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Abstract

The essentiality and redox-activity of copper make it indispensable in the mammalian system. However, a comprehensive understanding of copper
metabolism and function has not been achieved. Copper chelators have been used as an approach to provide insights into copper acquisition, distribution, and
disposition at both the cellular and organism level. Unfortunately, the understanding of effective copper chelators is predominantly based upon their chemical
structures and their reactions with copper. The understanding of the efficacy of copper chelators in the biological system has been equivocal, thereby leading to
under- or misleading-utilization of these agents in clinical and experimental approaches. Current use of copper chelators in vivo almost exclusively either limits
the availability or focuses on the removal of copper in mammalian organ system. There are at least two aspects of copper chelators that are yet to be explored.
First, copper chelators preferentially bind either cuprous or cupric. As a result, they potentially modulate copper redox-activity without removing copper from
the system. Second, copper chelators are characterized as either membrane-permeable or -impermeable, thus would serve as an organ-selective copper delivery
or deprivation system to manipulate the biological function of copper. Here we review clinically relevant copper chelators that have been experimentally or
clinically studied for their role in manipulation of copper metabolism and function, paying critical attention to potentially more valuable usage of these agents.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

The essentiality of copper ions in biological systems has long been
recognized [1]. Copper ions are integrated components of some
critical protein structures, involved in catalytic activities and crucial
for regulatory functions. The average content of copper is only about
100 mg in human body, but there is virtually no free copper in the cell
[2]. By coordinating to proteins and obtaining assistance from
chemical ligands such as sulfur, oxygen and nitrogen, copper
participates in mitochondrial respiratory reaction and energy gener-
ation, regulation of iron acquisition, oxygen transport, cellular stress
response, antioxidant defense and several other important processes
[1]. By regulating the activities of several critical copper-binding
proteins such as cytochrome c oxidase (CcO), copper-zinc superoxide
dismutase (Cu,Zn-SOD), dopamine β-hydroxylase (DBH), prion
protein (PrP), tyrosinase, X-linked inhibitor of apoptosis protein
(XIAP), lysyl oxidase, metallothionein (MT), ceruloplasmin and
various others, copper exhibits its extensive role in living organisms
from microbes to plants and humans [3].
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In biological systems, copper ions usually exist in two oxidation
states: cuprous (Cu1+, reduced) and cupric (Cu2+, oxidized). This
redox activity has been utilized for catalysis by a number of enzymes
[1]. Proteins take advantage of the redox nature of copper to achieve
facile electron transfer reactions and gain activities [1]. However, the
chemical properties that grant copper biologically useful are also
potentially toxic. Redox reactions in which copper takes part generate
hydroxyl radical and potentially result in severe damage to lipids,
proteins, and DNA [4]. Moreover, the imbalance of copper homeo-
stasis in humans causes serious health problems including neurode-
generative symptoms [5,6], cardiovascular structural and functional
defects [7,8], bone metabolism disorders [9,10], musculature diseases
[11,12] and deregulation of inflammatory responses [12,13].

Integrated approaches are required to understand the plethora of
biological activities of copper in organisms. Copper chelators have long
been the primary selection to advance the study of copper-related
biological functions [14]. These chelators have proven to be valuable in
clinical approaches to manipulate disease conditions due to alterations
in copper metabolism [15]. Copper chelators have been principally
used in three aspects: (1) the understanding of the molecular basis for
copper and copper-binding proteins in biological system, (2) the
treatment for diseases due to alterations in copper metabolism and (3)
the diagnostic application for copper metabolic disorders.

Many compounds, observed with appropriate chelate denticity,
suitable donor binding groups, and matching cavity size of geometric
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conformation, are suggested to form stable complexes with copper
ions. However, copper ions in different oxidation state prefer
different donor binding groups. Cu1+ is the lowest oxidation state.
It has a diamagnetic d10 configuration and forms complexes with
flexibility in geometric arrangements [16]. This means that Cu1+

reasonably adopts tetrahedral, trigonal, or even linear geometries
which are disfavored by other metals [16,17]. Chelate complexes of
Cu1+ are constructively prepared using relatively soft polarizable
ligands comprising of thioethers, nitriles, cyanide, iodide and
thiolates. Cu2+ is the oxidized state of copper. It has a d9

configuration, which favors amines, imines and oxygen donors to
form square-planar, distorted square-planar, trigonal-pyramidal, and
square-pyramidal geometric conformations [16]. Attributable to
Jahn-Teller distortions, additional distorted octahedral may be
observed as an axial elongation or a tetragonal compression in six-
coordinate Cu2+ complexes [17]. The geometry of the ligand field
influences the redox state of copper. For example, ligands that impose
a tetrahedral arrangement, explicitly unfavorable for Cu2+ but
reasonably favorable for Cu1+, will destabilize the Cu2+ form, shifting
the reduction potential more positive in support of Cu1+ [18,19]. The
ligand-induced change in reduction potential allows to purposefully
select a desired oxidation state in biochemical experiment. Numerous
compounds were exploited as possible copper chelators and
investigated for miscellaneous purposes. However, it is virtually an
impossible mission to ascertain a perfect chelator for copper in any
particular situation. Different chelators have different features that
lead to their specific usage under certain circumstances.

The understanding above is based on the chemical structures of
the compounds capable of chelating copper and the analysis of
ligand-copper interactions. This understanding leads to clinical
application of selected compounds for chelation therapy for copper
overload or toxification. The goal is to remove excess copper from the
organ system. However, an important factor, which has been not
received equivalent attention in the design of clinical application of
the chelate compounds, is the absence of free copper in mammalian
cells [2]. The removal of Cu1+ versus Cu2+ from the organism leads to
different consequences, which have not been fully understood or
analyzed. On the other hand, the increase in total copper concentra-
tions in the organism does not suggest an equal elevation of Cu1+

and Cu2+. It is exceedingly complicated that copper is coordinated to
proteins, indicating the elevation of copper concentrations is
associated with alterations in cellular protein composition and
protein-protein interactions.

Pertaining to the above scenarios, the affinity of copper for
different proteins varies and insinuates the possibility that a chelate
compound may deprive copper from one protein but transfer it to
another protein, thereby leading to alterations in copper intracellular
trafficking and inter-organ transport by the chelate compounds.
Therefore, there are at least two aspects of copper chelators that have
not been fully explored in either clinical application or experimental
studies: (1) copper chelators may change the balance between Cu1+

and Cu2+ in organisms, which may or may not be associated with
changes in total copper concentrations, and (2) copper chelators may
redirect the intracellular trafficking and the inter-organ transport.
These applications require more comprehensive understanding of the
biological aspects of copper chelators and copper speciation in the
biological system.

In this review, we focus on clinically relevant and commonly used
copper chelators, paying attention to the biochemical aspects of the
structure and ligand analysis. Our efforts will be devoted to
summarize the significant characteristics of typical chelating com-
pounds, consisting of chemical name, structure, stability constants of
copper and other common transition metals, complex solubility, and
cell membrane permeability. The information presented in Table 1 is a
general summary of the discussion. The following sections highlight
some of the chelate agents widely used in clinical and experimental
applications. The development of comprehension for these copper
chelators in biological experiment and clinic application based on the
analysis of the chemical mechanism of these compounds will be
discussed in the following sections.

2. Copper-chelating compounds

2.1. Polyaminocarboxylate chelators

Polyaminocarboxylates are organic chelating agents consisting of
a basic ligand of amino oxalic acid [−N (CH2COOH)2] (Fig. 1). There
are two donor groups in these chelators: amino nitrogen and carboxyl
oxygen. The former favors copper, zinc, mercury and cobalt, and the
latter is able to chelate almost all metal ions in oxidation state.
Currently, dozens of polyaminocarboxylate chelators have been
applied in various fields.

Ethylenediaminetetraacetic acid (EDTA) is a classic chelator,
commonly used in molecular biology and biochemical studies. It has
a high affinity for Cu2+ and the mechanism of transferring copper
from chelation with peptides to EDTA has been studied as early as
1968 [14]. In the studies of physiological and pathological activity of
copper-dependent compounds, EDTAwas often used as a classic Cu2+

chelator in experiments to modulate copper concentrations in the
cell, or to terminate biochemical process of copper-containing
compounds [21–23]. EDTA binds to copper and prevents copper-
dependent biological events when it is added into media containing
copper before the latter binds to targeted proteins or peptides.
However, once the linkage between copper and protein has been
formed, the addition of EDTA fails to despoil copper from the protein
bound complex but impedes further cupro-protein formation [24,25].

Diethylenetriaminepentaacetic acid (DTPA) is another typical
chelator with amino oxalic acid, comprising of octa denticities in its
structure. The mechanism of action in copper chelation of DTPA is
similar to EDTA. Both EDTA and DTPA are Cu2+ chelators and both
exhibit the ability to cross cell membrane. Without uncertainty, these
two chelators are capable of inhibiting the Cu,Zn-SOD activity [26–28].
However, both EDTA and DTPA selectively inhibit nitric oxide (NO)
transferase (S-nitrosoglutathione-reductase) activity of Cu,Zn-SOD
but demonstrate no effect on the superoxide dismutase activity. It has
been reported that EDTA or DTPA did not remove the bound copper in
Cu,Zn-SOD, but EDTA or DTPA formed a complex with Cu,Zn-SOD in
one chelator per homodimer [27]. Since the homodimer failed to bind
two large ligands, a decreased access of large substrates such as
glutathione and s-nitrosoglutathione at the catalytic site in the Cu,Zn-
SOD-chelator complex was observed. Therefore, Cu,Zn-SOD may
exhibit half-site reactivity, indicating both its free and chelator-
bound forms possess the same SOD activity, but only the free form
possesses s-nitrosoglutathione-reductase activity.

2.2. Acyclic amino chelators

The fundamental ligand of acyclic amino chelators is ethylene
diamine [−NHCH2CH2NH−] (Fig. 2). Typical chelating agents in this
class, for instance trientine and tetraethylenepentamine (TEPA), are
homologues. Trientine includes four amino nitrogens in its chemical
structure whereas TEPA includes five. Although the number of donor
groups in trientine and TEPA is less than that in EDTA, their affinity for
copper is significantly higher than EDTAs. The rationale for this
preference resides in the greater stable formation of copper-chelate
complex with a square-planar geometric conformation instead of
other geometric conformations.

N,N,N′,N′-tetrakis (2-pyridyl-methyl)ethylenediamine (TPEN) is
another chelator in this category. It is a tetrapyridylmethyl derivative



Table 1
Characteristics of copper chelating compounds

IUPAC name Abbreviation CAS
registry
number

Molecular
formula

Stability constant (K)a Ligand properties

Cu2+ Cu1+ Zn2+ Fe3+ Complex
solubility

Membrane
permeability

Chemical
mechanism

2-[2-[bis(carboxymethyl)amino]ethyl-
(carboxymethyl)amino]acetic acid

EDTA 60-00-4 C10H16N2O8 18.8 16.5 24.2 Hydrosoluble Permeable Cu2+ hexadentate
ligand

2-[bis[2-[bis(carboxymethyl)amino]ethyl] amino]
acetic acid

DTPA 67-43-6 C14H23N3O10 21.1 22.0 Hydrosoluble Permeable Cu2+ octadentate
ligand

N′-(2-aminoethyl)-N-[2-(2-amino ethylamino)
ethyl]ethane-1,2-diamine

TEPA 112-57-2 C8H23N5 24.0 15.0 10.0 Liposoluble Permeable Cu2+ pentadentate
ligand

N,N′-bis(2-aminoethyl)ethane-1,2- diamine Trientine 112-24-3 C6H18N4 20.4 12.1 18.0 Liposoluble Permeable Cu2+ tetradentate
ligand

N, N,N′,N′-tetrakis(2-pyridyl-methyl)
ethylenediamine

TPEN 16858-02-9 C26H28N6 20.5 15.5 14.6
(Fe2+)

Liposoluble Permeable Cu2+ hexadentate
ligand

2-[4,8,11-tris(carboxymethyl)-1,4,8,11-
tetrazacyclotetradec-1-yl]acetic acid

TETA 60239-22-7 C18H32N4O8 27.0 Liposoluble Permeable Cu2+ tetradentate
ligand

2-[4,7,10-tris(carboxymethyl)-1,4,7,10-
tetrazacyclododec-1-yl]acetic acid

DOTA 60239-18-1 C16H28N4O8 27.0 Liposoluble Permeable Cu2+ tetradentate
ligand

(2S)-2-amino-3-methyl-3-sulfanylbutanoic
acid

D-pen 52-67-5 C5H11NO2S 7.1 Hydrosoluble Permeable Cu1+ and Cu2+

ligand with
reductibility

bis(Sulfanylidene)molybdenum sulfanide TTM 16330-92-0 H2MoS4-2 8.0 Hydrosoluble Impermeable Inorganic ligand
5-Chloro-7-iodo-8-hydroxy-quinoline Cliquinol 130-26-7 C9H5ClINO 8.9 7.0 Liposoluble Permeable Cu2+ bidentate

ligand
Diethylcarbamodithioic acid DDC 147-84-2 C5H11NS2 14.9 Liposoluble Permeable Cu2+ ligand with

reductibility
2,9-Dimethyl-1,10-phenanthroline Neocuproine 484-11-7 C14H12N2 19.1 3.1 Liposoluble Permeable Cu1+ bidentate

ligand
2,9-Dimethyl-4,7-diphenyl-1,10-

phenanthroline
Bathocuproine 4733-39-5 C26H20N2 Liposoluble Permeable Cu1+ bidentate

ligand
4-[2,9-Dimethyl-7-(4-sulfophenyl)-1,10-

phenanthrolin-4-yl]benzenesulfonic acid
BCS 52698-84-7 C26H20N2O6S2 6.1 19.8 Hydrosoluble Impermeable Cu1+ bidentate

ligand
N,N′-bis(Cyclohexylideneamino)oxamide Cuprizone 370-81-0 C14H22N4O2 Liposoluble Permeable Cu2+ bidentate

ligand

The affinity constant (log Kt) for the chelators was obtained from reference [20].
a Stability constant (K) is a consecutive or stepwise constant and calculated as follows: MLn−1 + L²MLn K = MLn½ �

MLn− 1½ � L½ �.

NH NH2

NH NH

NH2 NH NH2

NH NH2
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of ethanediamine, with six donor groups including two aliphatic
amino nitrogens and four heterocyclic nitrogens (Fig. 2).

Demonstrating their high affinity for copper, TEPA, trientine, TPEN
and 30 additional compounds were investigated systematically on
their ability to inhibit purified Cu,Zn-SOD in erythrocytes [26]. The
three acyclic amino chelators were considered the best chelators for
the purpose of inactivating Cu,Zn-SOD rapidly and effectively, with no
cytotoxicity induced by the chelators per se.

TEPA, trientine and TPEN have been used to create a functional
copper deficiency in cell cultures [29]. These chelators were evaluated
for not only their capability of decreasing copper levels, but also for
their effect on the activity of copper-requiring enzymes such as Cu,Zn-
SOD and CcO in HL-60 cells. In comparison with trientine and TPEN,
TEPA distinctively illustrated the ability to reduce both copper levels
and Cu,Zn-SOD activity in a time dependent manner. TEPA-induced
copper-deficiency in the HL-60 cells did not result in changes in the cell
viability or alterations in the stage of differentiation. The effects of TEPA
on copper levels, and on the activities of Cu,Zn-SOD and CcO may
readily be reversed by copper supplementation. Compared with TEPA
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Fig. 1. Structure of polyaminocarboxylate chelators.
alone, simultaneous incubation of cells with zinc and TEPA caused a
similar reduction in cellular copper concentration.

All these experimental results indicate that TEPA is an ideal chelator
for the aim of effectively removing copper from a cell withoutmarkedly
affecting the viability or causing any fundamental changes in the cell
phenotype. For this reason, in the studies of the role of copper in the
regression of cardiomyocyte hypertrophy [30,31], neuronal differenti-
ation [32], hepatocyte apoptosis [33], and hematopoietic progenitor
cell proliferation and differentiation [34–36], TEPA was extensively
used to manipulate cellular copper concentrations.

Previous observations acknowledge that trientine competes for
copper bound to albumin in serumwith high efficiency [37]. Although
the molecular basis of trientine is unclear, the clinical application of
Tetraethylenepentamine (TEPA) Trientine 
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Fig. 2. Structure of acyclic amino chelators.
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Fig. 3. Structure of macrocyclic amino chelators.
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trientine for the treatment of Wilson's disease, a genetic disease with
abnormal metabolism of copper within liver, has been exploited for
several decades [15,37]. With the development of understanding the
mechanism of copper in angiogenesis, many attempts have been
made to apply trientine to the treatment of cancer [38–40]. Trientine
is alternatively used for the treatment of diabetic heart disease [41],
even though the mechanism of action of trientine in this particular
application has not been understood.

TPEN is capable of crossing natural and artificial membranes and
chelating divalent metals preferentially. This feature makes it useful
in controlling the concentration of metal ions in biochemical
experiments [29,42–45]. Regardless of the high affinity of TPEN for
copper instead of for zinc, it is perplexing that TPEN failed to protect
against the neuronal cytotoxicity of Cu2+ in rat hippocampus,
whereas it protected against the toxicity induced by Zn2+ [46]. In
fact, TPEN has been perpetually used as a “selective” chelator for zinc
[42]. TPEN forms a distinctive and flexible complexwith Cu1+ or Cu2+,
which exhibits dinuclear conformation with metal-metal bonds,
bridging oxo and hydroxo ligands. The diversity of the composition
of copper-TPEN complex depends on the stoichiometry, the condition
of the reaction, and the presence of competing ligands [47,48]. This
may partially explain the contradictory observation about the high
stability of the copper-TPEN complex in vitro, but relative low affinity
of TPEN for copper in vivo.

2.3. Macrocyclic amino chelators

The backbones of macrocyclic amino chelators are cyclam
(1,4,8,11-tetra azacyclotetradecane) and cyclen (1,4,7,10-tetraazacy-
clododecane). Both of them demonstrated an extreme high affinity
constant for copper, log Kl, found to be greater than 27. However, the
powerful chelator for copper, cyclam failed to inhibit Cu,Zn-SOD
activity [26]. In rational to being a large cyclic molecule exhibiting
high affinity for copper in stereochemistry, cyclam yet prevents itself
in the vicinity of protein bound copper. The clinically relevant
chelators in this class are tetracarboxymethyl derivates of cyclam and
cyclen, such as 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic
acid (TETA) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA), respectively (Fig. 3). These two chelators have been used
in conjunction with 64Cu-labelled monoclonal antibodies as a radio-
immunotherapeutic agent for medical diagnostic (γ-scintigraphy,
single photon emission computed tomography, positron emission
tomography) and therapeutic applications [49–53].

It has been shown that the stability of TETA or DOTA for 64Cu was
superior to acyclic chelating agents [49,50]. This extreme stability is
most likely due to the greater geometrical constraint incorporated
within the macrocyclic ligand that enhances the kinetic inertness and
thermodynamic stability of their 64Cu complexes. While DOTA has
been used as a bifunctional chelator for 64Cu, it is less ideal compared
with TETA due to its affinity for other metal ions and relatively
decreased stability. TETA, therefore, has been extensively used as a
chelator for 64Cu, and its successful derivatization has allowed it to
conjugate to antibodies, proteins, and peptides [49,50,54]. Further-
more, the ethylene “cross-bridged” restructuring of TETA and DOTA
has achieved encouraging results; their unique kinetic inertness and
biological stability preferentially allow them to be superior bifunc-
tional chelators for 64Cu than previously observed [54,55].

2.4. D-penicillamine chelator

D-penicilliamine (D-pen) contains amino, thiol and carboxylate
groups within its molecule (Fig. 4). These functional groups are able
to chelate both Cu1+ and Cu2+. The complex of copper and D-pen is
polymeric with various formations in aqueous solution depending on
chloric ion, oxygen, time and copper/D-pen ratio [37,56,57]. D-pen
reduces Cu2+ to Cu1+ in the process of chelation while simulta-
neously being oxidized to D-pen disulfide [57–59]. The reaction
process of copper ions, D-pen and glutathione under anaerobic and
aerobic conditions was monitored by means of 1H nuclear magnetic
resonance spectroscopy [57]. The cluster species of copper and D-pen
was persistently the final product under aerobic conditions, regard-
less of the presence or absence of glutathione. It suggests that
although the cluster species could be decomposed reductively by
endogenous thiols, it is reproduced under oxidative conditions,
observing that it is more thermodynamically stable than other
copper-containing complexes such as D-pen disulfide and glutathione
disulfide.

Although the metal-binding ability of D-pen is believed to
underlie for an effective treatment for Wilson's disease, system-
atically experimental results implicated that D-pen performed
relatively poorly in chelating copper bound to human albumin in
serum in comparison with trientine [37]. A conspicuous feature of
D-pen is the reductive activity that may exhibit from the thiolate
group. Therefore, it has been hypothesized that the reduction in
copper-D-pen complex would accompany a change in the
conformation from preferred square planar geometry to tetrahe-
dral geometry, as well as a change in charge. Both changes are
less favorable for protein binding, so that D-pen, remarkably
reducing Cu2+ to Cu1+ and chelating both Cu1+ and Cu2+

simultaneously, is presented with the ability to decrease excess
copper levels in Wilson's disease [58]. In addition, hydrogen
peroxide is generated during the process of copper-D-pen
complex formation [59] and contributes to the cytotoxicity to
cancer cells, suggesting a molecular mechanism of D-pen in
cancer therapy [60,61].
2.5. Thiomolybdate chelators

Thiomolybdates, with [MoOnS4-n]2- units (n=0-2), are the only
type of inorganic chelators discussed in this review (Fig. 5).
Thiomolybdates continually attract biochemists because these com-
pounds own specific features of suitability as models for various
biological systems as well as exemplifying varieties in complex
structures. Tetrathiomolybdate (TTM) reacts with inorganic copper,
forming heterobimetallic complexes through the Mo-S-Cu cluster
[62–64]. An important biological function of the Mo-S-Cu cluster is
that the antagonism between copper and molybdenum can cause
copper deficiency in ruminants [64]. In early biochemical and
preclinical studies, TTM and dithiomolybdate (DTM) were intraper-
itoneally injected into rats for the purpose of comparing their
mechanism of action [65]. Experimental results suggested that DTM
removed copper from MT in a similar mechanism to that of TTM, but
DTM was not appropriate as a therapeutic agent due to its liability in
solution [65]. In addition, both TTM and DTM were susceptible to
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hydrolysis under acidic conditions and their weak hepatotoxicity may
be attributed to the sulfide produced by the hydrolysis reaction [65].

TTM is the third significant medicine to treat Wilson's disease
following D-pen and trientine. It acts by forming a tripartite
complex with copper and proteins. A series of investigations have
revealed the process of TTM selectively and directly removing
copper bound in MT, forming MT-copper-TTM complex, solubilizing
copper-TTM complex by liberating MT, and insolubilizing copper-
TTM polymer gradually [66,67]. The unique mechanism of TTM can
be used to generate two anti-copper effects. When given with
meals, it forms complexes with copper and food proteins, thereby
prevents the absorption of copper, which places patients into a
negative copper balance. When given between meals, TTM is
absorbed into blood, and binds copper and serum albumin to form a
complex, from which copper is unavailable for cellular uptake.
Lowering copper levels for therapeutic purposes with TTM in anti-
angiogenesis, anti-fibrosis, and anti-inflammation has been proven
in numerous in vitro and in vivo experiments [68–71]. Developing
the basic understanding of pharmacological mechanism and clinical
application of TTM has been reviewed recently [13,72].
2.6. Hydroxyquinoline chelators

Clioquinol, a derivate of 8-hydroxyquinoline, is a retired United
States Pharmacopeia antibiotic medicine and orally bioavailable
copper/zinc chelator (Fig. 6). It is a bidentant ligand and includes
phenolate oxygen and pyridine nitrogen that situate in ortho position
of benzene complementary to each other. Two clioquinol molecules
likely bind one Cu2+ in vitro with a planar and pseudocentrosym-
metric conformation [73,74]. In a biological buffer containing Ca2+

and Mg2+, Cu2+ and clioquinol form a complex with a 1:2
stoichiometry with the conditional stability constant KC0 of
1.2×1010, slightly greater than in neutral aqueous solution [74].

Clioquinol has been used in the treatment of Alzheimer's disease,
characterized by elevated brain iron levels and accumulation of
copper and zinc in the cerebral β-amyloid (Aβ) deposits. Patients
suffering from Alzheimer's disease display higher levels of copper in
the plasma but lower levels in the brain. The biological effects of
clioquinol are most likely ascribed to the high lipophilicity of the free
ligand to facilely access to the brain. Its selective metal chelation for
Cu2+ and Zn2+ may account for its effect against neurodegeneration.
In contrast, high-affinity copper/zinc chelators such as trientine failed
to inhibit amyloid deposition in transgenic mouse model of
Alzheimer's disease [75], suggesting that clioquinol has a different
Mo

S S

SS

Tetrathiomolybdate (TTM)

Fig. 5. Structure of thiomolybdate chelator.
mechanism of action on Alzheimer's disease relative to the traditional
systemic metal chelation [75,76].

It has been proposed by Bush and Tanzi [77] that clioquinol enters
the brain and is attracted to the extracellular pool of metals such as
copper and zinc that are in a dissociable equilibrium with Aβ.
Clioquinol then binds copper and zinc in the Aβ deposits, possibly
forming a ternary complex with Aβ. It has been shown that stripping
metals away from Aβ leads to dissolution of Aβ aggregates back down
to monomer, which can be readily cleared or degraded from the brain
[77,78]. Considering the fact that abnormal brain copper distribution
occurs in Alzheimer's disease with excessive accumulation of copper
in amyloid plaques in addition to deficiency of copper in neighboring
cells, copper mobilization by clioquinol from Aβ and transferring to
other intracellular sites would contribute to a significant improve-
ment for maintaining the balance of copper in the brain. Thus,
clioquinol is not a simple copper chelator, but rather a copper
chaperon for its ability to transfer copper between molecules.

2.7. Dithiocarbamates chelators

Dithiocarbamates are sulfur-based chelators containing a func-
tional group of dithiocarboxy conjugated with an aliphatic secondary
amino (Fig. 7). Chelators in this class may be discriminated by the
different alkyl group attached to their nitrogen atom. N,N-diethyl-
dithiocarbamate (DDC) is a typical compound in this class, which has
been reported to inhibit Cu,Zn-SOD in animal models as early as
1970s [28]. It has been confirmed that DDC is able to despoil copper
from Cu,Zn-SOD, thus producing copper-depleted protein [27,28,79].
However, the mechanism by which DDC removes copper from Cu,Zn-
SOD has been an ongoing debate, focusing on the existence of the
ternary Cu2+-DDC-protein complex during the process [28,79].
Further investigation showed a significant phenomenon of DDC in
the process of inactivating Cu,Zn-SOD in erythrocytes, in which DDC
reacted with oxyhemoglobin to produce reactive radicals, such as
hydrogen peroxide and oxidized DDC that spontaneously reacted
with thiols and resulted in intracellular glutathione depletion and
other intracellular enzyme inactivation [80]. Severe cell damage
occurs with the addition of DDC even at concentration below the
requirement for Cu,Zn-SOD inhibition [26]. This makes DDC an inapt
inhibitor for Cu,Zn-SOD in cultured cells.

There are various dithiocarbamates that have been exploited in
the last decade for the studies of metal ion uptake and apoptosis in a
variety of cells [81–87]. Strong evidence indicates that the pharma-
cological and toxicological effects of dithiocarbamates are derived
from the formation of complexes between dithiocarbamates and
copper [81,82]. The polarity of dithiocarbamate's nitrogen substitute
influences the lipophilicity of the copper complexes. The lipophilicity
potentially determines the ability for copper-dithiocarbamate com-
plex to promote copper accumulation in target tissue and induce the
toxicological effect [87,88].

2.8. Diamine chelators

Diaminie chelators often contain 2,2′-bipyridine and 1,10-phe-
nanthroline. The complexes of copper and 1,4-diamine ligands hold a
N

Cl

I

OH

Clioquinol 

Fig. 6. Structure of hydroxyquinoline chelators.
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Fig. 8. Structure of diamine chelators.
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particular property of interdependence in their coordination geom-
etry and their redox activity. The Cu1+ complex adopts a tetrahedral
or pseudotetrahedral geometry andmay be readily oxidized to amore
stable square-planar Cu2+ species in the absence of restricting steric
effects. For that reason, Cu1+ complexes of 2,2′-bipyridine and 1,10-
phenanthroline exhibit an oxidative instability.

Unlike 1,10-phenanthroline, 2,9-dimethyl-substituted phenan-
throline ligands disfavor octahedral tris-chelate or square-planar
bis-chelate coordination because of the steric interference of the
methyl substitute ortho with the imine nitrogen. In fact, when 2,9-
dimethyl-substituted phenanthroline ligands bind to a metal ion in a
bis complex, the metal ion is forced to exhibit a tetrahedral binding
geometry with the two chelate ligands nearly perpendicular to each
other. This tetrahedral geometry in combination with the size of the
five-member chelate ring effectively traps Cu1+ over othermetal ions,
thus increasing the barrier for Cu1+ to Cu2+ inter-conversion and
sufficiently allowing the former species to become stable.

Neocuproine, bathocuproine and bathocuproine disulfonate (BCS)
are three well-known chelators commonly used in cell biology
experiments to selectively chelate Cu1+ (Fig. 8) [18,89–97]. These
ligands are also known to bind to Cu2+, forcing it into a tetrahedral
geometry and inducing the reduction from Cu2+ to Cu1+, indicating
that these “Cu1+-selective” chelators are not exclusive chelators for
Cu1+. It is important that although they are able to promote the
reduction of Cu2+ to Cu1+, once the reduced state of the copper
complex is reached, it is stabilized and does not participate in redox
cycling [18,19]. Both BCS and neocuproine have been shown to inhibit
copper-dependent redox cycle [18,19].

Neocuproine is more hydrophobic among the three Cu1+

chelators. It is often used for intracellular and extracellular copper
chelation since it can diffuse through the cell membrane
[89,91,93,94]. It is important to note that neocuproine forms a
lipophilic complex with Cu2+ and the Cu2+-neocuproine complex has
been found to be a more potent oxidant than Cu2+ alone [96], thus it
potentiates copper-mediated toxicity [97,98]. On the contrary, BCS, a
sulfonated derivative of bathocuproine, which has been developed to
offer a water soluble characteristic, inhibits copper-mediated cyto-
toxicity due to the formation of a hydrophilic complexwith Cu2+ [97].
But, the Cu2+-BCS complex also increases the oxidative activity in
comparison with Cu2+ [99,100]. Because BCS is charged and
membrane impermeable, it is commonly used in the studies that
need an extracellular copper-limiting agent [90,91,95].

2.9. Cuprizone chelator

Cuprizone is a bidentate ligand with two hydrazides and is used to
selectively bind Cu2+ in the cell [89,92,93] (Fig. 9). It has been
demonstrated that Cu2+-cuprizone complex forms in 1:2 stoichiom-
etry in aqueous [101–103], but the actual structure of the complex has
not been obtained until recently. Some current evidence shows that
cuprizone stabilizes Cu3+ oxidation state in a square planar d8

complex [102,103]. Therefore, the Cu2+-Cu3+ redox cycling induced
by cuprizone under biological conditions may be related to the
cytotoxic and neurotoxic effects of this chelator [103].

Cuprizone was reported to possess unique neurotoxic properties
and serve as a valuable pharmacological tool for central nervous
system demyelination and spongiosis in experimental animals. The
H3C

NH3C SH

S

N, N-diethyldithiocarbamate (DDC)

Fig. 7. Structure of dithiocarbamates chelators.
cuprizone model for demyelination contributed to an important
advance for multiple sclerosis research. Young mice fed cuprizone
diet develop oligodendrocyte death and reversible demyelination
[104,105]. Spontaneous remyelination can be seen as early as 4 days
after withdrawal of cuprizone [104]. Although the molecular basis for
the specific effect of cuprizone on the oligodendrocytes is uncertain,
cuprizone might directly interfere with brain copper metabolism,
resulting in inhibition of the copper-dependent mitochondrial
enzymes, such as CcO and monoamine oxidase. Thus, it was
hypothesized that the imbalance of copper metabolism and the
disturbance in energy generation lead to apoptosis in the oligoden-
drocytes, causing demyelination [104–106].
3. Copper nutrition and metabolic disorders

The nutritional essentiality of copper for mammals was first
reported in 1928 [107]; supplementing with 1.0 mg copper sulfate
once a day for 6 days/week rapidly promoted anemic and stunted rats
growth and blood hemoglobin elevation. Chronic dietary copper
deficiency has been suggested as a contributing factor to three major
pathological conditions; osteoporosis[9,10], neurodegenerative [5,6]
and cardiovascular diseases [7,8,108]. Copper deficiency in infants
causes iron-unresponsive anemia, neutropenia and bone abnormal-
ities [1]. In elderly, themost frequent clinical manifestations of copper
deficiency are compromised cardiovascular system, as well as
hematologic and bone abnormalities [1,109,110]. Hematologic
changes are characterized by the existence of hypochromic, normo-
cytic or macrocytic anemia, accompanied by a reduced reticulocyte
count, hypoferremia, neutropenia and thrombocytopenia [1,109].
These hematologic changes can be used as systemic indices for organ
system copper deficiency. However, there are conditions that
hematologic changes may not occur, but organ system copper
deficiency may take place.

An important and interesting phenomenon is that under certain
circumstances, the pathological changes of certain organ systems for
example the brain and the heart are associated with a decrease in
copper concentrations in the organs, accompanying with an increase
in copper concentrations in the plasma [108,111–113]. An important
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Fig. 9. Structure of cuprizone chelator.
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question that has not been widely raised is that why the high levels of
copper in the plasma cannot be utilized by the diseased organs, such
as the brain and the heart, where the deficiency of copper is
predominantly observed under Alzheimer's disease[113] or ischemic
heart disease condition[108,111,112]. It is widely accepted that
copper is absorbed and transported into the blood stream through
the intestinal epithelial cells and presented in the protein- or peptide-
bound form in the peripheral circulation before it enters the liver for
processing. Copper in the liver is either released in the form of
ceruloplasmin into the peripheral circulation or secreted into the bile
for excretion. Under physiological conditions, the use of copper by
extra-hepatic organs relies on ceruloplasmin. But under the acer-
uloplasmin condition, there is no apparent copper deficiency in extra-
hepatic organs, suggesting the existence of other copper delivery
mechanisms for extra-hepatic organs. But under the brain or heart
disease condition, it appears that high levels of copper in the plasma
cannot be processed for reutilization by the brain or the heart.

Under these circumstances, i.e., copper deficiency in organ
systems but increased copper concentrations in blood, hematologic
indices for copper status may not be appropriate as a diagnostic
parameter. The activities of copper-containing proteins including CcO,
Cu,Zn-SOD, DBH, PrP, tyrosinase, XIAP, lysyl oxidase, ceruloplasmin
and metallothionein are often used as a probe for systemic copper
status. However, it has been shown that under organ system copper
deficiency conditions, some copper-binding proteins may increase its
concentrations or activities. For example, under dietary copper
deficiency, liver metallothionein concentrations increase along with
decreased activities of CcO [114]. It thus is important to understand
copper metabolic changes and copper-binding protein speciation
alterations under specific disease conditions in order to make an
attempt to manipulate copper transport and distribution. In this
context, copper-related diseases such as neurodegenerative symp-
toms [5,6], cardiovascular structural and functional defects [7,8], bone
metabolism disorders [9,10], musculature diseases [11,12] and
deregulation of inflammatory responses [12,13] are all uncertain
targets for copper manipulation therapy.

4. The significance of copper chelation therapy

Copper chelation is a straightforward approach to improve the
condition of copper overload or accumulation in organisms. There are
multiple therapeutic applications of copper chelators in clinical trials
and in the treatment of several diseases [13,41,72,77]. The clinical use
of copper chelators focuses on removal of copper or limitation of the
bioavailability of copper in the organ system. The typical and
successful utilization of copper chelators has been in the treatment
of Wilson's disease. Three chelators, including D-pen, trientine and
TTM have been used with regard to this application and all three have
achieved satisfactory therapeutic efficacies. However, the mechan-
isms of action of these three chelators are different, even though the
biological effects, with the exception of copper removal, derived from
these differences have not been understood. It would not be
surprising if some critical differences can be identified among these
chelators in the treatment of Wilson's disease, but the current
application basically focuses on the removal of copper from the liver.
Increased excretion of copper from the liver has been observed
[13,72], but it would be expected that inter-organ transport of copper
by these chelators could occur, which has not been explored.

Promoting copper inter-organ transport is an important issue,
which has not been fully recognized in clinical practice. A common
mistake in the assessment of copper status in the organ systems is the
measurement of copper concentrations in the plasma, and the
elevation of the plasma copper concentrations has often been
considered copper overload. However, as discussed above, under
certain circumstances, the disorder of certain organ systems for
example the brain and the heart is associated with a decrease in
copper concentrations in the organs, accompanying with an increase
in copper concentrations in the plasma [107,108]. Therefore, under
these conditions, the application of a copper chelation (copper
removal) therapy may not be appropriate.

Clinical practice has provided important clues regarding the
difference in the application of different copper chelators for the
treatment of particular diseases. For instance, the use of copper
chelators in the treatment of Alzheimer's disease has proven a simple
removal of the plasma copper may not necessarily be effective.
Patients with Alzheimer's disease have higher levels of copper in the
plasma but lower levels in the brain. Moreover, copper is accumulated
in the amyloid plaques, leading to an imbalanced distribution of
copper in the brain. In the treatment of this disease, clioquinol was
effective in contrast to high-affinity copper/zinc chelators such as
trientine and EDTA [75]. Upon entering the brain, clioquinol is able to
strip copper and zinc from the amyloid plaques, leading to dissolution
of the Aβ aggregates. The Aβ monomers are readily cleaned or
degraded [77,78]. Thus, clioquinol maymobilize copper from one site,
and then transfer the copper to another, without causing significant
changes in total copper concentrations. This mechanism of action is
different from that of traditional copper chelators such as EDTA,
which may simply remove copper from the target sites.

It is vital to know the change in copper speciation under the
disease conditions such as neurodegenerative and cardiovascular
diseases under which copper is often effluxed from the organs. It
appears that copper released from the diseased organs is in a different
protein- or peptide-bound form from that released from the intestinal
epithelial cells, so that these unusual species of copper cannot be
processed by the liver or other mechanisms for reutilization. It is
interesting to observe that in the mouse model of pressure overload-
induced cardiac hypertrophy, copper concentrations decrease in the
heart, but increase in the plasma [30]. However, only when copper is
supplemented in food can cardiac copper concentrations be normal-
ized, suggesting that in the total copper pool in the plasma, only the
portion that is derived from the intestinal epithelial cells can be
processed for the utilization by the hypertrophic heart. However, is it
possible that different species of copper in the plasma can be
exchangeable so that some idle copper become available?

There are copper chelators that can change the oxidation state of
copper from Cu2+ to Cu1+, as discussed in the above section. The
proteins that bind to Cu2+ are different from that which bind to Cu1+.
Therefore, one of the potential effects of the copper chelators is to
remove Cu2+ from one copper-binding protein, convert Cu2+ to Cu1+,
then transfer Cu1+ to another copper-binding protein. For instance,
neocuproine, bathocuproine and BCS are capable of binding to Cu2+,
forcing it into a tetrahedral geometry and inducing the reduction from
Cu2+ to Cu1+. Should the newly reduced Cu1+ become available from
the chelators, different proteins other than those binding to Cu2+

would become the targets.
It is also significantly beneficial to the organ system when the

reduction fromCu2+ to Cu1+ occurs in the copper-chelator complexes.
An important aspect of this reduction is that once the reduced state of
the copper complex is reached, it is stabilized and does not participate
in redox cycling [18,19]. Therefore, BCS has been used in experimental
setting to inhibit copper-dependent redox cycle for two important
reasons: (1) BCS is charged and not membrane permeable so that it
can limit the availability of copper for cells, and (2) since Cu2+ is the
dominant form of copper in extracellular environment, the use of BCS
can promote the reduction of Cu2+ to Cu1+ and the stabilized copper-
chelator complex can suppress the copper-dependent redox cycle.

If copper speciation, such as its binding to different proteins or
peptides, can be modified by copper chelators, the imbalance of
copper distribution between the plasma and vital organs under
certain disease conditions would be corrected. For instance, exploring
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the use of copper chelators in pressure overload-induced cardiac
hypertrophy would make the high levels of plasma copper available
for the heart, in which a deficiency of copper has been demonstrated
[7,8]. Exploring this use would deem copper chelators more valuable
in the clinical practice.

5. Conclusions

The history of copper chelation therapy is nearly as extensive as the
investigationof copper function in organisms. It is an important strategy
to change the bioavailability of copper ions by using metal chelating
agents for studying cellular processes related to copper transport,
storage and usage. When taking advantage of live cells in probing for
biomolecules related to copper homeostasis, a typical approach is to
change the availability of copper andobserve the subsequent changes in
cell processes. Up-regulation or down-regulation of a specific set of
genes can indicate the proteins either directly or indirectly related to
copper handling. Copper chelators have been extensively used in
conjunction with the copper-binding protein studies.

Since the ability of a chelator to limit the bioavailability of copper
is crucial to the integrity of an experiment and to the interpretation of
the results, the selectivity of a copper chelator for copper over other
metals is the issue that has been addressed for a long time and
continues to be the mainstay in copper chelation therapy and studies.
However, the selectivity does not imply exclusivity. While an agent
may have a thermodynamic preference for copper, it does not mean
that it ignores to bind other metals. For instance, TEPA in culture
media can limit the bioavailability of copper, but at the same time it
also reduces the availability of other metals such as zinc. In this case,
modest supplementationwith zinc would provide cells with adequate
levels of zinc when implementing a model of copper deficiency.

Many copper chelators, such as D-pen, trientine, TTM, and
clioquinol have been used in clinical practice in the treatment of
copper-related diseases. However, with the development of the
understanding of the role of copper in pathogenesis, and the
molecular pharmacological mechanism of the chelators, we may no
longer consider the “chelation therapy” in the same light as metal
depletion. Chelators can not only despoil copper from copper-binding
proteins and increase its excretion from organ systems, but also offer
a chaperon or delivery mechanism for copper redistribution in
organisms. In addition, copper chelators can serve as an invaluable
regulator of copper-dependent redox cycling. These last two aspects
of copper chelators have been explored in experimental setting, but
should be further expanded to clinical practice.

Novel application of copper in experimental and clinical settings
requires more extensive usage of copper chelators. For instance,
copper-based radionuclides have recently attracted more attention
and are extensively evaluated in clinical application. Copper-based
radionuclides offer a varying range of half-lives and positron energies.
For example, the half-life (12.7 h) and decay properties (β+, 0.653
MeV, 17.8%; β−, 0.579 MeV, 38.4 %) of 64Cu make it an ideal
radioisotope for positron emission tomography imaging and radio-
therapy. In addition, an important advantage of copper is the well-
established coordination chemistry, allowing it to react with wide
variety of chelator systems that can potentially be linked to
antibodies, proteins, peptides and other biologically relevant mole-
cules. Therefore, novel application of copper chelators in radioactive
diagnostic and therapy is forthcoming.

In conclusion, copper chelators are an indispensable accompani-
ment for copper biology and medicine. There are many compounds
that demonstrate the ability to chelate copper, but only those that are
of clinical relevance have been presented in this discussion. It is
obvious that these chelators have been under-utilized, although they
have proven to be excellent tools in limiting the bioavailability of
copper in organ systems. More valuable application of these
invaluable tools in copper biology and medicine should be seen in
the future.
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