation varies 

[110]. In A2870 sensitive cells, both ATP7A and 

ATP7B colocalise with a trans-Golgi network marker, 

whereas in the resistant cell line this is scarcely ob-

served with both ATPases [110]. Immunohistochemical 

colocalisation of ATP7A and ATP7B with carboxy-

fluorescein-conjugated cisplatin is observed in A2780 

sensitive cell line. However, cisplatin colocalises only 

with ATP7A, but not ATP7B in the resistant cell line 

[110]. In vitro studies using human ovarian cancer and 

fibroblast cell lines have revealed that copper triggers 

the relocalisation of ATP7A away from the trans-Golgi 

network (indicative of efflux activity), whereas cis-

platin, carboplatin and oxaliplatin do not [112, 113]. 

This suggests that ATP7A might complex with plati-

num-based agents, but the drugs are not effluxed and/or 

are immobilised, reducing their trafficking throughout 

the cell. However, cisplatin exposure induces ATP7B 

translocation from the trans-Golgi network into secre-

tory vesicles [114], which supports efflux activity.  

Within the brain, ATP7A is ubiquitously expressed 

in astrocytes, oligodendrocytes, microglia, endothelial 

cells and neurons [115, 116]. On the other hand, 

ATP7B is expressed in neurons within the hypothala-

mus, in the glomerular cell layer of the olfactory bulb 

and within the granular cell layer of the cerebellum 

[115, 117]. Genetic mutations of ATP7A and ATP7B 

have been associated with neuropathological conditions 

known as Menkes disease and Wilson disease respec-

tively [118]. However, research correlating the expres-

sion of the efflux transporters ATP7A and ATP7B in 

chemotherapy-induced neurotoxicity requires further 

investigation. A subset of small-sized DRG neurons are 

immunoreactive for ATP7A, but not ATP7B [68]. 

ATP7A-immunoreactive neurons are insensitive to ox-

aliplatin treatment [68], which supports ATP7A-

mediated efflux function and platinum resistance that is 

typically observed in non-neuronal tissues and cell 

lines. On the other hand, large-sized DRG neurons with 

strong CTR1 immunoreactivity are particularly vulner-

able to oxaliplatin exposure, as demonstrated by signs 

of cellular atrophy [68]. These data infer that ATP7A 

plays a role in oxaliplatin resistance or detoxification 

from neurons, thus, reducing its capacity to reach nu-

clear and/or mitochondrial DNA, or other potential cy-

totoxic targets. Alongside the efflux functions of 

ATP7A, this protein also delivers copper to peptidyl-

glycine α-amidating monooxygenase which is used for 

the synthesis of substance P [119-121]. Substance P 

levels are elevated in the DRG following acute ox-

aliplatin treatment, suggesting that ATP7A might fa-

cilitate the production of substance P [8]. It is likely 

that the subset of neurons expressing ATP7A may also 

facilitate the efflux of cisplatin and carboplatin from 

the DRG. 

3.4. Intermediary Copper Handling Chaperones 

Given the dependence of intracellular copper mobi-

lisation on chaperone activity, it has been hypothesised 

that COX17, CCS, and ATOX1 dock close to the 

CTR1 receptor for copper loading and eventual transfer 

to various intracellular compartments (mitochondria, 

nucleus, Golgi apparatus, lysosomes and late en-

dosomes). However, research suggests that glutathione 

(GSH) and metallothionein (MT) act as intermediary 

handling chaperones, which can sequester copper and 

regulate trafficking throughout the cell. These thiols are 

thought to transfer copper to other chaperones for in-

tracellular distribution, storage, and efflux, and have 

also been implicated in the binding and clearance of 

platinum-based drugs [122]. 

3.4.1. Glutathione 

GSH has many cellular functions, but notably acts 

as an anti-oxidant and detoxifier of noxious endoge-

nous compounds [123, 124]. GSH is a thiol-rich mole-

cule of high abundance within the cytosol. It comprises 

six copper binding sites, and is known to play a role in 



1530    Current Medicinal Chemistry, 2017, Vol. 24, No. 15 Stojanovska et al. 

metal ion homeostasis [123]. Excessive copper within 

the cytosol can be sequestered by GSH, as evidenced 

by its efficacy in reducing copper-related toxicities [77, 

125]. GSH also binds copper which is thought to func-

tion in metal ion transfer to MT [77, 125, 126], and 

regulates the redox status of ATOX1 which is critical 

for copper efflux through the ATPases ATP7A and 

ATP7B [127]. It has been shown that glutaredoxin1 

(thiol oxidoreductase which reverses S-glutathiony-

lation) directly interacts with ATP7A and ATP7B 

[128]. It is suggested that glutathionylation of ATP7A 

and ATP7B serves a protective and regulatory function 

[128]. Glutaredoxin1 depletion results in elevated in-

tracellular copper which has been demonstrated in mul-

tiple cell lines [129]. This strengthens the notion that 

reversed S-glutathionylation of ATP7A and ATP7B 

plays a role in liberating copper binding sites. 

Conflicting studies have implicated GSH in the cel-

lular sensitivity and resistance to platinum-based drugs 

[122, 130, 131]. Increased sensitivity to cisplatin has 

been attributed to GSH-mediated upregulation of the 

CTR1 receptor [132]. If GSH can upregulate CTR1 

expression, this should theoretically enhance cisplatin 

(and copper) uptake. Indeed, it has also been demon-

strated that GSH enhances the reactivity of cisplatin, 

carboplatin and oxaliplatin with COX17, the chaperone 

responsible for the delivery of copper (and presumably 

platinum) to the mitochondria [133]. Increasing plati-

num delivery by a GSH-mediated pathway could po-

tentiate mitotoxicity. In contrast, several studies dem-

onstrate that cells can acquire resistance to platinum-

based agents when GSH levels are elevated [134, 135], 

which may be due to its roles in sequestering metals 

and modulating their efflux. 

There are a few studies which have shown GSH to 

be neuroprotective against cisplatin administration 

[131, 136, 137]. GSH co-treatment alleviates cisplatin-

induced neurophysiological dysfunction such as a re-

duction in sensory nerve conduction velocities and 

pathological changes of the sciatic, tibial and tail 

nerves in rats, and also reduces platinum accumulation 

within DRG neurons [136, 137]. 

3.4.2. Metallothionein 

MTs are thiol-rich proteins which play a role in in-

tracellular metal homeostasis, with the capacity to bind 

up to twelve copper ions [77, 126]. MTs are involved 

in the detoxification of essential, but excessive metal 

ions, such as zinc and copper, as well as non-essential 

metals pertaining to mercury and cadmium [138-140].  

 

These thiol proteins are also involved in sequestering 

reactive oxygen species, peroxynitrites and other radi-

cals, as well as the detoxification of alkylating agents 

[141-146]. 

MTs can receive copper ions from GSHs, or they 

can sequester the metal from copper-related enzymes 

[126, 147]. In copper deficient mice, MTs can chelate 

copper released from copper-related enzymes and re-

distribute the ion to COX17 and CSS for the transfer to 

Sco1 and SOD1, respectively [147]. Interestingly, in 

copper-deficient mice, MTs do not seem to transfer the 

ion to ATOX1, given that this is involved in the efflux 

pathway via ATP7A and ATP7B chaperones [147]. 

This highlights the sophisticated role of MTs in intra-

cellular metal homeostasis. 

Spectroscopic and voltametric studies have estab-

lished that MT can form complexes with cisplatin [148, 

149]. Studies utilising cancer cell lines overexpressing 

MT have revealed that they are resistant to platinum-

based drugs [143, 150, 151]. MTs have demonstrated 

neuroprotective roles in models of Parkinson’s and 

Alzheimer’s diseases as well as glutamate and nitric 

oxide-induced toxicities [152-154]. The expression of 

MTs in the central and peripheral nervous systems fol-

lowing treatment with platinum-based chemotherapeu-

tic agents remains to be investigated. Such research 

could provide further insight into the toxicity profiles 

of cisplatin, carboplatin and oxaliplatin. 

CONCLUDING REMARKS 

The platinum-based chemotherapeutic agents, cis-

platin, carboplatin and oxaliplatin, have proven thera-

peutic efficacy against many cancers. Although these 

agents are effective, treatment is often compromised 

due to their dose-limiting neurotoxic and gastrointesti-

nal side-effects. Many studies have provided evidence 

that the copper transport system is involved in plati-

num-based drug sensitivity and resistance in a number 

of non-neuronal tissues and cell-lines. Platinum-based 

drugs can complex with copper transporters and chap-

erones which may be responsible for their influx, cellu-

lar distribution, storage and efflux. 

Although neurotoxicity and gastrointestinal side-

effects are major complications associated with plati-

num-based agents, there is minimal research pertaining 

to neuronal uptake and cellular trafficking of these 

drugs. Characterising the copper transport system in 

neuronal tissues could give insight as to why the cen-

tral and peripheral nervous systems are particularly 

vulnerable to platinum-based drugs. 
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LIST OF ABBREVIATIONS 

ATOX1 = Anti-oxidant protein 1 

CCS = Copper chaperone for superoxide dismu-

tase 

CNS = Central nervous system 

COX17 = Cytochrome c oxidase 17 

CTR1 = Copper transporter receptor 1 

CTR2 = Copper transporter receptor 2 

DRG = Dorsal root ganglia 

GSH = Glutathione 

MT = Metallothionein 

SCO1 = Synthesis of cytochrome c oxidase 1  

SCO2 = Synthesis of cytochrome c oxidase 2  

SOD1 = Superoxide dismutase 1 
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