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Abstract

Iron, copper and zinc are required nutrients for many organisms but also potent toxins if 

misappropriated. An overload of any of these metals can be cytotoxic and ultimately lead to organ 

failure, whereas deficiencies can result in anemia, weakened immune system function, and other 

medical conditions. Cellular metal imbalances have been implicated in neurodegenerative 

diseases, cancer and infection. It is therefore critical for living organisms to maintain careful 

control of both the total levels and subcellular distributions of these metals to maintain healthy 

function. This perspective explores several strategies envisioned to alter the bioavailability of 

metal ions by using synthetic metal-binding agents targeted for diseases where misappropriated 

metal ions are suspected of exacerbating cellular damage. Specifically, we discuss chemical 

properties that influence the pharmacological outcome of a subset of metal-binding agents known 

as ionophores, and review several examples that have shown multiple pharmacological activities 

in metal-related diseases, with a specific focus on copper.

1. Introduction

Metal dyshomeostasis and oxidative stress

Essential metal ions including zinc (Zn), copper (Cu) and iron (Fe) are strictly controlled in 

the body and maintained within appropriate physiological levels by dedicated proteins 

associated with metal trafficking and homeostasis pathways. However, aberrant metal 

metabolism that disrupts this homeostasis can contribute to human disease. The regulation of 

Cu and Fe are particularly important due to their innate property of accessing multiple 

oxidation states. In a biological context, the common oxidation states are Cu+/2+ and 

Fe2+/3+, although higher oxidation numbers can be accessed during some enzymatic cycles. 

Under certain conditions, these redox-active metals can catalyze the Fenton reaction 

(Scheme 1), wherein they react with hydrogen peroxide (H2O2) and generate hydroxyl anion 

(OH−) and hydroxyl radical (OH•), the most reactive of the reactive oxygen species (ROS). 

In the presence of reductants, such as ascorbate or glutathione, this reaction becomes 

catalytic, as the metal is reduced and is able to react with another molecule of hydrogen 

peroxide. If unchecked, this reaction can produce dangerously high levels of hydroxyl 
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radicals, leading to irreparable damage of lipids, nucleic acids, and proteins, ultimately 

resulting in cell death.

In the case of Cu, ROS formation directly from Cu redox cycling cannot be the sole 

mechanism of Cu toxicity to cells. Studies show that elevated levels of Cu+ remain highly 

toxic in both bacteria and yeast cells growing under anaerobic conditions, an environment 

where ROS are unable to form.1–3 Recently, Imlay et al. demonstrated that Cu rapidly 

inactivates the catalytic iron-sulfur (Fe-S) clusters of dehydratases in Escherichia coli.4 The 

study shows that Fe-S clusters are the primary targets of Cu, which is thought to displace Fe 

from the cluster and coordinate the sulfur donor ligands, thereby disabling enzyme activity.4 

Enzyme activity could be reactivated by adding neocuproine as an intracellular Cu+ 

chelating agent, and subsequently supplementing with additional Fe2+.

Chemically manipulating metal status in biology: chelator vs. ionophore

Altering the levels of metal ions by using metal chelating agents is a promising strategy to 

minimize cellular damage in cases where labile metal ions are producing ROS. Chelating 

agents are also useful for studying cellular processes related to metal ion transport, storage, 

use and trafficking. Chelating agents are defined by their ability to bind to metal ions via 

multiple points of contact to form metal complexes. From a traditional pharmacological 

standpoint, medicinal chelating agents are used for the therapeutic treatment and removal of 

metals from the body. Historically, chelating agents have been used to remove toxic 

exogenous metals such as lead or arsenic.

While chelating agents that sequester and remove heavy metals are still used today for toxic 

metal poisoning, chelation therapy can also be used to reduce levels of essential metals, 

particularly in the case of genetic Fe and Cu overload disorders. In Wilson’s disease, as one 

example, mutations on the ATP7B gene lead to a defect in Cu distribution and detoxification 

that results in Cu overload in the liver and other organs.5 Currently, there is no curative 

treatment, and all chelation therapies must be taken lifelong and tend to limit Cu 

systemically. The first Cu overload chelation therapy was British anti-Lewisite (BAL), but 

its many painful side effects led to the introduction of D-penicillamine (D-pen) in 1956 and 

triethylenetetramine (TETA) in 1982, which improved the quality of life for patients with 

this disease (Fig. 1).6

Metal ionophores constitute a distinct subset of chelating agents. Similar to a chelator, an 

ionophore binds metal ions by multiple points of contact to form metal complexes. The key 

difference lies in the functional outcome of the metal complex. As described above, a 

traditional medicinal chelator results in excretion of the metal from the system. In contrast, 

ionophores typically form lipophilic metal complexes that enable intracellular access for the 

metal.

The term ionophore (ion bearer) was coined by Pressman in 1967 to describe several classes 

of antibiotics produced primarily by Streptomyces species. These ‘ionophores’ preferentially 

bind to sodium (Na+) and potassium (K+) ions and mediate their transport across lipid 

barriers.7 Monensin A is one example of over 100 naturally occurring ionophores known to 

form a complex with Na+ and transport it across cell membranes. Importantly, metal affinity 
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varies depending on the solution environment, so once exposed to an aqueous phase, the ion 

is released from its carrier ligand and is free to exert its biological function. This class of 

ionophores has broad-spectrum antimicrobial activity against gram-positive bacteria 

(Staphylococcus, Bacillus), with no activity against gram-negative bacteria.8

While ‘ionophore’ was originally implicated with alkali metal ions, the name has been 

deployed more broadly to describe compounds that are attracted to any metal ion, with an 

implicit association as serving to shuttle the ion across a lipid barrier. Given the ambiguous 

nature of the term, other names given to compounds with this function include ‘metal 

shuttle’ and ‘metal chaperone’. For the purpose of this perspective, we will adopt the term 

‘ionophore’ to mean metal-binding ligands that shuttle or chaperone d-block metals across 

lipid membranes.

Chemical properties that influence the pharmacological outcome of an ionophore’s activity 

include the coordination environment presented to the metal ion, the affinity of the 

ionophore to various metal ions, the redox potential of the metal complexes, and the 

lipophilicity of the individual and combined species. These properties will be discussed in 

more detail in the following sections, with a focus on Cu.

2. Chemical properties that affect ionophore activity

Coordination environment

The nature and reactivity of a metal complex is affected by the coordination environment 

created around the metal center, which includes the identity of the coordinating atoms, the 

number of coordination sites, and the geometric configuration of the whole complex. The 

donor atoms that bind to the metal can provide some level of selectivity or preference 

towards particular metal ions. The principle of “Hard and Soft Acids and Bases” (HSAB) 

developed by Pearson in the 1960s established a classification of metal ions and their 

ligands.9 The presence of sulfur, for example, will likely favor soft metal ions like Cu+ 

while disfavoring hard cations like Ca2+. Conversely, hard, anionic donors like oxygen in 

alkoxide or phenoxide ligands attract hard trivalent ions like Fe3+ while being less drawn to 

Cu+. Neutral oxygen and nitrogen donors, meanwhile, are commonly found as donors to 

metal cations of intermediate hard/soft preference, including Zn2+, Cu2+ and Fe2+.

In addition to the type of donor atom, the number of attachment points, or denticity, the 

ligand presents to the metal influences complex formation and stability. As denticity 

increases, stability of the complex usually increases as well, a consequence known as the 

chelate effect. The boost in affinity is especially pronounced when the size of the binding 

site created by one or more chelate rings matches the size of a particular ion.10 The resulting 

stability of a metal complex has ramifications for the biological activity of an ionophore, 

since stability is a factor in determining whether the ionophore retains the metal, releases it 

into solution, or exchanges it to other molecules (including proteins) of higher affinity.

Metal affinity

The affinity for a particular metal ion over others is a measure of an ionophore’s selectivity. 

However, it is important to note that while an ionophore may be ‘selective’ for a certain 

Helsel and Franz Page 3

Dalton Trans. Author manuscript; available in PMC 2015 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



metal it does not mean it is limited to binding only that metal ion. The chemical similarities 

of many metals are close enough in their geometric preference, HSAB character, and size 

that it is difficult to be limited to one specific metal in the presence of a mier, S. Payton, K. 

A. Tseitlin, J. N. Kremsky, L. Lai, X. Li, R. ve a thermodynamic preference for a specific 

metal ion, it does not mean that it binds that metal at the exclusion of others.

Redox potential

The ease of reduction of a given metal complex is evaluated by determining the reduction 

potential. Complexes with negative reduction potentials favor the oxidized form, for 

example Fe3+ and Cu2+. On the contrary, complexes with positive reduction potentials favor 

the reduced state, Fe2+ and Cu+. Given the fact that metals in different oxidation states have 

different ionic radii and different donor atom preferences, changing the oxidation state of a 

metal influences the thermodynamic stability of the complex. A stable complex, for 

example, that is reduced to a lower oxidation state could lose its metal because of 

diminished affinity of the ligand for the lower oxidation state metal.

In addition to influencing complex stability, the reduction potential of a metal complex also 

affects its reactivity. An example of a chelator that provides a thermodynamically stable 

coordination environment is ethylenediaminetetraacetic acid (EDTA), which has a high 

binding affinity for Fe3+ (log β1 = 25.1).11 The reduction potential of the iron complex 

(+120 mV vs NHE), however, places it in a window of biological oxidation/reduction 

reactions that exacerbate ROS formation.12 While reduction potentials that are on either the 

positive or negative extreme prefer one oxidation state and resist redox cycling, complexes 

that are close to zero versus NHE are thermodynamically capable of being reduced by 

cellular agents like ascorbate, NADH or glutathione, and oxidized by O2 or H2O2, thereby 

producing OH•.

Lipophilicity

An important factor for pharmacological screening and drug development is the prediction 

of absorption and transport of a molecule through cellular membranes. Drugs cross 

biological barriers most frequently through passive transport, which strongly depends on 

their lipophilicity. In the case of a chelating ionophore, the active “drug” is both the free 

ligand and its metal complex, so taking into account the lipophilicity of the ligand with and 

without the metal ion is important. Once a metal ion is bound to an ionophore, there may be 

an increase in the lipophilic character of the complex, which may enhance its ability to 

permeate the lipid layers of the cell membrane. For example, structure–activity relationships 

of Cu complexes with various 8-hydroxyquinoline ligands revealed the importance of 

lipophilicity for cytotoxic activity toward cancer cells. The results showed that ligands with 

log P values between 1.5 and 3 resulted in the highest cytotoxic activity.13 In identifying a 

ligand that can chaperone metal ions through cell membranes to different compartments, the 

hydrophobic versus hydrophilic nature of the complex will either hinder or facilitate this 

flux of metals into a cellular compartment.
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Chemical properties – a case study for Cu

The metal ion Cu is essential to biological processes due to its redox chemistry between the 

two oxidation states Cu2+ and Cu+. According to the HSAB principle, Cu2+ is classified as a 

borderline Lewis acid, whereas Cu+ is a soft acid.9 This difference in classification helps to 

explain the different coordination properties of these two oxidation states and their resulting 

impact on biological systems. Under an oxidizing extracellular environment, Cu is expected 

to exist as Cu2+. However, upon entry into the cell the metal faces a reducing environment 

more conducive for Cu+. In its oxidized state, Cu2+ has a geometric preference for square 

planar, square pyramidal, or axially distorted octahedral geometries due to Jahn-Teller 

distortions of its d9 electron configuration. Cu2+ also prefers to bind hard Lewis bases 

(carbonyl and carboxylate oxygen, amide nitrogen) and borderline bases like imidazole 

nitrogen. On the other hand, Cu+ preferentially binds to soft Lewis bases (thiolate or 

thioether sulfur) and is flexible in geometric arrangement of tetrahedral, trigonal or linear. 

These preferences for different coordination environments due to the redox state of Cu will 

be important when discussing the activity and ability of these molecules to increase cellular 

Cu levels.

3. Therapeutic application of ionophores for reallocating metals

While traditional chelation therapy removes excess metal ions from the body, emerging 

studies suggest that ionophores that correct cellular metal imbalances may be therapeutic 

options for treating neurodegeneration, cancer, and infection.

In Alzheimer’s Disease (AD), for example, data suggest that Cu and Zn levels are 

abnormally high in the hallmark extracellular amyloid beta (Aβ) plaques, but paradoxically 

low intracellularly.14 The hypothesis has therefore been posited that redistribution of Cu and 

Zn from the plaques to the intracellular environment could be a disease-modifying 

strategy.15

Cu has also been shown to play an important role in cancer. In particular, data suggest that 

high concentrations of Cu are involved in the development and proliferation of tumors.16, 17 

Research in this area has focused on ways to decrease the levels of Cu using traditional Cu 

chelators like tetrathiomolybdate (TTM), trientine, and D-penicillamine (D-pen). Studies 

have shown that traditional Cu chelation with TTM and D-pen suppresses angiogenesis, the 

ability to form new capillary branches from existing blood vessels, in several carcinoma 

xenograft mouse models such as breast, head and neck, and melanoma.18–21 However, 

traditional Cu chelators induce systemic Cu deficiency in healthy as well as cancerous 

tissues, leading to off-target side effects such as axon demyelination and altered collagen 

production due to lysyl oxidase inhibition.22,23,24 The therapeutic window for traditional Cu 

chelators may therefore be difficultly narrow.25

Another potential treatment option is targeting metal complexes towards cancer cells over 

normal cells. This alternative treatment uses metal complexes to selectively increase 

intracellular metal ions and either restore the metal balance or provide an excessive amount 

of redox active metal leading to cellular damage of the cancer cells.
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In the following sections, we will discuss metal complexes that have shown promise as 

selective Cu ionophores with multiple pharmacological activities in metal-related diseases. 

Specifically, we will highlight their ability to restore the balance of misappropriated metal 

ions or target redox-active metal ions to specific locations.

8-Hydroxyquinoline, Clioquinol, PBT2

8-hydroxyquinoline (8HQ) and its derivatives clioquinol (CQ) and PBT2 are planar 

chelating agents that bind metal ions through the oxygen and nitrogen atoms in a bidentate 

fashion. These donor atoms provide a preference for Cu2+ and Zn2+ with moderate binding 

affinity (Cu2+, log β2 = 26.2 and Zn2+ log β2 = 15.8).11, 26 However, this does not exclude 

the fact that other metal ions bind with 8HQ and its derivatives, although most of the 

therapeutic activity and research related to these agents has been done looking at their effect 

on Zn and Cu.

Historically, 8HQ has been used as a fungicide in agriculture and a preservative in textile, 

wood and paper industries.27 The antimicrobial activity of 8HQ was observed to be 

dependent on its complexes with divalent metal ions, notably Fe or Cu.28, 29 An 8HQ 

derivative, CQ was originally manufactured as a topical treatment for skin wounds but 

became common as an oral antiparasitic and antibacterial drug.30, 31 Its mechanism of action 

is likely related to its ionophore properties of increasing the intestinal absorption of Zn.30, 31 

The oral use of CQ in Japan between 1950 and 1970 has been linked to cases of subacute 

myelo-optico-neuropathy (SMON).30, 31 Several mechanisms have been suggested for the 

cause of this neurological disorder, including vitamin B12 deficiency and elevated Zn levels 

in the CNS.32 While the exact mechanism has not been confirmed, there are indications that 

vitamin B12 deficiency exacerbated by CQ can be alleviated by B12 supplementation to 

decrease the occurrence of SMON in patients.30, 31 Derivatives of 8HQ are currently only 

commercially used as an antimicrobial agent in topical treatments or application of crops in 

agriculture due to its limited selectivity against pathogen and host tissue.

In the context of AD, it is suggested that ionophores must cross the blood brain barrier 

(BBB) and have a moderate metal affinity that is strong enough to extract Cu2+ and Zn2+ 

from extracellular Aβ aggregates but weak enough to release the metal ion intracellularly to 

restore the metal reserves of the neurons.15, 33 The ionophoric properties of CQ were studied 

in neuronal cells to compare its ability to promote the uptake of Cu2+, Zn2+, and Fe3+ ions 

across the cell membrane. The effect of CQ on cellular production of ROS was also 

measured. These in vitro studies showed that CQ inhibits metal-mediated Aβ peptide 

aggregation and diminishes ROS production by metal–Aβ species, while at the same time 

leads to concentrations of intracellular Cu that are selectively elevated compared to Zn and 

Fe and relative to untreated controls.34 Further studies demonstrated that treatment of 

transgenic mouse model with CQ showed promise by decreasing Aβ accumulation by 

50%.35 A pilot phase 2 clinical trial of CQ in a small cohort of 36 patients with moderately 

severe AD showed a decrease in plasma Aβ42 levels.36 While there was some indication of a 

possible slowing in cognitive decline, the trial was not large enough to provide evidence of a 

positive clinical benefit for patients.36 In addition, patients showed various side effects 

including mutagenicity and neurotoxicity, which were hypothesized to be a result of di-
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iodo-8-hydroxyquinoline impurity. Due to the di-iodo impurity in CQ combined with an 

improved second-generation 8HQ analogue, PBT2, further clinical trials on CQ were 

terminated.37, 38

This second generation drug, PBT2, has increased permeability through the BBB, increased 

ionophoric property, and higher solubility compared to CQ.34 It was observed that PBT2 

could selectively chelate Cu and Zn and form neutral soluble complexes capable of passing 

through cellular membranes and increasing the bioavailable Cu and Zn in neuronal cells.34 

Promising preclinical phase I and IIa trials demonstrated significant reduction in Aβ levels 

and improvement in some aspects of cognitive function.34, 39 However, the results from the 

phase IIb, randomized clinical trial were not as promising.40 The clinical trial, which 

involved 42 patients with mild AD treated with either PBT2 or placebo over 52 weeks, 

showed no statistically significant reduction in levels of Aβ plaques in the brains of AD 

patients treated with PBT2 versus placebo, though surprisingly both groups showed a 

reduction in overall Aβ levels. However, PBT2 was well tolerated with no adverse effects 

and seemed to preserve the hippocampal brain volume better than placebo. While these data 

cast doubt on PBT2’s ability to modify the disease, research continues in AD with 8HQ 

derivatives and in other neurodegenerative diseases that have similar characteristics of 

protein misfolding and displacement of metal ions such as huntington’s disease (HD) and 

amyotrophic lateral sclerosis (ALS). PBT2 showed promising results by reducing toxicity in 

a C. elegans model of polyQ aggregation and improved motor performance in a mouse 

model of HD.41 While it is not conclusive if CQ transports metal ions to provide activity in 

HD or if these effects may be due to other activities such as reduction of ROS, it is still 

promising research to be noted.

Similar to AD, anticancer activity provided by 8HQ derivatives including CQ is related to its 

interaction with Cu and Zn ions. It has been reported that CQ exerts selective anticancer 

activity toward breast, prostate, leukemia and myeloma cancer cells compared to normal 

cells.42–45 Further analysis showed CQ in the presence of Cu increased cytotoxicity, thought 

to be due to the elevated Cu promoting oxidative stress in the cell. This result suggests that 

CQ can transport metal ions into cells as an ionophore instead of a traditional metal chelator 

that would limit the available Cu. Another aspect of how CQ can provide antitumor activity 

is its ability to inhibit the proteasome, which has been shown to be dependent on the 

presence of Cu, though extremely high concentrations of CQ were required for proteasome 

inhibition.44

Thiosemicarbazones – ATSM and GTSM

Thiosemicarbazones and bis(thiosemicarbazones) have a wide range of pharmacological 

activity that is linked to their ability to chelate transitions metals such as Cu, Fe, and Zn, 

resulting in stable, lipophilic, and often neutral complexes. Studies relating to the anticancer 

activity of thiosemicarbazones began in the 1950s with observations that 

glyoxalbis(thiosemicarbazone) (H2gts, Fig. 3) inhibited sarcoma 180 tumor growth in Swiss 

mice.46 Derivatives of other bis(thiosemicarbazones) were found to have similar anticancer 

activity that depended on Cu or Zn, though acute hepatic toxicity and weight loss resulted 

after treatment in a pharmacological study of rats, mice, dogs and monkeys.47–49 This acute 
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toxicity has led researchers to focus on finding derivatives with lower cytotoxicity by 

increasing selectivity for carcinoma cells over healthy cells through its ionophoric property 

of chaperoning Cu and releasing under certain environmental conditions.

Two thiosemicarbazone derivatives, diacetyl-bis(4methylthiosemicabazonato)copper(II) 

(CuII(ATSM)) and glyoxal-bis(4-methylthiosemicarbazonato)copper(II) (CuII(GTSM)), with 

subtle differences due to the substituents on the backbone of the ligand (Fig. 3), have 

different reactivity and pharmacological properties. The addition of methyl group 

substituents on the ligand backbone lowers the potential for the coordinated Cu2+ to be 

reduced to Cu+ (E1/2 = 0.44 mV for CuII(GTSM) compared to E1/2 = −0.60 mV for 

CuII(ATSM), versus AgCl/Ag).50 This difference in reduction potential results in 

CuII(ATSM) retaining coordinated Cu better under normal intracellular reductive 

environments, whereas Cu dissociates readily from CuII(GTSM), thereby increasing 

intracellular bioavailable Cu. An important distinction is that both metal complexes are able 

to pass through the membrane at comparable concentrations as measured by ICP-MS.51 This 

difference in redox behaviour provides ATSM and GTSM unique properties that have been 

exploited in research and will be discussed briefly.

Due to the elevated levels of intracellular Cu seen in cancer, researchers have looked at 

whether ionophoric Cu compounds, like CuII(ATSM) and CuII(GTSM) could be used to 

selectively treat carcinoma cells over normal cells. CuII(ATSM) and CuII(GTSM) were 

evaluated for their therapeutic efficacy in prostate cancer cells in vitro and in vivo.52 

CuII(GTSM) was cytotoxic against cancerous prostate cells in vitro and significantly 

reduced prostate cancer burden in the TRAMP mouse model.52 On the other hand, 

CuII(ATSM), was not as cytotoxic in vitro and did not reduce the prostate cancer burden in 

the mouse model. This trend follows the ionophoric property discussed above, that 

CuII(GTSM), upon entry into the cell, releases Cu that results in toxicity. Because 

CuII(ATSM) has a lower reduction potential, it remains intact as the CuII complex 

intracellularly.

While CuII(ATSM) retains its Cu under normal cell conditions, a more forcing reducing 

environment like that resulting from hypoxia can lead to reduction and irreversible loss of 

the Cu+.50 Hypoxia refers to low oxygen environment and has been associated with 

aggressive tumors that are resistant to chemotherapy, as well as other health problems 

including heart disease and stroke. The ability to image these diseases and diagnose 

problems early would be beneficial in providing therapeutic intervention. Consequently, 

radioactive 60Cu, 62Cu, 64Cu isotopes of CuII(ATSM) have been investigated as hypoxia-

selective imaging agents. The first study analyzing 62Cu–(ATSM) as a hypoxic imaging 

agent was on a rat heart model with either normoxic or hypoxic conditions. The results 

showed that treatment under either condition led to a rapid uptake of 62Cu–(ATSM), but 

after 15 minutes only ~20% of the bolus dose was retained in the heart under normoxic 

conditions, whereas ~80% of the 62Cu was retained under hypoxic conditions.53 Subsequent 

testing showed that treatment with CuII(ATSM) resulted in increased levels of cell-

associated Cu in hypoxic SH-SY5Y neuroblastoma cells compared to control transfected 

cells, suggesting that Cu delivered as CuII(ATSM) preferentially accumulates in hypoxic 

environments.51 Due to the promising results of CuII(ATSM), a clinical trial was conducted 
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in which 14 patients diagnosed with cervical cancer were imaged with 60Cu(ATSM). The 

results indicated that uptake of 60Cu(ATSM) was predictive of prognosis.54 

Recently, 62Cu(ATSM) was tested as an imaging agent in a single subject with 

mitochondrial myopathy, encephalopathy, and lactic acidosis with stroke-like episodes 

(MELAS), and 15 patients with Parkinson’s Disease.55, 56 Unlike the previous studies that 

emphasized CuII(ATSM) as an imaging agent for hypoxic tissue, these studies described 

selective accumulation of Cu from 62Cu(ATSM) as a method to image regionalized 

oxidative stress.55, 56

Given the promising results of CuII(ATSM) as an imaging agent for neurodegenerative 

disease and the apparent attraction of bis(thiosemicarbazones) for oxidative stress 

environments, it is not surprising that studies began looking at the applicability of using 

these metal complexes to reallocate metal imbalances in the brain, a hallmark of several 

neurodegenerative diseases. Therefore, a study examined the effect of CuII(ATSM) and 

CuII(GTSM) on the extracellular levels of Aβ in ovary cells overexpressing the amyloid 

precursor protein for Aβ.50 The study found that overall levels of intracellular Cu were 

elevated for both CuII(ATSM) and CuII(GTSM), as determined by ICP-MS.50 However, 

only treatment with CuII(GTSM) resulted in a dose-dependent reduction of extracellular 

Aβ.50, 57 Subsequently, treatment of APP/PS1 transgenic AD mice with CuII(GTSM) 

showed a decrease in the abundance of Aβ along with significant cognitive improvement.58 

This reduction in Aβ along with improvement of cognition of AD mice provides strong 

support that, similar to 8HQ derivatives, thiosemicarbazones can increase bioavailable Cu in 

a fashion that could provide disease-altering treatment.

In the context of antimicrobial therapeutics, the development of antimicrobial agents that 

have selective toxicity against pathogens over host tissue is a continued focus of researchers, 

especially in the use of metal complexes. CuII(ATSM) and CuII(GTSM) are promising Cu-

based drugs due to their wide use in clinical experiments and relatively low cytotoxic effects 

to healthy tissue. The antimicrobial effects of CuII(ATSM) and CuII(GTSM) were evaluated 

in the human pathogen Neisseria gonorrhoeae.59 It was observed that CuII(GTSM) and 

CuII(ATSM) were more than 100 times more effective at killing N. gonorrhoeae than 

Cu(NO3)2.59 It was determined the antimicrobial activity of the of these CuII 

bis(thiosemicarbazones) was due to inhibition of NADH dehydrogenases in the bacterial 

respiratory chain. ATSM and GTSM induced Cu dependent inhibition of Mycobacterium 

tuberculosis with GTSM in the presence of Cu being more potent.60

Disulfiram

Disulfiram (DSF, Fig. 4) is a member of the dithiocarbamate family that was first approved 

by the Food and Drug Administration (FDA) for treatment of alcoholism. DSF induces 

adverse side effects in patients who have consumed alcohol by inhibiting aldehyde 

dehydrogenase, a crucial enzyme in ethanol detoxification. Upon administration of DSF, the 

drug is reduced by glutathione reductase to diethyldithiocarbamate (DDC), which is capable 

of complexing Cu (Fig. 4).61, 62 The Cu(DDC)2 complex is more acid-stable, neutral and 

hydrophobic than DSF itself, thereby facilitating absorption into the bloodstream and the 
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BBB. The Cu-dependent activity of this drug is probably due to its metabolic break down in 

the body to DDC.

DSF has anticancer activity through its ability to increase ROS, inhibit the proteasome, and 

induce apoptosis.63 While its activity is multifaceted, studies have shown that co-

administration with Cu increases DSF’s anticancer activity and selectivity. A study in breast 

cancer cells demonstrated that DSF has selective anticancer activity in the presence of Cu by 

acting as a proteasome inhibitor and inducing apoptosis.64 Furthermore, treatment of nude 

mice with DSF significantly inhibited breast tumor growth.64 In addition, DSF has been 

shown to induce ROS and activate apoptotic or paraptotic death in melanoma cells and 

fibrosarcoma cells in a Cu-dependent manner and is currently undergoing evaluation in a 

number of cancers.65 Interestingly, prostate cancer patients have relatively elevated Cu 

levels that may provide a differential advantage for drugs that manipulate cellular Cu as an 

anticancer strategy.25 It was found that treatment of DSF supplemented with Cu enhanced 

the growth inhibitory activity of DSF in prostate cancer mouse model suggesting it likely 

inhibits these cells by overloading Cu in the cell.25 A clinical trial is on going to explore the 

impact of Cu supplementation of DSF efficacy in patients with advanced prostate cancer.

Recently, a promising new application for DSF has been suggested to reallocate Cu in 

Menkes Disease (MD). This genetic Cu metabolism disorder is caused by mutations in the 

ATP7A gene that controls Cu transport from the cytosol to the Golgi apparatus and Cu 

excretion from cells.66, 67 In patients with MD, dysfunctional ATP7A causes a failure of Cu 

absorption from the intestines and a resulting systemic Cu deficiency that manifests in 

connective tissue abnormalities, severe neurodegeneration and kinky hair.68 Injection of Cu-

histidine is the standard treatment to correct the systemic Cu deficiency. This treatment 

decreases efficacy as patients age, and the increasingly higher doses required to correct Cu 

levels in the brain can lead to toxicity in the kidneys.69

Researchers have been looking for Cu ionophores to chaperone Cu through the BBB and 

supply the brain with sufficient Cu levels without cytotoxicity elsewhere. Toward this goal, 

DSF was investigated for its effect on the distribution of injected radioactive 64Cu in MD 

model mice imaged by positron emission tomography (PET).70 The results showed that Cu 

administered without DSF accumulated in the kidneys, while Cu co-administered with DSF 

led to increased Cu uptake in the brain and liver with a decrease in kidneys.70 This study 

validated earlier results showing oral DSF with injection of Cu increased cerebrum Cu levels 

and decreased Cu kidney levels after 8 weeks of treatment.71 In addition, this study showed 

that DSF enhances expression of cytochrome c oxidase, a Cu-dependent enzyme that is 

reduced in the MD mouse. This recovery in a key Cu-dependent enzyme shows DSF’s 

ability to make Cu bioavailable.71, 72 Similar results were found with the DSF metabolite, 

DDC in its ability to improve Cu concentrations in the brain and activity of cytochrome c 

oxidase, suggesting DSF and its metabolites are viable candidates to redistribute Cu to the 

brain.73

Elesclomol

Elesclomol (STA-4783) is being developed as an anticancer agent that selectively binds 

Cu2+ to form a slightly distorted square planar complex with a high binding affinity of 
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1024.1 M−1 (Fig. 5).74 It was identified by screening a unique compound library for 

cytotoxic effects on cancer cells, with further optimization of a chemically unstable hit 

compound.75 Preclinical studies showed that growth of human tumor xenografts of breast, 

lung, and lymphoma cancers in nude mice were unaffected by elesclomol alone but 

synergistically reduced by co-administration with paclitaxel, a commonly prescribed 

chemotherapeutic agent.76 While the underlying mechanism behind the synergistic effect 

with paclitaxel is not known, preliminary data suggest elesclomol increases the intracellular 

level of oxidative stress above the threshold cancer cells can handle, thereby resulting in 

apoptosis and cell death.77

Recently, elesclomol-induced ROS generation has been shown to be dependent on the 

chelation and redox cycling of Cu. The cell viability of melanoma cancer cells along with 

the uptake of Cu were analyzed after treatment with elesclomol with and without addition of 

Cu.78 The results show that elesclomol scavenges Cu from the culture medium and enters 

the cell as the intact complex. The addition of bathocuproinedisulfonic acid (BCS), a Cu+ 

chelator that limits accessible Cu in cell culture medium, minimized the effects of Cu plus 

elesclomol, suggesting that the activity of elesclomol requires Cu.78 Furthermore, 

elesclomol-Cu accumulates specifically in the mitochondria compared to cytosol or nucleus. 

To better elucidate elesclomol’s cytotoxic target, researchers used a single mutation yeast 

strain library of Saccharomyces cerevisiae and compared the growth of mutated S. 

cerevisiae to wild type (WT).79 In testing this gene mutation library, there was no ‘unique’ 

protein target, however, mutations that were sensitive to treatment were centralized around 

respiring mitochondria. It is interesting to note that wild type S. cerevisiae cultures treated 

with elesclomol and Cu showed potent growth inhibition, while treatment with elesclomol 

alone had no effect on growth. Furthermore, the co-treatment of elesclomol and Cu in S. 

cerevisiae led to cell death, suggesting promise for elesclomol as an antimicrobial agent.79

Pyrithione

Pyrithione (PyS, Fig. 6) is an antimicrobial agent with common applications as the active 

ingredient zinc pyrithione (ZPT) in antidandruff shampoos and antifouling paint for ships. 

The crystalline complex is a dimer of Zn(PyS)2 units in which the O of one PyS unit bridges 

to the adjacent Zn to form trigonal bipyramidal Zn centers.80 A trans-square planar 

Cu(PyS)2 complex is also known.81 Despite decades of successful use to treat human scalps 

against the fungal pathogens Malassezia glabosa and M. restricta, the mechanism behind 

the antifungal activity has just recently begun to be elucidated.

Independent studies suggest the mechanism of action for ZPT originates from its ability to 

elevate Zn levels, induce an Fe starvation response, and/or depolarize the cell 

membrane.82, 83 Recently, a new mechanism of action has come to light in which ZPT 

exchanges its Zn for Cu in a biological medium. It is suggested that the Cu complex 

mediates the elevation of intracellular Cu levels and inhibits growth. This increase in 

cellular Cu content was determined by a combination of atomic absorption spectroscopy, a 

gene expression response indicative of excess Cu in the cell through the downregulation of 

Cu importers, and a requirement for environmental Cu for PyS’s antifungal activity.84, 85 
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The study also correlated the upregulation of the Fe regulon to the inactivation of proteins 

containing Fe-S clusters and not to Fe starvation.84, 86

While ZPT has been extensively used as a bactericide and fungicide, the Zn metal complex 

itself is highly insoluble in aqueous solutions and therefore poor bioavailability. In order to 

overcome this barrier, water-soluble derivatives of ZPT were developed in hopes they would 

elevate intracellular Zn levels in cancer to produce antiproliferative activity. After 

developing several water-solubilized versions of ZPT, a derivative a tri(ethyleneglycol)-

methyl ether substituent at the 5-position (PCI-5003) provided an increase in intracellular Zn 

levels in vitro and inhibited growth of lung and prostate cancer cells grown in xenografts 

models.87

Responsive metal chelation by prochelators

The challenge in developing chelating agents and ionophores to manipulate biological metal 

ions is selecting only the misallocated, harmful metal ion without disturbing the healthy 

metal balance of the body. Some ionophores discussed above have shown selectivity for 

specific environments, such as ATSM for hypoxia or oxidative stress. An alternative 

approach is to prevent non-specific metal binding by adding a chemical moiety that masks 

one or more donor atoms on the ligand and thereby decreases the binding affinity to metal 

ions. Release of the chemical moiety from the ionophore by a stimulus associated with a 

particular disease condition in principle provides a strategy for targeting these agents at the 

desired site. For example, our lab has developed a prochelator strategy that takes advantage 

of the reactivity associated with oxidative stress to generate metal chelators that inhibit 

further metal-induced oxidative damage.88, 89 These prochelators have little to no affinity 

for metal ions due to a boronic ester that masks a latent hydroxyl group needed for metal 

binding. However, in the presence of high concentrations of hydrogen peroxide the boronic 

ester of the prochelator is converted to a phenol and the chelator strongly binds iron to 

prevent Fenton chemistry.89 An example is a later-generation prochelator BHAPI, which 

does not perturb the Fe status of non-stressed cells, unlike standard Fe chelators.90

We recently established prochelators as a class of antimicrobial compounds that synergize 

with the host’s response to infection and disrupt the efficacy of microbial Cu 

detoxification.91 As described in a previous section, 8-hydroxyquinoline (8HQ) is a 

privileged metal-binding scaffold with known metal-dependent biological activity, including 

antimicrobial activity.29 However, these agents can be toxic to healthy mammalian cells as 

well.13, 92–94 In order to create a conditionally active agent that would preferentially act on 

microbial cells over mammalian cells, we explored the antifungal activity of QBP, a 

prochelator form of 8HQ that contains a boronic ester masking group in place of 8HQ’s 

hydroxyl group (Scheme 2).89 We demonstrated that the oxidative burst generated by 

activated macrophages is sufficient to mediate conversion of nontoxic QBP to 8HQ. 

Importantly, the toxicity of released 8HQ was pronounced for the opportunistic fungal 

pathogen Cryptococcus neoformans but minimal for the murine RAW macrophages. We 

further showed that 8HQ exerts its fungicidal effects by increasing cell-associated Cu to 

overwhelm the Cu detoxification capacity of C. neoformans. The Cu-dependent 
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antimicrobial activity of 8HQ against a spectrum of microbial pathogens suggests that this 

strategy may have broad utility.

4. Conclusion

Research aimed at developing metal ionophores as potential treatments for a broad range of 

conditions, including neurodegenerative diseases, cancer and bacterial infections is moving 

in a new direction that blends altering concentration of a target metal ion with additional 

functionality to increase selectivity to the environmental conditions of a particular disease. 

In this Perspective, we have highlighted a range of therapeutic applications where Cu 

ionophores are effective as copper binding agents that alter copper concentrations in ways 

that mitigate potential cellular damage while also providing some degree of specificity for 

disease conditions. Inorganic chemists have an important role to play in identifying and 

preparing compounds with molecular features that tailor metal complexes for a particular 

application. Some of the tailoring features explored here included those that facilitate 

permeability across the blood-brain barrier, target specific subcellular locations like the 

mitochondria, or are active under unique conditions like hypoxia or oxidative stress. The 

trends outlined here are likely more broadly applicable than the select examples discussed, 

providing plenty of room for new advances.
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Fig. 1. 
Cu chelators British anti-Lewisite (BAL), D-penicillamine (D-pen) and triethylenetetramine 

(TETA) for treatment of Wilson’s Disease.
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Fig. 2. 
The structures of 8-hydroxyquinoline (8HQ), clioquinol (CQ) and PBT2. The oxygen, 

nitrogen metal ion coordination sites are highlighted in red and are in common among all 

molecules utilizing the 8-OH quinoline scaffold.
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Fig. 3. 
The structure of glyoxal-bis(thiosemicarbazone) (H2gts), glyoxal-bis(4-

methylthiosemicarbazonato)copper(II) (CuII(GTSM)), diacetyl-bis(4-

methylthiosemicabazonato) copper(II) (CuII(ATSM). The nitrogen and oxygen metal ion 

coordination sites are highlighted in red and are common among all molecules of this 

scaffold.

Helsel and Franz Page 19

Dalton Trans. Author manuscript; available in PMC 2015 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Disulfiram (DSF) in aqueous solutions is reduced to diethyldithiocarbamate (DDC) and in 

the presence of Cu2+ forms bis(diethyldithiocarbamate)copper(II): Cu(DDC)2. The sulfur 

metal ion coordination sites are highlighted in red.
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Fig. 5. 
The structure of elesclomol is depicted with the nitrogen and sulfur metal ion coordination 

sites highlighted in red.
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Fig. 6. 
The structure of pyrithione (1-hydroxypyridine-2-thione) is depicted with the sulfur and 

oxygen metal ion coordination sites highlighted in red.
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Scheme 1. 
Fenton reaction

Helsel and Franz Page 23

Dalton Trans. Author manuscript; available in PMC 2015 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 2. 
The non-toxic prochelator QBP in the presence of H2O2 or OONO− converts to form the 

metal chelating agent 8HQ that forms a microbicidal bis(di-8-hydroxyquinoline) copper(II) 

complex: Cu(8HQ)2. The nitrogen and oxygen metal ion coordination sites are highlighted 

in red.
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