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Current Status and Mechanism of Action of Platinum-Based

Anticancer Drugs

Shanta Dhar and Stephen J. Lippard

3.1

Introduction

3.1.1

Platinum Chemotherapy and Cancer

Chemotherapy, surgery, and radiation therapy are the main pillars of cancer

treatment. The term ‘‘chemotherapy’’ refers to the use of any chemical agent to

stop cancer cell proliferation. Chemotherapy has the ability to kill cancer cells at

sites remote from the original cancer. Thus chemotherapy is referred to as sys-

temic treatment. More than half of all people diagnosed with cancer receive che-

motherapy. ‘‘Platinum chemotherapy’’ is the term used for cancer treatment

where one of the chemotherapeutic drugs is a platinum derivative. The spectacular

and first such platinum-based drug is cisplatin, cis-diamminedichloridoplati-

num(II). Subsequently, the cisplatin relatives carboplatin and oxaliplatin were

introduced to minimize side effects (Table 3.1). Platinum compounds have been

the treatment of choice for ovarian, testicular, head and neck, and small cell lung

cancer for the past 20 years.

3.1.2

Palette of Current Platinum Chemotherapeutic Drugs

During the last 30 years, over 700 FDA-approved drugs have entered into clinical

practice. The success of cisplatin [1] has been the main impetus for the expansion

of the family of platinum compounds. Carboplatin [2] and oxaliplatin [3]

(Table 3.1) are registered worldwide and have been a major success in clinical

practice. Nedaplatin [4] is used in Japan to treat head and neck, testicular, lung,

ovarian, cervical, and non-small cell lung cancers. Heptaplatin [3, 4] is used in

gastric cancer in South Korea. Lobaplatin [5] is approved in China for the treat-

ment of chronic myelogenous leukemia, metastatic breast, and small cell lung
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Table 3.1 List of platinum compounds.

Compound Structure Use Current state

Cisplatin Head and neck,

testicular, lung,

ovarian, cervical, and

non-small cell lung

cancers

FDA

approved

Carboplatin Head and neck,

testicular, lung,

ovarian, cervical, and

non-small cell lung

cancers

FDA

approved

Oxaliplatin Colon cancer FDA

approved

Nedaplatin Head and neck,

testicular, lung,

ovarian, cervical, and

non-small cell lung

cancers

Phase II

Heptaplatin Gastric, head and

neck cancer, small

cell lung cancer

Approved in

South Korea

Lobaplatin Chronic

myelogenous

leukemia (CML),

metastatic breast,

and small cell lung

cancer, esophageal,

ovarian cancers

Approved in

China

Phase II in

USA

JM-11 Malignant disease Abandoned

PAD Leukemia Failed in

Phase I

Enloplatin Refractory advanced

ovarian carcinoma

Failed in

Phase I

Zeniplatin Ovarian cancer Failed in

Phase I

Cycloplatam Ovarian and lung

cancer

Failed in

Phase I

Spiroplatin

(TNO-6)

Ovarian cancer Failed in

Phase-II
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cancer. These second-generation platinum drugs were developed to reduce the

side effects generally shown by cisplatin, to enhance the therapeutic index, and for

application against cisplatin-resistant tumors.

The clinical development of novel platinum compounds has been somewhat

disappointing in view of the promise shown in preclinical studies. The vast

majority of platinum compounds synthesized for cancer therapy have been

abandoned because of low efficacy, high toxicity, and/or low water solubility.

Included in this list (see Table 3.1) are JM-11, PAD, enloplatin [6], zeniplatin

[7–10], cycloplatam [11], spiroplatin [12, 13], ormaplatin (tetraplatin) [14], ipro-

platin [15], the polynuclear platinum compound BBR-3464 [7], aroplatin [8], and

other platinum conjugates. Although it is difficult to predict the clinical perfor-

mance of a new platinum compound based solely on its geometry, structural features

nonetheless provide important clues about its likely performance. Several platinum

compounds are currently under clinical evaluation, including orally administered

satraplatin [9] that showed promise against hormone refractory prostate cancer, the

sterically hindered picoplatin [16] for small cell lung cancer, a liposomal cisplatin

formulation, lipoplatin [10], as a first-line therapy in patients with non-small cell lung

carcinoma (NSCLC), and a liposomal oxaliplatin, lipoxal [17]. Adverse side effects and

low anticancer activity in Phase I and II clinical studies are the main reasons for the

abandonment of platinum drugs. Of the two cisplatin liposomal formulations tested

in the clinic, SPI-77 [12] failed in Phase II trials and was abandoned despite suc-

cessful preclinical performance, whereas lipoplatin has progressed successfully

through Phase III clinical trials in NSCLC with a response rate and stable disease

Ormaplatin

(Tetraplatin)

Melanoma, sarcoma,

leukemia and breast

cancer, refractory

diseases

Failed in

Phase I

Iproplatin

(JM-9)

Small cell carcinoma

of the lung, ovarian,

metastatic breast,

and head and neck

cancer

Phase II and

Phase III

Triplatin

tetranitrate

(BBR-3464)

Ovarian, small cell

lung and gastric

cancer

Failed in

Phase II

Aroplatin

(l-NDDP)

Colorectal and

kidney cancer,

malignant pleural

mesothelioma

Phase II

Satraplatin

(JM-216)

Prostate cancer Failed in

Phase III

Picoplatin Non-small cell lung

cancer

Phase III
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W70%. This result indicates that a formulation strategy, encapsulation of a platinum

compound into tumor-targeted nanoparticles, could provide an attractive pathway for

the development of clinically useful platinum compounds.

3.1.3

Early History of Cisplatin and Approved Platinum Drugs for the Clinic

The serendipitous discovery [13] of the anticancer properties of cisplatin and its

clinical introduction in the 1970s represent a major landmark in the history of

successful anticancer drugs. After the discovery of the biological activity of cisplatin,

only two additional platinum compounds, carboplatin and oxaliplatin, have been

approved by the FDA. Nedaplatin, lobaplatin, and heptaplatin are approved only in

Japan, China, and South Korea, respectively. Cisplatin, carboplatin, oxaliplatin, and

most other platinum compounds induce damage to tumors by apoptosis [14]. All

these platinum drugs have characteristic nephrotoxicity and ototoxicity.

The present chapter focuses on nontraditional, strategically designed plati-

num(IV) complexes for targeted cancer therapy based on our knowledge of the

mechanism of action of cisplatin.

3.2

Mechanism of Action of Cisplatin

The mechanism of cisplatin action is a multi-step process that includes (i) cisplatin

accumulation, (ii) activation, and (iii) cellular processing.

3.2.1

Cisplatin Accumulation

The mechanism by which cisplatin enters cells is still under debate [18]. Origin-

ally, it was believed that cisplatin enters cells mainly by passive diffusion, being a

neutral molecule. More recently, it was discovered that cisplatin might find its way

into cells via active transport mediated by the plasma-membrane copper trans-

porter Ctr1p present in yeast and mammals (Figure 3.1) [19]. Details about this

active transport remain to be elucidated. Recent studies with Ctr1p�/� mouse

embryonic fibroblasts exposed to 2 mM cisplatin or carboplatin revealed only 35%

of platinum accumulation compared to that taken up by Ctr1p wild type cells,

which supports such an active transport mechanism. Most likely there are mul-

tiple pathways by which the drug is internalized.

3.2.2

Cisplatin Activation

Cisplatin is administered to patients by intravenous injection into the blood-

stream. The drop in Cl� concentration as the drug enters the cytoplasm sets up a
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complex pathway (Figure 3.2) for cisplatin activation. Several species form when

water molecules enter the platinum coordination sphere, processes that essentially

trap the activated form of cisplatin in the cell. The cationic, aquated forms of

cisplatin can react with nuclear DNA, which contributes in a major way to the

antitumor activity of cisplatin.

3.2.2.1 Binding to DNA Targets

There are significant consequences for the cell when cisplatin binds to nuclear

DNA and forms covalent crosslinks with the nucleobases [20]. The 1,2-intrastrand

d(GpG) crosslink is the major adduct, most likely responsible in large part for the

ability of cisplatin to destroy cancer cells (Figure 3.3). Binding of cisplatin to DNA

causes a significant distortion of the helical structure, which in turn results in

inhibition of DNA replication and transcription. The platinated DNA adducts are

recognized by different cellular proteins, including enzymes in DNA repair ma-

chinery, transcription factors, histones, and HMG-domain proteins [16, 21].

Figure 3.2 Intracellular activation of cisplatin.

Figure 3.1 Cellular uptake of cisplatin by passive diffusion

and via the copper influx transporter Ctr1.
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3.2.2.2 Binding to Non-DNA Targets

Cysteine thiol groups in glutathione and metallothionein defend the cell against

cisplatin [22]. Because of the high affinity of thiolate anions for Pt(II), after

entering the cell a platinum complex may preferentially bind to sulfur atoms

rather than to the bases of DNA [23]. Patients treated with cisplatin for the first

time avoid this protective mechanism, but continuous exposure to the drug can

build up resistance owing to increased levels of glutathione and metallothioneins

[24]. The action of glutathione on cisplatin is catalyzed by glutathione S-trans-
ferases (GSTs), and the resulting complexes are exported from cells by the ATP-

dependent glutathione S-conjugate export (GS-X) pump (Figure 3.4) [25].

3.2.3

Cellular Processing of Platinum-DNA Adducts

The therapeutic effect of cisplatin is due to the formation of adducts with nuclear

DNA that inhibit DNA replication and/or transcription. The main mechanism for

removing the intrastrand crosslinks is nucleotide excision repair (NER), but the

efficacy of this process varies depending upon the nature of the adducts. NER in

human cells depends on many factors, which include the XPA and RPA proteins

[26], incision by structure-specific endonucleases, and repair DNA synthesis

mediated by DNA polymerase (Figure 3.5). It is important to study the differential

repair pathways of cisplatin–DNA intrastrand crosslinks to understand the

intracellular processing of cisplatin and to design new platinum drug candidates.

One potentially important factor is specific binding of high mobility group box

Figure 3.3 Different crosslinks formed by cisplatin.
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(HMGB) proteins to 1,2-intrastrand cisplatin–DNA crosslinks, which shield these

lesions from NER [27]. Signal-transduction pathways that control growth, differ-

entiation, and stress responses, involving proteins such as ataxia telangiectasia and

RAD3-related (ATR) [28], p53 [29], p73 [30], JUN amino-terminal kinase, and p38

mitogen activated protein kinase (MAPK14) [31], have also been implicated.

3.2.3.1 Cytotoxicity Associated with High Mobility Group (HMG) Proteins

HMG (high mobility group) domain proteins are non-histone chromosomal pro-

teins that bind to specific structures in DNA or in chromatin with little or no

sequence specificity [32]. There are two families of HMGB-domain proteins. The

first contains two or more HMG domains, and includes the proteins HMGB1 and

HMGB2, nucleolar RNA polymerase I transcription factor UBF, and mitochon-

drial transcription factor mtTF. In the second family, the proteins contain a single

HMG domain and include tissue-specific transcription factors. Both families of

proteins recognize the major 1,2-intrastrand crosslinks formed by cisplatin [27, 33,

34]. HMG-domain protein mediation of the cytotoxicity of cisplatin is the result of

the recognition of DNA–cisplatin adducts by tissue-specific HMG proteins. Several

HMG proteins, such as hSRY [35], are expressed in testis tissues and their pre-

sence might contribute to the efficacy of cisplatin in the treatment of testicular

cancer. Binding of the HMG-domain proteins to cisplatin–DNA 1,2-intrastrand

d-(GpG) crosslinks within nuclear DNA impairs the processing of DNA in tumor

cells. The distortion caused by this adduct is well recognized by DNA-binding

proteins containing HMG domains. The HMG protein forms a 1 : 1 complex with

cisplatin–DNA adducts and acts as a protective shield against repair by

NER. HMGB1 contains two tandem HMG domains, A and B, and a C-terminal

acidic tail. The HMGB-1-induced inhibition of cisplatin–DNA adduct repair is

accomplished through the acidic domain. A new member of HMGB family,

Figure 3.4 Cisplatin binding to glutathione and metallothionein.
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HMGB4, was identified recently [36], which is preferentially expressed in the adult

mouse testis and sperm cells. Sequence analysis reveals that a disulfide bond,

which forms in HMGB1 between Cys23 and Cys45, cannot be formed in HMGB4

because of the absence of cysteine at position 23. The acidic C-terminal tail,

which reduces the affinity of HMGB1 for DNA, is also absent in HMGB4. The fact

that HMGB4 lacks the disulfide bond and an acidic tail would significantly im-

prove its ability to shield cisplatin intrastrand d(GpG) crosslinks from NER and

may contribute to the hypersensitivity of testicular cancer cells to treatment with

cisplatin.

3.2.3.2 Cytotoxicity Associated with Non-HMG Proteins

Cisplatin adducts are recognized by mismatch repair proteins as well as ERCC-1

[37], an essential protein in NER (Figure 3.5). Human mismatch-repair protein,

hMSH2 [38], also binds with modest specificity to DNA containing cisplatin

adducts and displays selectivity for DNA adducts of therapeutically active platinum

complexes. Similarly, the NER-related XPA gene [39], which contributes to

enhanced repair, is overexpressed in cisplatin-resistant tumors. The sensitivity of

testicular cancer to cisplatin has been related to a low expression of XPA and

ERCC1/XPF [40]. Transcription-coupled nucleotide excision repair (TC-NER) is an

important factor in the activity of cisplatin [41]. Both ERCC1 and XPA are involved

in TC-NER. A gene that plays a key role in breast and ovarian cancer is BRCA1

[42]. Before the DNA repair machinery works on cisplatin–DNA crosslinks, these

adducts are recognized by several specific proteins [16]. A futile attempt of MMR to

repair cisplatin–DNA adducts leads to an apoptotic signal. The MMR complex

consists of several proteins, including hMSH2, hMSH6, hMLH1, hMutLp, and

hMutSp, with hMSH2 and hMutSp involved directly in the recognition of cis-

platin-d(GpG) intrastrand crosslinks.

Figure 3.5 Proteins affect cytotoxicity of cisplatin.
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The design of new platinum anticancer drug candidates can, in principle,

benefit from this information by incorporating components that interfere with

these processes or by using genes that provide improved platinum therapy. Of

particular interest would be compounds that overcome cisplatin resistance.

3.3

Limitations of Current Platinum-Based Compounds: New Strategies

Despite its side effects, cisplatin-derived cancer therapy has been used successfully

for three decades. Platinum-chemotherapy gives characteristic relief and modest

improvement in survival. The unique pharmacological properties coupled with

the side effects of cisplatin have led to the design of many analogs to broaden the

spectrum of activity, reduce side effects, and overcome resistance. Although the cis

configuration was initially identified as required for activity, trans-platinum

complexes have shown significant antitumor activity in preclinical models. In

addition to mononuclear platinum compounds, multinuclear platinum complexes

are characterized by a different mode of interaction with DNA. One of the major

limitations to the clinical efficacy of platinum compounds is drug resistance, and

a most important feature of non conventional platinum compounds is their ability

to overcome cellular resistance. The multifactorial nature of clinical resistance

requires optimization of platinum-based therapy to include drug delivery

approaches. The following discussion focuses on our recent studies to improve

platinum therapy by introducing delivery systems that include single-walled

carbon nanotubes (SWNTs), polymeric nanoparticles (NPs), and oligonucleotide-

functionalized gold nanoparticles (DNA-Au NPs). We introduce a novel plati-

num(IV) compound, mitaplatin, which uses one of the unique pathways of cancer

cell metabolism as a target for its selectivity towards cancer cells. We discuss the

anticancer properties of these platinum constructs for their potential use in

platinum-based chemotherapy.

3.4

Novel Concepts in the Development of Platinum Antitumor Drugs

The amount of platinum accumulated by cancer cells is an important factor that

determines the efficacy of the drugs. Reduced cellular uptake or increased efflux is

one reason for drug resistance [43]. A major goal is to develop platinum complexes

that can overcome resistance by targeting them to cancer cells. Active and passive

targeting of platinum compounds are attractive areas in the advancement of pla-

tinum-based drug development. For passive targeting, the vehicle for the drug

exhibits prolonged circulation in blood. Active targeting results in higher ther-

apeutic concentrations of the drug at the site of action. Normally, active targeting

is achieved by using delivery systems that accumulate in cancer cells by a receptor-

mediated mechanism. In passive targeting, the phenomenon known as the

Novel Concepts in the Development of Platinum Antitumor Drugs | 87



selenocysteine residues. Cysteine proteases have been implicated in the patho-

physiology of several diseases, including inflammatory airway diseases, bone and

joint disorders, parasitic diseases and cancer [42] and the cathepsins B, K, and S

[42–46] have been the subject of recent attention, along with tyrosine phosphatases

[47], which are implicated in several disease states.

A particular focus of interest has been the thioredoxin system [48], which plays a key

role in regulating the overall intracellular redox balance. Thioredoxin reductase (TrxR)

has been implicated in several chronic diseases such as certain cancers, rheumatoid

arthritis, and Sjögren’s syndrome [49] andmany emerging cancer therapies use TrxR

as a target for drug development [50, 51]. Gold(I) complexes are themost effective and

selective inhibitors of purified mammalian TrxR found to date [49, 51, 52], with

auranofin being particularly potent [52]; the inhibition has been attributed to Au(I)

binding to the -Cys-Sec- redox active center (Sec ¼ selenocysteine) [51, 52]. Anti-

arthritic gold(I) drugs are known to interact with other selenoenzymes such as glu-

tathione peroxidase [53], and notably the activity of glutathione reductase (closely

related to TrxR but lacking the Sec residue) is inhibited at 1000-fold higher con-

centrations [49]. Recent studies have shown that different classes of cytotoxic gold

compounds [both Au(I) and Au(III)] are potent inhibitors of TrxR. A unifying me-

chanism has been proposed that involves inhibition of mitochondrial TrxR by these

gold compounds that ultimately leads to cell death [48]. Moreover, it has been shown

that certain Au(I) phosphine and N-heterocyclic carbene (NHC) complexes are selec-
tively toxic to cancer cells and not to normal cells and themechanismmay depend on

the ability to selectively target mitochondrial TrxR in cancer cells [54, 55].

The potential application of gold-drugs against major tropical diseases has re-

ceived recent attention [56] and is an area of growing importance due to the variety

of thiol and selenol proteins that have been validated as drug targets. Similarly,

targeting selenium metabolism with gold-based drugs offers a new avenue for

antimicrobial development against selenium-dependent pathogens [57, 58].

These new developments in gold-based therapeutic agents are the focus of this

chapter. Another area of emerging interest, not included here, is the potential

application of gold nanoparticles for cellular imaging, diagnostic, or therapeutic

purposes. This topic has been the subject of several recent reviews [59–61].

7.2

Biological Chemistry of Gold

There are several excellent reviews where the biological chemistry of gold has been

discussed in detail [19, 24, 25] and so only a brief overview is given here. While various

different oxidation states are known for gold, studies on gold-based therapeutic agents

havebeen restricted to compounds in the two commonoxidation states of þ 1 and þ 3.

7.2.1

Gold(I) Oxidation State

Gold(I) (5d10), being a large ion with a low charge, is a ‘‘soft’’ Lewis acid and hence

forms it most stable complexes with ‘‘soft’’ ligands such as CN, S-donors (RSH,
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R2S, and S2O3
2H), P-donors (PR3), and Se ligands. In the absence of stabilization

by ‘‘soft’’ ligands, disproportionation into metallic gold and gold(III) readily occurs

in aqueous solution:

3AuðIÞ ! 2Auð0Þ þ AuðIIIÞ

Gold(I) has a much higher affinity for thiolate S (cysteine) compared to thioether

S (methionine) and a low affinity for N and O ligands. Hence antiarthritic gold(I)

drugs contain thiolate and phosphine ligands, the biological chemistry is domi-

nated by ligand exchange reactions with ‘‘soft’’ cysteine and selenocysteine bind-

ing sites on proteins, and DNA is not a target for gold(I) antitumor compounds.

The highest affinity is for thiols with the lowest pKa values. Consequently, in

blood, most of the circulating Au from antiarthritic drugs is bound to the cysteine-

34 of serum albumin (pKaB5) and transcription factors (Jun, Fos, NF-kB), which
have cysteine residues flanked by basic lysine and arginine residues, are likely

targets [62]. Gold(I) has a particularly high affinity for selenocysteine residues

(e.g., in glutathione peroxidase and thioredoxin reductase) because Se is more

polarizable (hence ‘‘softer’’) than S and the pKa of selenocysteine (B5.2 [63]) is

much lower than that of cysteine (8.5 [64]).

Linear, two-coordination is most common for Au(I) but higher (three and four)

coordination numbers are known. Relativistic effects increase the 6s–6p energy

gap of gold, which enhances the stability of the two-coordinate geometry compared

to the lighter elements Ag(I) and Cu(I) [25]. Notably, tetrahedral four-coordination

can be imposed by the use of bidentate phosphine ligands, and bis-chelated Au(I)

diphosphine complexes such as [Au(dppe)2]
þ have a high thermodynamic stabi-

lity [65]. The formation of chelate rings can contribute to the driving force of

unusual reactions [66]. For example, in the presence of thiols (SR) and blood

plasma, bridged digold complexes RSAu(dppe)AuSR [linear two coordinate Au(I)]

convert into the tetrahedral complex [Au(dppe)2]
þ via the reaction [67]:

2½ðAuSRÞ2ðdppeÞ� þ 2RS�$½AuðdppeÞ2�þ þ 3½AuðSRÞ2��

For linear two-coordinate Au(I) compounds thiolate ligand exchange reactions

are facile [64], occurring via an associative mechanism and a three-coordinate

transition state. Hence, following administration of gold antiarthritic drugs, Au is

readily transported by serum albumin and a thiol shuttle mechanism [68] is

probably responsible for the transport of Et3PAu
þ across cell membranes to key

thiol/selenol protein target sites. In contrast, bis-chelated Au(I) diphosphine

complexes such as [Au(dppe)2]
þ are stable in the presence of thiols and in blood

plasma [27], because ligand exchange reactions must occur by a ring-opening

mechanism.

Small mononuclear Au(I) complexes show a pronounced tendency to self-

associate and short sub-van der Waals Au� � �Au distances of about 3.05 Å indicate

the presence of an attractive (aurophilic) interaction [69] with a bond energy com-

parable to that of standard hydrogen bonds. Recent theoretical/computational stu-

dies indicate that ‘‘aurophilicity’’ results primarily fromdispersion forces reinforced
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by relativistic effects [70, 71]. Compounds displaying these short Au� � �Audistances
are often luminescent [72] and this native luminescence has been exploited recently

to determine the intracellular distribution of a dinuclear Au(I)-NHC complex using

fluorescence microscopy [73].

7.2.2

Gold(III) Oxidation State

Gold(III) is a d8 metal ion, isoelectronic with Pt(II), and its complexes are gen-

erally four-coordinate and square planar. Ligand substitution reactions are likely to

occur via five-coordinate intermediates and are faster for Au(III) than Pt(II) [74],

but slower than for Au(I) [19]. However, while various ligand types form stable

complexes with this oxidation state (Section 7.4.2), the biological chemistry is

dominated by the strong oxidizing properties. Thus, in vivo most Au(III) com-

pounds will be reduced to Au(I) or Au(0), driven by naturally occurring reductants

such as thiols (cysteine), thioethers (methionine), and protein disulfides [24, 25, 75].

On the other hand, while the biological environment is strongly reducing, Au(I)

compounds can be converted into Au(III) by strong oxidants, such as hypochlorite,

which is produced in inflammatory situations during the oxidative burst. The im-

munological toxic side effects of antiarthritic gold(I) drugs are attributed to oxidation

to Au(III) and subsequent interaction with proteins [75] (Section 7.3.1).

7.3

Gold Antiarthritic Drugs

7.3.1

Structural Chemistry and Biotransformation Reactions

The chemistry and pharmacology of gold(I) antiarthritic drugs were comprehen-

sively reviewed in 1999 by Shaw [24, 25] and more recently by Messori and Marcon

[76]. A few pertinent points are highlighted here.

Whereas the orally active complex auranofin is a crystalline monomeric complex

[10], the injectable Au(I) thiolate complexes, such as aurothiomalate, are polymers

with thiolate S bridging linear Au(I) ions. The crystal structure of aurothiomalate

(Myocrisin) was determined only relatively recently [8] and shows linear S-Au-S

units arranged into double-helical chains, in good agreement with the chain and

cyclic structures indicated in early EXAFS and WAXS studies [77, 78].

After administration, these linear gold(I) complexes rapidly undergo ligand

exchange reactions so that the administered drugs are unlikely to be the phar-

macologically active species. For auranofin the phosphine ligand confers mem-

brane solubility and affects the pharmacological profile, including uptake into

cells. While release of the phosphine does not occur readily in most model
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reactions, studies with 195Au, 35S, and 32P-radiolabeled auranofin in dogs have

shown that the 35S and 32P are excreted more rapidly than 195Au [79], and Et3PO

has been identified in the urine of auranofin-treated patients [16]. On binding to

albumin the acetylthioglucose ligand is substituted first and the phosphine ligand

is liberated slowly (with formation of Et3PO) driven by the liberated acet-

ylthioglucose ligand and thiol ligands such as glutathione (GSH) [80]. Once the

phosphine is released, the products of auranofin metabolism could be similar to

those of Au(I) thiolates. Understanding the mechanism of action of gold anti-

arthritic drugs is made difficult by the complicated biotransformation reactions

that ensue (Figure 7.3 [81]). Albumin can transfer Au(I) into cells (via a thiol

shuttle mechanism [68]) and the metabolite [Au(SG)2]
� can be excreted from cells

and the Au(I) transferred back to albumin [82]. [Au(CN)2]
� is the major metabolite

identified in the urine of patients treated with either injectable Au(I)-thiolate drugs

or auranofin [83] and may play a key role in the pharmacology. The neutrophil

enzyme myeloperoxidase converts aurothiomalate into [Au(CN)2]
� through the

oxidation of thiocyanate [84]. [Au(CN)2]
� readily enters cells and can inhibit the

oxidative burst of white blood cells, and thus may alleviate secondary effects of the

chronic inflammation in the joints of RA patients. Under the oxidative conditions

Figure 7.3 Biotransformations of gold antiarthritic drugs,

from the article by Sadler and Guo [81]. Gold accumulates in

the lysosomes of cells, forming gold rich deposits known as

aurosomes. Oxidation of Au(I) to Au(III) can occur, due to

the production of hypochlorite by the lysosomal enzyme

myeloperoxidase during the oxidative burst in inflamed sites.

The formation of Au(III) in lysosomes could lead to the

modification of ‘‘self proteins,’’ which are degraded and

transported to the cell surface. The presentation of these

‘‘cryptic’’ peptides at the cell surface, bound to the major

histocompatibility complex (MHC) protein, could lead to T

cell recognition and triggering of the immune response,

accounting for the toxic effects of chrysotherapy [24, 87].

Enzyme inhibition includes the Se enzyme glutathione

peroxidase (GSH-Px).

Reproduced from Reference [81] with permission.
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that exist in inflamed joints, oxidation of Au(I) to Au(III) can occur and some of

the immunological side effects (gold-induced dermatitis) observed in chrysother-

apy are attributable to the production of Au(III) metabolites [85–87]. Hypochlorite

(produced by the enzyme myeloperoxidase during the oxidative burst in inflamed

sites) has been shown to oxidize Au(I) in aurothiomalate, auranofin, and [Au

(CN)2]
� to Au(III) [24, 25]. The operation of a redox cycle [with Au(III) species

reduced back to Au(I) by biologically occurring reductants] has also been proposed

[24, 25, 87].

7.3.2

Mode of Action

Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by the

migration of activated phagocytes and leukocytes into synovial tissue, which

causes progressive destruction of cartilage bone and joint swelling. Evidence

suggests that gold drugs have multiple modes of action in this complex disease

[24], and an overriding theme is the interaction with protein cysteine (or seleno-

cysteine) residues. More recent studies on the mechanism of action of DMARDs,

including gold drugs, have focused on their effects on macrophage signal trans-

duction and the induction of proinflammatory cytokines (see References [88, 89]

for reviews). Cytokines are low molecular weight peptides, proteins, or glycopro-

teins participating in intracellular signaling and are important mediators in many

inflammatory diseases. Of particular importance in RA are tumor necrosis factor

(TNF-a) and interleukin-1 (IL-1). Gold drugs have been shown to play a role in

each of the different phases of the immune reaction. At the initiation stage gold is

taken up by macrophages and inhibits antigen processing. Peptide antigens

containing cysteine and methionine residues are especially important [87, 89].

Gold accumulates in the lysosomes of synovial cells and macrophages, forming

gold laden deposits known as aurosomes. EXAFS measurements have shown that

the gold in aurosomes is in the form S–Au(I)–S [22]. At the effector level, gold

drugs inhibit degradative enzymes such as collagenase. Many of the degradative

enzymes in the lysosome are cysteine dependent and of particular interest are the

cathepsins, which are implicated in inflammation and joint destruction. They play

a role in antigen processing and presentation and have been implicated in auto-

immune disorders [43]. Recent studies have focused on understanding the

mechanism of inhibition of cathepsin B by auranofin and in tuning the potency by

alteration of the phosphine ligand [43–45]. Cathepsins K and S have been shown to

play central roles in the inflammatory and erosive components of RA, and a recent

study [46] shows efficient inhibition of both these cathepsins by auranofin and

aurothiomalate; a crystal structure of a cathepsin K/aurothiomalate complex

shows linear S–Au–S coordination with Au bound to the active site cysteine

residue and a thiomalate ligand still coordinated [46].

At the transcription level gold(I) drugs downregulate a range of proin-

flammatory genes by inhibiting transcriptional activities of the NF-kB and AP-1

(Jun/Fos) [62] transcription factors. AP-1 controls the expression of genes for
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collagenase and the cytokine IL-2, and NF-kB controls transcription of other

inflammatory mediators, including TNF-a, IL-1, and IL-6. It was suggested that

these transcription factors would be attractive targets for gold(I) drugs because

they have conserved lysine-cysteine-arginine sequences in which the thiol pKa of

the cysteine residues is lowered by the positive charge of the flanking basic amino

acid residues [62]. NF-kB activation is a complex process that can be triggered by

many agents. The potential targets for gold drugs (via crucial cysteine/selenocys-

teine residues) include NF-kB itself [90], IkB kinase (thus preventing dissociation of

NF-kB from the inhibitory protein IkB) [91, 92], and TrxR [93]. Gold drugs have been

shown also to activate transcription factor Nrf2/small Maf, which leads to the up-

regulation of antioxidative stress genes,whose products contribute to the scavenging

of reactive oxygen species and exhibit anti-inflammatory effects [94].

Gold drugs also act at the T-cell level [89], and have been shown to inhibit os-

teoclast bone resorption [95], recently attributed to the inhibition of the cathepsins

[43, 46, 96]. RA patients have elevated levels of copper that can be correlated to the

severity of the disease. Gold drugs could interfere with copper homeostasis by

binding to Cu(I) responsive transcription factors and other Cu(I) transport pro-

teins [97].

7.4

Gold Complexes as Anticancer Agents

7.4.1

Gold(I) Compounds

Analysis of the literature to date indicates that gold(I) antitumor compounds can

be broadly divided into two distinct classes based on coordination chemistry,

lipophilic-cationic properties, and propensity to undergo ligand exchange reactions

with biological thiols and selenols [31, 39]. The two classes are (i) neutral, linear,

two-coordinate complexes, such as auranofin and (ii) lipophilic cationic complexes

such as [Au(dppe)2]
þ and dinuclear Au(I) NHC complexes. For both classes tumor

cell mitochondria are likely targets [98], with apoptosis induced by alteration of the

thiol redox balance [31, 39, 48].

7.4.1.1 Auranofin and Related Compounds

Auranofin, in common with a large variety of other linear, two-coordinate Au(I)

phosphine complexes, has been shown to inhibit the growth of cultured tumor

cells in vitro [26, 34, 66, 99–104]. The cytotoxic activity of auranofin against HeLa

cancer cells was first reported in 1979 by Lorber and coworkers [105], and sub-

sequent studies showed that auranofin increased the survival times of mice with

P388 leukemia [106]. Mirabelli and coworkers carried out an extensive study of the

antitumor activity of auranofin against 15 tumor models in mice [26] and found

that it was active only in ip (intraperitoneal) P388 leukemia, and required ip

administration for activity. A comprehensive structure–activity study [99] of the in
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Essential Metal Related Metabolic Disorders
Yasmin Mawani and Chris Orvig

11.1

Introduction: What is Essentiality?

The physiological importance of metals in humans, especially in blood, is well

known. At low concentrations, essential metals play an important role in meta-

bolism, enzymatic processes, and as functional components of proteins. At high

concentrations, these metals can lead to serious health problems and even death

[1]. The ability of our bodies to maintain a constant internal state with varying

external conditions is essential for survival. This is called homeostasis, a state in

which the nutrient flow within an organism is at controlled equilibrium. The

importance of this equilibrium can be seen in Figure 11.1, where extreme defi-

ciency or overload of the essential metal, if untreated, can lead to death.

For an element to be considered essential, it must have a specific role, where

deficiency of that element results in adverse affects that are reversed upon re-

supply. Thus, it is important to distinguish nutritional effects from pharmacolo-

gical effects, identifying an essential biochemical function for these metals [2]. In

this chapter we overview some of the metabolic disorders that can lead to, or derive

from, deficiency or overload of metal ions, and the effects that the perturbation of

homeostasis of these metal ions can have on our body.

11.2

Iron Metabolic Diseases: Acquired and Genetic

11.2.1

Iron Homeostasis

Iron is an essential metal, necessary for cytochromes, hemoglobin, myoglobin,

and for the function of many non-heme enzymes as well. Iron can be found in its

ferric (Fe3þ ) and ferrous (Fe2þ ) states and thus is involved in many redox reac-

tions. Excessive amounts can be toxic, with free iron leading, like copper, to Fenton

chemistry, toxicity to the liver, and death. Too little iron can lead to cognitive

Bioinorganic Medicinal Chemistry. Edited by Enzo Alessio
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decline, weakness, and death. Thus homeostasis of iron is important, especially

since there is no active physiological pathway for excretion [3].

In a normal healthy adult, 1–2 mg is obtained from the diet, and 1–2 mg leaves

the body each day (Table 11.1). Iron is absorbed in the duodenum of the small

intestine, circulating in the plasma bound to transferrin. Premenopausal women

have lower iron stores as a result of blood loss through menstruation [3].

Non-heme iron binds to mucosal membrane sites, is internalized, and then is

either retained by the mucosal cell or is transported to the basolateral membrane

where it is bound to transferrin (Tf) in the plasma pool. Acidity in the stomach,

along with ferrireductase, reduces iron from its ferric to its ferrous state, increasing

iron’s solubility, making it more bioavailable. Divalent metal transporter DMT1 is a

non-specific metal transporter that transfers iron across the apical membrane and

into the cell through a proton-coupled process. Heme iron, on the other hand, does

not require stomach acid to be solubilized. It is taken up by the enterocyte where it

Table 11.1 Distribution of iron in the body.

Dietary iron 1–2 mg day�1

Muscle (myoglobin) 300

Bone marrow 300

Plasma transferrin (transport) 3

Circulating erythrocytes (hemoglobin) 1800

Liver parenchyma 1000

Reticuloendothelial macrophages 600

Menstruation, other blood loss 1–2

Figure 11.1 Dose–effect curve demonstrating the biological

effect of the concentration of an essential metal.

308 | 11 Essential Metal Related Metabolic Disorders



is either stored as ferritin or transferred across the basolateral membrane into the

plasma. This receptor/transporter has not been identified [3, 4].

Diseases resulting from defects in iron metabolism are amongst the most

common diseases in humans; herein we briefly discuss diseases of primary iron

overload, secondary iron overload, and iron deficiency [3]. Primary iron overload

disorders, also known as primary hemochromatosis, are caused by genetic defects

leading to iron accumulation in tissues. Secondary or acquired iron overload, on

the other hand, is iron accumulation caused by non-genetic disorders.

11.2.2

Diseases of Primary Iron Overload: Hemochromatosis

There are many causes of genetic iron overload disorders known as hemochro-

matosis. The most common is type 1 hereditary hemochromatosis (HH), which is

caused by an inborn error of iron metabolism, leading to an increase in intestinal

absorption of iron. Iron overload disorders lead to accumulation of the metal in the

body, causing irreversible tissue and organ damage and fibrosis [5]. There are four

types of hereditary hemochromatosis (HH) described below. Table 11.2 gives an

overview of the four forms of HH.

11.2.2.1 Type 1 Hereditary Hemochromatosis

Type 1 hereditary hemochromatosis is the most common autosomal recessive

disorder amongst Caucasians, presenting in 1 in 200–400 individuals. This her-

editary disorder is caused by a mutation of the HFE (hemochromatosis) gene lo-

cated on chromosome 6, resulting in an increase of iron absorption from the

intestine, leading to liver cirrhosis, diabetes mellitus, and bronze skin pigmenta-

tion. It is caused by two mutations in the gene: a substitution of a tyrosine for a

cysteine at position 282 (C282Y) and histidine for an aspartic acid at position 63

(H63D) [5].

Pathogenesis of HFE-related hemochromatosis is difficult to describe as the

function of the HFE gene has not been clearly established. The HFE protein is

found in the intestinal crypt cell of the duodenum where it complexes to trans-

ferrin receptor 1 (TfR1), which is the receptor by which cells acquire holo-

transferrin. Under normal conditions, the HFE and TfR1 help to regulate uptake

of iron by crypt cells. In type 1 HH, the mutated HFE protein is believed to impair

the TfR1 uptake of iron, causing a deficiency of iron in duodenal crypt cells. As a

result of the low levels of iron in the crypt cells, an overexpression of DMT1 occurs,

increasing iron absorption. Most patients suffering from type 1 HH absorb two to

three times the amount iron, compared to that of a healthy individual, from dietary

sources [3, 5].

11.2.2.2 Type 2 Hereditary Hemochromatosis: Juvenile Hemochromatosis

Juvenile hemochromatosis is a rare, autosomal recessive disorder caused by a

mutation of the HJV gene (type 2A juvenile hemochromatosis gene) or of the

HAMP (hepcidin antimicrobial peptide) gene [5]. It manifests as hypogonadotropic
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hypogonadism, cardiac disease, liver cirrhosis, diabetes, and skin pigmentation.

Iron overload occurs at an early age, leading to severe organ impairment before the

age of 30, manifesting with increased severity to that of type 1 HH. Cardiac failure

generally leads to death in individuals affected with juvenile hemochromatosis.

Juvenile hemochromatosis, caused by mutations of the HAMP gene that encodes

for hepcidin, results in more severe iron overloading. The function of HJV protein

is unknown; however, patients with either type of juvenile HH present with low

urinary hepcidin levels. It is thus believed that both the HJV andHAMP genes have

the same pathophysiological effect [3, 5].

11.2.2.3 Type 3 Hereditary Hemochromatosis

Type 3 HH is an autosomal recessive disorder caused by mutations in the trans-

ferrin receptor 2 (TfR2) gene. While the role of TfR2 is not fully elucidated, there is

evidence that it is highly expressed in the liver, and thus involved in iron uptake by

hepatocytes through a receptor-mediated mechanism. Symptoms are the same as

seen in type 1 HH [5].

11.2.2.4 Type 4 Hereditary Hemochromatosis: African Iron Overload

African iron overload is a hemochromatosis that occurs predominantly in those

of African descent, affecting up to 10% of some rural populations is sub-Saharan

Africa. Formerly known as ‘‘bantu siderosis,’’ it is a predisposition to iron overload

that manifests because of excessive intake of dietary iron [3]. Unlike primary HH,

it is not caused by a mutation in the HFE gene, but rather by mutations in the

SLC40A1 gene on chromosome 2q32, which encodes for the protein ferroportin 1

[5]. Ferroportin is an export protein for iron, and mutations lead to an autosomal

dominant hereditary condition characterized by high serum ferritin concentration,

normal transferrin saturation, and iron accumulation [9]. It manifests itself in

Africans who drink beer that is made in nongalvanized steel drums, because of

high levels of iron in the beer [3].

11.2.2.5 Neonatal Hemochromatosis

Neonatal hemochromatosis (NH) is a rare condition that occurs during pregnancy,

in which iron accumulates in the liver and extrahepatic sites of the fetus, causing

extensive liver damage. It has similar pathology to HFE-associated hemochro-

matosis (type 1 HH). Without vigorous therapy it is fatal to the fetus, leading to the

death within hours to days of birth [10]. The pathophysiology is unknown, but

there is no genetic linkage to the HLA complexes. Though often unsuccessful,

liver transplantation is the only primary treatment [3].

11.2.3

Diseases of Iron Overload: Accumulation of Iron in the Brain

Pathological brain iron accumulation is seen in common disorders, including

Parkinson’s disease, Alzheimer’s disease, and Huntington disease. In disorders of
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systematic iron overload such as hemochromatosis, there is no accumulation of

brain iron. This suggests that there is a fundamental difference that exists between

brain and systematic iron metabolism and transport [8]. Three iron-loading dis-

orders of iron metabolism that result in accumulation in the brain are described

below. A summary of these diseases can be found in Table 11.2.

11.2.3.1 Aceruloplasminemia

Aceruloplasminemia is an autosomal recessive iron metabolism disorder char-

acterized by progressive neurodegeneration of the retina and basal ganglia. It is

associated with inherited mutations in the ceruloplasmin gene leading to iron

overload [6].

Ceruloplasmin is a blue copper oxidase that is synthesized in hepatocytes and

secreted as a holoprotein binding six copper atoms. Copper does not affect the rate

of synthesis or secretion of apoceruloplasmin, but failure to incorporate copper

results in an unstable protein lacking oxidase activity. Though ceruloplasmin is a

copper protein, the role of ceruloplasmin in copper uptake has not been eluci-

dated; however, there is some evidence that demonstrates ceruloplasmin ferrox-

idase activity, suggesting a role for ceruloplasmin in ferric iron uptake by

transferrin. This is consistent with evidence from animal studies that anemia that

develops in copper-deficient animals is unresponsive to iron, but not to cer-

uloplasmin administration [6, 11]. The presence of neurological symptoms in

aceruloplasminemia is unique among the known inherited and acquired disorders

or iron metabolism [6].

11.2.3.2 Hallervorden–Spatz Syndrome (HSS)

This is an iron metabolic disorder that results in excessive iron storage in the brain

[12]. Iron accumulation in the brain in an individual suffering from Hallervorden–

Spatz syndrome (HSS) is so excessive that post-mortem the basal ganglia are rust

colored. The pathophysiology of HSS is unknown; however, it is known that it is

an autosomal recessive disorder manifesting as massive iron deposition in the

globus pallidus and substantia nigra. It results in cognitive decline and extra-

pyramidal dysfunction [8].

11.2.3.3 Friedreich’s Ataxia

Friedreich’s ataxia (FRDA) is an autosomal recessive neurodegenerative disease

that affects 1 in 50 000, and is caused by a mutation in the FRDA gene. It is

believed that Friedrich ataxia is the result of accumulation of iron in mitochondria

leading to excess production of free radicals, which results in cellular damage and

death [7, 13]. The disease is characterized by progressive gait and limb ataxia, with

lack of tendon reflexes in the legs, dysarthria, and weakness of the limbs. The gene

associated with the disease has been mapped to chromosome 2q13 and encodes

for the protein frataxin. The function of the protein is unknown, but a deficiency in

the activity of iron-sulfur (Fe-S) cluster-containing subunits of mitochondrial
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respirator complexes and increased iron content in the heart of patients suffering

from FRDA have been reported [13].

11.2.4

Acquired Iron Overload Disorders

Acquired iron overload disorders are common because there is no physiological

pathway for excretion of excessive iron. Secondary iron overload adversely affects

the function of the heart, the liver, and other organs. As with other acquired iron

overload disorders, it is generally treated by chelation therapy (Section 11.2.5) [14].

The main causes of iron overload in chronic hepatic diseases are alcohol-in-

duced hepatocyte damage, chronic liver failure, and chronic iron transfusion

therapy [14, 15]. Alcohol intake can lead to chronic liver failure, which induces

increased iron absorption, chronic hemolysis, ineffective erythropoiesis, and in-

creased ability of transferrin to deliver iron to the liver. Hepatocyte damage leads to

an increase in iron and ferritin release to the extracellular fluid and plasma, as well

as an increase in cytokine-mediated hepatocellular iron uptake [15].

11.2.5

Treatment of Iron Overload Disorders: Chelation Therapy

As there is no mechanism for iron excretion, iron loss is almost exclusively by

blood loss. As a result, when absorption exceeds excretion, iron overload is in-

evitable; thus the use of chelators to remove excess iron is necessary to prevent

oxidative stress and eventual organ failure [16]. These chelators must bind strongly

to non-transferrin bound iron, as this iron is available for Fenton chemistry, while

having limited access to both the brain and fetus, and must prevent the iron from

participating in redox chemistry [17].

The three most commonly used iron (III) chelators (Figure 11.2) are: desfer-

rioxamine B, deferiprone, and most recently deferasirox. Desferrioxamine B is a

Figure 11.2 (a) Desferrioxamine B; (b) deferiprone; and (c) deferasirox.
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siderophore, one of many strong chelators produced by microorganisms, con-

taining either catecholate, hydroxamate, or hydroxy acid functionalities to bind to

metals. Desferrioxamine B, which binds strongly to iron by its hydroxamates in a

1:1 ratio forming a charged octahedral complex (because of the NH3
þ group), has

poor oral availability, and a short retention time in the body, meaning it has to be

administered intravenously. Deferiprone is an oral bidentate hydroxypyridonate

ligand, binding to iron in a 3:1 ligand to metal ratio, forming a neutral complex

with Fe(III) [16, 18]. Lastly, deferasirox belongs to a new class of oral tridentate

chelators, containing an N-substituted bis-hydroxyphenyltriazole, forming a strong

Fe(III) complex, binding in a 2:1 ligand to metal ratio [18, 19].

11.2.6

Iron Deficiency

Iron deficiency anemia (IDA) is caused by low iron levels and low hemoglobin, or

abnormal levels of two out of the following three iron status tests: erythrocyte

protoporphyrin, transferrin saturation, or serum ferritin [20]. Iron deficiency an-

emia overwhelmingly occurs in toddlers and women of a reproductive age [21].

According to the WHO, 35–75% of child-bearing women in developing countries

and 18% in industrialized countries are anemic, while 43% of women in devel-

oping nations and 12% in industrialized nations suffer, or have suffered, from

anemia [22]. In comparison IDA occurs in only 1–2% of men and 2% of women

over the age of 50 years [21].

Transfer of iron from mother to fetus results in an increase in maternal iron

absorption during pregnancy, which is regulated by the placenta. Significant de-

creases in serum ferritin is observed between 12 and 25 weeks of pregnancy. If

maternal iron levels decrease, transferrin receptors to the fetus increase so as to

increase the uptake of iron by the placenta. A lack of synthesis of placental ferritin

often prevents excessive iron transport to the fetus. Evidence is accumulating that

the capacity of this systemmay be inadequate to maintain iron transfer to the fetus

when the mother is deficient, leading to detrimental effects to the cognitive

function of the fetus [22].

Iron deficiency may be caused by prolonged low dietary intake, increased iron

requirement due to pregnancy, loss of blood through gastrointestinal (GI) bleed-

ing or menstruation, or gastrointestinal malabsorption of iron. In adults over

the age of 50, GI blood loss is an important cause of iron deficiency. Amongst

patients over the age of 50 suffering from IDA, 11% of these cases was a result of

GI cancer [21].

Iron deficiency can have many negative effects on an individual’s health, in-

cluding changes in immune function, cognitive development, temperature regula-

tion, energy metabolism, and work performance [20]. A decrease in cognitive

function due to iron deficiency is not well understood; however, it is proposed that a

decrease in iron-dependent dopamine D2 receptors in the cortex is observed, al-

tering dopamine neurotransmission, causing a decrease in cognitive function [23].
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11.3

Copper Metabolic Diseases

11.3.1

Copper Homeostasis

Copper is an essential metal that is required for cellular respiration, iron oxidation,

pigment formation, neurotransmitter biosynthesis, antioxidant defense, peptide

amidation, central nervous system development, and connective tissue formation

[24]. Physiologically, copper exists in two redox states, cuprous (Cuþ ) and cupric

(Cu2þ ), with many known enzymes requiring it. Copper is found complexed to

proteins in its ionic form; free Cu ions, like free Fe ions, catalyze the formation of

free radicals, resulting in Fenton chemistry [25].

Our ability to tightly regulate copper is cardinal to keep these processes in check.

Imbalances in copper homeostasis can lead to neurodegeneration, growth re-

tardation, and mortality [24, 26]. Table 11.3 describes the location and function of

some important copper-dependent proteins [24–28].

Copper homeostasis is maintained by a balance between intestinal absorption

and excretion. Copper is absorbed from the gut and transported to the liver, the

main storage area for copper, where it is subsequently redistributed to all tissues

and organs. Copper is then returned to the liver to be excreted by the bile, the

principal route for copper elimination (Figure 11.3) [29]. While copper is also

excreted in sweat and urine, this excretion is not significant enough to contribute

to homeostasis.[26]

Ceruloplasmin accounts for approximately 90% of the copper content found in

plasma, but is not believed to be involved as a specific copper transport vehicle.

Those suffering from aceruloplasminemia (see Section 11.2.3.1), an autosomal

recessive disorder, lack a functional form of the protein, but do not exhibit any

signs of copper deficiency. In contrast, only 5% of the total copper in serum is

Table 11.3 Important copper-dependent proteins involved in copper transport and

homeostasis.

Protein/enzyme Location Function

Cu/Zn superoxide

dismutase

Cytosol Antioxidant defense (superoxide

dismutation)

Cytochrome c oxidase Mitochondria Mitochondrial respiration

Ceruloplasmin Plasma Iron and copper transport (ferrioxidase)

Lysyl oxidase Elastin and collagen Connective tissue formation

Dopamine-b-hydroxylase Storage vesicle Catecholamine production

Tyrosinase Storage vesicle Melanin formation

Peptidylglycine a-amidating

mono-oxygenase

Storage vesicle Peptide amidation (activation of

peptides)

Metallothionein Liver and kidneys Storage and chaperon
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bound to albumin, but this protein is considered to be very important for copper

uptake [30]. Cellular copper uptake is mediated through energy-dependent

transporters localized in the plasma membrane. Copper can enter cells by the high

affinity carrier Ctr1, a membrane transport protein found in most tissues [31].

The mechanism of copper transport and homeostasis in the brain has not been

completely elucidated; however, it has been well established that copper plays an

important role in brain development. Copper transporting P-type ATPases possess

six metal-binding sites (MBS) in the N-terminal part of the molecule to pump

copper ions through physiological barriers, including the blood–brain barrier.

Identification of ATP7A, a copper transporting ATPase that has a loss-of-function

in Menkes disease (Section 11.3.2), has helped to gain insight into copper trans-

port mechanisms in the brain [30, 31].

Once copper is transported into the cytosol by the Ctr1 transporter protein, the

chaperone Atx1 shuttles copper to the ATPases (ATP7A/ATP7B), the copper

chaperone for superoxide dismutase, CCS, delivers copper to superoxide dis-

mutase (SOD) and Cox17, Sco1, and Sco3 are the chaperones involved in trans-

porting copper to mitochondria and cytochrome oxidase (Cox). Metallothionein

chelates most of the excess copper in the cell once Ctr1 transports it into the cell.

Metallothionein plays an important role in scavenging free copper, along with

other heavy metals, but it also may play a role in copper storage. ATP7A works to

pump out excess copper in nonhepatic cells, while in hepatic cells this role is

carried out by the P-type ATPase ATP7B, the protein that undergoes a loss-of-

function in Wilson’s disease (Section 11.3.3). The role of the ATPases ATP7A and

Figure 11.3 Transport and distribution of copper, and functions of ATP7A and APT7B.
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ATP7B can been seen in Figure 11.3. These two copper transporting proteins are

the only ones that are presently known to be associated with specific copper me-

tabolic diseases [24, 30]. Table 11.4 gives a comparison of the pathogenesis of

Wilson’s disease and Menkes disease [24].

11.3.2

Copper Deficiency: Menkes Disease

Menkes disease (MD) is an X-linked disorder that is diagnosed by stunted growth,

hypopigmentation, brittle hair, arterial tortuosity (twisting of the arteries), and

neurodegeneration. These characteristic disorders are caused by a mutation in the

encoding of the copper transporting gene ATP7A, resulting in impaired activity of

the cuproenzymes [24]. The CNS central nervous system pathology is less affected

in patients suffering from MD, but that possess some ATP7A activity. This sug-

gests that there is a hierarchic order of copper distribution, and that under copper

deficiency copper will distribute preferentially in the brain.

Menkes is a rare, but serious, disease the affects 1 in 250 000 [32]. The defective

gene, ATP7A, belongs to the large family of cation transporter P-type ATPases,

and is found in muscle, kidney, lung, and brain. The functional role of ATP7A,

originally described by Llanos and Mercer, can be seen in Figure 11.3 [33]. Only a

trace amount is found in the liver, and is thus responsible for copper transport in

non-hepatic cells. All P-type ATPases have similar amino acid sequences, where

there is a conserved phosphorylation motif that contains an aspartic acid, an ATP-

binding site, and a CPC (cysteine-proline-cysteine) domain that acts to bind copper

when transferred from the metal binding site (MBS) [30]. The N-terminus con-

tains six MBSs, each with the sequence GMTXCXXC, where X denotes a non-

conserved amino acid, and copper binds to the CXXC motif [32].

When ATP7A is inactivated, copper becomes trapped in the endothelial cells

of the blood–brain barrier (BBB) and the brain becomes severely deficient, leading

to the profound neurological symptoms manifested in Menkes disease [30].

Table 11.4 Comparison of the hereditary disorders of copper metabolism.

Wilson’s disease Menkes disease

Genetics Autosomal recessive X-linked

ATP7B ATP7A

Onset Late childhood: liver Early infancy

20s–30s: neuropsychiatric problems

Pathogenesis Copper overload caused by defected

biliary copper excretion

Copper deficiency caused by defected

copper transport across the brain,

placenta, and GI tract

Presentation Cirrhosis, liver disease,

neuropsychiatric symptoms

Hypopigmentation, abnormal hair

growth, failure to thrive, seizures,

mental retardation
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Deficiency in copper results in impaired function in some of the cuproenzymes

and copper proteins described in Table 11.2. For example, a lack of function of

lysyl oxidase results in connective tissue and skeletal defects [34]. Cytochrome c
oxidase impairment results in deficient energy production (ATP production),

causing altered nerve conduction, seizures and myopathy. Loss of function of

tyrosinase results in hypopigmentation of the skin. Altered function of Cu/Zn

SOD leads to oxidative stress to cells, which results in degeneration of the central

nervous system and mitochondrial defects [26].

Treatment of MD with copper is not effective because copper transport into the

brain is dependent on the function of ATP7A; however, administered copxper-histi-

dine is takenup by the brainmore efficiently, though themechanism is unknown [24].

Copper-histidine therapy also results in normalization of serum copper, ceruloplas-

min, dopamine, and norepinephrine levels in patients who have undergone this

treatment course.Connective tissuesdisorders, however, still persist for thesepatients,

indicating that copper-histidine does not bind effectively to lysyl oxidase [32].

11.3.3

Copper Overload: Wilson’s Disease

Wilson’s disease (WD) is an autosomal recessive disorder that causes cirrhosis,

liver disease, progressive neurological disorders, or psychiatric illness, affecting 1

in 30 000 individuals [35]. There is an impairment of biliary copper excretion,

leading to hepatocyte copper accumulation and copper-mediated liver damage.

Leakage of copper can occur in the plasma, and eventually overload is seen in all

tissues. ATP7B, the affected copper-transporter gene, is a P-type ATPase [24]. WD

and MD P-type ATPases are functionally homologous, sharing 67% protein

identity [33]. Their pathophysiologies are quite different, WD ATPase being found

mainly in the liver and kidney, whereas ATP7A is in muscle, kidney, lung, and the

brain [32]. Like Menkes, Wilson’s disease ATPase possesses six Cys-X-X-Cys

(CXXC) metal binding sites in the N terminus. There are some amino acid dif-

ferences, but this does not affect the copper binding [32].

Copper can act as a prooxidant as it physiologically exists in two different valence

states. Thus an excess of copper in the liver leads to organ damage caused by oxidative

stress. Free copper ions participate in Fenton or Haber–Weiss chemistry, generating

reactive oxygen species, which have been shown to form in HepG2 cells. Apoptosis

commonly causes liver damage in Wilson’s disease [35]. Although ATP7B is ex-

pressed in some regions of the brain, in WD, copper overload seen in extrahepatic

tissues is due to accumulation in the plasma following liver injury. A complete re-

versal of non-hepatic tissue accumulation is seen after liver transplantation [24].

11.3.4

Treatment of Wilson’s Disease: Chelation Therapy

Wilson’s disease was once an untreatable disorder, inevitably leading to death;

now, if caught at an early enough stage, the disease is treatable with copper chelators
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and zinc salt therapy [36, 37]. The three most common chelating agents are

D-penicillamine, trientine, and tetrathiomolybdate. Penicillamine was the first oral

agent for the treatment of WD. It is believed that penicillamine binds in a bidentate

fashion, and can either bind in a 1:1 or a 1:2 ligand to metal ratio, forming a Cu(I, II)

mixed-valence chelate that is unusually strong, binding the first copper through the

amino nitrogen and thiol sulfur, and the second copper through a deprotonated

carboxyl group, both acting as bidentate donors (Figure 11.4) [36, 38, 39].

Some patients have a hypersensitivity to penicillamine, a metabolite of the an-

tibiotic penicillin. In these cases trientine is prescribed. Trientine is a tetradentate

ligand, coordinating to copper in a 1:1 ratio by its four amines [36]. Tetra-

thiomolybdate is believed to form a polymetallic clusters with copper, binding up

the three coppers per ligand with Mo(IV) in a tetrahedral arrangement and an

overall 2– charge on the complex [40]. Tetrathiomolybdate is especially successful

in treating patients with neurological manifestations from Wilson’s disease [36].

More recently, zinc salts have been used in the treatment of copper overload. Zinc

(Section 11.4) stimulates metallothionein production, helping to sequester copper.

Since copper has a higher affinity for metallothionein than zinc, excess

copper binds to it, helping to excrete excess copper [41]. Treatment is lifelong

with either oral chelating agents or zinc salts. If unresponsive, liver transplantation

is necessary for patients suffering from WD [35].

11.4

Zinc Metabolic Diseases

11.4.1

Zinc Homeostasis

Zinc is a co-factor in over 200 biologically important enzymes (e.g., alcohol de-

hydrogenase, carbonic anhydrase, carboxypeptidase), particularly enzymes in-

volved in protein synthesis [41]. Between 3% and 10% of all proteins in mammals

bind to zinc. The uniqueness of zinc is that unlike other abundant transition

metals such as iron and copper it lacks redox activity [42]. It is one of the most

abundant trace elements in the body, where it is present in all tissues and fluids.

The average amount of zinc in healthy adults is 1.4–2.3 g [41]. Muscle and bone

Figure 11.4 (a) D-Penicillamine; (b) trientine; and (c) tetrathimolybdate.

Zinc Metabolic Diseases | 319


